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Human Colorectal Adenocarcinoma Cells: Differential Nitric Oxide Synthesis

Determines Their Ability to Aggregate Platelets
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ABSTRACT

The existence and role of an L-arginine:nitric oxide (NO) pathway in
two human colorectal adenocarcinoma cell lines, SW-480 and SW-620,

were investigated. Both cell lines, which derive from the same patient,
SW-480 from the primary tumor and SW-620 from its metastatic lesion,
were shown to have a cytosolic, Ca2+-independent, NADPH-dependent

NO synthase, the activity of which was lower in the cytosol of SW-620.

These cells were more potent inducers of platelet aggregation. In contrast,
SW-480, which had more NO synthase activity, were less potent inducers
of platelet aggregation. Pretreatment of both cell lines with A^-mono-
methyl-L-arginine, an inhibitor of NO synthase, potentiated their proag-

gregating effect and made them equally active.
Exogenous L-arginine, NO, and related nitrovasodilators all inhibited

platelet aggregation induced by SW-620. The antiaggregating activity of

NO was further potentiated by prostacyclin and by M&B22948, a selec
tive inhibitor of cyclic GMP phosphodiesterase. We propose that the
generation of NO by tumor cells inversely correlates with their metastatic
potential. Furthermore, we show that the lower activity of NO synthase
in metastatic cells is due to the presence in these cells of a low molecular
weight inhibitor of the NO synthase. In addition, agents which modulate
platelet function by a cyclic GMP-dependent mechanism may be useful

in the prevention of tumor metastasis.

INTRODUCTION

The capacity of tumors to metastasize is one of the key
determinants of their malignant potential. Many studies have
implicated platelets in the hematogenous dissemination of tu
mors (1-8). There is a correlation between the ability of some
tumor cells to aggregate platelets in vitro and their propensity
for metastasis (2-4, 7, 8). Platelets form aggregates with tumor
cells in the circulation, facilitating their adhesion to vascular
endothelium (5). The mechanism of tumor cell-induced platelet
aggregation is not clear but seems to vary among tumors of
different types. Tumor cells aggregate platelets via thrombin-
(4), ADP- (9), or thromboxane A2- (10) dependent mechanisms
and by exposure of platelet receptor glycoproteins Ib and lib/
Ilia ( 11, 12). Other aggregation mechanisms include expression
by tumor cells of a trypsin-sensitive protein (13) or of a mem
brane glycoprotein related immunologically to the platelet lib/
Ilia complex (14). A direct platelet-tumor cell interaction in
dependent of thrombin and of the presence of plasma proteins
has also been described (15).

Several pharmacological agents have been investigated as
inhibitors of TCIPA.1 Specific thrombin inhibitors, dansylar-

ginine and hirudin, and apyrase, an enzyme which degrades
ADP to AMP and which has no effect on platelet aggregation,
all inhibit TCIPA (4, 15). Results with the cyclooxygenase
inhibitor aspirin have been equivocal (16-18). It has also been
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suggested that selective inhibitors of thromboxane synthase
and/or thromboxane receptor antagonists may be more effec
tive than aspirin in inhibiting TCIPA ( 19). The pharmacological
effectiveness of the former compounds may also depend on the
redirection of cyclic endoperoxide metabolism from the proag-
gregating thromboxane A2 to that of the antiaggregating pros
tacyclin. Indeed, prostacyclin is the most potent known inhibi
tor of agonist-induced platelet aggregation as well as of TCIPA
(19-21).

Many cells and tissues, notably the vascular endothelium,
platelets, and macrophages, synthesize nitric oxide (22-29).
This NO is formed from L-arginine (30) by the NO synthase
which is inhibited by several L-arginine analogues, including
yVG-monomethyl-L-arginine (31-33). Nitric oxide is a potent

vasodilator and inhibitor of platelet adhesion and aggregation:
these effects are mediated by stimulation of the soluble guanyl-
ate cyclase (34-39).

It has also been demonstrated that cancer cell lines such as
murine adenocarcinoma EMT-6 and murine neuroblastoma
NlE-115 synthesize NO from L-arginine (40-44). SW-480 and
SW-620 are human colorectal adenocarcinoma cell lines which
both derive from the same patient (45). SW-480 was isolated
from the primary adenocarcinoma arising in the colon, whereas
SW-620 was isolated some years later from a lymph node
metastasis.

The purpose of the present work was to investigate the
existence and the role of the L-arginine:NO pathway in these
cancer cell lines in relation to TCIPA. We have also studied
the effect of exogenous NO and of related nitrovasodilators on
TCIPA induced by SW-620. Finally, we have examined the
interactions between prostacyclin and NO as inhibitors of
TCIPA.

