


incorporation stimulated by 8Br-cGMP to the same extent as the
well-characterized cGK-I inhibitor Rp-8pCPT-cGMP (Figure 5H).
Therefore, cGK is a second target for TSP1 signaling in platelets.

Two domains of TSP1 block the NO-driven delay in platelet
aggregation

To define the functional domains of TSP1 that block an NO-
stimulated delay in platelet aggregation, we treated platelets with
recombinant type 1 repeats (3TSR) and the C-terminal domains of
TSP1 (E123CaG-1). Both TSP1 fragments blocked the ability of
NO to delay thrombin-induced aggregation at high shear (Figure
6A), whereas a trimeric recombinant construct containing the
N-terminal region of TSP1 (NoC1) was inactive at the same
concentration and further delayed aggregation at a higher dose
(Figure 6B). 3TSR and E123CaG1 also reversed the NO delay of
aggregation under static conditions and even tended to enhance
aggregation beyond control conditions (Figure 6C). 3TSR and
E123CaG1 inhibited NO-stimulated cGMP flux in platelets with
similar dose dependencies as full-length TSP, whereas NoC1 was
also inactive in this assay (Figure 6D). The type 1 repeats mediate
TSP1 interactions with its receptor CD36, and the G module
mediates CD47 binding. Thus, consistent with antagonism of NO
signaling in vascular cells,26 engaging either TSP1 receptor on
platelets appears to be sufficient to overcome the NO-driven delay
in aggregation.

CD36- and CD47-binding peptides mimic TSP1 antagonism of
NO in platelet aggregation

Two CD47-binding sequences have been identified in the G module
of TSP1.46 The NO-driven delay in platelet aggregation at high
shear was blocked by a peptide from this region of TSP1 (7N3,

1102FIRVVMYEGKK1112). Two control peptides in which the VVM
sequence required for CD47 binding was mutated (604, FIRGGMY-
EGKK, and 605, FIRVAIYEGKK) had no effect at 10 %M (Figure
7A). Remarkably, 10 nM 7N3 was sufficient to significantly inhibit
the NO delay (Figure 7B). Peptide 4N1-1 (1016RFYVVMWK1023),
comprising the first VVM sequence in TSP1, and a derivative of the
4N1-1 peptide with terminal lysines to increase its solubility
(4N1K47) similarly prevented an NO-stimulated delay in platelet
aggregation under static conditions (Figure 7C,D).

A modified CD36-binding peptide derived from the second type
1 repeat (907, 434GDGV(D-I)TRIR442) accelerated platelet aggrega-
tion in the presence of NO to a similar degree as the CD47-binding
peptide 7N3 in high shear conditions (Figure 7E). A second
CD36-binding peptide derived from the third type 1 repeats of
TSP1 (906, 488VTAGGGVQKRSRL500) also reversed an NO-
stimulated delay of platelet aggregation (Figure 7F), but a heparin-
binding peptide derived from the same region (246, 412KRFKQ-
DGGWSHWSPWSS428) was inactive (Figure 7G). The CD47
(7N3)– and CD36 (907)–binding peptides partially inhibited
NO-stimulated increases in platelet cGMP (Figure 7H), but the
respective control peptides did not (data not shown). These peptide
data support the results using the recombinant TSP1 domains:
engaging either CD36 or CD47 is sufficient to inhibit cGMP
accumulation in platelets.

Discussion

Tonic NO/cGMP signaling acutely regulates vascular tone and
tissue perfusion and, if sustained, can induce angiogenesis and
vascular remodeling.48-51 TSP1 is a major endogenous antagonist of
NO-dependent vasodilation24,25,52 and restricts blood flow by
vasoconstriction at sites of injury when released from platelets.52

Here, we demonstrate that the hemostatic role of TSP1 extends to
regulation of platelet function. Under both high and low shear
conditions, NO significantly delays thrombin-stimulated aggrega-
tion and decreases adhesion of human and murine platelets. The
differential effects of NO on aggregation of WT versus TSP1-null
platelets demonstrate that endogenous TSP1 released from platelets
in response to thrombin plays an important role to facilitate
hemostasis by overcoming the tonic antithrombotic activity of NO.
Thus, local release of TSP1 from activated platelets can simulta-
neously stimulate local vasoconstriction, platelet adhesion, platelet
activation, recruitment of additional platelets, and stabilization of
the thrombus. Unlike small molecule platelet agonists such as ADP,
TSP1 is tethered to both platelets and the fibrin clot, ensuring its
localization and persistence in controlling hemorrhage.

TSP1 orthologs occur in all chordates examined and are
presumed to have evolved by gene duplication and divergence from
a single primordial thrombospondin gene whose present-day
descendants are found in lower animals.53,54 Therefore, this potent
antagonist of NO signaling has been present throughout vertebrate
evolution, supporting a central role of TSP1 in regulating vascular
NO signaling.

