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Redox signaling plays an important role in the positive regulation
of angiogenesis by vascular endothelial growth factor, but its role
in signal transduction by angiogenesis inhibitors is less clear. Using
muscle explants in 3D culture, we found that explants from mice
lacking the angiogenesis inhibitor thrombospondin-1 (TSP1) ex-
hibit exaggerated angiogenic responses to an exogenous NO
donor, which could be reversed by providing exogenous TSP1. To
define the basis for inhibition by TSP1, we examined the effects of
TSP1 on several proangiogenic responses of endothelial cells to
NO. NO has a biphasic effect on endothelial cell proliferation. The
positive effect at low doses of NO is sensitive to inhibition of cGMP
signaling and picomolar concentrations of TSP1. NO stimulates
both directed (chemotactic) and random (chemokinetic) motility of
endothelial cells in a cGMP-dependent manner. TSP1 potently
inhibits chemotaxis stimulated by NO. Low doses of NO also
stimulate adhesion of endothelial cells on type I collagen in a
cGMP-dependent manner. TSP1 potently inhibits this response
both upstream and downstream of cGMP. NO-stimulated endo-
thelial cell responses are inhibited by recombinant type 1 repeats
of TSP1 and a CD36 agonist antibody but not by the N-terminal
portion of TSP1, suggesting that CD36 or a related receptor
mediates these effects. These results demonstrate a potent
antagonism between TSP1 and proangiogenic signaling down-
stream of NO. Further elucidation of this inhibitory signaling
pathway may identify new molecular targets to regulate patho-
logical angiogenesis.

angiogenesis � cell adhesion � chemotaxis � proliferation � CD36

Redox signaling plays a central role in both developmental and
pathological angiogenesis (1). Low to moderate concentrations

of NO act on endothelial cells to stimulate angiogenesis by acti-
vating soluble guanylyl cyclase (sGC), thereby increasing cGMP,
which activates cGMP-dependent protein kinases (2) and other
cGMP-dependent pathways (3, 4). These responses lead to down-
stream activation of the Ras-Raf-extracellular-regulated kinase
(ERK) (5), vasodilator-stimulated phosphoprotein (6), and phos-
phatidylinositol 3-kinase-Akt pathways (7). At specific doses, NO
donors induce endothelial cell chemotaxis (7, 8), permeability (9),
and proliferation in vitro (10, 11) and angiogenesis in vivo (12).

Consistent with these observations, endogenous NO synthesis in
endothelial cells is induced by some angiogenic factors, including
vascular endothelial growth factor (VEGF) (13). VEGF receptor
signaling activates Akt in a phosphatidylinositol 3-kinase- and
PKC-dependent manner, which phosphorylates endothelial NO
synthase (eNOS) on Ser-1177 (14, 15). This modification increases
eNOS activity and NO synthesis. eNOS activation plays a crucial
role in VEGF-induced angiogenesis and vascular permeability (16,
17). Conversely, NO induces VEGF transcription by inducing
synthesis and stabilization of Hif-1� (18). These data suggest a
positive feedback loop between NO and VEGF signaling. However,
inhibitory effects of NO donors on endothelial growth, motility,
adhesion, and survival have also been reported (8, 19), so this
feedback signal may be complex.

Some angiogenesis inhibitors may also regulate angiogenesis at
the level of NO signaling. TNP470 inhibits myristoylation of eNOS
and redistributes eNOS from the plasma membrane (20). Endosta-

tin increases activity of the phosphatase PP2A, which dephospho-
rylates eNOS at Ser-1177 and decreases NO synthesis (21).

Thrombospondin-1 (TSP1) is another well known angiogenesis
inhibitor (reviewed in refs. 22 and 23). Several studies indicate that
synthesis of TSP1 is regulated by NO signaling. Endothelial cell
expression of TSP1 was induced by hypoxia or inhibition of NO
synthesis by using N-nitro-L-arginine methyl ester (24). Subsequent
studies in mesangial and smooth muscle cells verified that cGMP
and cGMP-dependent protein kinase negatively regulate TSP1
gene expression (25, 26). It is less clear whether TSP1 can itself
regulate NO signaling in endothelial cells. However, TSP1 was
shown to modulate cGMP levels in monocytes (27) and melanoma
cells (28). In melanoma cells, TSP1 induced a rapid, but transient,
decrease in cGMP levels.