MATERIALS AND METHODS

Cell Culture. SW-480 and SW-620 cell lines (American Type Culture
Collection) were grown in tissue culture flasks (Falcon) in L-15 (Lei-
bovitz) medium containing 10% fetal calf serum, 200 mM glutamine,
0.5% penicillin/streptomycin solution (10,000 units/ml), and 0.75%
gentamicin (10 mg/ml). Cells were incubated in 5% CO2 in air at 37Â°C
for 7 days. They were harvested by washing twice in Ca2+- and Mg2+-
free Dulbecco's phosphate-buffered saline and then removed from the

flask by using trypsin/versene solution, made by adding 2 ml of 2.5%
of trypsin to 90 ml of 1:5000 versene. The trypsin was then inactivated
by adding 0.5 ml of complete culture medium. The cells were incubated
for 20 min at 37Â°Cin Tyrode's solution containing 100 MMaspirin to

inhibit the formation of cyclooxygenase products, then washed twice,
and finally resuspended in Tyrode's solution at the final concentration
of 106-109 cells/ml. They were kept at 37Â°Cuntil used, usually within

30 min from preparation.
Platelet Aggregation. Blood was obtained from healthy volunteers

who had not taken drugs for 10 days prior to the study. Prostacyclin-
washed platelets were prepared from blood collected into a trisodium
citrate/prostacyclin mixture and they were finally resuspended in Ty
rode's solution (g/liter: NaCI, 8.02; KC1, 0.2; NaHCOj, 1.0; glucose,

1.0; NaH2PO4 2H2O, 0.065; MgCl2-6H2O, 0.214) containing 2 mM
Ca2+as described previously (46).

Platelet aggregation induced by SW-480 and SW-620 was monitored
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for 30 min in a Payton dual-channel aggregometer by the method of
Born and Cross (47). To determine the effect of endogenous NO on
TCIPA, tumor cells were preincubated for 10 min at 37Â°Calone or

with L-NMMA (30 Â¿Â¡M)and/or L-arginine (30-100 /IM)- Cells were
then washed, resuspended in Tyrode's solution, and added to the

platelet suspension. In order to investigate the effect of exogenous NO
on TCIPA, NO, GTN, or SNAP, either alone or together with prosta-
cyclin or M&B22948, were incubated with platelets 1 min before the
addition of SW-620 cells.

In preliminary experiments, it was found that platelet aggregation
induced by different concentrations of tumor cells does not correlate
with the extent of aggregation, since TCIPA once initiated was maximal
and irreversible. However, there was a highly positive relationship (P
= 0.9618, n = 3) between TCIPA and lag phase, i.e., the time elapsing
from the addition of tumor cells to the occurrence of aggregation.
Therefore, lag phase was taken as an inverse index of the aggregating
potency of these cells.

Measurement of NO Formation by Cytosols of Tumor Cells. Tumor
cells (108-IO' cells), in a total volume of 5 ml of homogenizing buffer
(10 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid, 0.32 M
sucrose, 0.1 mM EDTA, 1 mM dithiothreitol, 10 Mg/ml leupeptin, 2
Mg/ml aprotinin, and 10 Mg/ml soybean trypsin inhibitor, pH 7.4 at
4Â°C),were homogenized twice for 3 s with a Soniprep (MSE) homog-

enizer. The homogenate was centrifuged at 100,000 x g for 30 min at
4Â°C.The supernatant was passed through a 2-ml column of cation

exchange resin (AG 50W-X8) to remove endogenous arginine. In some
experiments the effluent was also passed through a 2-ml Sephadex G-
25 column to remove low molecular weight components. Nitric oxide
synthesis was measured in incubates containing 5 /AI oxyhemoglobin
and 50% (v/v) tumor cell cytosols in 40 mM potassium phosphate buffer
(pH 7.2) containing MgCl2 (1 mM), using a dual wavelength spectro-
photometer (Shimadzu UV-3000) as described before (25, 48). Nitric
oxide synthesis was initiated by the addition of L-arginine (1-300 MM)
and NADPH (300 ^M) and it was monitored in the presence or absence
of inhibitors of NO synthase. The rate of NO synthesis was linear for
10 min.

Reagents. All reagents for cell culture were from Gibco. Prostacyclin,
L-NMMA, SNAP, and L-NIO were from Wellcome. L-NAME, aspi
rin, L-arginine, dithiothreitol, soybean trypsin inhibitor, leupeptin, and
aprotinin were all obtained from Sigma; GTN was from American
Hospital Supplies, and M&B22948 was from May & Baker. Nitric
oxide gas (British Oxygen Corp.) was dissolved in helium-deoxygenated
water as described previously (23). AG 50W-X8 (Bio-Rad) and Sepha
dex G-25 (Pharmacia) were obtained as indicated. Human oxyhemo
globin was prepared as described (23).

Statistics. All values are means Â±SEM ofÂ«experiments. They were
analyzed by using analysis of variance and P < 0.05 was considered to
be statistically significant.

RESULTS

Effect of L-NMMA on Platelet Aggregation Induced by SW-
480 and SW-620. The addition of SW-480 or SW-620 (104-3 x
10" cells/ml) to the platelets resulted in a cell number-dependent

TCIPA as seen by a shortening of the lag phase from 30 to 0
min (Figs. 1 and 2). SW-480 was approximately 10 times less
potent than SW-620 in causing TCIPA. Preincubation of these
tumor cells with L-NMMA (30 ^M) significantly increased the
aggregating activity of both cell lines so that a similar dose-
response curve was obtained for each in the presence of L-
NMMA (Fig. 2). This effect of L-NMMA was completely
prevented when L-arginine (100 /Â¿M,n â€”¿�3) was included in the
cell incubate. Preincubation of tumor cells with L-arginine (30
pM) also inhibited platelet aggregation induced by SW-620

(Figs. 1 and 2).
Effect of NO and Other Nitrovasodilators on Platelet Aggre

gation Induced by SW-620. The addition of SW-620 (IO5 cells/

ml) to platelets resulted in platelet aggregation with a lag phase

of 5.0 Â±1.6 min (n = 4). Preincubation of platelets with NO,
SNAP, or GTN caused a concentration-dependent inhibition
of TCIPA, as seen by prolongation of the lag phases (Fig. 3).
The order of inhibitory potency was: NO > SNAP > GTN.

