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Nitric oxide (NO) donors have been shown to stimulate and inhibit
the proliferation, migration, and differentiation of endothelial cells
in vitro and angiogenesis in vivo. Recently, we have shown distinct
thresholds for NO to regulate p53-Ser-15P, phosphorylated extra-
cellular signal-regulated kinase (pERK), and hypoxia inducible
factor 1� in tumor cells. Because these signaling pathways also
promote the growth and survival of endothelial cells, we examined
their roles in angiogenic responses of venous endothelial cells and
vascular outgrowth of muscle explants elicited by NO. An addi-
tional protein involved in the regulation of angiogenesis is throm-
bospondin-1 (TSP1), a matricellular glycoprotein known to influ-
ence adhesion, migration, and proliferation of endothelial cells.
Here we demonstrate a triphasic regulation of TSP1 mediated by a
slow and prolonged release of NO that depends on ERK phosphor-
ylation. Under conditions of 5% serum, a 24-h exposure of NO
donor (0.1–1,000 �M) mediated a triphasic response in the expres-
sion of TSP1 protein: decreasing at 0.1 �M, rebounding at 100 �M,
and decreasing again at 1,000 �M. Under the same conditions, we
observed a dose-dependent increase in P53 phosphorylation and
inverse biphasic responses of pERK and mitogen-activated protein
kinase phosphatase-1. Both the growth-stimulating activity of
low-dose NO for endothelial cells and suppression of TSP1 expres-
sion were ERK-dependent. Conversely, exogenous TSP1 sup-
pressed NO-mediated pERK. These results suggest that dose-
dependent positive- and negative-feedback loops exist between
NO and TSP1. Limiting TSP1 expression by positive feedback
through the ERK mitogen-activated protein kinase pathway may
facilitate switching to a proangiogenic state at low doses of NO.

guanyl cyclase � endothelial

S ince its discovery, nitric oxide (NO) has acquired a reputa-
tion as both friend and foe (1). To assimilate this discordant

information, it is important to consider cell�tissue specificity,
redox conditions, NO concentration, as well as the duration of
exposure associated with a specific response. An important
question in NO research involves its role during specific stages
of cancer progression (2–6). A key aspect of cancer progression
as well as treatment involves the regulation of angiogenesis,
which entails the induction of endothelial cell proliferation,
migration, and differentiation, culminating in the sprouting of
new capillaries from existing vasculature (7, 8). In addition to
providing blood flow and nutrients to the tumor, angiogenesis is
also involved in tumor progression and metastasis because the
vasculature provides the tumor with access to distant organs, and
enhanced vascularization is a marker of advanced tumors (8).

One of the many physiological functions of NO is as an
important modulator of endothelial function pertaining to an-
giogenesis (9). Although low concentrations of NO induce an
angiogenic response, high concentrations are inhibitory (10).
NO mediates the proangiogenic response of several key factors
including VEGF, angiopoetin-2, and estrogen (11–13). These
factors mediate their effects by the phosphorylation of endo-
thelial NO synthase (eNOS) at Ser-1179, which provides a
sustained flux of NO through overcoming its calmodulin depen-
dence and is associated with proangiogenic responses (14).
Moreover, antiangiogenic agents such as endostatin and soma-

tostatin mediate their effects through the activation of PP2A
phosphatase, which is involved in the dephosphorylation of
eNOS (15–17). These reports implicate eNOS and its regulation
via phosphorylation�dephosphorylation events as a key modu-
lator in angiogenesis (18, 19).

