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Thrombospondin Inhibits VEGF-Induced Endothelial Survival and Cell

Cycle Progression
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Abstract: Thrombospondin (TSP) is an anti-angiogenic protein that inhibits vascular endothelial growth factor (VEGF)-
induced endothelial cell growth and survival. We examined the intracellular mechanism(s) of the inhibition of VEGF-
induced endothelial survival by TSP. We show that antibodies against the type I-, type Il-, type-lll repeats, carboxy
terminal domain and N-terminal region of TSP blocked TSP-induced endothelial apoptosis. TSP promotes apoptosis by
stimulating the release of cytochrome c¢ from mitochondria and activating caspase-3 activity and cleavage of poly-ADP-
ribose-polymerase (PARP). In addition, TSP inhibits VEGF-induced cell cycle progression in the G0/G1, S and G2/M
phases of the cell cycle. The inhibitory effect of TSP on the cell cycle is accompanied by inhibition of cyclins A- and E-
dependent kinase activity and prevention of the translocation of cell cycle regulatory proteins cyclins A and E to the
nucleus. Furthermore, TSP upregulates the cell cycle regulatory phosphatases p21°'""WAFL and p27XP1. These results
suggest that TSP stimulates apoptosis and cell cycle arrest by stimulating cytochrome c release and activation of caspase-3
activity; and inhibition of cell cycle regulatory checkpoints involving cyclin A and E dependent Kinases that are in turn

controlled by upregulation of p21¢""WAFL

and p27""™L. Our data suggest the possibility that different domains of TSP are

associated with the anti-angiogenic activity of TSP utilizing both endothelial apoptosis and cell cycle arrest.
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INTRODUCTION

Angiogenesis as well as the quiescence of vasculature are
determined by interplay between the positive and negative
stimuli in the endothelial vicinity [1]. Amongst several
identified regulators of angiogenesis, vascular endothelial
growth factor (VEGF) is a specific growth stimulating factor
and thrombospondin (TSP) an inhibitory factor [1-4]. TSP
and other endothelial growth inhibitory proteins such as
angiostatin and endostatin are endogenous proteins that may
be useful for developing anti-angiogenic therapy for limiting
pathological neovascularization [5-8]. One common feature
shared by these molecules is that they block the growth
promoting effect of the growth factors and promote
apoptosis [9-11]. We showed earlier that TSP prevents
VEGF-induced endothelial cell (EC) proliferation and
angiogenesis by displacing VEGF and also by directly
binding to VEGF [12].

On the other hand, TSP stimulates pro-apoptotic
signaling by abrogating Bcl2, by activating caspases, and by
cell surface CD36-mediated stimulation of intracellular
signals Fyn, p38 MAPK and TNF receptorl [9, 11, 13].
However, TSP-1 mediated angiogenic activity could not be
completely abrogated using anti-CD36 antibodies or CD-36
binding peptides [14, 15]. While CD36 mediated signaling
plays a critical role in anti-angiogenic activity, TSP may also
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be acting in a CD36-independent manner. Since TSP is
comprised of multiple heterogeneous domains that interact
with several endothelial cell surface receptors, it is likely that
it activates several intracellular signaling pathways.

Moreover, in most cellular systems apoptosis and cell
growth are tightly connected [16-18]. The convergence of
the two is required for the growth and development of the
vasculature. These pathways may converge to a common
downstream signaling cascade leading to cell cycle arrest
and inhibition of endothelial growth and survival.
Dysregulated progression of the cell cycle is a characteristic
feature of tumor growth [19]. Drugs disrupting the cell cycle
regulatory process can therefore be more effective
chemotherapeutic and/or anti-angiogenic agents. Recent
studies suggest an increased expression of TSP-1 following
chemotherapy and anti-angiogenic therapy [20, 21]. It is
possible that TSP-1 inhibits angiogenesis by blocking cell
cycle progression and potentiates the therapeutic effect of
chemotherapeutic and/or anti-angiogenic agents.

