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produces sustained NO concentrations in the micromolar range, which
is high when compared to the pico- to nanomolar concentrations
produced by the neuronal (NOS1) and endothelial isoforms (NOS3),
which are Ca2@ dependent (11, 12).

Recent studies have examined the expression and activity of the
three NOS isoforms in human cancer. An increased level of NOS
expression and/or activity was observed in human gynecological (13),
breast (14), and central nervous system (15) tumors. In the case of
human gynecological and breast cancer, the increased expression was
inversely associated with the differentiation grade of the tumor. More
over, nitrotyrosine accumulation in both the inflammed mucosa of
patients with ulcerative colitis (16) and in the stomach of patients with
a Helicobacter pylon gastritis (17) indicates that NO production and
the formation of peroxynitrite are involved in the pathogenesis of both
diseases, which predispose to cancer (18).

These observations suggest the hypothesis that NOS expression
may contribute to tumor development or progression. NO has several
properties that might enhance carcinogenesis. For example, NO is an
endothelial growth factor and specifically mediates tumor vascular
ization (19, 20) and tumor blood flow (21). Although high concen
trations of NO induce apoptosis in susceptible cells (22), low concen
trations of NO protect many cell types, including endothelial cells (23,
24), from apoptosis. Because factors like cytokines and hypoxia
synergistically induce NOS2 expression (25), the micro-environmen
tal changes in premalignant and malignant tumor tissue may establish
sustained and high NO production in a variety of tumor cells, thereby
supporting clonal selection and tumor growth.

The biological effects of NO are partly the product of NO metab
olites such as peroxynitrite and NO@. Protein nitration by peroxyni
trite and S-nitrosylation by NO@ may modulate important signal

transduction pathways (26â€”28).High concentrations of NO may have
pathobiological effects. For example, NO causes DNA damage by
nitrosative deamination (29, 30) and generates several genotoxic
by-products including NO2, which cause DNA strand breakage (31),
and peroxynitrite, which causes oxidative damage (32) and DNA
modifications (e.g., nitration; Ref. 33). NO may also cause DNA
modification by generating N-nitrosamines (34, 35) and DNA-reactive
lipid peroxidation intermediates via peroxynitrite (36). Furthermore,
NO inhibits certain DNA repair activities (37, 38) and members of the
cytochrome P450 enzyme family (39). Peroxynitrite is a powerful
oxidant (32) but also reacts with proteins producing 3-nitrotyrosine,
which is a stable product and marker of simultaneous NO and super
oxide radical generation (40, 41). Although NO is capable of reaching
cells more distant to the NO-producing cell (42), the less stable
peroxynitrite, and therefore 3-nitrotyrosine formation, is limited to a
small radius in the close proximity to its original formation (41).

DNA damage triggers accumulation of p53 protein (43, 44). We
have reported recenfly that p53 protein accumulates in human cells
exposed to NO, generated either by exposure to a NO donor or by
overexpression of NOS2 protein (45). The accumulation of p53 in
hibits NOS2 promoter activity, thereby down-regulating NOS2 cx
pression (45).
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ABSTRACT

An increased expression of nitric oxide synthase (NOS) has been oh
served in human colon carcinoma cell lines as well as in human gyneco
logical, breast, and central nervous system tumors. This observation
suggests a pathobiological role of tumor-associated NO production.
Hence, we investigated NOS expression in human colon cancer In respect
to tumor staging, NOS-expressing cell type(s), nitrotyrosine formation,
Inflammation, and vascular endothellal growth factor expression. Ca24-
dependent NOS activity was found In normal colon and In tumors but was
significantly decreased in adenomas (P < 0.001) and carcinomas (Dukes'
stages Aâ€”D:P < 0.002). Ca2@-lndependent NOS activity, Indicating in
ducible NOS (NOS2), is markedly expressed in approximately 60% of
human colon adenomas (P < 0.001 versus normal tissues) and in 20-25%
ofcolon carcinomas (P < 0.01 venus nonnal tissues). Only low levels were
found in the surrounding normal tissue. NOS2 activity decreased with
Increasing tumor stage (Dukes' Aâ€”D)and was lowest in colon metastases
to liver and lung. NOS2 was detected In tissue mononuclear cells (TMCs),
endothelium, and tumor epithelium. There was a statistically significant
correlation between NOS2 enzymatic activity and the level of NOS2
protein detected by immunohistochemlstry (P < 0.01). Western blot anal

ysis of tumor extracts with Ca2-independent NOS activity showed up to
three distinct NOS2 protein bands at M@125,O00-M@138,000. The same
protein bands were heavily tyrosine-phosphorylated in some tumor tis
sues. TMCs, but not the tumor epithelium, were immunopositive using a
polyclonal anti-nitrotyrosine antibody. However, only a subset of the

NOS2-expressing TMCs stained positively for 3-nitrotyrosine, which Is a
marker for peroxynitrite formation. Furthermore, vascular endothellal
growth factor expression was detected in adenomas expressing NOS2.
These data are consistent with the hypothesis that excessive NO produc
tion by NOS2 may contribute to the pathogenesis of colon cancer pro
gression at the transition of colon adenoma to carcinoma in situ.