Recent studies in our laboratory have identified discrete
threshold concentrations of NO required for stabilizing signaling
proteins important in tumor biology (20). Low concentrations
(�50 nM) of NO transiently induced extracellular signal-
regulated kinase (ERK) phosphorylation, which required cGMP
and is prosurvival, whereas intermediate levels (�100 nM) of
NO stabilized the proangiogenic transcription factor hypoxia
inducible factor 1� (HIF1�). Because angiogenesis is tightly
controlled by a balance between pro- and antiangiogenic factors
(21), and NO is clearly involved in the induction of proangio-
genic molecules, we were interested in the elucidation of possible
regulatory effects of NO on antiangiogenic proteins. Toward this
end, we have identified an enhanced angiogenic response elicited
by NO in explanted tissue from thrombospondin-1 (TSP1) null
animals, when compared with WT controls (10). TSPs are potent
antiangiogenic matricellular proteins that exert diverse effects
on several angiogenic cell responses, including cell proliferation,
adhesion, migration, and survival. Also, TSPs have been found
to contribute to immune response and exert tumor suppressor
effects (22, 23). All of these effects arise from the interaction of
the whole protein or its domains with various cell surface
receptors. Using the NO donor diethyltriamine NONOate
(DETA�NO), which releases NO at a slow rate over a prolonged
period (t1/2 � 20 h), we demonstrate an NO-mediated triphasic
regulatory effect on the levels of TSP1 secreted from human
umbilical vein endothelial cells (HUVECs). Potent down-
regulation of TSP1 by NO occurred at donor concentrations as
low as 0.1 �M and was followed by an apparent reaccumulation
as the donor dose increased to 100 �M. TSP1 reaccumulation
paralleled increases in p53-Ser-15P as well as the induction of
mitogen-activated protein (MAP) kinase phosphatase-1
(MKP-1) and down-regulation of phosphorylated ERK (pERK).
In addition, the NO-mediated down-regulation of TSP1 as well
as the proliferative response of HUVECs was suppressed by the
inhibition of ERK phosphorylation. These results implicate
pERK as a mediator of regulatory effects of TSP1 during
NO-induced angiogenic response of HUVECs.

Materials and Methods
HUVECs and endothelial growth media (EGM) media bullet
kits were purchased from Cambrex Biotechnology (Walkersville,
MD). Antiserum recognizing denatured TSP1 was prepared by
immunizing rabbits with reduced and alkylated TSP1. HIF1�

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: HUVEC, human vascular endothelial cells; DETA�NO, diethyltriamine
NONOate; eNOS, endothelial NO synthase; L-NAME, N-nitro-L-Arg methyl ester; TSP1,
thrombospondin-1; ERK, extracellular signal-regulated kinase; MAP, mitogen-activated
protein; MEK[1�2], MAP kinase�ERK kinase [1�2]; MKP-1, MAP kinase phosphatase-1; pERK,
phosphorylated ERK; HIF1�, hypoxia inducible factor 1�; EGM, endothelial growth media.

†To whom correspondence may be addressed. E-mail: ridnourl@mail.nih.gov or wink@
mail.nih.gov.

www.pnas.org�cgi�doi�10.1073�pnas.0502979102 PNAS � September 13, 2005 � vol. 102 � no. 37 � 13147–13152

CE
LL

BI
O

LO
G

Y



mAb was purchased from Transduction Laboratories (Lexing-
ton, KY) polyclonal Abs recognizing pERK, p53-Ser-15P were
obtained from Cell Signaling Technology (Beverly, MA), and
monoclonal actin and polyclonal MKP-1 Abs were purchased
from Santa Cruz Biotechnology. ECF Western blotting kits and
Hybond P membrane were purchased from Amersham Pharma-
cia. U0126 MAP kinase�ERK kinase [1�2] (MEK[1�2]) inhib-
itor was from Cell Signaling Technology, and the guanylyl
cyclase inhibitor 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one
(ODQ) was purchased from Sigma. Fluorescent immunoreactive
proteins were visualized on a Typhoon 8600 variable mode
imager (Molecular Dynamics, Piscataway, NJ). Equal loading
was verified by Coomassie-stained gels. Protein levels were
quantified by using IMAGEQUANT software and normalized to
actin.