This function of TSP1 was not previously appreciated because
NO is a volatile gas that is lost during the isolation of platelets for
in vitro functional assays. In vivo, endothelial eNOS provides a
tonic inhibitory level of NO. Platelets also contain eNOS and use
circulating L-arginine to generate NO (Figure 8).35,36,56 However,
the buffers used in standard aggregation assays do not provide the
L-arginine required for NO synthesis by endogenous platelet eNOS.
Consequently, endogenous cGMP levels decay as platelets are

Figure 6. CD36- and CD47-binding domains of TSP1 block NO-driven delay of
platelet aggregation. Washed human platelets (2 & 105 platelets/%L) were incu-
bated in the presence of thrombin (0.2 U/mL) and exogenous NO (DEA/NO 10 %M)
for 5 minutes in the presence of recombinant TSP1 constructs 3TSR and E123CaG-1
(2.2 nM) or NoC1 (2.2–22 nM) and aggregation was determined under high shear
(A,B) or low shear (C) conditions. In other experiments, washed platelet were
preincubated with the indicated concentrations of recombinant fragments and treated
with DEA/NO (1 %M) for 60 seconds and lysed, and cGMP levels were determined by
immunoassay (D). Data are representative of at least 3 experiments (A-C). Results
are the mean (' SD) of at least 3 experiments (D).
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“rested” before testing, explaining why washed TSP1-null and WT
platelets exhibit identical responses to thrombin activation.3,4 The lack of
a phenotype for TSP1-null mice in a tail snip bleeding assay may also be
explained by the limited dependence of this assay on NO as evidenced
by the similar lack of a phenotype for eNOS-null mice.57

Our results further suggest that the magnitude of the antithrom-
botic activity of NO may have been underestimated due to tonic
antagonism by endogenous platelet TSP1. In normal platelets at
high or low shear, exogenous NO typically delays but does not
prevent aggregation22,58,59 (and our data). This implies that NO/
cGMP signaling modulates but does not prevent the signal transduc-
tion downstream of thrombin that initiates platelet aggregation.
One consequence of thrombin signaling is !-granule release, which

rapidly makes TSP1 available to bind to its receptors CD36 and
CD47. Signaling through these receptors limits NO signaling in
platelets at the level of sGC and cGK, thereby promoting aggrega-
tion and adhesion (Figure 8). By examining TSP1-null platelets, the
potent inhibitory activity of NO in the absence of this positive
feedback is revealed.

Our data provide a new interpretation of the previously
described effects of TSP1 on !IIb"3-fibrinogen interactions.7,13,60

Independent of any direct interaction with fibrinogen or !IIb"3,
we propose that TSP1 promotes fibrinogen binding and platelet
adhesion by activating !IIb"3 via Rap1 (Figure 8). We found that
NO inhibits platelet adhesion on fibrinogen, whereas TSP1
increases basal adhesion and reverses the inhibition by NO. This

Figure 7. CD47- and CD36-binding peptides antago-
nize the NO delay in platelet aggregation. Washed
human platelets (2 & 105 platelets/%L) were incubated in
Tyrode buffer in the presence of thrombin (0.2 U/mL) and
exogenous NO (DEA/NO 10 %M) for 5 minutes. Peptide
sequences were derived from relevant domains of TSP1
including 7N3 (FIRVVMYEGKK, 10 %M) and control
peptides p604 (FIRGGMYEGKK, 10 %M) and p605 (FIR-
VAIYEGKK, 10 %M, A), and p7N3 (0.1-10 %M, B), and
absorbance was determined under high shear, or p459
(4N1–1, RFYVVMWK, 10 %M, C) and 4N1K (KRFYVVM-
WKK, 10 %M, D), and absorbance was determined under
low shear conditions. Washed human platelets in Tyrode
buffer (2 & 105 platelets/%L) were incubated in the pres-
ence of thrombin (0.2 U/mL) and exogenous NO (DEA/NO
10 %M) for 5 minutes. Peptide sequences were derived
from TSP1, including p7N3 and p907 (GDGV[D-I]TRIR,
E) (10 %M) and aggregation was determined under high
shear, and p906 (VTAGGGVQKRSRL, F; 10 %M) and
p246 (KRFKQDGGWSHWSPWSS, G; 10 %M), and ab-
sorbance was measured under low shear. Human plate-
lets were pretreated with TSP1-based peptides p907 and
p7N3 (10 %M) before adding DEA/NO (10 %M), and
cGMP levels were determined (H). Data are representa-
tive of at least 3 experiments (A-G). Results are the mean
(' SD) of at least 3 experiments (H).
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probably occurs via blocking the tonic inhibitory effect of
cGMP/cGK signaling on activation of this integrin via
Rap1GAP2 phosphorylation and consequent Rap1 activa-
tion,34,40,41 which may mediate or occur downstream of CD47-
mediated activation of !IIb"3.61 By these mechanisms, TSP1 can
increase platelet adhesion and incorporation into fibrin clots. A
different CD47 ligand, SHPS1 (also called SIRP!), was also
shown to regulate !IIb"3 function.62 However, the activity of
SHPS1 was to inhibit rather than stimulate the integrin. These
results implicate either cGK or its substrate Rap1GAP2 as the
downstream target through which TSP1 inhibits 8Br-cGMP
responses in platelets. However, the ability of TSP1 treatment to
prevent phosphorylation of a second cGK substrate VASP and to
inhibit cGK activity in an in vitro kinase assay clearly estab-
lishes that cGK is a downstream target of TSP1 signaling. Based
on studies in VASP-null mice, VASP plays a critical role in the
modulation of platelet aggregation by NO,44 and phosphoryla-
tion of Ser239 is both a direct and indirect target of NO/cGMP
signaling to delay aggregation.23