INTRODUCTION

NO is an important bioactive agent and signaling molecule that
mediates a variety of actions such as vasodilatation, neurotransmis
sion, host defense, and iron metabolism but increased NO production
may also contribute to the pathogenesis of a variety of disorders
including cancer (1â€”6).NO is endogenously produced by a family of
enzymes known as NOSs2 (7, 8). Ca2tdependent isoforms (NOS1
and NOS3) were found to be constitutively expressed, whereas a
Ca24-independent isoform required induction (iNOS or NOS2). It is
now known that NOS1 and 3 also can be induced (8), and that NOS2
is expressed in some tissues constitutively, e.g., bronchus and ileum
(9, 10). Only the inducible isoform (i.e., N052 or Ca24 independent)
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N052 EXPRESSION IN HUMAN COLON ADENOMAS

Deamination of DNA by NO may represent an important endoge

nous mechanism of genomic alteration. For example, the NO-medi
ated deamination of 5-methylcytosine produces thymine. Hence, the
overrepresentation of point mutations in human disorders at methyl
ated CpG sites (46) and the high frequency of mutations at CpG sites
in the p53 tumor suppressor gene in human colon and brain tumors
(47, 48) may reflect the etiological contributions of NO in human
carcinogenesis.

To defme the role of NO production in the development of human
colon cancer, we correlated NOS expression in colon tumors to stage,
cell type, nitrotyrosine formation, inflammation, and VEGF expres
sion. If NO generates the G:C to A:T transitions at CpG sites, which
are so common in colon cancer, one would expect sustained and
excessive NO concentration in colon adenomas. Our data demonstrate
significant NOS2 activity in a high percentage of colon adenomas. We
hypothesize that NO is a candidate endogenous carcinogen that either
generates or selects for the high frequency of p53 mutations that arise
at the transition from adenoma to carcinoma in situ (49).

MATERIALS AND METHODS

Materials. NÂ°-monomethyl-L-arginine, (6R,S)-5,6,7,8-tetrahydro-L-biop

term, aprotinin, pepstatin A, and PMSF were purchased from Calbiochem (San
Diego, CA); the Dowex AG 50W-X8 resin, 200-400 mesh, sodium form, was
from Bio-Rad (Richmond, CA), and the BCA protein reagent was from Pierce

(Rockford, IL); rabbit polyclonal anti-NOS2 antibodies were either purchased

from Transduction Laboratories (Lexington, KY) or kindly provided by Merck
& Co (Rahway, NJ); the rabbit polyclonal anti-VEGF (A-20) antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA); the rabbit poly
clonal anti-nitrotyrosine antibody and the murine monoclonal anti-phosphoty
rosine antibody 4010 were received from Upstate Biotechnology (Lake Placid,
NY). L-(2,3,4,5-311)-argininewas obtained from Amersham Corp. (Arlington
Heights, IL).

Tissue Collection and Preparation of Soluble Tissue Extracts. With the
approval of local boards governing research on human subjects, surgically
resected frozen colon tumors [25 adenomas, 42 carcinomas (Dukes' stages
Aâ€”D),and 5 colon metastasesto lung and liver] and surroundingnontumor
tissues (n = 68) were obtained from the Cooperative Human Tissue Network
(Birmingham, AL; Columbus, OH; Philadelphia, PA) or the University of
Maryland, Department of Pathology (Baltimore, MD) and stored at â€”70Â°Cfor

less than 3 months. Tissue fragments (<500 mg) were crushed with a pestle
and mortar under liquid nitrogen and homogenized with a PowerGen 125
homogenizer in 1.5â€”2.5ml buffer A (50 mM HEPES, 1 mM D'IT, 1 mM
L-citrulline, 1 rEM MgC12, 5 mg/l pepstatin A, 0.1 m@i PMSF, and 3 mg/l

aprotinin, pH 7.4) at 0â€”4Â°C.Endogenous arginine was removed by addition of
Dowex AG 50W-X8 resin (â€”200 mg). The samples were centrifuged

(15,000 x g at 4Â°Cfor 10 mm), and the supernatants were used for determi
nation of NOS activity. Protein was determined with the BCA protein reagent
at 562 nm using BSA as a standard.