Interaction between NO, Prostacyclin, and M&B22948 as
Inhibitors of Platelet Aggregation Induced by SW-620. Prein
cubation of platelets with prostacyclin (1-10 nM) resulted in a
concentration-dependent inhibition of SW-620-induced aggre
gation (10s cells/ml; Fig. 4) and a subthreshold concentration

of prostacyclin (1 nM) caused a significant potentiation of the
antiaggregating activity of NO (0.3 MM;Fig. 4). This action of
NO was also potentiated by M&B22948 (l MM;Fig. 4), which
on its own had no significant effect on TCIPA.

Nitric Oxide Synthase Activity in Cytosols of SW-480 and
SW-620. The basal rate of NO production by the cytosols was
26 Â±3 and 4 Â±l pmol/mg protein/min, n = 3, for SW-480
and SW-620, respectively. When depleted of endogenous argi
nine, they did not generate detectable amounts of NO (<0.01
pmol/mg protein/min; n = 3). The addition of L-arginine (1-
300 MM),however, resulted in a concentration-dependent for
mation of NO (Fig. 5). The amount of NO formed by SW-480

A SW-480
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Fig. 1. Effect of i.-argininc and L-NMMA on platelet aggregation induced by
SW-480 or SW-620. The incubalion of washed platelets with both cell lines
resulted in a cell number-dependent aggregation as detected by shortening lag
phases (A and O. SW-480 cells are less aggregatory than SW-620 (A and C).
Preincubation of SW-480 with L-NMMA (30 JJM) caused potentiation of the
aggregatory ability of these cells (B). In contrast. Preincubation of SW-620 with
L-arginine (L-Arg) (.10 /JM) resulted in a decrease in aggregating ability of these
cells (O). Note that the aggregation induced by SW-480 and SW-620 when
initiated was always maximal. These are representative tracings of at least 3
separate experiments.
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Fig. 2. Potentiation of TCIPA by L-NMMA and its inhibition by L-arginine.
Platelet aggregation induced by SW-480 (O) or by SW-620 (D) was increased to
the same potency by preincubation of tumor cells with L-NMMA (30 IHM;A for
SW-480; â€¢¿�for SW-620). Platelet aggregation induced by SW-620 was signifi
cantly inhibited by preincubation of tumor cells with L-arginine (30 Â¿*M;â€¢¿�).
Points, means of 5 experiments; bars, SEM.
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SW-480 and SW-620 caused a complete restoration of NO
synthase activity in cytosol from SW-480 and enhanced NO
synthase activity in that from SW-620, so that the amounts of
NO formed in these two cytosols were not significantly different
from each other (Fig. 6).

In cytosol from SW-480 the formation of NO induced by L-
arginine (30 UM) and NADPH (300 UM) was inhibited in a
concentration-dependent manner by L-NIO, L-NAME, and L-
NMMA (Fig. 7). The order of inhibitory potency was L-NIO
> L-NMMA = L-NAME.

DISCUSSION

We have demonstrated that the human adenocarcinoma cell
lines SW-480 and SW-620 induce aggregation of human
washed platelets in vitro. This aggregation was induced in
plasma-free medium by aspirin-treated cells. This shows that
the presence of plasma proteins, or release of cyclooxygenase
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Fig. 4. Nitric oxide synergizes with prostacyclin (PGIÂ¡)or M&B22948 to
inhibit TCIPA. Aggregation induced by SW-620 (IO5 cells/ml) (C) was inhibited
in a concentration-dependent manner (1, 3, and 10 n\t) by PGI2. The antiaggre-
gating effect of NO (0.3 /IM) was significantly potentiated by a subthreshold
concentration of prostacyclin (1 nM. PG12 -I-NO) or by M&B22948 (l /IM, M&B
+ NO). M&B shows aggregation in the presence of M&B22948 (l ÃŸ\t).Columns,
mean of 4 experiments; bars, SEM.

200

Fig. 3. Inhibition of TCIPA by NO and other nitrovasodilators. Platelet
aggregation induced by SW-620 ( 10' cells/ml; â€¢¿�)was inhibited by NO (O). SNAP

(D), and GTN (A). Points, means of 4 experiments; bars, SEM.

was significantly higher than that formed by SW-620 (Fig. 5).
When 10% (v/v) of SW-620 cytosol was added to the incubates
of SW-480 cells, the rate of NO synthase stimulated by L-
arginine (100 pM) and NADPH (300 UM) in SW-480 was
inhibited and became not significantly different from that in
SW-620 (86 Â±11 and 80 Â±8 pmol/mg protein/min; n = 3).