Cell cycle regulation by cyclin-dependent Kkinase
inhibitors (CDK-I) such as p21<"YAF1 and p27'"* (called
p21 and p27) is critical in maintaining cell cycle arrest in
serum-starved or quiescent cells [22, 23]. An increase in
these CDK-Is inhibits cell cycle progression leading to the
inhibition of cell proliferation. Cycling endothelial cells are
considered to be more sensitive to low dose metronomic
therapies as compared to continued low dose therapy [20,
24]. Recent observations further suggest that metronomic
dosing of chemotherapeutic drugs upregulates TSP-1
expression and promotes the anti-angiogenic effect [20]. TSP
does not affect the growth or apoptosis of normal or
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quiescent endothelium. It only influences neovascularization
driven by growth-promoting cytokines and growth factors in
the endothelial microenvironment. We therefore hypothesi-
zed that TSP can affect cell cycle regulatory proteins leading
to cell cycle arrest as well as apoptosis.

VEGF is an endothelial cell specific growth factor and
has been strongly implicated in the promotion of
angiogenesis-dependent tumor growth [25-28]. We envisage
that TSP inhibits VEGF-induced survival signaling and cell
cycle progression. An insight into the mechanism(s) of
inhibition of VEGF activity by TSP in endothelium can have
important implications in extending the use of TSP as a
potent anti-angiogenic agent. To examine this possibility, all
our studies were performed on VEGF stimulated EC.
Controls without VEGF were also used to see the basal
effect of TSP on unstimulated, quiescent endothelium. We
show here that TSP stimulates apoptosis by activating
mitochondrial cytochrome c release and inhibits cell cycle
progression by modulating cell cycle check-points and
regulatory proteins, p27 and p2l. We also show that
different domains of TSP participate in its pro-apoptotic
activity.

MATERIALS AND METHODS
Reagents

Antibodies were obtained as follows: EN4 (anti-
endothelial cell) from Monosan, The Netherlands; antibodies
A4.1, A6.1, D4.6, C6.7 and 9 against the type I, type Il, type
111, carboxy terminal domain and N-terminal region of TSP,
respectively (Neo-markers, Fremont, CA); anti-TGFf from
R&D Systems, Minneapolis, MN; anti-PARP and caspase-3
from Pharmingen, San Diego, CA; anti-actin and cell cycle
protein antibodies, p21, p27, cyclin A and cyclin E from
Santa Cruz Biotechnology, Santa Cruz, CA; anti-cytochrome
¢ from Molecular Probes, Eugene, OR; and species specific
secondary antibodies conjugated with FITC or PE from
Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA. Caspase inhibitor Z-VAD-FMK (carbobenzoxy-valyl-
alanyl-aspartyl-[O-methyl]-fluoromethylketone) was
obtained from Promega, San Luis Obispo, CA. Other
chemicals were from Sigma, St Louis, MO and cell culture
reagents from Life Technologies Inc., Gaithersburg, MD
unless specified.

Preparation of TSP

TSP was purified from fresh human platelets (obtained
from American Red Cross, Minneapolis, MN) using a
sodium chloride gradient on a heparin-agarose column
followed by size fractionation on a Biorad A 0.5 m gel
column, as described by us earlier [12]. Homogeneity of the
protein was confirmed by SDS-PAGE and silver staining.
Additionally the purity of TSP was also confirmed by
Western immunoblotting using anti-PF4 and anti-TGF-i8
antibodies. We found our preparation to be homogenous
showing only three bands in the 150 kD range, typical of
TSP. We did not observe any signal for either PF4 or TGF-
on immunoblotting.

Cell Culture

We isolated human dermal microvascular endothelial
cells (HDMEC) from neonatal human foreskins and
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confirmed their homogeneity as described [29]. Culture
medium consisted of medium MCDB 131 (GIBCO BRL,
Gaithersburg, MD), with 1 pg/ml hydrocortisone acetate, 5 x
10" M dibutyryl cAMP, 10 mM L-glutamine, 100 U/ml
penicillin, 100 U/ml streptomycin, 0.25 mg/ml amphotericin
B, 0.004% heparin, 10 ug/L epidermal growth factor, and
20% heat-inactivated male human serum.