Assay of NOS Activity. The conversion of L-arginine to L-citrulline was
measured by a modification of a described method (50). The assay was started
by the addition of 100 @lof tissue extract to 100 @lof assay buffer [buffer A
containing 100 ,.@Marginine, 100,000 dpm L-(2,3,4,5-3H)-arginine, 2 mM
NADPH, 5 p@M(6R,S)-5,6,7,8-tetrahydro-L-biopterin, 5 pM flavin adenine
dinucleotide, and 0.5 mMCaC12for determination of total NOS activity or 1
mM EGTA to determine the Ca24-independent NOS activity). To determine
L-argimne metabolism due to NOS, each sample was assayed Â±1 mM L-NMA.
After 30 mm at 37Â°C,the enzymatic reaction was stopped with 100 @lof 1 M
trichloroacetic acid. The samples were adjusted to pH 4.6 by the addition of

500 @.dof 200 mM HEPES, pH 8, and loaded on Dowex AG 50W-X8 resin
columns. The columns were washed with 300 @lof 50 mr@iHEPES, 1 mM
L-citrulline, and 1 mM EGTA, pH 7.4. The eluates were counted. The L-NMA

sensitive L-arginine to L-citrulline conversion was used for calculation of
enzyme activities.

Histological Review of Tissue Samples and Immunohistochemical

Staining. Portions of frozen tissue samples were fixed in 100% ethanol and
embedded in paraffin. H&E-stained sections of tumor and nontumor tissues

were reviewed for tumor content and inflammatory infiltrate. Immunohisto

chemistry was performed by deparaffinizing and rehydrating unstained 5-@.tm

sections. Endogenous peroxidase activity was blocked by treatment with 0.3%
H2O2 in Dulbecco's PBS for 20 mm at room temperature. Sections were
incubated at 8â€”10Â°Cfor 20 mm in a humidified chamber with a 1:50 dilution
of normal goat serum in PBS/2% BSA. After washing with PBS, sections were
incubated with a polyclonal rabbit anti-NOS2 antibody either from Transduc
tion Laboratories, diluted 1:100, or from Merck, diluted 1:10,000, or with a 1
,.Lg/ml solution of a polyclonal anti-nitrotyrosine antibody (Upstate Biotech

nology) in PBS/2% BSA for 45 mm. Slides were then rinsed with PBS and
incubated with a secondary, biotin-labeled goat anti-rabbit immunoglobulin
antibody (Vectastain, ABC Elite Kit; Vector Laboratories, Burlingame, CA).

After incubation with an avidin-biotin-peroxidase complex, slides were stained
with 3,3-diaminobenzidine for 20 mm. Staining was compared to sections
stained either only with the second antibody (NOS2) or with control IgG
substituted for the primary antibody, or to sections stained with the anti
nitrotyrosine antibody in the presence of I mM 3-nitrotyrosine.

Western Blot Analysis. Protein extracts were prepared from tissue pieces
crushed under liquid nitrogen and homogenized on ice in RIPA buffer [50 mM

Tris-HC1 (pH 7.4), 150 mM NaCl, 1% Triton X-lOO, 1% deoxycholate, and
0.1% SDS] containing 1 mM D'IT, 0.1 mM PMSF, I mM vanadate, and 10 mg/I
aprotinin. Supematant was prepared by centrifugation at 120,000 X g for 10
mm, and protein concentrations were determined with the BSA protein rca
gent. For NOS2 and phosphotyrosine, 300 @gof soluble protein extract were
loaded on a SDSI7% polyacrylamide gel and separated at 150V for 2 h. VEGF
expression was determined by IP-Western. Five @gof rabbit polyclonal
anti-VEGF antibody (Santa Cruz) were added to 1 mg of protein extract and
incubated for 1 h at 8â€”10Â°C.Ten mg of protein A-Sepharose (Pharmacia,
Piscataway, NJ) were added and mixed for 1 h at room temperature, and the
samples were spun at 10,000 X g. The pellet was washed with RIPA buffer,

heated at 95Â°C(plus 5X SDSIDTF loading buffer; 5 Prime-3 Prime, Inc.,
Boulder, CO) and loaded on a 13% gel. After electrophoretical transfer to an
Immobilon-P membrane (Millipore, Bedford, MA), unspecific binding was
blocked by incubation in TBST [10 mM Tris (pH 8), 150 mM NaC1, and 0.05%

Tween 20] plus 4% BSA for 4 h at room temperature. The membranes were
probed either with a polyclonal anti-human NOS2 antibody (Merck), diluted