SW-480 and SW-620 in the presence of L-arginine (100 ^M)
and NADPH (300 ^M) synthesized significantly different
amounts of NO; 182 Â±12 and 80 Â±8 pmol/mg protein/min
(n = 3), respectively (Fig. 6). The addition of CaCl2 (200 MM)
or ethyleneglycol bis(0-aminoethyl ether)-./V,/V,./V',./V'-tetraace-

tic acid (1 HIM) to these cytosols did not significantly change
the amounts of NO formed under these conditions (Fig. 6).
However, the NO synthase activity in these cytosols was not
detectable once the low molecular weight fraction was removed
by passage through a Sephadex G-25 column. The addition of
NADPH (300 UM) to the high molecular weight fractions of

6075

I
o

A

100

-log [L-Arg] M

Fig. 5. Synthesis of NO by cytosols of SW-480 and SW-620. Addition of L-
arginine resulted in a concentration-dependent formation of NO by cytosols of
SW-480 (O) and SW-620 (D). The amount of NO formed by SW-480 was
significantly higher than that by SW-620. The formation of NO was assayed in
the presence of NADPH (300 AIM).In the absence of L-arginine NO levels were
not detectable (<0.01 pmol/mg protein/min). Points, mean of 3 experiments;
bars. SEM.
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Fig. 6. Characteristics of NO synthase activity in cytosols of SW-480 and SW-
620. In the presence of L-arginine (100 MM)and NADPH (300 ^M) the amounts
of NO produced by SW-480 (C D) were higher than those produced by SW-620
(C, D). This production was not affected by the presence of calcium (Ca2*, 200
/IM) or ethyleneglycol bis(rf-aminoethyl etheryV,yV,A",A"-tetraacetic acid (1 m.vi).

However, when low molecular weight components were removed from the cytosols
(/M/W) NO formation was abolished. The addition of NADPH resulted in arestoration of NO activity (HMH' + NADPH) to similar levels for both cytosols.

Columns, mean of 3 experiments; bars, SEM.

products from tumor cells, are not prerequisites for platelet
aggregation induced by SW-480 and SW-620, indicating that
its initiation was likely to be a direct platelet-tumor cell inter
action (15). Both cell lines originate from the same patient,
SW-480 from the primary tumor and SW-620 from a lymph
node metastasis. Since SW-620 was a more potent inducer of
aggregation than SW-480, our results reinforce the hypothesis
(2) that a correlation exists between the ability of tumor cells
to aggregate platelets in vitro and their propensity for
metastasis.

The platelet aggregating activity of these cell lines was poten
tiated greatly by pretreatment with L-NMMA, an inhibitor of
NO formation in many tissues (31-33), so that they were
equally potent platelet-aggregating agents. Furthermore, the
aggregating ability was inhibited by the addition of exogenous
L-arginine, suggesting the presence of a biologically active L-
arginine:NO pathway in both cell lines. This pathway uses two
different, NADPH-dependent enzymes to form NO from L-

arginine. The first, a constitutive NO synthase is present in
cells under physiological conditions, is Ca2+ and calmodulin

dependent, synthesizes NO in response to receptor stimulation,
and its activity is not affected by cycloheximide and glucocor-
ticoids (49-52). This enzyme can be clearly differentiated from
an inducible (by a bacterial lipopolysaccharide and by cytokines)
NO synthase which is Ca2+ independent, requires tetrahydro-

biopterin, produces NO without the need for receptor stimula
tion, and whose expression is inhibited by cycloheximide and
glucocorticoids (29, 50-53). Interestingly, NO synthase in mu
rine neuroblastoma NlE-115 cells is constitutive and requires
Ca2+ for its maximal activity (43), whereas the enzyme in
murine mammary adenocarcinoma EMT-6 cells is inducible
(41) and Ca2+ independent.2 We have now shown that human
colorectal adenocarcinoma SW-480 and SW-620 cells possess
a Ca2+-independent NO synthase. It is not yet clear whether in
these cells the NO-forming enzyme represents a new class of

NO synthase which is constitutive and Ca2+ independent or

whether it is simply an inducible enzyme, expressed in human
colorectal adenocarcinoma cells during carcinogenesis in vivo
or during cell passage and culture in vitro. The synthesis of NO
by SW-480 was inhibited by the NO synthase inhibitors L-
NMMA, L-NAME, and L-NIO in the same rank order of
potency as seen in platelets and endothelium (26, 33). All these
data clearly indicate that NO is produced by human colorectal
tumor cell lines during TCIPA in vitro and that its formation
down-regulates platelet aggregation.