CD36 is one of several endothelial cell TSP1 receptors and is
necessary for its activity to inhibit microvascular endothelial cell
chemotaxis (29). CD36 is also a receptor for oxidized low-density
lipoprotein (LDL), which inhibits VEGF-induced endothelial
cell migration (30). Oxidized LDL inhibited Akt phosphoryla-
tion and VEGF-induced NO synthesis. TSP1 signaling through
CD36 has been shown to regulate caspase-3 activation and p38
phosphorylation via a p59fyn-dependent pathway (31), but reg-
ulation of NO metabolism by TSP1 through this pathway has not
been investigated.

To better define the potential cross talk between TSP1 and NO
signaling, we have investigated the ability of both endogenous and
exogenous TSP1 to regulate responses of endothelial cells to NO.
We report here that endogenous TSP1 limits angiogenic responses
to NO in a muscle explant assay. In vitro, TSP1 is a remarkably
potent antagonist of NO-induced endothelial cell chemotaxis,
adhesion, and proliferation. We further show that TSP1 antago-
nizes these cGMP-dependent endothelial responses to NO both
upstream and downstream of cGMP.

Materials and Methods
Cells and Reagents. Human umbilical vein endothelial cells
(HUVECs) (Cambrex, Walkersville, MD) were maintained in
endothelial growth medium (EGM; Cambrex) and 5% FCS in 5%
CO2 at 37°C. Cells were used at passages 4–8. Purity of cultures was
monitored by immunochemical staining with monoclonal human
anti-CD31 antibody (Sigma). Bovine aortic endothelial cells
(BAECs) were cultured in DMEM with 5% FCS. Human dermal
microvascular endothelial cells (HDMVECs; Cambrex) were main-
tained in DMEM with 2.5% FCS or EGM-2 MV (Cambrex) with
5% FCS and used within passages 4–9. 8-Bromo (8Br)-cGMP and
1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one (ODQ) were obtained
from Sigma. Diethylamine NONOate (DEA�NO) and diethyltri-
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amine NONOate (DETA�NO) were kindly provided by Joseph
Saavedra and Larry Keefer (National Cancer Institute, Frederick).
TSP1 was prepared from human platelets obtained from the
National Institutes of Health blood bank as described (32). Re-
combinant proteins expressed in insect cells containing the N-
terminal region (NoC1) or the 3 type 1 repeats of TSP1 (3TSR)
were generously provided by Deane Mosher (University of Wis-
consin, Madison) and Jack Lawler (Harvard Medical School,
Boston). Murine anti-human CD36 antibody (clone SM�) was
purchased from Chemicon International (Temecula, CA). UO126
was from Cell Signaling Technology (Beverly, MA). Phosphodies-
terase (PDE) inhibitors were from Calbiochem.

Animals. C57B16 WT and TSP1 null mice (33) were housed in a
pathogen-free environment. Handling and care of animals was in
compliance with the guidelines established by the Animal Care and
Use Committee of the National Cancer Institute.

Muscle Explant Assay. Pectoralis major muscle biopsies were har-
vested from 8- to 10-week-old WT and TSP1 null mice and
explanted in type I collagen as described (34). Explants were
incubated in the presence of EGM with FCS and treatment agents
for 7 days, and cell migration through the extracellular matrix was
measured. Results represent the mean � SD of at least three
separate experiments.

Endothelial Cell Assays. Proliferation of endothelial cells was mea-
sured with a nonradioactive colorimetric assay (CellTiter 96, Pro-
mega) as described (35). Chemotaxis in modified Boyden chambers
and adhesion assays were performed as described (35).

Intracellular cGMP Measurement. HUVECs (104 cells per well)
grown overnight in 96-well culture plates were pretreated for 24 h
with medium containing 2.5% FCS before treatment with NO
donors and other agents in serum-free medium. Intracellular
cGMP levels were determined by using an enzyme immunoassay
(Amersham Pharmacia Biosciences).

Statistics. All studies were repeated at least three times, and results
are presented as the mean � SD, with analysis of significance done
by using Student’s t test and P � 0.05 taken as significant.