Cell Culture. HUVECs were routinely cultured in EGM media
supplemented with 5% FBS, epidermal growth factor, bovine
brain extract, cortisone, gentamycin, penicillin, and streptomycin
and maintained at 37°C in an atmosphere of 5% CO2 and room
air. For experimental purposes, the cells were trypsinized and
plated at a density of one million cells per 100-mm tissue culture
dish and grown for 72 h. The cells were then washed with PBS
and incubated in phenol red-free EGM media containing 5%
FBS, bovine brain extract, heparin, and penicillin streptomycin
and exposed to the NO donor DETA�NO (0.1–1,000 �M) for
times ranging from 15 min to 24 h in the presence and absence
of 1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one, U0126, or exog-
enous TSP1. The cells were harvested in lysis buffer containing
protease and phosphatase inhibitors and stored at �70°C until
further use.

Animals. C57B16 mice were housed five per cage in a pathogen-
free environment. Handling and care of animals was in compli-
ance with the guidelines established by the Animal Care and Use
Committee of the National Cancer Institute.

Muscle Explant Assay. Pectoralis major muscle biopsies were
harvested from 8- to 10-wk-old C57B16 mice and explanted in
type I collagen as described (24). Explants were incubated in
EGM media containing FBS and treatment agents for 7 days.
Migration of cells through the extracellular matrix was then
measured. Results are presented as mean � SD, n � 3.

Cell Proliferation. Proliferation of endothelial cells was quantified
by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide colorimetric assay as described (25). Results are
presented as mean � SD, n � 3.

Concentration of TSP1 Protein from Media. Media was collected
from control and treated cells and centrifuged at 180 � g to
remove floating cells and then concentrated on heparin columns.
In brief, the columns were prepared in borosilicate Pasteur
pipettes packed with glass wool and 400 �l of heparin-agarose
beads (Sigma). The columns were washed with 1 ml of affinity
column buffer (10 mM Tris�150 mM NaCl�1 mM CaCl2, pH
7.5), conditioned with 1 ml of the same buffer containing 1%
BSA, 1 mM N-ethylmaleimide, 1 mM PMSF, and protease
inhibitor mixture (Calbiochem), and then washed again. All
media samples were pH-adjusted to 7.5 and applied to the
columns, and the TSP1 was eluted with 0.6 M NaCl. Protein
concentrations of the conditioned media were measured spec-
trophotometrically at 280 nm.

Real-Time PCR. Control and NO-treated HUVECs were harvested
in TRIzol reagent, and RNA was extracted by chloroform
extraction. cDNA was prepared and real-time PCR was per-
formed as described (26).

Western Blotting. Heat-denatured protein (40 �g) from cell
lysates or 0.5–1 �g of protein from conditioned media was
electrophoresed on 4–20% SDS-polyacrylamide gels and then
transferred onto Hybond P membranes. Transferred protein was
blocked overnight in 5% milk and then incubated with the
desired primary Abs followed by FITC-conjugated secondary
Abs. The blots were washed and exposed to ECF substrate.
Fluorescent immunoreactive protein was visualized on a Ty-
phoon 8600 variable mode imager. Equal loading was verified by
Coomassie-stained gel, and protein levels were quantified by
using IMAGEQUANT software and normalized to actin.

Results
To investigate the signaling pathways associated with NO-
mediated regulation of angiogenesis, an NO-induced proan-
giogenic response was first characterized in a tissue explant
model to demonstrate the effect of NO on vascular cell
outgrowth. The NO-releasing compound DETA�NO, which
releases NO at a slower rate over a prolonged period (t1/2 � 24
h), was used. Enhanced cellular outgrowth away from the
tissue border is clearly seen when comparing control (Fig. 1A)
with tissue exposed to 100 �M DETA�NO (Fig. 1C). Con-
versely, outgrowth was undetectable in tissue treated with the
NOS inhibitor N-nitro-L-Arg methyl ester (L-NAME) (Fig. 1
B and D). DETA�NO had a biphasic effect on outgrowth (Fig.
1D), because low doses (0.1 �M) enhanced the outgrowth
distance, which peaked at 10 �M and then began to decrease
as the concentration approached 1,000 �M. Moreover, when
compared with control, the migration distance of tissue sup-
plemented with L-Arg, to stimulate endogenous production of
NO by eNOS, was similar to that of tissue treated with 0.1 �M
DETA�NO (Fig. 1D), suggesting that this dose of DETA�NO
produces concentrations similar to those generated endoge-
nously by eNOS in this model. Consistent with the explant
responses, NO induced a biphasic proangiogenic response in
HUVECs under full growth conditions (EGM media supple-
mented with 5% FBS, bovine brain extract, heparin, and
penicillin streptomycin) to mimic a cancer and�or wound-
healing environment (27) (Fig. 1E). NO-induced HUVEC
proliferation at doses as low as 0.1 �M, which peaked at 1 �M
and then decreased toward control levels as the concentration
approached 100 �M, whereas doses at 1,000 �M failed to
demonstrate a proliferative response, most likely due to
growth arrest and�or cell death.