Cell Fractionation and Mitochondrial Isolation

After respective stimulations with and/or without
VEGF/TSP, mitochondrial and cytoplasmic fractions of
HDMEC were separated as described [30]. Purity of the
mitochondrial and cytosolic fractions was confirmed by
Western  immunoblotting using  anti-cytochrome ¢
(Pharmingen) and anti-sarcomeric o-actin (Sigma). We
observed that mitochondrial fraction was devoid of
sarcomeric actin and that cytosolic fraction was devoid of
cytochrome ¢ in HDMEC grown in complete culture
medium (results not shown).

Apoptosis and Cell Cycle Analysis

We quantitated apoptosis using the TUNEL (terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end
labeling) assay to detect DNA strand breaks (Cell Death
Detection ELISA™YS, Roche Diagnostics Corporation,
Indianapolis, IN) as described [31]. We performed flow
cytometric analysis of propidium iodide-labeled cells to
quantitate the percentage of cells in A0, GO/G1, S and G2/M
phases of the cell cycle, as described [32]. We used a
FACSCaliber instrument (Becton Dickinson, Mountain
View, CA) and FlowJo software (Becton Dickinson) to
calculate the percentage of cells in different phases of the
cell cycle.

Cell Cycle Proteins

Cell cycle protein expression was analysed by Western
immunoblotting, cyclin-dependent kinase activity by kinase
assays and co-localization in cellular compartments by
immunofluorescent staining. For each assay cells were
treated in a similar fashion by serum and growth factor
starvation for 24 hours, followed by stimulation with VEGF
or/and TSP for an additional 48 hours, and assays were
performed as described below.

Western Blot Analysis

Cell lysates (30 pg protein) resolved on a 3-15% gradient
SDS-PAGE gel were transferred to a polyvinylidene
difluoride membrane (ImmobilonP; Millipore, Bedford,
MA). For immunoblotting we used the primary antibodies
described above and as indicated in the results. The
immunoreactive proteins were visualized with ECF Western
blotting system (Amersham Life Sciences,
Buckinghamshire, UK) and chemiluminescent signals were
acquired using a Storm 860 Phosphorimager (Molecular
Dynamics, Sunnyvale, CA).

Cyclin A and E Associated Kinase Assay

Cyclins A and E were precipitated from cell lysates
(containing 1 mg protein) using either 5 pg each of Abs H-
432 or M-20 (Santa Cruz), respectively. Kinase activity was
assayed by transfer of 2P to Histone H1 as substrate at 30°C
for 45 min. Complexes were released from the beads by
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Fig. (1). TSP stimulates release of mitochondrial cytochrome c in VEGF-stimulated endothelial cells: Serum and growth factor-starved
HDMEC were incubated with 100 ng/ml VEGF in the presence or absence of 10 ng/ml TSP for 48h and assayed for cytochrome c using: (A)
Western immunoblotting of the lysates from cytosolic and mitochondrial fractions. (B) immunofluorescent microscopy for the co-
localization of cytochrome c (red) in the cytoplasmic and the nuclear (blue) region. Magnification X600. Each figure represents 4 separate

and reproducible experiments.

heating at 70°C for 10 min., followed by separation of
proteins on a 3-15% SDS-PAGE gel. Protein bands were
visualized by exposing the gels to x-ray film (Kodak,
Rochester, NY).

Immunofluorescent (IF) Co-Localization of Proteins in
Cellular Compartments

Cells on glass slides were fixed with 2%
paraformaldehyde for 10 min at room temp. and
permeabilized with 0.1% Triton X-100 for 2 min on ice
(where required). Cells were incubated with primary
antibodies as shown in the respective figures and with
species specific secondary antibodies conjugated with FITC
or PE, followed by staining with DAPI for nuclear co-
localization. Fluorescent images were acquired using an
Olympus 1X70 Inverted Reflected Light Fluorescence
Microscope (Olympus America Inc, Lake Success, NY) and
Spot digital camera.

