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TNP470: Possible Involvement of Nitric Oxide Synthase
Taku Yoshida, Yoshiyasu Kaneko,1 Ayumi Tsukamoto, Katsuken Han, Masao Ichinose, and Satoshi Kimura

First Department of Medicine. Faculty of Medicine. The University of Tokyo. Bunkyo-ku, Tokyo 113. Japan

ABSTRACT

TNP470, a derivative of fumagillin, suppressed in vivo growth of human
PLC/PRF/5 hepatoma and ameliorated cachexia of hepatoma-bearing

mice. These in vivo effects were associated with reductions in microvessel
and macrophage counts. In in vitro experiments, TNP470 inhibited the
growth and migration of human hepatoma and bovine vascular endothe-

lial (VE) cells. TNP470 did not inhibit the production of VE growth factor
by the hepatoma, which suggests that this compound acts directly on VE
cells in vivo. In contrast, TNP470 inhibited the production of leukemia
inhibitory factor, which may be related to the amelioration of cancer
cachexia. TNP470 induced apoptosis and enhanced the expression of
/3-galactosidase, a biomarker of senescence, which was partly mimicked
by a nitric oxide (NO) donor .S'-nitroso-.Y-ncclyl penicillamin. TNP470

inhibited myristoylation and membrane translocation of NO synthase and
increased the cellular content of NO synthase and production of NO.
Therefore, it is suggested that the actions of TNP470 are mediated, at least
in part, through the inhibition of membrane translocation of biologically
active proteins.

INTRODUCTION

Angiogenesis is activated during multistage tumorigenesis; tumors
cannot grow more than 2-3 mm in diameter without forming new

blood vessels (1). Thus, one may infer that the growth and metastasis
of solid tumors can be suppressed by inhibiting angiogenesis. Re
cently, the transfer of angiogenesis inhibitor cDNA has been reported
to reduce primary tumor growth, metastatic potential, and angiogen
esis (2). The tumorigenesis can be inhibited by antiangiogenic com
pounds even after the switch to angiogenic phenotype (3, 4). Tumor
angiogenesis, which is related to increased NO2 production by tumor

cells and tumor-infiltrating macrophages, may also be suppressed by

modulating the functions of NOS (5, 6).
TNP470, a synthetic derivative of fumagillin, has been reported to

suppress tumor growth in in vitro and in animal studies (7). In a de
novo tumor growth model, TNP470 treatment doubled the incidence
of apoptotic cells. This was probably because the neovascularization
was significantly attenuated and could not support rapid tumor growth
(8). In suppressing angiogenesis, TNP470 seems to inhibit specifically
the proliferation of vascular endothelial (VE) cells by causing cell
cycle slowing or arrest (7, 8). This suggests that TNP470 may be one
of the leading antiangiogenic compounds applicable to the therapy of
solid tumors.

Although TNP470 is an antiangiogenic compound, it may also have
direct actions on tumor cells (7, 8). These actions may include
induction of apoptosis and modulation of the production of angiogen
esis regulators such as VEGF and LIF. However, although previous
reports showed the effect of TNP470 on signal transduction and cell
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cycle regulation (9, 10), the molecular mechanisms of TNP470 action
remain to be clarified. Recently, TNP470 has been reported to bind to
MetAP-2, which is known to be related to protein myristoylation.

Therefore, it is suggested that the actions of TNP470 are mediated by
membrane proteins such as NOS that are translocated to cell surface
membrane by myristoylation (11-13).

Studies about the mechanism of angiogenesis inhibition are neces
sary to develop new treatment strategies that are clinically applicable,
for instance, in hypervascular tumors such as human hepatomas. In
the present experiment, therefore, we investigated the effect of
TNP470 on the growth, angiogenesis, and myristoylation of NOS of
endothelial and hepatoma cells.

MATERIALS AND METHODS

Materials. TNP470 was a gift of Takeda Pharmaceutical Industries (Osaka,
Japan). Quantikine immunoassay kits to measure human VEGF and LIF were
purchased from R&D Systems (Minneapolis. MM). ICR athymic mice were
purchased from Nisseizai (Tokyo). SNAP and X-gal, antibodies against endo

thelial NOS, were purchased from Wako Pure Chemicals (Tokyo; Ref. 14).