The complex responses of HUVEC and explant cultures to
NO suggest that both pro-and antiangiogenic signaling path-
ways are regulated downstream of NO. TSP1 is a potent
antiangiogenic factor known to regulate both cell migration
and proliferation (22, 23). Moreover, the companion paper
(10) shows an enhanced NO-mediated proangiogenic response
in TSP1-null animals when compared with WT control and a
potent activity of TSP1 to inhibit NO-induced angiogenic
response. Also, NO was previously shown to down-regulate
TSP1 in a cGMP-dependent manner in mesangial cells (28),
suggesting that NO may similarly regulate TSP1 expression in
endothelial cells. Toward this end, Fig. 2 A and B demonstrates
an NO-mediated triphasic effect on the levels of TSP1 secreted
into the media by HUVECs. At 0.1 �M DETA�NO, secreted
TSP1 levels decreased �50%, which returned to �75% of
control as DETA�NO doses increased up to 100 �M and then
fell to barely detectable levels at 1,000 �M DETA�NO. The
low-dose NO-mediated reduction in TSP1 protein was appar-
ent by 8–10 h of exposure to DETA�NO (data not shown) and
was cGMP-dependent (Fig. 2C). In addition, cGMP-
dependent NO down-regulation of TSP1 occurred at the level
of mRNA and was suppressed by U0126 as well (Fig. 2D).
These results demonstrate that proangiogenic low doses of NO
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function, at least in part, by down-regulation of TSP1 mRNA
and protein in a manner involving both cGMP and pERK.

Our laboratory has shown (20) distinct threshold effects of NO
on HIF1� stabilization as well as both p53-Ser-15P and ERK

phosphorylation in MCF-7 breast cancer cells. We were inter-
ested in the roles of these signaling proteins, as well as MKP-1
phosphatase, another regulatory enzyme in the MAP kinase
pathway, in NO regulation of TSP1. Although NO released by
DETA�NO had no effect on HIF1� in this model, the levels of
p53-Ser-15P increased in a dose-response manner with the
highest induction (�6-fold above control) occurring at 1,000 �M
DETA�NO (Fig. 3 A and C). The enhanced levels of p53-Ser-15P
exhibited at 1–100 �M DETA�NO may be associated with the
modest reaccumulation of TSP1 occurring at the same doses
(Fig. 2 A and B), which is consistent with the known positive
regulation of TSP1 by P53 (23, 29–31). Steady-state nanomolar
levels of NO associated with dose-response concentrations of
DETA�NO were determined by using a NO analyzer and
compared with a standard curve generated by the reduction of
NO2

� and are shown in Fig. 3E. Although the steady-state levels
(�500 nM) from 1,000 �M DETA�NO in this study were similar
to previously reported values (20), 100 �M donor concentrations
corresponded to �57 nM NO, and 10 �M DETA�NO yielded
�2 nM, which is near the limit of detection of the instrument.
These results suggest that the proangiogenic effects associated
with chronic low fluxes of NO generated by 1–10 �M DETA�NO
correspond to steady-state levels of NO, which remarkably are
at or below 2 nM.