Additional methods are provided in Supporting Text, which is
published as supporting information on the PNAS web site.

Results
Endogenous TSP1 Inhibits NO-Stimulated Vascular Cell Outgrowth. To
define the relationship between endogenous TSP1 and NO during
the process of angiogenesis, an ex vivo model of neovessel formation
was developed wherein biopsies of pectoralis major muscle from
WT and TSP1 null mice were embedded in 3D type I collagen
matrixes. As shown previously (34, 35), basal vascular outgrowth
from TSP-1 null muscle explants was substantially faster than that
from WT explants (Fig. 1 A and B). Addition of the NO donor
DETA�NO significantly increased responses in the null explants
but to a lesser extent in WT explants (Fig. 1 C–E). Maximal
stimulation was obtained at 10 �M DETA�NO, but 1,000 �M
DETA�NO inhibited cell invasion and tube formation to or below
untreated levels. Addition of exogenous TSP1 abrogated basal
outgrowth from null and WT explants and inhibited NO-driven
outgrowth in WT more than in null explants (Fig. 1F). Thus,
endogenous TSP1 antagonizes the angiogenic activity of NO in the
explant assay.

NO Is a Biphasic Modulator of Endothelial Cell Proliferation. BAECs
showed a biphasic proliferative response to DETA�NO, with low
doses promoting proliferation and high doses inhibiting prolifera-
tion (Fig. 2A). HUVECs (Fig. 2B) and HDMVECs (Fig. 2C) had
similar biphasic proliferative responses to NO. The positive effects
of NO may be less pronounced in the human cells because of the
additional growth factors required in the media for these cells. The
stimulatory effect of low NO doses may depend on cGMP signaling
because treatment with NO donor in the presence of 10 �M ODQ,
a specific inhibitor of sGC, abrogated NO-stimulated cell prolifer-
ation in all types of endothelial cells but had no effect on the
inhibition of proliferation at the highest dose of NO (Fig. 2 A–C).

Fig. 1. Extracellular matrix invasion by vascular cells is modulated by NO and endogenous TSP1. (A–D) WT (A and C) and TSP1��� (B and D) mouse muscle
fragments were embedded in 3D collagen matrices and examined after 10 d either untreated (A and B) or treated with 100 �M DETA�NO (C and D). (Scale bars:
250 �m.) (E and F) Explants were treated with 1–1,000 �M DETA�NO (E) or 10 �M DETA�NO in the presence or absence of exogenous TSP1 (2.2 nM) (F). Vascular
cell invasion of collagen matrices was quantified as the distance of farthest cell invasion from the muscle border in each of four quadrants. All experiments
represent the mean � SD of at least three separate experiments.
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TSP1 Inhibits NO-Stimulated Proliferation. TSP1 inhibits prolifera-
tion of endothelial cells, with reported IC50 values of 5–70 nM,
depending on the growth medium (36–38). Consistent with those
studies, 22 nM TSP1 was required to significantly inhibit BAEC
proliferation stimulated by serum in the absence of NO donor, but
proliferation stimulated by 10 �M DETA�NO was inhibited by
50% at �22 pM TSP1 (Fig. 2D). Comparable inhibition of NO-
induced but not basal HDMVEC proliferation was observed at 22
pM TSP1 (Fig. 2E). The inhibitory responses to TSP1 in HUVECs
suggested that the TSP1 receptor CD36, which is expressed selec-
tively in microvascular cells, does not mediate this activity. How-
ever, the CD36 antibody SM�, an agonist of CD36 signaling (29),
significantly inhibited NO-stimulated proliferation of both
HUVECs and HDMVECs (Fig. 2F). Thus, the low-level expression
of CD36 in HUVECs is sufficient for this response (39, 40).

To confirm that endogenous TSP1 levels are sufficient to explain
the differences in NO responses shown in Fig. 1, proliferation of
lung-derived endothelial cells from TSP1 null and WT mice was
assessed in the presence of DETA�NO (Fig. 2G). Low-dose NO
stimulated proliferation of TSP1 null cells significantly more than
WT cells.