Antibodies against von Willebrand factor and macrophage were purchased
from DAKO. ['HJMyristic acid (37 MBq = 1 mCi/ml) was obtained from

Moravec Biochemicals (Brea, CA).
Cell Proliferation Assay. The human hepatoma cell line used in the

present study is a variant of PLC/PRF/5 hepatoma ( 15). VE cells were prepared
from bovine carotid arteries as reported previously (16), and 5 X IO5 of

PLC/PRF/5 hepatoma and bovine VE cells were cultured for different periods
of time in DMEM + 5% FBS with or without TNP470. The cells were

trypsinized and counted with a hemocytometer. To investigate the effect of
TNP470 on cell migration, the cells (5 X IO5) were cultured for 5 days. Then,

a part of confluent monolayer cells was scraped and the remaining cells were
cultured for an additional 3 days with or without different concentrations of
TNP470. The distance (mm) migrated by the remaining cells was measured
under a microscope.

In Vivo Growth. PLC/PRF/5 hepatoma cells (2 X IO7) were transplanted

into 5-week-old athymic mice. All of the treated mice received s.c. injections

of 20 mg/kg TNP470 every other day. TNP470 was dissolved in ethanol,
which was mixed with 5% Arabic gum as recommended by the manufacturer.
All control mice received s.c. injections of the solvent alone. Tumor volume
(mm3) was calculated by the formula (volume = width2 x length x 0.52) for

approximating the volume of a spheroid, in which width represents the shortest

dimension (17).
Microvessel and Macrophage Staining and Counting. At the fourth

week of the experiment, tumors were excised, fixed with formalin, and
embedded in paraffin according to standard histological procedures. All blood
microvessels were highlighted by staining endothelial cells with anti-von

Willebrand factor antibody according to a standard immunoperoxidase staining
technique (18). Similarly, macrophages were stained using a specific mono
clonal antibody against macrophages (19). Microvessel and macrophage
counts in the areas of tumor containing the highest number of them were
determined by light microscopy with a Chalkley point eyepiece graticule. The
hot spots were chosen rather than random fields because these areas are
thought to be the most biologically important regions (18, 19). Results were
expressed as the number of microvessels and macrophages/mm2.

Cytokine Assay. A total of 3 X IO6cells were cultured for 2 days in the

DMEM + 5% FBS. The VEGF and LIF in these conditioned media were
determined using the ELISA kits following the protocol provided by the
manufacturer.
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Fig. 1. The effects of TNP470 on the in vivo growth of human hepatoma cells.

Hepatoma cells (2 X IO7) were s.c. injected into athymic mice. Tumor volume (A) and

body weight of the mice (B) were measured weekly. Microvessel (O and macrophage (D)
counts were determined at the fourth week of the experiment. The values are the means Â±
SDs (n = 7). *, P < 0.05.

Analysis of Nuclear Morphology and Apoptosis. The cells (5 X IO5)

were cultured for 3 days with or without TNP470 and SNAP and were assayed
for apoptosis by fluorescent microscopy after labeling with acridine orange and
ethidium bromide as described by Piazza el al. (20). Attached and floating cells
(25 fil) were collected and mixed with 1 /xl of acridine orange (100 /ug/ml) and
ethidium bromide (100 jbig/ml). Ten p.\ of mixtures were plated on a micro
scope slide and examined with a fluorescent microscopy. In some experiments,
apoptosis was analyzed by examining the level of fragmented DNA in cells
treated with TNP470. After 3 days of culture with TNP470, the DNA was
extracted by phenol method and subjected to electrophoresis using 2% agarose
gel (21). The molecular size marker was </>X174Hae\\\ fragment.

ÃŸ-Galactosidase Expression. The cells were cultured with or without

TNP470 (2 jxg/ml) and SNAP (10 ng/ml) for different periods of time. After
being fixed with glutaraldehyde and formalin, the cells were incubated with
X-gal, and then the nuclei were stained with Mayer's hematoxylin solution.

Cells were observed with light microscopy (22).
Production of NO. PLC/PRF/5 and VE cells (2 X IO6) were cultured in

phenol red-free medium for 2 days and the NO produced and secreted into the

culture media was measured by the standard method using Griess reagent (23).
Cellular Content and Localization of NOS. The cells were cultured for 4

days with or without 2 /J.g/ml TNP470 and were fixed with glutaraldehyde and
formalin. NOS was quantitated using rabbit anti-NOS antibody, biotinylated
antirabbit IgG, avidin-biotinylated horseradish peroxydase, H2O2, and 2,2'-

azino-di-[3-ethyl-benzthiazoline sulfonate] (ABTS). The light absorbance was

measured at 402 nm. To analyze the subcellular localization of NOS, we
visualized it by using the immunocytochemical method using rabbit anti-NOS
antibody, biotinylated antirabbit IgG antibody, avidin-biotinylated alkaline
phosphatase, nitroblue tetrazolium, and 5-bromo-4-chloro-3-indolylphosphate
(24). Nuclei were stained with Mayer's hematoxylin solution.