Modulation of MAP kinase signaling was also observed in
HUVECs after exposure to DETA�NO. pERK and MKP-1
demonstrated inverse biphasic regulatory responses to increas-
ing doses of DETA�NO. When compared with the untreated
control, pERK increased maximally at 10 �M DETA�NO,
whereas MKP-1 levels decreased at 1–10 �M DETA�NO and
then rebounded at 100 and 1,000 �M DETA�NO (Fig. 3 A and
B). Similar increases in MKP-1 have been observed in human
breast cancer cells (32). This pattern of enhanced pERK corre-
lates with the proangiogenic response at low doses of NO, as
shown in Fig. 1E, as inhibition of pERK by U0126 suppressed
NO-induced angiogenic response. Time course studies demon-
strated a transient pattern of ERK phosphorylation, which
occurred at 4 and 10 h of exposure to DETA�NO (data not
shown). Interestingly, the reduction in detectable levels of

Fig. 1. NO-mediated proangiogenic response as characterized by vascular cell outgrowth and endothelial cell proliferation. C57B16 WT mouse muscle
fragments were embedded in 3D collagen matrices and exposed to control, 1 mM L-Arg, 500 �M L-NAME, or 0.1–1,000 �M DETA�NO and migration distance
evaluated. [Bar, 500 �m (A–C).] (D) Vascular cell invasion of collagen matrices was quantified in each of four quadrants as the distance of farthest cell invasion
from the muscle border in response to L-Arg (LA), L-NAME (LN), or DETA�NO. Results are presented as mean � SD, n � 3. (E) Proliferative effects of chronic exposure
to NO were determined in HUVECs exposed to 0.1–1,000 �M DETA�NO in the presence and absence of the MEK[1�2] inhibitor U0126. Proliferation was quantified
by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay, and results are presented as mean � SD, n � 3.

Fig. 2. NO-mediated down-regulation of the antiangiogenic factor TSP1.
HUVECs were plated as described in Materials and Methods and grown to 70%
confluence (�2 � 106 cells). (A and C) Cells were exposed to 0.1–1,000 �M
DETA�NO for 24 h and the sample media concentrated on heparin columns as
described in Materials and Methods and then immunoblotted for TSP1 levels vs.
�MDETA�NO. (B)Quantificationof theproteinbands in A. (D)Real-timePCRwas
performed on cDNA prepared from cells exposed to 1 �M DETA�NO for 2 h.
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secreted TSP1 was apparent by 8–10 h of exposure to
DETA�NO (data not shown). To test the involvement of pERK
in the effect of NO on TSP1 regulation, HUVECs were treated
with 1 �M DETA�NO for 10 h in the presence and absence of
the MEK[1�2] inhibitor U0126. Inhibition of pERK abolished
NO-induced down-regulation of TSP1 (Fig. 4).

Because NO-mediated TSP1 down-regulation was suppressed
by inhibiting pERK, and because TSP1 inhibits NO-induced
angiogenic response (10), we examined the possible involvement
of TSP1 in NO-induced ERK phosphorylation. In this experi-
ment, HUVECs were exposed to 10 �M DETA�NO in the
presence and absence of exogenous TSP1 (300 ng�ml), and the
cells were harvested at 4 and 10 h of NO to evaluate pERK levels.
Fig. 5 shows suppressive effects of exogenous TSP1 on the levels
of NO-induced pERK. Similar suppressive effects of exogenous
TSP1 on NO-induced ERK phosphorylation by the NO donor
DEA�NO were also reported in the companion manuscript (10).
Because NO-induced proliferation of HUVECs was suppressed
by U0126 (Fig. 1E), these results demonstrate bidirectional
crosstalk between NO and TSP1, which involves at least in part
ERK phosphorylation and modulation of the MAP kinase
pathway.