1:40,000in TBST,or witha monoclonalanti-phosphotyrosineantibody(Up
state Biotechnology), 1 @g/ml,or with a rabbit polyclonal anti-VEGF anti
body, diluted 1:1000 in TBST/2% BSA. After washing three times in TBST,
the membranewas probedwith an anti-rabbit/mouseimmunoglobulinperox
idase-coupled antibody (Amersham) diluted 1:10,000 in TBST/2% BSA. Blots
were developed using the Renaissance Western blot chemiluminescence sys

tern (DuPont, Boston, MA) and exposed to Hyperfilm-ECL (Amersham).
RT-PCR and Sequencing. RNA [preparedaccordingto Chomczynksiand

Sacchi (51)] from normal and tumor tissues from colon cancer patient 1 was
submitted to RT-PCR using murine macrophage NOS cDNA primers (5'-
primer CGCFACTACTCCATCAGCFC and 3'-pnmer TGCCAGAAACT
TCGGAAGGG). Briefly, 1 @gof total RNA was added to RT buffer [67 mM
Tris/HC1 (pH 8.8), 6.7 mM MgCl2, 16.6 mM (NH)45O4, 6.8 @.&MEDTA, 10 mM
2-mercaptoethanol, and 1mMdeoxynucleotide triphosphate] and incubated (45
mm at 42Â°C)in the presence of 40 units of RNasin (Promega Corp., Madison,
WI), 200 units SuperScriptTM Reverse Transcriptase (BRL, Gaithersburg,
MD), and the 3' primer(final concentration,1 .tM).Then the 5'-primerand
DMSO (finalconcentration,1 @Mand 12%,respectively)were added,andthe
samples were subjected to 35 cycles of denaturation (30 s at 94Â°C), annealing

(I mm at 56Â°C), and extension (30 s at 78Â°C) in the presence of Taq
polymerase (1 unit; Perkin-Elmer, Norwalk, CT). The cDNA fragment ob
mined was gel purified (QuickPrep; Schleicher and Schuell, Keene, NH), and
50 ng were used for sequencingusing Exo-PfuCyclist (Stratagene,La Jolla,
CA).

Statistical Analysis. Comparisons between two characteristics were car
ried out either by the Mann-Whitney U test or the Spearman rank sum test.
Relationships were considered statistically significant when P < 0.05.

RESULTS

NOS Activity. Colonic NOS activity was measured in 72 colon
tumors and 68 surrounding normal tissues. The activity was deter
mined as the L-NMA-sensitive conversion of arginine to citrulline.
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NOS2 EXPRESSION IN HUMAN COLON ADENOMAS

Initial experiments with several colon tissues showed that this activity
was more than 85% dependent on the addition of NADPH to the assay
(data not shown). The Ca2@-independent NOS activity, indicating
inducible NOS (NOS2), was markedly expressed in 60% of human

colon adenomas (P < 0.001), whereas it was low or undetectable in
the surrounding normal tissue (Fig. 1B). The activity decreased with
increasing stage of the disease and was lowest in colon metastases to
liver and lung (Fig. 1B). Ca2tdependent NOS activity was detected
in normal colon and tumors (Fig. 1A) but was significantly decreased
in adenomas (P < 0.001) and carcinomas (Dukes' Aâ€”D:P < 0.002;

Dukes' A and B: P < 0.02; Dukes' C: P < 0.03; Dukes' D: P < 0.24,
versus normal tissue). This result suggests a stage-dependent reduc
tion in the abundance of NOS1- and NOS3-expressing cells, which are
mainly endothelial cells (NOS3) and neurons of the autonomous
nervous system (NOS1).