The differences in the platelet-aggregating potencies of SW-
480 and SW-620 cells were abolished in the presence of L-
NMMA. Moreover, studies on their respective cytosols showed
that the metastasis-derived SW-620 cells formed less NO than
the primary tumor-derived SW-480. Furthermore, the addition
of as little as 10% of SW-620 cytosol to that of SW-480 was
sufficient to inhibit NO synthase activity in the latter. This
inhibitory activity could be removed by passing the SW-620
cytosolic fraction through a Sephadex G-25 column, indicating
that a low molecular weight component was responsible for this
inhibition. To date, this is the first demonstration of the exist
ence of an endogenous inhibitor of NO synthase in tumor cells.
The nature and relevance of this factor in the context of NO
synthesis in pathological or physiological (if any) conditions
remains to be studied. Interestingly, L-arginine decreased the
platelet-aggregating properties of SW-620, making them indis
tinguishable from those of SW-480. These data indicate that in
SW-620 L-arginine may be deficient. Thus, both the presence
of an endogenous inhibitor of NO synthase and a relative L-
arginine deficiency may contribute to the proaggregating prop
erties of SW-620. The differential synthesis of NO by SW-480
and SW-620 cells may have an important significance for the
biology of metastasis. However, it remains to be demonstrated
whether a deficient capacity to synthesize NO is a general
phenomenon characterizing metastatic cells of different origin.
The metastatic heterogeneity of subpopulations of cells deriving
from the same parent tumor is well recognized (54). Thus, the
capacity of tumor cells to synthesize NO may be one of the
determinants of this heterogeneity.
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2 K. J. O'Connor, personal communication.
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Fig. 7. Inhibition of NO synthase in cytosols of SW-480 by L-NIO, L-NMMA,
and L-NAME. The formation of NO in cytosols of SW-480 was induced by L-
arginine (30 /IM) and NADPH (300 JIM).This was inhibited in a concentration-
dependent manner by L-NIO (O), L-NMMA (A), and L-NAME (D). Points, mean
of 3 experiments: bars, SEM.
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Exogenous NO and the related nitrovasodilators SNAP and
GTN all inhibited platelet aggregation induced by SW-620 cells,
NO being the most potent in this respect. The rank order of
potency of the two other nitrovasodilators (SNAP > GTN)
correlated well with their ability to release NO in vitro (55) as
well as with their ability to inhibit agonist-induced platelet
aggregation in vitro and ex vivo (56). The inhibitory effect of
NO on TCIPA was greatly potentiated by M&B22948, a selec
tive inhibitor of platelet cyclic GMP phosphodiesterase (38),
indicating that it is likely to be mediated by an increase in cyclic
GMP levels. Moreover, a threshold inhibitory concentration of
NO synergized with a subthreshold concentration of prostacy-
clin to inhibit TCIPA. All these effects, which are similar to
that of NO on agonist-induced platelet aggregation (38, 39),
suggest that an inhibitory effect of NO and other nitrovasodi
lators on TCIPA in vitro depends mainly on stimulation of
cyclic GMP-dependent platelet antiaggregatory mechanisms.
However, a direct inhibitory effect of NO on the expression by
tumor cells of aggregatory factors cannot be ruled out. The
latter effect may be important in vivo where the rheological
conditions and interactions between cancer cells and platelets
are likely to be modified by the components of the vessel wall
as well as by other blood cells.

Thus, the effect of the L-arginine:NO pathway on the biology
of tumor cells is likely to be complex. Nitric oxide, the highly
reactive effector molecule of this pathway, is a mediator of
macrophage-mediated cytotoxicity, and inhibits mitochondrial
respiratory function and DNA synthesis in tumor target cells
(57-59). Interestingly, some tumor cell lines release large quan
tities of NO when stimulated by bacterial lipopolysaccharide,
-y-interferon, and tumor necrosis factor (40, 41). In addition,
these cytokines stimulate the expression of an inducible NO
synthase in other cells, such as the vascular endothelium (50).
Thus, NO released from macrophages, endothelium, and tumor
cells themselves in response to cytokines can exert an antitumor
cytotoxic effect on the target cells. In addition to a tumoricidal
action, the generation of NO during TCIPA and its inhibitory
effect on this aggregation may reduce the metastasizing ability
of tumor cells. However, the obvious benefits from the actions
of NO may be outweighed by the side effects resulting from
NO-induced hypotension, this being one of the most severe

manifestations of septic shock (60).
Our results have a clinical significance in that they demon

strate that nitrovasodilators, given alone or in combination with
prostacyclin or phosphodiesterase inhibitors, can effectively
arrest TCIPA. They also cast a new light on the proposal that
dietary arginine is a good adjunct to the therapy of the malig
nant disease (for references, see Ref. 61). Finally, the generation
of NO by tumor cells may be a useful laboratory marker of
their metastatic potential.

REFERENCES

1. Gasic, G. J., and Gasic, T. B. Removal of sialic acid from the cell coat in
tumor cells and vascular endothelium, and its effect on metastasis. Proc.
Nati. Acad. Sci. USA, 48: 1172-1177, 1962.

2. Gasic, G. J., Gasic, T. B., Galanti, N., Johnson, T., and Murphy, S. Platelet-
tumor cell interactions in mice. The role of platelets in the spread of
malignant disease. Int. J. Cancer, //: 704-718, 1973.

3. Pearlstein, E., Salk, P. L., Yogeeswaran, G.. and Karpatkin, S. Correlation
between spontaneous metastatic potential, platelet-aggregating activity of cell
surface extracts, and cell surface sialylation in 10 metastatic-variant deriva
tives of a rat renal sarcoma cell line. Proc. Nati. Acad. Sci. USA, 77: 4336-
4339, 1980.