Discussion
The role of NO in cancer depends on temporal and spatial
aspects of exposure to NO and changing cellular responses to
NO during disease progression, which combine to yield either
positive or negative outcomes for the tumor and host (4).
Despite this complexity, a rationale for the duality of NO is

beginning to emerge from elucidating the NO dose depen-
dencies for specific cellular and molecular targets in tumors
(20). Angiogenesis is a critical component in cancer progres-
sion and an attractive treatment target for cancer as well as

Fig. 3. NO modulation of molecular target proteins in HUVECs. (A) Representative immunoblot of protein from cells exposed to 1–1,000 �M DETA�NO for 24 h
(n � 3). (B and C) Quantification of the NO-induced changes in target protein levels shown in A. (D) Modulation of the levels of pERK by endogenous NO after
a 24-h exposure of HUVECs to 1 mM L-Arg or 5 mM L-NAME. (E) Steady-state nanomolar levels of NO generated by 10–1,000 �M DETA�NO in treatments media.

Fig. 4. Inhibition of ERK phosphorylation reverses NO-mediated down-
regulation of TSP1. (A) Cells were plated as described in Fig. 1	 and exposed
to 1 �M DETA�NO for 10 h in the presence and absence of the MEK[1�2]
inhibitor U0126. The sample media were concentrated and immunoblotted
for TSP1 levels as described in the Fig. 2 legend. Data are representative of two
experiments. (B) Quantification of the immunoblot shown in A.
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wound healing. This report demonstrates an NO-mediated
proliferative response in HUVECs, which occurred concom-
itantly with down-regulation of the antiangiogenic protein
TSP1. This proangiogenic response was induced by low sus-
tained f luxes of NO and required a progrowth signal mediated
by ERK phosphorylation, which was suppressed by exogenous
TSP1. Higher sustained doses of DETA�NO (1,000 �M)
induced up-regulation or phosphorylation of signaling mole-
cules (p53-Ser-15P and MKP-1) that arrest growth and induce
cell death. Intermediate concentrations (100 �M) also up-
regulated p53-Ser-15P and MKP-1, down-regulated pERK,
and were associated with a modest reaccumulation of TSP1 in
the media. This observation is consistent with other reports
demonstrating P53-mediated up-regulation of TSP1 (23, 29–
31). In addition, this pattern of differential signaling and
protein expression is supportive of bidirectional crosstalk
between NO and TSP1 during the NO-induced angiogenic
response (10).

Endothelial cells are known to produce low levels of NO via
eNOS. Under our experimental conditions, basal NO produc-
tion in HUVECs was insufficient to modulate TSP1, because
treatment with L-NAME resulted in insignificant changes in
the levels of TSP1 when compared with the untreated control
(data not shown) and is consistent with the effect of L-NAME
on pERK levels when compared with the untreated control
shown in Fig. 3D. In the tissue environment, inducible NOS
may be another important source of NO from either endo-
thelial cells (33) or neighboring inf lammatory cells. Further-
more, macrophages produce high and low NO fluxes depend-
ing on specific cytokines involved in inducible NOS induction
(34). These NO fluxes produced by inducible NOS could
dictate TSP1 levels. Under our experimental conditions, the
NO flux produced by 10 �M DETA�NO was �2 nM NO (Fig.
3E), which stimulated guanylyl cyclase in endothelial cells (10).
As reported, cGMP-mediated ERK phosphorylation was pur-
ported to provide a progrowth pathway (20, 35–37). In this
study, NO mediated a cGMP-dependent down-regulation of
TSP1 in association with enhanced proliferation. ERK phos-
phorylation is also an important mediator of the bidirectional
crosstalk between NO and TSP1, because its inhibition by
U0126 suppressed the NO-mediated down-regulation of TSP1
as well as the proliferative response of HUVECs. Similarly,
exogenous TSP1 suppressed NO-induced ERK phosphoryla-
tion as well as angiogenic responses shown in the companion
paper (10). These results are supported by other published

reports showing a requirement of pERK during angiogenic
response. A similar dose-dependent proliferative response to
the NO donor SNAP involving ERK phosphorylation has been
reported in microvascular endothelial cells, because low doses
(0.1–0.3 mM) significantly enhanced cell migration, adhesion,
and ERK phosphorylation, whereas higher doses (0.5–4 mM)
attenuated these responses (38). Estradiol, which increases
eNOS activity and is a known mediator of tumor angiogenesis
induced both proliferative and migration responses of
HUVECs, which required ERK phosphorylation and TSP1
suppression (39, 40). In an in vivo model, Raf-1 inhibition
resulted in reduced tumor growth and a significant inhibition
of neovascularization in colon, breast, and nonsmall-cell lung
cancer xenografts, which was also associated with the inhibi-
tion of ERK phosphorylation (41). Tumor angiogenic response
of human myeloma cells by VEGF was also suppressed by the
inhibition of pERK (42).