TSP1 Inhibits NO-Stimulated Endothelial Cell Adhesion. DEA�NO
was used to investigate effects of NO on short-term adhesion assays
due to its rapid release kinetics (t1/2 2–5 min; ref. 41). Adhesion of
HUVECs on a type I collagen substrate was stimulated by low or
intermediate doses of DEA�NO but inhibited above 100 �M (Fig.
3A). Cells also showed increased spreading and assembly of actin
stress fibers at stimulatory NO doses (Fig. 3 C and D). As found for
stimulation of proliferation, the stimulatory effect of NO on
adhesion was blocked by 10 �M ODQ (Fig. 6A, which is published
as supporting information on the PNAS web site), suggesting that
both stimulatory responses occur via activation of sGC. Treatment

of cells with decomposed DEA�NO did not increase matrix adhe-
sion, verifying that NO, rather than a decomposition product, is
responsible for its effects (Fig. 6B). Stimulation was also seen on a
fibronectin substrate (Fig. 3A), showing that this response is not
restricted to �2�1 integrin-mediated adhesion.

Exogenous TSP1 at �2.2 pM abrogated the stimulation by NO
of cell adhesion to collagen (Fig. 3B) and reversed the effect of NO
on cell spreading (Fig. 3E and Fig. 7, which is published as
supporting information on the PNAS web site). In contrast, 22 nM
TSP1 only minimally inhibited basal adhesion on collagen. Inhibi-
tion by TSP1 was not caused by direct effects on NO autooxidation
as assessed by two methods (Fig. 6 C and D).

An antiadhesive activity of TSP1 was previously localized to its
N-domain (42), but 100 nM of NoC1 containing this sequence was
required to significantly inhibit NO-stimulated HUVEC adhesion
on type I collagen (Fig. 3B). The primary antiadhesive activity
instead localized to the TSRs, which inhibited NO-stimulated
adhesion with an IC50 of �100 pM (Fig. 3B). The lower activity of
this monomeric fragment relative to intact TSP1 may be caused by
trivalent presentation of this sequence in native TSP1. As found for
native TSP1, 3TSR did not inhibit adhesion of unstimulated
HUVECs on collagen.

CD36 is one of several cell surface receptors for the TSRs, and
the CD36 agonist antibody inhibited NO-induced adhesion at
concentrations comparable to TSP1 (Fig. 3B). Therefore, CD36
ligation is sufficient to inhibit NO-stimulated adhesion, suggesting
that CD36 mediates the antiadhesive activities of TSP1 and 3TSR
in the context of NO signaling.

NO Is Both Chemotactic and Chemokinetic for Endothelial Cells. NO
has been reported to either stimulate or inhibit endothelial cell
migration across a gradient (chemotaxis) (7, 8). We observed a
biphasic chemotactic response in HUVECs, with enhancement at

Fig. 2. Biphasic effects of NO on proliferation of endothelial cells are modulated by exogenous and endogenous TSP1. (A) BAECs at 1,500 cells per well in DMEM
supplemented with 2.5% FCS were incubated for 72 h in the presence of the indicated concentrations of DETA�NO with or without 10 �M ODQ. (B and C) HUVECs
(B) or HDMVECs (C) were cultured in EGM or EGM-2MV, respectively, with 5% FCS and the indicated concentrations of DETA�NO with or without 10 �M ODQ.
(D) BAECs were cultured with the indicated concentrations of TSP1 and 10 �M DETA�NO. (E and F) HDMVECs (E) and HUVECs (F) were incubated in the presence
of TSP1 with or without DETA�NO or 10 �M DETA�NO with or without CD36 antibody (0.01–0.1 �g�ml). (G) Proliferation of WT and TSP1 null mouse lung
endothelial cells was determined in the presence of the indicated concentrations of DETA�NO. Results represent the mean � SD of three separate experiments.
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low doses of NO and inhibition at high doses (Fig. 4A). Based on
a checkerboard analysis, NO also stimulates endothelial cell motility
in the absence of a gradient (chemokinesis, unshaded areas of Fig.
4A), which was maximal at dosages of NO donor 10-fold higher
than those maximal for chemotaxis. Based on inhibition by ODQ,
both motility responses of endothelial cells to NO depend on sGC
(Fig. 4B). This inhibition was specific in that neither basal nor
serum-stimulated chemotaxis (plus control) was inhibited by ODQ
(Fig. 4B).