4. Pearlstein, E., Ambrogio, C., Gasic, G., and Karpatkin. S. Inhibition of the
platelet-aggregating activity of two human adenocarcinomas of the colon and
an anaplastic murine tumor with a specific thrombin inhibitor, dansylarginine

/V-(3-ethyl-l,5-pentanediyl)amide. Cancer Res., 41: 4535-4539, 1981.
5. Mehta, P. Potential role of platelets in the pathogenesis of tumor metastasis.

Blood, 63: 55-63, 1984.
6. Bastida, E., Escolar, G., Ordinas, A., Giardina, S. L., and Jamieson, G. A.

Effects of divalent cations on the interaction of platelets with tumor cells:
aggregation and perfusion studies with two homologous human systems. J.
Lab. Clin. Med., 106: 68-74, 1985.

7. Grignani, G., Pacchiarmi, L., Almasio, P., Pagliarino, M., Gamba, G., Rizzo,
S. C., and Ascari, E. Characterization of the platelet-aggregating activity of
cancer cells with different metastatic potential. Int. J. Cancer, 38: 237-244,
1986.

8. Mehta, P., Lawson, D., Ward, M. B., Kimura, A., and Gee, A. Effect of
human tumor cells on platelet aggregation: potential relevance to pattern of
metastasis. Cancer Res., 47: 3115-3117, 1987.

9. Holme, R., Oftebro, R., and Hovig, T. In vitro interaction between cultured
cells and human blood platelets. Thromb. Haemostasis, 40: 89-102, 1978.

10. Grignani, G., Pacchiarini, L., Almasio, P., Pagliarino, M., and Gamba, G.
Activation of platelet prostaglandin biosynthesis pathway during neoplastic
cell-induced platelet aggregation. Thromb. Res., 34: 147-157, 1984.

11. Grossi, I. M., Fitzgerald, L. A.. Kendall, A., Taylor, J. D., Sloane, B. F., and
Honn, K. V. Inhibition of human tumor cell-induced platelet aggregation by
antibodies to platelet glycoproteins Ib and Hb/IIIa. Proc. Soc. Exp. Biol.
Med., 186: 378-383, 1987.

12. Kitagawa, H., Yamamoto, N., Yamamoto, K., Tanoue, K., Kosaki, G., and
Yamazaki, H. Involvement of platelet membrane glycoprotein Ib and glyco-
protein Ilb/IIIa complex in thrombin-dependent and -independent platelet
aggregations induced by tumor cells. Cancer Res.. 49: 537-541, 1989.

13. Lerner, W. A., Pearlstein, E., Ambrogio, C., and Karpatkin, S. A new
mechanism for tumor-induced platelet aggregation. Comparison with mech
anisms shared by other tumors with possible pharmacologie strategy towards
prevention of mÃ©tastases.Int. J. Cancer, 31:463-469, 1983.

14. Chopra, H., Hatfield, J. S., Chang, Y. S., Grossi, I. M., Fitzgerald, L. A.,
O'Gara, C. Y., Marnett, L. J., Diglio, C. A., Taylor, J. D., and Honn, K. V.

Role of tumor cell cytoskeleton and membrane glycoprotein IRGpIIb/IIIa in
platelet adhesion to tumor cell membrane and tumor cell-induced platelet
aggregation. Cancer Res., 48: 3787-3800, 1988.

15. Scarlett, J. D., Thurlow, P. J., Connellan. J. M., and Louis, C. J. Plasma-
dependent and -independent mechanisms of platelet aggregation induced by
human tumor cell lines. Thromb. Res., 46: 715-726, 1987.

16. Gasic, G. J., Gasic, T. B., and Murphy, S. Anti-metastatic effect of aspirin.
Lancet, 2: 932-933, 1972.

17. Kolenich, J. J., Mansour, E. G.. and Flynn, A. Haematological effects of
aspirin. Lancet, 2: 714, 1972.

18. Wood, S., Jr., and I lupani, P. Aspirin and tumor metastasis. Lancet, 2:
1416-1417,1972.

19. Honn, K. V., Busse, W. D., and Sloane, B. F. Prostacyclin and thromboxanes.
Implications for their role in tumor cell metastasis. Biochem. Pharmacol.,
32: 1-11, 1983.

20. Moneada, S., Gryglewski, R. J., Bunting, S., and Vane, J. R. An enzyme
isolated from arteries transforms prostaglandin endoperoxides to an unstable
substance that inhibits platelet aggregation. Nature (Lond.), 263: 663-665,
1976.

21. Honn, K. V., Cicone, B., and Skoff, A. Prostacyclin: a potent antimetastatic
agent. Science (Washington DC), 212: 1270-1272, 1981.

22. Furchgott, R. F., and Zawadzki, J. V. The obligatory role of endothelial cells
in the relaxation of arterial smooth muscle by acetylcholine. Nature (Lond.),
288: 373-376, 1980.

23. Palmer, R. M. J., Ferrige, A. G., and Moneada, S. Nitric oxide release
accounts for the biological activity of endothelium-derived relaxing factor.
Nature (Lond.), 327: 524-526, 1987.

24. Ignarro, L. J., Buga. G. M., Wood, K. S.. Byrns. R. E., and Chaudhuri, G.
Endothelium-derived relaxing factor produced and released from artery and
vein is nitric oxide. Proc. Nati. Acad. Sci. USA, 84: 9265-9269, 1987.