Myristoylation of NOS. To examine the effects of TNP470 on the protein
myristoylation, ['H]myristic acid incorporation into NOS was measured. PLC/

PRF/5 hepatoma and VE cells (1 X IO7) were incubated with or without
TNP470 (2 /xg/ml) in DMEM containing [3H]myristic acid (500 fiCi/ml) and

5% FBS that had been delipidated using di-isopropyl ether as described (25).

After 24 h of treatment, the cells were lysed in a buffer containing 50 mM
Tris-HCl (pH7.5), 150 mM NaCl, 1% Triton X-100, 1% deoxycholate, 0.1%
SDS, and 2 mM phenylmethane sulfonyl fluoride, and NOS was immunopre-

cipitated with rabbit anti-NOS antibody and zysorbin. The radioactivity in the

precipitate was measured in a liquid scintillation counter (11).
Statistical Analysis. The means and SDs were calculated on the parame

ters determined in this study. Statistical analysis was performed using Stu
dent's t test; P < 0.05 was accepted as statistically significant.

RESULTS

In Vivo Growth and Microvessel Count. TNP470 injected into
athymic mice (n = 7) at 20 mg/kg every other day produced no signs

of toxicity, i.e., no diarrhea, infection, or weight loss. This treatment
was effective in suppressing the growth of PLC/PRF/5 hepatoma cells
in the athymic mice as compared with that of cells in control vehicle-
treated mice (n = 7). The tumor volume in the TNP470-treated group

was significantly less (P < 0.05) than that in the control group at the
3rd to 4th week of the experiment (Fig. IA).

The body weight of untreated athymic mice (5 weeks old) at the
start and at the fourth week (9 weeks old) of experiment was
25 Â±1.4 g (n = 7) and 39.2 Â±1.7 g (n = 7), respectively. The growth
of tumor-bearing athymic mice was retarded. Their body weight was
33.4 Â±0.8 and 36.4 Â±0.9 g (n = 1) after 4 weeks of treatment with

vehicle and TNP470, respectively (Fig. IÃŸ).The body weight loss was
not proportional to the tumor size, indicating that the TNP470-effect

was not attributable simply to the reduction of tumor size. On the
other hand, the TNP470-suppression of tumorigenesis was accompa

nied by reductions in microvessel formation and macrophage infiltra
tion. The microvessel and macrophage counts were significantly less
in TNP470-treated tumors (Fig. 1, C and D).

In Vitro Cell Growth and Migration. The effects of TNP470 on
the in vitro growth and migration of the hepatoma and VE cells were
demonstrated in Fig. 2. Three independent experiments with careful
cell counting gave similar results. As for the VE cells, the growth
inhibition was apparent at 20 ng/ml TNP470, and 50% inhibition was

0.01 0.1 1

TNP470 (ug/ml)
10

0 0.5 2 0 0.5 2

TNP470 (ug/ml)

Fig. 2. The effects of TNP470 on the in vitro growth and migration of hepatoma and
bovine VE cells. In A, PLC/PRF/5 hepatoma (O) and VE (â€¢)cells (5 X IO5) were cultured

for 5 days with different concentrations of TNP470. The number of cells was expressed
as % of control. B, cell migration. A part of the confluent monolayer of PLC/PRF/5
hepatoma and VE cells was scraped, and the distance (mm) migrated by remaining cells
during the 3 days of culture with or without TNP470 was measured under a microscope.
The values are the means Â±SDs (n = 3). *, P < 0.05; **, P < 0.01.
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Fig. 3. Cytokine production by hepatoma cells. The PLC/PRF/5 hepatoma cells
(2 X IO6) were cultured for 2 days with or without TNP470 (2 M-gArÃ¼).VEGF and LIF

produced and secreted into the culture media were assayed with enzyme immunoassay
kits.

brought by 200 ng/ml TNP470. The hepatoma cells were less sensitive
to TNP470. The inhibition of hepatoma growth was recognized at 200
ng/ml and 50% inhibition was brought by 2 jug/ml TNP470 (Fig. 2A).
TNP470 had similar inhibitory effects on cell migration. The inhibi
tion of migration of VE and hepatoma cells became significant at 0.5
and 2 ^g/ml TNP470, respectively (Fig. 2B).