Statistical Analysis

Analysis of variance (ANOVA) was conducted on area
under the curve for apoptosis assays and caspase activity.
Pairwise contrasts were constructed and tested using t-tests.
P-values were adjusted using the method of Bonferroni. For
cell cycle analysis, repeated measures ANOVA was
conducted to determine whether the percentage of cells in a
cycle was affected by phase, treatment, or their combination.
Subsequent pairwise contrasts were constructed between
treatments and tested using the t-statistic. Results of these
pairwise comparisons are presented below.

RESULTS

TSP Stimulates Apoptosis by Activating Mitochondrial
Cytochrome c Release in HDMEC

Given that TSP has several heterogeneous domains that
participate in its anti-angiogenic activity, it could be
activating more than one upstream event which can activate
the apoptosis/caspase cascade. Therefore, we examined if
TSP stimulated the release of cytochrome c from the
mitochondria in HDMEC. Western blot analysis of VEGF-
treated endothelial cells showed the presence of cytochrome
c in the mitochondrial fraction but not in the cytoplasmic
fraction (Fig. 1A). In contrast, cytochrome ¢ was detected in
the cytoplasmic fraction and not in the mitochondrial
fraction of VEGF-treated cells in the presence of TSP (Fig.
1A). In serum and growth factor-starved control cells TSP
did not increase cytochrome c release by itself. Therefore,
TSP neutralizes the inhibition of VEGF-induced cytochrome
c release from mitochondria. To further confirm the leakage
of cytochrome ¢ from the mitochondria into the cytoplasm,
we performed IF staining of cell monolayers. IF staining of
monolayers with anti-cytochrome ¢ PE confirmed the
localization of cytochrome c as dense aggregates of red dots
suggesting mitochondrial localization in VEGF-treated cells.
Cells treated with VEGF in the presence of TSP showed
diffused staining all over the cell, indicative of leakage of
cytochrome ¢ from the mitochondria (Fig. 1B). In addition,
untreated and TSP-treated cells appeared more rounded and
fragmented suggesting an apoptotic phenotype. Nuclear
fragmentation under serum-free conditions is suggestive of
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Fig. (2). TSP induces apoptosis in VEGF-stimulated endothelial cells via caspase-3: Serum and growth factor-starved HDMEC were
incubated for 48h with 100 ng/ml VEGF in the presence or absence of 10 ng/ml TSP with: 5 pg/ml antibodies against different regions of
TSP (antibodies A4.1, A6.1, D4.6, C6.7 and 9 against the type I, type I, type Ill, carboxy terminal domain and N-terminal region of TSP,
respectively), incubated for 48h and assayed for (A) apoptosis (p<0.0001 VEGF vs. VEGF+TSP, VEGF+TSP vs. Ab9 or Ab4.1, or Ab4.6 or
Ab6.1 or Ab6.7 + VEGF+TSP); (B) caspase-3 activity using ELISA (p<0.06 for VEGF+TSP vs. VEGF+TSP+Ab9 and p<0.05 for
VEGF+TSP vs. VEGF+TSP+Ab4.6); (C) Cleavage of PARP and caspase-3 by Western immunoblotting. Each figure represents 4 separate
and reproducible experiments. (D) Serum and growth factor-starved HDMEC were incubated for 24h, 48h and 72h with 100 ng/ml VEGF in
the presence or absence of 10 ng/ml TSP with/without anti-TGFp or 20 uM ZVADFMK (a caspase inhibitor), and analysed for apoptosis
(p<0.0001 VEGF vs VEGF+TSP for 24h, 48h, and 72h and p<0.0001 VEGF+TSP vs. VEGF+TSP+TSP+ZVADFMK 24h, 48h and 72h).

Each value in A,B and D is the mean + SD of 3-6 separate experime

endothelial apoptosis. VEGF inhibits nuclear fragmentation
that was abrogated by TSP (Fig. 1B, bottom row panels 2
and 3). TSP- induced leakage of mitochondrial cytochrome ¢
in VEGF-treated cells was accompanied by nuclear
fragmentation and apoptosis as seen on counter staining the
nuclei with DAPI. Nuclear staining of cells treated with
VEGF in the presence of TSP showed nuclear fragmentation,
a characteristic feature of apoptosis (Fig. 1B). Therefore,
TSP may prevent the survival-promoting effect of VEGF by
stimulating cytochrome c release from mitochondria.