25. Radomski, M. W., Palmer, R. M. J., and Moneada, S. An L-arginine/nitric
oxide pathway present in human platelets regulates aggregation. Proc. Nati.
Acad. Sci. USA, 87: 5193-5197. 1990.

26. Radomski. M. W.. Palmer. R. M. J., and Moneada, S. Characterization of
the L-arginine:nitric oxide pathway in human platelets. Br. J. Pharmacol.,
101: 325-328, 1990.

27. Hibbs, J. B., Jr.. Taintor. R. R.. Vavrin, Z., and Rachlin, E. M. Nitric oxide:
a cytotoxic activated macrophage effector molecule. Biochem. Biophys. Res.
Commun., 157: 87-94, 1988.

28. Marietta, M. A., Yoon, P. S., lyengar, R., Leaf, C. D., and Wishnok, J. S.
Macrophage oxidation of L-arginine to nitrite and nitrate: nitric oxide is an
intermediate. Biochemistry, 27: 8706-8711, 1988.

29. Kwon, N. S., Nathan, C. F., and Stuehr, D. J. Generation of nitrogen oxides
by murine macrophages: replacement of low molecular weight factors in
cytosol with reduced biopterins. In: S. Moneada and E. A. Higgs (eds.),
Nitric Oxide from L-Arginine: A Bioregulatory System, pp. 225-234. Am
sterdam: Elsevier, 1990.

30. Palmer, R. M. J., Ashton, D. S., and Moneada, S. Vascular endothelial cells
synthesize nitric oxide from L-arginine. Nature (Lond.), 333:664-666,1988.

31. Palmer, R. M. J., Rees, D. D., Ashton, D. S., and Moneada, S. L-Arginine
is the physiological precursor for the formation of nitric oxide in endothe-
lium-dependent relaxation. Biochem. Biophys. Res. Commun., 153: 1251-
1256, 1988.

32. Hibbs, J. B., Jr., Taintor, R. R., and Vavrin. Z. Macrophage cytotoxicity:

6077

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/22/6073/2445764/cr0510226073.pdf by guest on 19 M

ay 2023



NITRIC OXIDE INHIBITS PLATELET AGGREGATION BY TUMOR CELLS

role for L-arginine deiminase activity and imino nitrogen to nitrate. Science
(Washington DC), 255: 473-476, 1987.

33. Rees, D. D., Schulz. R.. Hodson, H., Palmer, R. M. J., and Moneada. S.
Identification of some novel inhibitors of the vascular nitric oxide synthase
in vivo and in vitro. In: S. Moneada and E. A. Higgs (eds.). Nitric Oxide from
L-Arginine: A Bioregulatory System, pp. 485-489. Amsterdam: Elsevier,
1990.

34. Walter, U. Physiological role of cGMP and cGMP-dependent protein kinase
in the cardiovascular system. Rev. Physiol. Biochem. Pharmacol., 113: 41-
88. 1989.

35. Mellion, B. T., Ignarro, L. J., Ohlstein, E. H., Pontecorvo, E. G., Hyman,
A. L., and Kadowitz. P. J. Evidence for the inhibitory role of guanosine
3',5'-monophosphate in ADP-induced human platelet aggregation in the
presence of nitric oxide and related vasodilators. Blood, 57: 946-955, 1981.

36. Radomski, M. W.. Palmer, R. M. J., and Moneada, S. Endogenous nitric
oxide inhibits platelet adhesion to vascular endothelium. Lancet, 2: 1057-
1058, 1987.

37. Radomski. M. W., Palmer. R. M. J.. and Moneada. S. The role of nitric
oxide and cGMP in platelet adhesion to vascular endothelium. Biochem.
Biophys. Res. Commun.. 148: 1482-1489. 1987.

38. Radomski, M. W., Palmer, R. M. J., and Moneada, S. Comparative phar
macology of endothelium derived relaxing factor, nitric oxide and prostacy-
clin in platelets. Br. J. Pharmacol., 92: 181-187, 1987.

39. Radomski, M. W.. Palmer, R. M. J., and Moneada, S. Antiaggregating
properties of vascular endothelium: interactions between prostacyclin and
nitric oxide. Br. J. Pharmacol., 92: 639-646, 1987.

40. Amber, I. J., Hibbs, J. B., Jr.. Taintor, R. R., and Vavrin, Z. Cytokines
induce an L-arginine-dependent effector system in nonmacrophage cells. J.
Leukocyte Biol., 44: 58-65. 1988.

41. Lepoivre, M., Boudbid, H., and Petit, J. P. Antiproliferative activity of y-
interferon combined with lipopolysaccharide on murine adenocarcinoma:
dependence on an L-arginine metabolism with production of nitrite and
citrulline. Cancer Res., 49: 1970-1976, 1989.

42. Forstermann, U., Ishii, K.. Gorsky, L. D., and Murad, F. The cytosol of
N1E-115 neuroblastoma cells synthesizes an EDRF-like substance that re
laxes rabbit aorta. Naunyn-Schmiedebergs Arch. Pharmakol., 340:771-774,
1989.