Cytokine Production. It is conceivable that TNP470 suppresses
angiogenesis and cachexia by modulating cytokine production by the
hepatoma cells (15). To test this, we analyzed the effects of TNP470
on the production of a major angiogenesis stimulator, VEGF, and a
cancer toxin, LIF (26-30). Fig. 3 demonstrates that TNP470 signifi

cantly inhibited the production of LIF but not VEGF.
Apoptosis. TNP470 has been reported to induce tumor cell death

by nonspecific mechanism in vitro and by apoptosis in vivo, which is
induced by hypoxia resulting from the inhibition of neovasculariza-

tion (8). In our present experiments, fragmented nuclei and micronu
clei appeared in those cells cultured with TNP470. In addition, DNA
ladder typical to apoptosis was seen on agarose gel electrophoresis of
the DNA from TNP470-treated cells (Fig. 4A). The ratio of apoptotic
cells was 17% and 26% in the TNP470-treated hepatoma cells and VE

cells, respectively. The apoptosis of tumor cells and VE cells induced
by TNP470 may be related to NO production by tumor cells and
tumor-infiltrating macrophages (31-33). SNAP is a chemical donor of

NO (14). It has been reported that the effects of SNAP on cultured
endothelial cells are reversible and are not due simply to cytotoxicity.
The levels of NO produced by inhibitory concentrations of SNAP
seem to be compatible with NO levels produced by the induction of
inducible NOS in different cell lines (14). Therefore, we examined the
effects of SNAP on the apoptosis. SNAP induced apoptosis in both of
the hepatoma and VE cells. The ratio of apoptotic cells was 10-12%

after 3 days of culture with 10 /ng/ml SNAP (Fig. 45).
The Expression of ÃŸ-Galactosidase. A possibility exists that

TNP470 inhibition of cell proliferation is related to cellular senes
cence in addition to apoptosis. Therefore, the effects of TNP470 and
SNAP on the expression of /3-galactosidase, a biochemical marker of

senescence, were examined (22). The hepatoma cells were mostly
ÃŸ-galactosidase-negative during the 2 weeks of culture with or with

out TNP470. In the primary culture of VE cells, almost all cells were
ÃŸ-galactosidase-negative. However, the ÃŸ-galactosidase-positive VE

cells increased with repeated subculture, and after the 5th to 7th
passage, the ratio of ÃŸ-galactosidase-positive VE cells increased to

more than 25% (Fig. 5). TNP470 (2 Â¿ig/ml)and SNAP (10 jug/ml)
significantly increased the ratio of ÃŸ-galactosidase-positive VE cells

as compared with control cells (Fig. 5).
Production of NO and Cellular Content of NOS. Because NO is

known to mediate angiogenesis, cell growth, and migration, we ex

amined the effects of TNP470 on the NO production by those cells
(5). TNP470 caused approximately a 2-fold increase in NO production

by the hepatoma and VE cells (Fig. 6). SNAP increased NO more than
5-fold (Fig. 6). The increase in NO production may result from an

increase in NOS protein. Fig. 1A demonstrated that NOS quantitated
by immunocytochemical method was increased significantly in
TNP470-treated hepatoma and VE cells.

Myristoylation and Localization of NOS. NOS is myristoylated
and translocated to the caveolae of plasma membrane, where it pro
duces NO and promptly releases it into the extracellular microenvi-
ronment (11). Fig. IB demonstrates that TNP470 reduced [3H]myris-

tic acid incorporation into NOS protein. Fig. 8 demonstrates the
immunocytochemical staining of NOS. In control cells, the nuclei
were not seen clearly probably because they were covered with the
staining of NOS. This staining pattern indicates that NOS was local
ized to the plasma membrane. In contrast, the nuclei were seen more
clearly in TNP470-treated cells. This staining pattern of NOS indi

cates the cytoplasmic localization of NOS.