TSP Abrogates VEGF-Induced Survival by Activating
Caspase-3 and Cleavage of Poly-ADP-Ribose-Polymerase
(PARP)

In agreement with the above observations, VEGF
prevented endothelial apoptosis and caspase-3 activation by
88% and 50%, respectively (Figs. 2A and B). Activation of
caspase-3 leads to the cleavage of a 12 kD fragment of
caspase-3, which has been linked to the proteolytic cleavage
of cellular substrates including PARP [33, 34]. Increased
caspase-3 activity in serum-starved HDMEC was
accompanied by the cleavage of a 12 kD fragment of

nts.

cytoplasmic pro-caspase-3 and cleavage of a 85 kD fragment
of nuclear PARP (Fig. 2C). VEGF inhibited the cleavage of
caspase-3 and PARP, whereas TSP blocked the inhibitory
effect of VEGF on the inhibition of caspase-3 and PARP
(Fig. 3C). The survival promoting effect of VEGF was
significantly abrogated (~90%) in the presence of TSP
(p<0.0001, VEGF vs VEGF + TSP) (Fig. 2A) but the
caspase-3 activity was increased by only 33% (p<0.001)
(Fig. 2B). This suggests that the apoptosis promoting effect
of TSP on VEGF-induced EC survival is mediated only
partly (~1/3) by the caspase-3-mediated mechanism. A time
course of HDMEC undergoing apoptosis in serum-starved
conditions showed that VEGF consistently promoted
survival up to 72h which was blocked by TSP (Fig. 2D). A
cell permeable pan caspase inhibitor Z-VAD-FMK
(carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluorometh-
ylketone) effectively inhibited the apoptotic effect of TSP on
VEGF-stimulated HDMEC throughout the period of 24h to
72h (p<0.0001 VEGF+TSP vs. VEGF+TSP+Z-VAD-FMK
at 24, 48 and 72h). These data suggest that TSP promotes
apoptosis in VEGF-stimulated HDMEC by a caspase-3
mediated activity. Antibodies to TGF-R failed to influence
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Fig. (3). TSP inhibits VEGF-induced cell cycle progression and promotes apoptosis. Serum and growth factor-starved HDMEC were
incubated for 48h with 100 ng/ml VEGF in the presence or absence of 10 ng/ml TSP and cell cycle analysis performed by FACS. (A)
Histograms showing the distribution of cells in different phases of cell cycle. Each histogram represents 5 reproducible experiments. (B)
Percentage of cells in different phases of cell cycle. Each bar represents mean + SD of 5 separate experiments (Ao — PBS vs. VEGF <0.0001,
VEGF vs. VEGF + TSP <0.0001; Go¢/G; — VEGF vs VEGF+TSP <0.014; G,/M - VEGF vs. VEGF+TSP <0.06).

the apoptotic effect of TSP (Fig. 2D). Thus, the apoptosis-
inducing effect of TSP is not due to contamination of TSP
with TGF-R.

Different Domains of TSP Participate in Inhibiting VEGF-
Induced Survival

We have shown earlier that different domains of TSP
inhibit VEGF-induced HDMEC proliferation by using
different mechanisms involving distinct regions of VEGF
and several cell surface receptors [12]. We now demonstrate
that these domains of TSP are also involved in inhibiting
VEGF-induced HDMEC survival (Fig. 2A). Antibodies to
different regions of TSP including Ab 9 for the heparin
binding domain (HBD), Ab 6.7 to the carboxy terminal
domain or cell binding domain (CBD) and Abs 4.1, 6.1 and
4.6 to the type I, Il and Ill repeats of TSP, respectively,
completely abrogated the survival preventing effect of TSP
on VEGF-induced survival (p<0.0001 VEGF + TSP vs
VEGF + TSP + each Ab) (Fig. 2A). These findings suggest
that all the domains of TSP are required for neutralizing the
anti-apoptotic effect of VEGF. However, caspase activity
was significantly inhibited only by antibodies 9, 4.6 and 6.7
that bind to the HBD, type 1l repeat region containing RGD
and the CBD of TSP, respectively (Fig. 2B). Blockade of
type | and type Il repeats of TSP by Abs 4.1 and 6.1 also
decreased the caspase-3 activity appreciably but it was not
statistically significant. These data suggest that the HBD,
RGD containing type Ill region and CBD are critical for
activation of caspase-3, and that the type | and Il regions
may block VEGF-induced survival by other mechanisms.