NOS2 Western and Tyrosine Phosphorylation of NOS2. West
em blot analysis of tumor extracts with Ca2@-independent NOS
activity revealed up to three distinct NOS2 bands at approximately Mr
125,000â€”138,000 (Fig. 2A). Tissue pairs, consisting of an adenoma
and surrounding normal tissue, were analyzed. NOS2 protein was
detected in every tumor but not in the surrounding normal tissue. A
comparison with human NOS2 protein in an extract from a NOS2-
transfected human colon carcinoma cell line (positive control, Fig.
2A) revealed that these cells express mainly the Mr 130,000 NOS2
protein but also one or two smaller NOS2 proteins, which migrate at
approximately Mr llO,000l20,000. These last two bands did not
comigrate with the Mr 125,000l38,000 bands found in the protein
extracts of adenomas (Fig. 2A). Because the posuranslational activa
tion of NOS2 by tyrosine phosphorylation has been reported, we
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Fig. 2. Western blot analysis ofNOS2 protein expression and tyrosine phosphorylation
in colon adenomas. Tissue pairs consisting of an adenoma and the surrounding normal
tissue were analyzed. Three hundred @gof protein were separated on a 7% polyacryl
amide gel. After transfer to an Immobilon-P membrane, the Western blots were probed
with either a polyclonal anti-human NOS2 antibody (Merck) or a monoclonal anti
nitrotyrosine antibody. Protein extracts of tumors with Ca2@-independentNOS activity
contained up to three distinct NOS2 bands at approximately Mr 125,000l38,000 (A).
NOS2 protein was detected in every tumor (7) but not in the surrounding normal tissue
(N). One hundred @gof a protein extract from a NOS2-transfected human colon carci
noma cell line were loaded as a NOS2-positive control (A). A Mr 125,000138,000
protein band, migrating exactly with the position of the NOS2 bands, was heavily tyrosine
phosphorylated in some tumor tissues (B). The phosphotyrosine labeling at Mr 125,000
138,000 was not obtained with extracts from normal tissues.
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examined the extent of this modification in vivo. We found that a Mr
125,000â€”138,000 protein, migrating exactly with the position of the
NOS2 bands, was heavily tyrosine-phosphorylated in some tumor tissues
(Fig. 2B). The phosphotyrosine labeling at Mr 125,000138,000 was not
obtained with extracts from normal tissues or from tumors without
NOS2. Phosphotyrosine labeling of the NOS2 protein was also observed
in protein extracts of human NOS2-transfected HCT-116 and HT-29
human colon carcinoma cells (data not shown). The result suggests that
posttranslational activation of human NOS2 by tyrosine phosphorylation
might occur commonly in human inflammatory cells because this mod
ification was detected in tumors, which had abundant NOS2 expression
in tissue mononuclear cells.

Immunohistochemical NOS2 PrOtein Expression. The source of
Ca2tindependent NOS activity was determined by immunohisto
chemistry with two different polyclonal anti-NOS2 antibodies. Both

antibodies generated the same labeling pattern. Whereas NOS2 was

detected in several cell types such as TMCs, endotheium, and tumor
epitheium (Table 1), it was most commonly found in TMCs (Fig. 3,
A and C). However, the appearance of NOS2-expressing TMCs was
not associated with the amount of tissue inflammation. To further
validate the staining specificity, we investigated the quantitative cor
relation between NOS2 immunohistochemistry and NOS2 assay in 21
tissues (Fig. 4). We found a statistically significant correlation be
tween NOS2 activity and immunohistochemical staining (P < 0.01).
This result also underlines the usefulness of the NOS activity assay in

human colonic tissues, in particular, because the Western blot analysis
confirmed the presence of NOS2 protein in tissues with Ca2@-inde
pendent NOS activity.
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I . NOS activities in human colon tumors and surrounding normal tissues.Theactivity
was determined as the L-NMA-sensitive conversion of arginine tocitrulline.Ca2@-dependent

NOS activity was detected in normal colon and tumors (A) butwassignificantly
diminished in adenomas (P < 0.001) and carcinomas (Dukes'Aâ€”D:P

< 0.002; Dukes' A and B: P < 0.02; Dukes' C: P < 0.03; Dukes' D: P < 0.24).TheCa2@-independent
NOS activity was high in colon adenomas (P < 0.001) and low inthesurrounding

normal tissue (B). The activity decreased with the progression ofcoloncancer(Dukes'
Aâ€”D)and was very low in colon metastases to liver and lung (B) Bars, Mm-Max.
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Table INOS2 expressionin human colontumorsCaseTissue

@aNOS2
activity

pmol/min/mgNOS2 IHCâ€•Cell
typec
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NOS2 EXPRESSION IN HUMAN COLON ADENOMAS

3-NT was detected in TMCs and some polymorphonuclear neutro

phils, but only a subset of the NOS2-expressing cells stained positive
for 3-NT (Fig. 3, C and D). Moreover, 3-NT was not detected in the
tumor epithelium, yet NOS2 protein was present in some of the tumor
epithelial cells (Fig. 3, A and B). The specificity of this staining was
confirmed by the addition of 1 mi@i3-NT to the staining protocol,
which reduced binding of the anti-nitrotyrosine antibody by 80â€”100%
(Fig. 6). We conclude that some of the TMCs produce peroxynitrite,
and that the reactivity of this species is restricted to those cells.

VEGF Expression. We tested the hypothesis that NO may stim
ulate VEGF expression in developing tumors and analyzed VEOF
expression by Western blot analysis in adenomas positive for NOS2.
There was more VEGF protein in the four adenomas than in the
surrounding normal tissues, as determined by IP-Western and densi
tometry (Fig. 7). This distribution correlates with the NOS2 protein
content, which was high in the adenomas and undetectable in the
normal tissues.
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a@ adenoma; CIS. carcinoma in situ; CA, carcinoma.

b o, not detectable; 1, few cells are positive, focal or scattered; 2, marked focal staining

or frequent scattered staining; 3, very intensive staining in a large focus or intensive
staining throughout the tumor tissue.