DISCUSSION

TNP470 inhibited the growth of PLC/PRF/5 hepatoma cells in
athymic mice and ameliorated cancer cachexia of the mice trans
planted with the hepatoma cells. In addition, TNP470 reduced mi-

crovessel formation and macrophage infiltration. In the in vitro cell
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Fig. 4. Apoptosis of cells cultured with TNP470. In A, PLC/PRF/5 and VE cells were

cultured for 3 days with 2 fig/ml TNP470. DNA from control (Lane 1) and TNP470-
treated (Lane 2) PLC/PRF/5 cells and control (Lane 3) and TNP470-treated (Lane 4) VE
cells were subjected for agarose gel electrophoresis. Lane M is <(>X174DNA Hae\\\
fragment as a molecular marker. B. ratio of apoptotic cells. Cells were cultured for 3 days
with or without different concentrations of TNP470 and SNAP. The ratio of apoptotic
cells to total cells was determined after staining with acridine orange and ethidium
bromide. Open bars. PLC/PRF/5 cells; hatched bars, VE cells. The values, the
means Â±SDs (n = 3). *, P < 0.05; **, P < 0.01.
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Fig. 5. The effects of TNP470 on the expression of ÃŸ-galactosidase. A, Ihe expression

of ÃŸ-galactosidase. VE cells were cultured for 7 days without (left) or with (right) 2 Â¿ig/ml
TNP470, and /3-galactosidase was stained with X-gal. X200. B, the ratio of cells
expressing ÃŸ-galactosidase. PLC/PRF/5 hepatoma and VE cells (5 X IO5) were cultured

for up to 14 days with or without 2 fig/ml TNP470 and 10 u.g/ml SNAP. Cells were
stained with X-gal. The values are the means Â±SDs (n = 3).

Fig. 6. The effects of TNP470 on NO production. Cells (5 X IO5) were cultured in 2

ml of phenol red-free medium for 2 days with or without TNP470 (0.5 and 2 u,g/ml) or
SNAP (10 /ig/ml). NO secreted into the culture media was assayed using Griess reagent.
The values are the means Â±SDs (n = 3). *, P < 0.05; **, P < 0.01.

proliferation assay, TNP470 inhibited the proliferation of the hepa
toma and VE cells. VE cells were more sensitive to TNP470 than the
hepatoma cells. However, because TNP470 had no significant effect
on the production of VEGF by the hepatoma cells, it was likely that
the antiangiogenic effect of TNP470 was not mediated by VEGF. In
addition, TNP470 inhibited the proliferation of LIF, which had been
reported previously to inhibit angiogenesis (28, 29). TNP470 inhibited
the microvessel formation regardless of the reduction of LIF, suggest
ing that LIF was not involved in angiogenesis in hepatoma. These data
suggested that the direct inhibitory effect of TNP470 on VE cell
proliferation seemed to be responsible for the suppression of mi

crovessel formation in vivo. On the other hand, LIF has been reported
to be one of cancer toxins (28, 29). Therefore, it is suggested that
TNP470-inhibition of LIF production may be responsible, at least

partly, for the amelioration of cachexia (28).
TNP470 has been reported to cause cell cycle slowing and/or arrest

in VE cells (9, 10). The cytocidal effect of TNP470 on VE cells is not
associated with platelet-derived growth factor receptor autophos-

phorylation and early mitogenic events, such as the cellular protein
tyrosyl phosphorylation or the expression of immediate early genes
c-fos and c-myc (9, 10). Instead, TNP470 seems to inhibit platelet-
derived growth factor-induced mRNA expression of cdc2, cdk2, and
cyclin-dependent kinase and phosphorylation of retinoblastoma gene

product (9, 10). The suppression of VE cell proliferation by TNP470
results in the inhibition of angiogenesis, which was shown previously
to cause hypoxia and to trigger apoptotic death in tumor cells in vivo
(7, 8). In our present study, TNP470 was shown to induce apoptosis
in both hepatoma and VE cells in tissue culture. It is not always clear
how the suppression of cell cycle progression by TNP470 is con
nected to apoptosis because cell cycle slowing and arrest usually make
cells resistant to the induction of apoptosis. From the fact that a NO
donor SNAP induced apoptotic death in both hepatoma and VE cells,
it was speculated that excessive production of NO may be involved in
TNP470-induced apoptosis.

PLC/PRF/5
VE

PLC/PRF/5
VE

Fig. 7. The effects of TNP470 on the cellular content and myristoylation of NOS. In
A, NOS protein of PLC/PRF/5 and VE cells cultured with TNP470 (0.5 and 2 jig/ml) was
quantitated by immunocytochemical methods. B, [3H]Myristic acid incorporation into
NOS protein. PLC/PRF/5 and VE cells (2 X IO7) were cultured in lipid-free culture
medium containing 500 iiCi/ml [3H]myristic acid. NOS was immunoprecipitated using

specific anti-NOS antibody, and the radioactivity was measured by a liquid scintillation
counter. The values are the means Â±SDs (n = 3). *, P < 0.05; **, P < 0.01.