TSP Prevents VEGF-Induced Cell Cycle Progression

Previous work suggests that VEGF promotes cell cycle
progression as well as survival. Since cell cycle proteins
(cyclins and their dependent kinases) and associated
regulatory proteins (phosphatases, p21, p27) can orchestrate
both cell survival and cell proliferation [19, 35], we
examined the effect of TSP on cell cycle progression. We

observed that VEGF prevented the apoptosis (A0 peak) of
serum starved HDMEC by significantly promoting the
progression of cell cycle in GO/G1, S and G2/M phase (p <
0.05 serum free vs. VEGF for all three phases of the cell
cycle) (Figs. 3A and B). TSP prevented the VEGF-induced
cell cycle progression in GO/G1 (p<0.01) and decreased the
number of cells in S and G2/M phase of cell cycle. The
transition from G1 to S requires the temporal activation of
cyclin E-CDK2, and cyclin A-CDK2. To further investigate
the link between TSP-induced cell cycle arrest and cell cycle
regulation we examined its influence on cell cycle proteins A
and E, their dependent kinases and the regulatory proteins
p21 and p27.

TSP Modulates Cell Cycle Checkpoints and Regulatory
Proteins

Cyclins A and E dependent kinase activity assayed in
vitro using antibodies to cyclins A and E and histone H1 as
substrate showed that VEGF increased the activity of both
these kinases in serum-starved HDMEC (Fig. 4, lane 2). TSP
impaired the VEGF-induced stimulation of cyclin A-CDK2
as well as cyclin E-CDK2. However, by itself TSP did not
have any effect on these enzymes in serum-starved cells.
Because CDK?2 activity during G1 and S phase is induced in
part through their association with cyclins A or E, we further
studied the expression of these proteins. TSP downregulated
the expression of both cyclin A as well as cyclin E in VEGF-
treated cells (Fig. 4B). However, by itself TSP increased
both cyclin A and E expression in serum-starved HDMEC.
Cyclin A together with CDKs co-localizes with discrete sites
of DNA replication in S phase nuclei, which are associated
with the nuclear matrix and require an intact nuclear
envelope for function [36]. The integrity of the nuclear
membrane is disrupted in cells undergoing apoptosis. We
found that in the presence of TSP, cyclin A diffused all over
the cytoplasm as well as the nucleus in VEGF-stimulated
cells (Fig. 4C). However, in VEGF-stimulated HDMEC
cyclin A was densely localized in the nucleus. Therefore,
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Fig. (4). TSP inhibits the activity of cell cycle regulatory proteins. Serum and growth factor-starved HDMEC were incubated with 100 ng/ml
VEGF in the presence or absence of 10 ng/ml TSP. (A) After 48h of incubation HDMEC were assayed for cyclin-A and -E associated in-gel
kinase activity. (B) After 24 and 48h of incubation HDMEC were assayed for the expression of cyclin-A and -E by Western immunoblotting
(C and D). Immunofluorescent staining for cyclin A and E (both in green) after 48h of incubation. Nuclei in blue show the nuclear and/or
cytoplasmic co-localization of the cyclins. Each figure represents 4 reproducible experiments.

even though cyclin A is increased by TSP it leaks out of the
nucleus and is ineffective in promoting cell cycle
progression at the nuclear level. In serum-starved cells in the
absence or presence of TSP, cyclin A was present throughout
the cell cytoplasm and nucleus.