The TSRs of TSP1 Inhibit NO-Stimulated Chemotaxis. TSP1 inhibited
HUVEC chemotaxis stimulated by 10 �M DETA�NO with an IC50
of 7 pM (Fig. 4C). This inhibitory activity of TSP1 also localized to
its TSRs, because NO-driven chemotaxis in HUVECs was inhibited
to background levels by the recombinant 3TSR at 1 nM but not by
the trimeric N-terminal fragment NoC1 at the same concentration
(Fig. 4D).

TSP1 Inhibits NO Signaling Upstream and Downstream of cGMP. The
similar activities of TSP1 and ODQ to inhibit NO-stimulated
endothelial cell responses, and previous reports that TSP1 modu-
lates cGMP in other cell types (27, 28), suggested that TSP1 may
inhibit angiogenic responses at the level of this second messenger.
DEA�NO transiently induced cGMP levels in HUVECs that were
maximal at 5–15 min and returned to near-basal levels by 30 min
(Fig. 8, which is published as supporting information on the PNAS
web site). Addition of 100 pM TSP1 prevented the NO-stimulated
increase in cGMP (Fig. 5A). Similar inhibition of cGMP accumu-
lation was observed in the presence of 3TSR or the agonist CD36
antibody (Fig. 5A), consistent with the inhibitory activities of these
molecules for NO-stimulated responses. In contrast, NoC1 only
minimally inhibited cGMP formation (Fig. 5A). Basal cGMP levels
were moderately but consistently higher in TSP1 null endothelial
cells, indicating that basal TSP1 is sufficient to regulate this pathway
(Fig. 5B). Consistent with preferential enhancement of explant
outgrowth by NO in the TSP1 nulls (Fig. 1), addition of DEA�NO
enhanced cGMP to a greater extent in TSP1 null endothelial cells.

Because VEGF signaling stimulates sGC by increasing NO

Fig. 3. NO-stimulated endothelial cell adhesion to extracellular matrix is
sGC-dependent and abrogated by TSP1. (A) HUVEC (2 � 105 cells per ml)
attachment was determined on surfaces coated with type I collagen (5 �g�ml)
or fibronectin (10 �g�ml). After incubating 1 h in the presence of indicated
concentrations of DEA�NO, cells were fixed, stained, and counted. (B) Adhe-
sion of DEA�NO-treated endothelial cells was analyzed in the presence of the
indicated concentrations of exogenous TSP1, 3TSR, NoC1, and CD36 antibody
with results normalized to maximum response under DEA�NO stimulation (10
�M). All results are presented as the mean � SD of at least three separate
experiments. (C–E) Untreated HUVECs (C) or HUVECs in the presence of 10 �M
DEA�NO (D) or DEA�NO plus 220 pM TSP1 (E) were incubated on a collagen
substrate for 60 min and then fixed and stained with phalloidin to visualize F
actin. (Scale bar: 10 �m.)

Fig. 4. TSP1 inhibits endothelial cell migration to NO via its type 1 repeats.
(A) HUVEC chemotaxis and chemokinesis were assessed in modified Boyden
chambers. Migration was induced by DETA�NO at the indicated concentra-
tions in the lower or upper chamber. Cells (0.3–0.5 � 105 per well) added to the
upper chamber were allowed to migrate for 5.5 h at 37°C in 5% CO2. Results
are presented as the number of cells migrated per field � SD. (B) Cells were
treated under chemotactic (10 �M DETA�NO in lower well) or chemokinetic
conditions (100 �M in upper well) with or without 10 �M ODQ. (C) Chemotaxis
of unstimulated cells (control) or cells toward 10 �M DEA�NO in the lower
chamber was assessed in the presence of the indicated concentrations of TSP1
added in the upper chamber. (D) Cells were treated with 1 nM of the recom-
binant TSP1 fragments NoC1 and 3TSR, and cell migration to 10 �M DETA�NO
was determined. Results are from at least three separate experiments.
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production (13–15), cGMP may be an intersection point between
TSP1 signaling and this proangiogenic pathway. Consistent with
these results, addition of TSP1 reversed the increase in cGMP
stimulated by VEGF (Fig. 5C).