C MO, mononuclear inflammatory cells; ENDO, endothelium; TE, tumor epithelium.

RT-PCR and Sequencing. In supportof the conclusionregardingan
increased expression of NOS2 in colon tumors, the NOS2mRNAconcentration

was determined by RT-PCR in two pairs of colontumorand
surrounding normal tissue. Both tumors had a high NOS2activity,whereas

the activity was low in the surrounding normal tissue.Afteramplification
with NOS2-speciflc primers, the RT-PCR productwassequenced.

As shown in Fig. 5 for one tissue pair, the tumortissuescontained

higher levels of NOS2 message than the surrounding nor
mal tissues. Sequencing revealed that the PCR products encoded a
peptide sequence (62 amino acids) with 96% identity of human NOS2
reported in GenBank.0 1233-NT

Formation. We investigated whether 3-NT, a markerofperoxynitrite,
is detectable in tumors with high NOS2 expression.

3-NT, which evolves through protein nitration, was determined by Fig.4. NOS2activityversusNOS2immunohistochemistry.NOS2
immunohistochemistry with a polyclonal anti-nitrotyrosine antibody. correlateswithNOS2activity(P < 0.01,Spearmanranksumtest).staining

intensity

NOS2Immunohistochemistry

S

Fig. 3. NOS2 and nitrotyrosine staining in colon
adenomas. Successive sections of two colon ade
nomas with NOS2 activity were stained for NOS2
(A and C) and nitrotyrosine (B and D). NOS2
staining was obtained in the tumor epithelium (A.
large arrows) of one and in the TMCs of both
adenomas (Aand C, small arrows; X400), of which
onecontaineda largesectionof carcinomain situ
(A). The anti-nitrotyrosine antibody labeled TMCs
(B and D, arrows; X400) and some polymorpho
nuclearcells(D, arrows)but not the NOS2-positive
tumor epithelium (B, large arrow; NOS2 in A).
Methyl green counterstain.
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NOS2 EXPRESSION IN HUMAN COLON ADENOMAS

general decrease in vascularity and autonomic innervation of tumor
tissues may also produce the decrease in Ca2@-dependent NOS activ
ity. A recent analysis of colon microvasculature found that adenomas
have a lower capillary density than primary and metastatic tumors
(54). This is consistent with our observation that NOS3 expression is
significantly reduced in adenomas compared to carcinomas or normal
colonic mucosa.

The statistically significant correlation between NOS2 activity and
NOS2 immunohistochemistry underlines the usefulness of the NOS
activity assay in human colomc tissues, in particular, because Western
blot analysis and RT-PCR also confirmed the presence of NOS2
protein in tissues with high Ca2tindependent NOS activity. Both of
the antibodies that we used generated the same labeling pattern, and
the specificity of one of the antibodies for human NOS2 has already
been documented (16). NOS2 expression was primarily observed in
tissue mononuclear cells, and only this cell type as well as some
polymorphonuclear cells, but not the tumor epithelial cells, were

labeled by a polyclonal anti-nitrotyrosine antibody. However, only a
subset of the NOS2-expressing cells stained positive for 3-nitroty
rosine, which is a marker for peroxynitrite formation. Additionally,
other mechanisms of NO-mediated protein modification have been
reported, suggesting alternative pathways for 3-NT formation that do
not involve peroxynitrite (55). Nitrotyrosine formation has been

+RT -RT
I II I

MNTCN TC

Nos2@@gg@ !@

Fig. 5. RT-PCR analysis of NOS2 mRNA in tumor (7) and nontumor (N) colon tissue
from one patient. A PCR product of 270 bp could be obtained only in the presence of
reverse transcriptase (+R7) but not without (â€”Ri). The first lane (M) contains molecular
weight marker (200, 300, 400, 500, 700, and 1000 bp); in control samples (C), no RNA
was added at the beginning of the reaction.

DISCUSSION

We investigated NOS expression in human colon cancer in respect
to tumor staging, NOS-expressing cell type, nitrotyrosine formation,
inflammation, and VEGF expression. NOS2 was markedly expressed
in approximately 60% of human colon adenomas, whereas it was
either low or absent in the surrounding normal tissue. NOS2 was
found in TMCs, endothelium, and tumor epithelium. Our results differ
from a recent report (52), which did not detect human NOS2 and
concluded that NOS expression is low or absent at all stages of colon
carcinogenesis. Although we found reduced Ca2@-dependent NOS
activity, there was markedly increased NOS2 activity in adenomas
that decreased to a baseline level with cancer progression. We attrib
ute our new findings to either dissimilarities in the studied population
(United States versus Singapore) or to technical changes toward an
improved detection of human NOS2, such as a more specific anti
human NOS2 antibody used in our study.