Because CDK2 activity can be negatively regulated
through its association with the inhibitory proteins p21 and
p27, we also analyzed the effect of TSP on these proteins in
VEGF-stimulated HDMEC. VEGF inhibited both p21 and
p27 expression in serum-starved HDMEC, TSP prevented its
inhibitory effect on both p21 as well as p27 expression and
also showed cleavage of a lower molecular weight fragment
of both p21 and p27 (Fig. 5). TSP by itself did not show any
appreciable effect on p21 or p27 and their cleaved fragments
in serum-starved HDMEC (lane 4, Fig. 5). While the cleaved
fragments of p21 appeared in appreciably high amounts, the
cleaved fragment of p27 appeared in very low amounts.
Thus, TSP inhibits VEGF-induced angiogenesis by
simultaneously promoting apoptosis and cell cycle arrest.

DISCUSSION

TSP was the first anti-angiogenic factor to be identified
[7]. The complexity of TSP structure due to its

heterogeneous domains which bind to several known and
possibly some unknown cell surface receptors have made it
difficult to determine its mechanism(s) of action [15].
Binding of TSP to VEGF and displacement of VEGF from
the cell surface shown by us [12] restricts the availability and
therefore the activity of these heparin binding growth
factors. At the cellular level, interaction of TSP 1 with cell
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Fig. (5). Thrombospondin inhibits VEGF-induced downregulation
of cyclin-dependent kinase inhibitors in HDMEC. Serum and
growth factor-starved HDMEC were incubated with 100 ng/ml
VEGF in the presence or absence of 10 ng/ml TSP and assayed for
p21 and p27 by Western immunoblotting. Each figure represents 4
reproducible experiments.
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surface CD36 leading to the activation of Fyn-caspase-3-
p38MAPK cascade is one of the leading anti-angiogenic
mechanism of TSP action [9]. TSP inhibits both survival as
well as angiogenesis. Caspase activation and the
involvement of several other proposed mechanisms (Bcl2,
JNK, p38MAPK, FAS, etc) suggest that TSP inhibits
endothelial survival [9, 10]. However, TSP does not affect
endothelial survival in normal/quiescent endothelium. It only
inhibits endothelial proliferation in vessels undergoing
angiogenesis, where the concentration of growth promoting
cytokines such as VEGF is abnormally high. TSP inhibits the
growth promoting effect of these growth factors on
endothelium by mechanisms that inhibit both proliferation as
well as survival.

Cytochrome c¢ which normally resides exclusively in
mitochondria, is released into the cytosol during apoptosis
[37]. Release of cytochrome c¢ from the mitochondria
triggers caspase activation through Apaf-1 [38]. We
observed that TSP neutralized the survival promoting effect
of VEGF on HDMEC in serum-starved conditions. This was
accompanied by the activation of caspase-3 activity, which
was significantly higher in TSP-treated cells with VEGF as
compared to VEGF alone treated cells (p=0.0004). Seeking
additional evidence that TSP acts via a mitochondria
dependent mechanism to induce apoptosis, we analyzed
cytochrome ¢ leakage from mitochondria into cytosolic
fractions of HDMEC. Serum-starved HDMEC treated with
VEGF alone showed the presence of cytochrome ¢ only in
the mitochondrial fraction and did not show any detectable
cytochrome c in cytoplasmic fractions of the cells. However,
in the presence of TSP, we detected cytochrome c in the
cytoplasmic as well as the mitochondrial fraction. IF staining
of monolayers with anti-cytochrome ¢ FITC confirmed the
localization of cytochrome c in the mitochondria in VEGF-
treated cells. Cells treated with both VEGF and TSP showed
diffuse staining all over the cell, consistent with leakage of
cytochrome ¢ from mitochondria and activation of caspase-3.

Caspase-mediated activation of CDK inhibitors p21 and
p27 can be instrumental in the execution of apoptosis
following caspase activation [39]. Because CDK2 activity is
required for the progression of the cell cycle from G1 to S
phase, we reasoned that the inhibition of CDK2 which is
complexed to cyclin A and E, by active p21 and p27 will
lead to cell cycle arrest in G1 phase of cell cycle.