This report and others clearly identify ERK as a molecular
target in angiogenic response; therefore, the identification of
molecules capable of targeting ERK exclusively within the
tumor may be therapeutically beneficial. Toward this end, the
interrelationship between NO and TSP1 described herein, as
well as the companion report (10), provides evidence that
TSP1 mediates its antiangiogenic effect in part through sup-
pression of ERK phosphorylation (Figs. 1E and 5) and may
therefore be a promising therapeutic agent. Indeed, multiple
approaches are currently being developed for the application
of both TSP1 and TSP2 in cancer therapy (reviewed in ref. 43).
These therapeutic designs include cell-based gene therapy,
low-dose chemotherapy, combination therapies, and systemic
delivery of recombinant proteins or synthetic peptides (43).
Low-dose chemotherapy, also known as antiangiogenic che-
motherapy or metronomic dosing, involves the optimization of
the effects of cytotoxic drugs by administering them contin-
uously at low nontoxic doses (43, 44). Low-dose chemotherapy
appears to provide a promising new approach, because the
targeted endothelial cells within the tumor bed are genetically
stable and are therefore at a reduced risk of developing drug
resistance, and low dosage produces significantly fewer side
effects due to selectivity of endothelial cells (43). Using a
Lewis lung carcinoma tumor model, a recent report has shown
that TSP1 secreted from the tumor microenvironment, which
colocalized with epidermal growth factor receptor and fibro-
blast-specific protein (markers for tumor cells and perivascular
cells, respectively), mediated the antiangiogenic and tumor
growth-suppressive effects of low-dose cyclophosphamide
(44). Evidence of endothelial cell selectivity was demonstrated
by a reduction in CD31-positive vasculature (endothelial cell
marker) in the tumors of cyclophosphamide-treated animals
(44). Moreover, these antiangiogenic and tumor suppressive
responses did not occur with tumor cells that did not express
TSP1 (44). Similarly, the combined use of TSP1 with curative
radiation therapy resulted in enhanced radiation response of
D12 melanoma tumors characterized by multiple responses,
including inhibited angiogenesis, increased apoptosis of mi-
crovascular endothelial cells within the tumor, enhanced ra-
diation-induced tumor growth delay, decreased fraction of
hypoxic cells, and increased radiosensitization of endothelial
cells (45, 46). Furthermore, D12 melanoma tumors suppressed
metastatic growth at distant organ sites by secreting TSP1 into
the blood of the tumor-bearing animal (47). The surgical
resection of these tumors resulted in enhanced neovascular-
ization and accelerated growth of pulmonary micrometastases
(47). These studies provide direct evidence of a selective
nontoxic beneficial role of TSP1 in cancer therapy.

Fig. 5. Exogenous TSP1 suppresses NO-mediated ERK phosphorylation. (A)
Cells were exposed to 10 �M DETA�NO for 4 and 10 h in the presence and
absence of 300 ng�ml TSP1 and then immunoblotted for pERK. (B) Quantifi-
cation of immunoreactive protein levels demonstrated TSP1 suppression of
pERK.
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Conclusion
This paper and the companion report (10) have identified a
dose-dependent interrelationship between NO and TSP1 to
regulate endothelial cell signal transduction at the levels of
cGMP and ERK phosphorylation. These results explain, at
least in part, the duality of NO by demonstrating the existence
of dose-dependent positive- and negative-feedback loops be-

tween NO and TSP1, which may be exploited to identify
unique therapeutic approaches for controlling pathological
angiogenesis.
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Cancer Research.
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