The appearance of NOS2 in inflammatory cells and tumor endo
thelium coincides with reduced expression of NOS1 and/or NOS3.
Consistent with a previous report (52), our results suggest that the
abundance of endothelial cells, which express NOS3, and autonomic
neurons, which express NOS 1, decreases in colon tumors. Because
tumor-associated NOS2 also is located in the blood vessel walls,
cytokines may induce NOS2 in vascular smooth muscle cells and at
the same time down-regulate endothelial NOS3. Such a differential
expression pattern has been observed in human vascular smooth
muscle and endothelial cells treated with cytokines (53). However, a
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Fig. 7. Increased VEGF expression in human colon adenomas with NOS2 activity.

Protein extracts of four adenoma/surrounding normal tissue pairs were analyzed by
@p-westem.Specifically, 5 @&gof a polyclonal anti-VEGF antibody were mixed with 1 mg

of protein extract of each sample. The VEGF/anti-VEGF antibody complex was precip
itated with protein A-Sepharose and heated at 95Â°C,and the supematants containing the
total immunoprecipitated VEOF were loaded on a 13% gel. After transfer to an hnmo
bilon-P membrane, the Western blots were probed with the polyclonal anti-VEGF anti
body. Increased VEGF protein was detected in all adenomas (1). The VEGF protein level
was lower in the surrounding normal tissues (N), which do not contain NOS2, than in the
NOS2-expressing adenomas (see Densitornetry). VEGF was detected at M@24,000
28,000 (kDa: 24 and 28), indicating the expression of the VEGF165 and VEGF189
isoforms.
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Fig. 6. Blockade of nitrotyrosine staining by I inst 3-NT. Successive sections of a colon carcinoma were stained with a polyclonal anti-nitrotyrosine antibody and a brown chromogen,
diaminobenzidine. Positive staining is indicated by brown deposits. A blockade by 80â€”100%of the specific nitrotyrosine staining (A) was obtained with the addition of 1 mxi 3-NT
to the primary antibody staining solution (B).
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shown previously in ulcerative colitis (16) and Helicobacter pylon
gastritis (17). In ulcerative colitis, most NOS2 was expressed in colon
epitheial cells, indicating that the physiology of NOS2 expression in
colon carcinogenesis may differ from that in ulcerative colitis. A
colocalization of NOS2 and nitrotyrosine has been observed in ulcer
ative colitis (16). Others found nitrotyrosine in both epitheial cells
and infiltrating macrophages in Helicobacter pylon gastritis (17) or
juxtaposed to NOS2-expressing macrophages and not distant to the
source of NO (41). We found that only a variable percentage of
NOS2-expressing inflammatory cells stained positive for nitroty
rosine, but we did not find nitrotyrosine labeling in epithelial cells.
Our observations might be explained in part by hypoxia within tu
mors, which reduces the concentration of reactive superoxide radicals
and the subsequent formation of peroxynitrite. Only stoichiometric
fluxes of NO and O2 interact to yield potent oxidants such as
0N00, whereas excess production of either radical inhibits these
oxidative reactions (56).

A Mr 125,000138,000 protein band, consistent with NOS2, was
heavily tyrosine-phosphorylated in some tumor tissues. The band was
absent in normal tissues and tumors without detectable NOS2 expres
sion. Tyrosine phosphorylation is a posttranslational modification that
activates NOS2 (57). The specific phosphorylated tyrosine residue(s)
has not been identified yet, nor do we know which tyrosine kinase(s)
phosphorylates human NOS2. Our result suggests that posttransla

tional activation of human NOS2 by tyrosine phosphorylation might
occur commonly in human lymphocytes and macrophages, because
this modification was detected in tumors that had abundant NOS2
expression in tissue mononuclear cells.