Critical events occur during the G1 phase of the cell
cycle that determine whether a cell will continue to
proliferate or will withdraw from the cell cycle and undergo
apoptosis [40]. It is well known that cell cycle proteins
(cyclins and their dependent Kkinases) and associated
regulatory proteins (phosphatases, pl6, p21, p27) can
orchestrate both cell survival and cell proliferation. We
observed that TSP did influence cell cycle regulation of
VEGF-stimulated HDMEC. TSP caused a 20% increase in
apoptotic cells and cell cycle arrest of VEGF-stimulated
HDMEC in the GO/G1 phase of the cell cycle (p=0.014). Its
influence on cell cycle proteins was dual. Cyclin A and E
associated with the regulation of different cell cycle
checkpoints were regulated by TSP in VEGF-stimulated
cells. Moreover, in the presence of TSP cyclin A and E
diffused all over the cell cytoplasm as well as the nucleus.
However, in VEGF-stimulated HDMEC cyclins A and E
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were densely localized in the nucleus. Since cyclins regulate
the cell cycle by complexing with their respective kinases,
we looked at cyclin A and E dependent kinases. Cyclin A-
and E- dependent kinase activity was significantly reduced in
the presence of TSP in VEGF-stimulated HDMEC.

Cyclins and CDKs are, in turn, regulated by
phosphatases. Activated caspases have been suggested to
lead to the truncation of CDK?2 inhibitors, p21 and p27 [33,
38]. We observed that TSP stimulated the upregulation and
cleavage of p21 and p27 proteins in VEGF-stimulated
HDMEC. More than 75%-80% of CDK2 and cyclin A are
associated with both p21 and p27 and the cleaved fragments
of p21 and p27 orchestrate CDK2 inhibition [39, 41-43].
Therefore, downregulation of cyclin A and cyclin E in TSP-
treated VEGF-stimulated HDMEC appears to be due to the
regulation of cyclins by p21 and p27. CDK-I p27 inhibits
cell proliferation and apoptosis by binding to and inhibiting
Cyclin A-CDK and Cyclin E-CDK complexes and regulates
GO to S phase transition [44]. Therefore, increased p27
levels leads to increased number of cells in GO/G1 and A0
phases of the cell cycle and a decrease in cyclin A and E
associated kinase activity in HDMEC treated with TSP in the
presence of VEGF as compared to VEGF alone.

Complementary to our observations on the regulation of
cell cycle by TSP, earlier studies from our laboratory showed
that in the presence of TSP with VEGF cell numbers were
reduced after 48 hours of culture as compared to cultures
containing VEGF alone [12]. A decrease in cell number,
promotion of apoptosis and cell cycle arrest induced by TSP
in VEGF-containing cultures suggest that TSP might be
modulating cell cycle regulatory checkpoints and proteins.
Moreover, different domains of TSP abrogated VEGF-
induced HDMEC proliferation [15]. We now observed that
the same domains of TSP were also involved in inhibiting
VEGF-induced HDMEC survival. Each of these domains
interacts with specific cell surface receptors (CD36, avf3,
HSPG, CBD). Although it appears that any one region of
TSP is adequate to inhibit the survival promoting activity of
VEGF, the whole TSP protein appears to be required to
completely abrogate the growth- and survival-promoting
activity of VEGF. We speculate that inhibition of binding of
any one of the domains of TSP may impair its interaction
with VEGF and/or the endothelial cell, making it inactive
towards inhibiting VEGF-induced survival. Earlier studies
have shown that type-1 repeat peptides of TSP have a pro-
apoptotic effect on endothelial cells [45]. However, in a
recent study CD36 binding peptides from TSP and a CD36-
neutralizing antibody did not abrogate TSP-1-induced cell
cycle arrest [14].

In conclusion, our data show that TSP promotes
apoptosis and inhibits cell cycle progression that is
stimulated by VEGF in HDMEC. The survival inhibiting
activities of TSP are due to the stimulation of mitochondrial
cytochrome ¢ release and increased caspase-3 activation
followed by cleavage of nuclear PARP. TSP-induced
caspase activation coincides with the upregulation of CDK
inhibitors p21 and p27, inhibition of cyclin A and E
dependent kinases, inhibition of cell cycle progression and
promotion of apoptosis in VEGF-stimulated HDMEC.
Therefore, TSP inhibits VEGF-induced cell cycle
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progression and survival by stimulating cell cycle arrest and
apoptosis.
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