Because NO directly activates sGC, this enzyme may be a target
of the TSP1�CD36 inhibitory signal. Alternatively, TSP1 may lower
cGMP by activating a cGMP-PDE. In the latter case, inhibiting
these PDEs should eliminate the distinction between WT and TSP1
null endothelial cells. Although a combination of PDE1, PDE3, and
PDE5 inhibitors increased basal cGMP in WT cells as expected
(Fig. 5D), cGMP in treated TSP1 null cells remained higher than
in treated WT cells. Therefore, a PDE is unlikely to be the direct
target of the TSP1 inhibitory signal.

sGC may not be the only target, however, because TSP1 also
inhibited endothelial cell adhesion stimulated by 8Br-cGMP (Fig.
5E). The dose dependence for inhibition of 8Br-cGMP-stimulated
adhesion resembled that for NO-stimulated adhesion. One target of
cGMP signaling is the ERK cascade. Addition of TSP1 inhibited the
transient induction of ERK phosphorylation by DEA�NO at 5 min
(Fig. 5F). Therefore, TSP1 also acts downstream of cGMP to inhibit
endothelial cell responses to NO, including adhesion and ERK
phosphorylation.

Discussion
The present data rationalize apparently contradictory reports con-
cerning the effects of NO on endothelial cell adhesion, chemotaxis,
and proliferation. With different NO donors and assay conditions,
stimulatory and inhibitory effects of NO donors on each response
have been reported (e.g., ref. 8 and references therein). We
observed biphasic dose responses to NO for each of these end-
points, which we propose can be explained by different thresholds
for specific NO-dependent signaling pathways, analogous to breast
carcinoma cell responses to NO (41). The cGMP pathway is
activated by the lowest doses of NO and mediates stimulatory
effects of NO on adhesion, chemotaxis, and proliferation. In
contrast, high-dose NO inhibits each response independent of sGC.
TSP1 is a potent inhibitor of the former cGMP-dependent endo-
thelial cell responses. cGMP signaling plays a central role in both
acute responses to NO (5 min to 1 h) and long-term proliferation
responses. TSP1 inhibits both NO-induced cGMP synthesis and
signaling downstream of cGMP.

Consistent with a previous report (19), we find that inhibition of
proliferation by high-dose NO is independent of cGMP signaling.
By analogy to NO signaling in breast carcinoma cells (41), high-dose
NO may inhibit these endothelial cell responses through activation
of p53 and MKP1 expression (47). Further work is required to
define these inhibitory signaling pathways.

NO donors are known chemotactic factors for endothelial cells
(7, 8), but NO-stimulated chemokinesis has not been demonstrated
previously to our knowledge. The chemokinetic activity of NO
could be important to facilitate migration of endothelial cells in
the absence of an NO gradient. Notably, the chemokinetic activity
is maximal at �10-fold higher NO donor concentrations than
are optimal for chemotactic migration. Both chemotaxis and
chemokinesis require cGMP signaling, but a second signal initi--
ated by higher concentrations of NO may also be required for
chemokinesis.

The consistently high potency of TSP1 for inhibiting NO re-
sponses was unexpected. A comparable potency was reported for
TSP1 to inhibit endothelial cell chemotaxis stimulated by fibroblast
growth factor 2 (FGF2) (IC50 � 22 pM) (36), but others obtained
a much higher IC50 of 700 pM (43). In contrast, 50% inhibition of
endothelial cell proliferation stimulated by FGF2 typically requires
5–70 nM TSP1 (36–38). TSP1 inhibits endothelial cell adhesion, as
assessed by focal adhesion disruption, with a reported IC50 of 2–4
nM (44). The corresponding NO-stimulated endothelial cell re-
sponses are much more sensitive to TSP1 inhibition. The markedly
higher potency for inhibition of cGMP-dependent NO-stimulated