The pathobiological functions of NOS2 in tumors are not well
defmed. Recent reports have shown that NO induces endothelial cell
growth, mediates tumor vasculanzation, and regulates the tumor
blood flow (19â€”21). Tumors may modulate the synthesis of NO in

their vasculature by secretion of factors that induce NOS2 (25, 58). In
addition, we have found that NOS2 is expressed in proliferative but
not in differentiated intestinal cells in culture (59). In this respect, NO
production may be a part of the angiogenic switch in developing

tumors, without which the size of the developing tumor would be
limited by the lack of vascularization. This view has been confirmed
by the fmding that VEGF-stimulated angiogenesis is dependent on
NO production (60). To indirectly address the hypothesis that NO can
stimulate VEOF synthesis, we studied expression of VEGF in several
adenomas with high NOS2 expression. VEGF expression was in
creased in all of the adenomas when compared to the VEGF protein
level in the surrounding normal tissues that were low in NOS2. We
conclude that NO may participate in the induction of VEGF or,
alternatively, VEGF and NOS2 may have common induction path
ways. Regardless, this finding requires additional studies, and we are
presently investigating the effect of NO on VEGF expression in a
colon carcinoma model.

Another hypothesis can be developed from the observation that
peroxynitrite activates prostaglandin synthesis (61, 62). Peroxynitrite
increases cyclooxygenase activity by serving as a substrate for the
peroxidase activity of the enzyme (61) or may modify the protein via
S-nitrosylation (62). In this way, coproduction of NO and superoxide
may increase the production of some mitogenic eicosanoids by TMC,
which then exert antiapoptotic activity in the surrounding tumor
epitheium. The relevance of this pathway is suggested by the protec
tive effect of nonsteroidal anti-inflammatory drugs against the devel
opment of colon cancer (63), which is thought to be mediated through
the inhibition of cyclooxygenase-2 (64). However, the effect of NO
production in tumor biology may change during tumor progression.
This hypothesis is supported by data indicating that NO production in
a metastatic murmnemelanoma cell line reduces survival of tumor cells

in the circulation and inhibits tissue invasion (65). Thus, NO may
support tumor growth at an early stage but may oppose development
of metastases. This notion is supported by our finding that NOS2
activity declines as tumor stage advances and is low or undetectable
in metastases to lung and liver.

NO can exert cytotoxicity (2). High NO concentrations are required
to induce apoptosis in some mammalian cells (22). Just as compelling
is the accumulating evidence that low concentrations of NO protect

from apoptotic cell death (23, 24, 66, 67). NO chemistry is complex
(40, 42) and is still incompletely understood in the cellular context.
The concentration ratios between NO, 02, and O2 primarily deter
mine the fate of NO (42). Hypoxia, arising during cancer develop
ment, may favor nitrosative modifications by NO. This phenomenon
is explained by the NO oxidation rate, which increases with the square

of the NO concentration (42) but decreases linearly as the 02 con
centration falls during hypoxia. Therefore, a partial decrease of the
tissue 02 concentration in the presence of a high NO concentration
may favor the formation of deaminating nitrogen species such as
N2O3. Inflammation can generate superoxide radicals that modulate
the NO pathway toward peroxynitrite formation, OH-like oxidative
damage, and nitration of DNA and proteins (40). However, high
concentrations of NO may quench superoxide anion radicals because
the reaction product peroxynitrite can rearrange to nontoxic nitrate.
NO also can scavenge an oxidizing intermediate generated from
peroxynitrite (42), which may account for NO-mediated protection
against cytotoxic superoxide radicals generated by xanthine oxidase
(68) and for protection from tissue damage in a rat liver inflammation
model (69). Therefore, NO can either cause or protect against oxygen
radical-induced lipid-peroxidation and DNA damage.

NO mutagenicity has been demonstrated in Salmonella typhi
murium, in murine lymphoma cells in vivo, and in human cells (29,

30, 70). We would expect that this would lead to an accumulation of
p53 protein (43, 44). We have reported recently the accumulation of
p53 in human cells exposed to NO, generated either by exposure to a
NO donor or by overexpression of NOS2 protein (45). Furthermore,
expression of p53 results in down-regulation of NOS2 expression and
activity by inhibition of NOS2 promoter activity (45). Hence, NO may
be a possible candidate that selects cells carrying mutant p53 at the
transition from colon adenoma to carcinoma in situ because it has both
genotoxic and angiogenic properties. Mutant p53 cells may be less
susceptible to NO-induced growth arrest, and low to moderate NO
concentrations may exert antiapoptotic properties specifically in those
cells. Only clones with nonfunctional p53 would tolerate the geno
toxicity of sustained NO production and escape growth arrest and
apoptosis while tumor growth is supported. Not surprisingly, hypoxia,
arising with tumor size, has been reported to select for mutant p53
cells, which are resistant to hypoxia-induced apoptosis (71).

Our data demonstrate increased NOS2 activity in a high percentage
of colon adenomas. Therefore, we hypothesize that NO is a candidate
endogenous carcinogen that either generates or selects for the high
frequency of mutations in the p53 gene and other cancer-related genes
that arise at the transition from adenoma to carcinoma in situ (49).
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