Collagen is also an important physiologic agonist for platelet
activation. Platelet adhesion on collagen and activation in response
to this adhesion is mediated by the platelet integrin !2"1 and the
collagen signaling receptor glycoprotein VI.63 Platelet adhesion to
and aggregation induced by collagen are stimulated by the TSP1-
derived peptide 4N1K (but not by the control 4NGG) and by TSP1
in WT but not in CD47-null platelets.10 Here we found that NO
inhibits platelet adhesion to type I collagen via a sGC-dependent
mechanism, and TSP1 reverses this inhibition. Thus, in addition to
enhancing platelet aggregation, TSP1 can promote adhesive inter-
actions with matrix collagen that induce platelet activation. The
reported changes in von Willebrand factor processing in TSP1-null
mice provide an additional mechanism by which platelet adhesion
on collagen can be regulated, and the potential role of NO in this
pathway merits further investigation.4,14 The role of endogenous
TSP1 in the process of thrombus formation is less clear in severe
vessel injury such as those created by guide wire endothelial
stripping of arterial segments.64

Consistent with previous reports that CD47-binding peptides
increase platelet aggregation,10-12 we found that CD47-binding
peptides potently antagonize NO-stimulated delays in aggrega-
tion. This occurred under high shear and static conditions. Both
conditions are physiologically relevant since some agonist
receptor signaling pathways are initiated only under low shear
conditions.65,66 Thus, CD47 may be a useful pharmacological
target for controlling platelet activation in diseases associated
with decreased blood flow and shear such as peripheral vascular
disease. Vascular thrombus frequently complicates this process.
Drugs that act as antagonists of CD47 may be useful for treating
prothrombotic disorders, and agonists of CD47 could benefit
bleeding disorders where thrombin activation is limited. CD47-
binding peptides derived from TSP1 could provide leads for
creating such mimetics. Such drugs might also be useful for
individuals at risk for cardiovascular disease associated with
TSP1 polymorphisms.67,68

Our data suggest that CD36 could also be a useful target to
control platelet activation. CD36-null platelets aggregate nor-
mally, but this was also assessed without NO.69 CD36-null mice
and Naka# humans, who lack CD36, may have no phenotype
with respect to NO signaling because CD47 can mediate this
activity of TSP1 independent of CD36.26 However, because we
show that engaging CD36 is sufficient to perturb NO signaling
in platelets, CD36-directed drugs such as those currently in
clinical testing as antitumor agents might be useful to modulate
platelet function.70
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Figure 8. Proposed mechanism for TSP1 antagonism
of NO/cGMP signaling in platelets. Using recombinant
domains and peptides of TSP1, we show that ligation of
CD36 or CD47 is sufficient to block an NO-mediated
delay in platelet aggregation. TSP1 blocks a delay medi-
ated by either exogenous NO or NO synthesized by
endogenous eNOS using Arg as substrate. The ability of
TSP1 to prevent cGMP synthesis stimulated by exog-
enous NO identifies sGC as one target of TSP1 signaling.
The ability of TSP1 to inhibit cGK-I–mediated phosphory-
lation of VASP and a cGK-I–selective peptide (RKRSRAE)
stimulated by a cell-permeable cGMP analog (8Br-
cGMP) identifies cGK-I as a second target of TSP1
signaling in platelets. VASP is required for NO/cGMP-
mediated inhibition of agonist-induced platelet aggrega-
tion44 as well as platelet adhesion.55 TSP1 prevents
cGK-I–mediated phosphorylation of VASP at Ser239. NO
also stimulates phosphorylation of the cGK-I target
Rap1GAP2,40 so TSP1 inhibition of sGC and cGK-I also
controls GTP loading of Rap1, which is required for
thrombin-stimulated activation of the adhesion receptor
!IIb/"3.
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