Fig. 8. The effects of TNP470 on the subcellular localization of NOS. PLC/PRF/5 and
VE cells (5 X IO5) were cultured for 3 days with or without 2 ng/ml TNP470, and NOS

was visualized by immunocytochemical method using specific anti-NOS antibody. A,
control PLC/PRF/5 cells; B, TNP470-treated PLC/PRF/5 cells; C. control VE cells; D.
TNP470-treated VE cells. X200.
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In addition to apoptosis, tumor growth is influenced by cellular
senescence, which is involved in preventing unlimited cell prolifera
tion (22). TNP470 did not increase the ÃŸ-galactosidase expression in
the hepatoma cells, indicating that TNP470-inhibition of hepatoma

cell growth was not due to cellular senescence. In contrast, TNP470
enhanced the expression of ÃŸ-galactosidase in VE cells (Fig. 5). This
suggests that the TNP470-inhibition of VE cell proliferation may be

related to cellular senescence in addition to apoptosis. The mechanism
of up-regulation of ÃŸ-galactosidase by TNP470 is not known. SNAP
caused similar enhancement of ÃŸ-galactosidase expression in VE

cells, suggesting that the possible increase in NO that was induced by
TNP470 may be involved in the up-regulation of ÃŸ-galactosidase.
However, how the increased ÃŸ-galactosidase expression is connected

with the inhibition of cell proliferation remains to be clarified (22).
It is known that NO plays an important role in angiogenesis and

tumorigenesis (6). NO has been reported to be increased in the
peripheral blood of patients with hepatoma, suggesting that tumori
genesis and angiogenesis in human hepatoma may also be stimulated
by NO (31, 34). However, the increased production of NO does not
always stimulate angiogenesis and tumorigenesis because NO has
been reported to disturb mitochondria! functions and to cause DNA
damage leading to apoptosis (32, 33). In the present study, TNP470
was shown to increase the NO produced by the hepatoma and VE
cells. In addition, SNAP increased NO production and mimicked the
actions of TNP470. These data may suggest that the antitumor effects
of TNP470 are mediated by increased NO, at least in part.

NO is produced by NOS, an enzyme which is myristoylated and
translocated to the caveolae of plasma membrane (11, 24). In the
present study, cellular content of NOS was increased in TNP470-
treated cells (Fig. 7). In addition, incorporation of [3H]myristic acid

into NOS protein was reduced by TNP470 treatment, which was
followed by reduced translocation to plasma membrane and increased
cellular NOS content (Figs. 7 and 8). Because TNP470 is not a
transcription factor, it is unlikely that TNP470 increases the cellular
content of NOS by enhancing NOS gene transcription. Recently,
TNP470 has been reported to bind to MetAP-2 and to inhibit its
enzymatic activity (12, 13). Reduced MetAP-2 activity is supposed to

result in reduced protein myristoylation (12). NOS is a membrane
protein, whose translocation to the plasma membrane requires
myristoylation (11). Therefore, it is likely that TNP470 inhibits myr
istoylation of NOS and its translocation to plasma membrane. Un-

myristoylated NOS in the cytosol may escape from degradation and
increase quantitatively (11, 35). The data of our present experiment
coincide with this speculation.

On the other hand, NOS at the plasma membrane produces NO,
which can be released promptly into the extracellular space (11). In
TNP470-treated cells, NOS accumulates in the cytoplasm and pro

duces NO, which cannot be secreted promptly. The resulting increase
in NO in the cytosol may cause mitochondria! dysfunction and/or
DNA damage, which trigger apoptosis (14, 32, 33). The fact that a NO
donor, SNAP, was not a potent inducer of apoptosis may be partly
explained by postulating that the cytotoxic effect of NO depends on its
subcellular localization in addition to its quantity. However, addi
tional studies are necessary to provide evidence for the role of NO in
TNP470-induced apoptosis.

The present study disclosed that TNP470-inhibition of tumorigen

esis and angiogenesis is associated with reduced myristoylation of
NOS and increased NO. Similar results were obtained when we
examined the effects of TNP470 on highly vascularized Huh7 human
hepatomas (data not shown). Impaired myristoylation of biologically
active membrane proteins such as NOS, ras, and src may have
profound effects on the cell proliferation, apoptosis, and senescence.

Our present study suggests that strategies to modulate structure and
function of such membrane proteins may be useful in antiangiogenic
therapies. The therapies using TNP470 and other antiangiogenic
compounds, which have no genotoxic effects and are expected to be
resistant to the acquisition of drug resistance by tumor cells, are
expected to be useful for the therapy of solid tumors.
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