43. Forstermann. U.. Gorsky, L. D.. Pollock, J., Ishii. K.. Schmidt, H. H. H.
W., Heller, M., and Murad, F. Hormone-induced biosynthesis of endothe-
lium-derived relaxing factor/nitric oxide-like material in N1E-115 neuro
blastoma cells requires calcium and calmodulin. Mol. Pharmacol., 38: 7-13,
1990.

44. Arroyo, C. M., Forray, C, EI-Fakahany, E. E., and Rosen, G. M. Receptor-
mediated generation of an EDRF-like intermediate in a neuronal cell line
detected by spin trapping techniques. Biochem. Biophys. Res. Commun.,
Â¡70:1177-1183, 1990.

45. Leibovitz, A., Stinson, J. C., McCombs, W. B., McCoy. C. E.. Mazur, K. C.
and Malm. N. D. Classification of human colorectal adenocarcinoma cell
lines. Cancer Res., 36: 4562-4569, 1976.

46. Radomski, M., and Moneada, S. An improved method for washing of human
platelets with prostacyclin. Thromb. Res., 30: 383-389, 1983.

47. Born, G. V. R., and Cross, M. J. The aggregation of blood platelets. J.
Physiol. (Lond.), I6S: 178-195. 1963.

48. Feelisch, M., and Noack, E. A. Correlation between nitric oxide formation
during degradation of organic nitrates and activation of guanylate cyclase.
Eur. J. Pharmacol., 139: 19-30, 1987.

49. Busse, R., and Mulsch, A. Calcium-dependent nitric oxide synthesis in
endothelial cytosol is mediated by calmodulin. FEBS Lett., 265: 133-136,
1990.

50. Radomski, M. W., Palmer, R. M. J., and Moneada. S. Anti-inflammatory
glucocorticoids inhibit the expression of an inducible. but not the constitutive,
nitric oxide synthase in vascular endothelium. Proc. Nati. Acad. Sci. USA,
87: 10043-10047, 1990.

51. Rees. D. D., Cellek, S., Palmer, R. M. J., and Moneada, S. Dexamethasone
prevents the induction by endotoxin of a nitric oxide synthase and the
associated effects on vascular tone: an insight into endotoxin shock. Biochem.
Biophys. Res. Commun., 173: 541-547. 1990.

52. Knowles, R. G., Merrett, M., Salter, M., and Moneada. S. Differential
induction of brain, lung and liver nitric oxide synthase by endotoxin in the
rat. Biochem. J.. 270: 833-836. 1990.

53. Fleming, I., Gray, G. A., Julou-Schaeffer, G., Parratt, J. R.. and Stoclet, J.
C. Incubation with endotoxin activates the L-arginine pathway in vascular
tissue. Biochem. Biophys. Res. Commun., 171: 562-568, 1990.

54. Fidler, I. J. Critical factors in the biology of human cancer metastasis: twenty-
eighth G. H. A. Clowes Memorial Award Lecture. Cancer Res., SO: 6130-
6138, 1990.

55. Feelisch, M., and Noack, E. Nitric oxide formation from nitrovasodilators
occurs independently of hemoglobin or non-heme iron. Eur. J. Pharmacol.,
142: 465-469, 1987.

56. Gerzer, R., Drummer, C., Karrenbrock, B., and Heim, J. M. Inhibition of
platelet activating factor-induced platelet aggregation by molsidomine, SIN
I. and nitrates in vitro and ex viro. J. Cardiovasc. Pharmacol., 14 (Suppl.
11):S115-S119, 1989.

57. Hibbs, J. B., Jr., Taintor. R. R., Vavrin, Z., Granger, D. L.. Drapier, J. C.,
Amber, I. J., and Lancaster, J. R., Jr. Synthesis of nitric oxide from a
terminal guanidino nitrogen atom of L-arginine: a molecular mechanism
regulating cellular proliferation that targets intracellular iron. In: S. Moneada
and E. A. Higgs (eds.). Nitric Oxide from L-Arginine: A Bioregulatory
System, pp. 189-223. Amsterdam: Elsevier, 1990.

58. Stuehr, D. J., and Nathan, C. F. Nitric oxide, a macrophage product respon
sible for cytostasis and respiratory inhibition in tumor target cells. J. Exp.
Med.. 169: 1543-1555. 1989.

59. Lepoivre, M., Boudbid, H.. and Petit, J. F. Antitumour cytostatic effect of
EMT-6 cells treated with interferon-gamma and lipopolysaccharide. In: S.
Moneada and E. A. Higgs (eds.). Nitric Oxide from L-Arginine: A Bioregu
latory System, pp. 415-422. Amsterdam: Elsevier, 1990.

60. Kilbourn, R. G., Gross, S. S., Jubran, A., Adams, J., Griffith, O. W., Levi,
R., and Lodata, R. F. iV^-Methyl-i.-arginine inhibits tumor necrosis factor-

induced hypotension: implications for the involvement of nitric oxide. Proc.
Nati. Acad. Sci. USA, 87: 3629-3632, 1990.

61. Baiimi. A. Arginine: biochemistry, physiology and therapeutic implications.
J. Parenteral Enterai Nutr., 10: 227-238, 1986.

6078

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/22/6073/2445764/cr0510226073.pdf by guest on 19 M

ay 2023