Fig. 5. TSP1 inhibits NO-induced cGMP synthesis and signaling downstream
of cGMP in endothelial cells. (A) HUVECs (5 � 103 per well) were weaned from
EGM plus 5% FCS to 0.1% BSA as described in Supporting Text and treated
with 10 �M DEA�NO for 5 min in the absence or presence of 100 pM of TSP1,
3TSR, NoC1, or CD36 antibody. Mean intracellular cGMP levels from duplicate
determinations are presented for a representative experiment. (B) Intracellu-
lar cGMP was determined for weaned unstimulated TSP1 null and WT lung
endothelial cells and cells treated for 5 min with 10 �M DEA�NO. (C) Intra-
cellular cGMP was analyzed in weaned HUVECs after treatment with 1 �g�ml
TSP1 with or without VEGF (30 ng�ml) for 10 min. (D) WT and TSP1 null
lung-derived endothelial cells (5,000 cells per well) were incubated for 30 min
in EGM plus 0.1% BSA with or without inhibitors of cGMP PDEs [PDE1 (25 �M
8-methoxymethyl-3-isobutyl-1-methylxanthine], PDE2 (20 nM erythro-9-[3-(2-
hydroxynonyl)]adenine�HCl), and PDE5 [1 �M 4-{[3�,4�-(methylenedioxy)-
benzyl}amoni)-6-methoxyquinazoline)], and intracellular cGMP levels were
determined. (E) Modulation of endothelial cell adhesion to 5 �g�ml type I
collagen was tested with 10 �M 8Br-cGMP stimulation with or without TSP1.
Results are from three separate experiments. (F) HUVECs were harvested 0, 5,
and 15 min after addition of 1 �M DEA�NO in medium containing 5% serum,
brain extract, and heparin. Cell lysates were resolved on SDS gels and blotted
with anti-ERK and phospho-ERK (pERK).
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responses may involve signaling pathways distinct from those pre-
vious identified for inhibition by TSP1 of the same endothelial cell
responses driven by other agonists. Activation of p38 in endothelial
cells downstream of CD36 required at least 5 nM TSP1 (31). Based
on the sensitivity of both NO-stimulated cGMP synthesis and
8Br-cGMP-stimulated adhesion to pM doses of TSP1, this inhibi-
tory signaling affects targets both upstream and downstream of
cGMP. Because NO directly activates sGC, TSP1 signaling may
inhibit sGC or prevent its activation by increasing cellular metab-
olism of NO, but does not selectively activate a cGMP PDE.

The high potency of TSP1 for inhibiting NO signaling may
contribute to its pathophysiological role as a circulating angiogen-
esis inhibitor. Circulating plasma TSP1 levels were 0.3–15 nM in
tumor-bearing animals (45), and mean values of 0.6–2.3 nM were
reported in patients with colon carcinomas (46). These are clearly
adequate concentrations to completely inhibit NO-stimulated en-
dothelial responses.

An antiadhesive activity of TSP1 was previously mapped to a
peptide, Hep1, derived from residues 17–35 of the N-module (42).
However, we found a more potent antiadhesive activity for the
TSRs of TSP1. Thus, TSP1 possesses two independent antiadhesive
domains that use different signaling pathways. cGMP-dependent
protein kinase activity is necessary but not sufficient for the
antiadhesive activity of Hep1 (42). In contrast, TSP1 and its TSRs
inhibit endothelial cell adhesion stimulated by the cGMP pathway.

TSP1 inhibits microvascular but not HUVEC chemotaxis stim-
ulated by FGF2 (29). This differential activity was ascribed to
selective expression of CD36 on microvascular endothelial cells
(29). However, others have reported (39, 40) and we have con-
firmed low-level expression of CD36 in HUVECs. Because we see
potent inhibition of NO-induced adhesion, proliferation, and
cGMP accumulation in HUVECs by both TSRs and a CD36
agonist antibody, CD36 presumably mediates the corresponding
responses to TSP1. However, we cannot exclude roles of other
receptors that interact with TSRs, including �1 integrins (23),
TGF-�, or proteoglycans.

Our data distinguish TSP1 from the angiogenesis inhibitors
endostatin and TNP470 with respect to the mechanism by which it
modulates NO signaling. Endostatin and TNP470 both regulate
eNOS (20, 21), which is upstream of the two TSP1-sensitive steps
that we identified in this signaling cascade. Our evidence that TSP1
inhibits at least two targets downstream of eNOS implicates the
eNOS–sGC–cGMP pathway as a convergence point for proangio-
genic and antiangiogenic signaling. Further definition of the targets
and mechanism of inhibition by TSP1 signaling may reveal new
therapeutic targets to modulate pathological angiogenic responses.
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