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To investigate the potential involvement of the nitric
oxide (NO) pathway in colorectal carcinogenesis, we
correlated the expression and the activity of inducible
nitric oxide synthase (iNOS) with the degree of tumor
angiogenesis in human colorectal cancer. Tumor sam-
ples and adjacent normal mucosa were obtained from
46 surgical specimens. Immunohistochemical expres-
sion of iNOS, vascular endothelial growth factor
(VEGF), and CD31 was analyzed on paraffin-embed-
ded tissue sections. iNOS activity and cyclic GMP lev-
els were assessed by specific biochemical assays. iNOS
protein expression was determined by Western blot
analysis. iNOS and VEGF mRNA levels were evaluated
using Northern blot analysis. Both iNOS and VEGF
expressions correlated significantly with intratumor
microvessel density o, = 0.31, P = 0.02 andr_ = 0.67,
P < 0.0001, respectively). A significant correlation
was also found between iNOS and VEGF expression
(P = 0.001). iNOS activity and cyclic GMP production
were significantly higher in the cancer specimens
than in the normal mucosa (P < 0.0001 and P <
0.0001, respectively), as well as in metastatic tumors
than in nonmetastatic ones (P = 0.002 and P = 0.04,
respectively). Western and Northern blot analyses
confirmed the up-regulation of the iNOS protein and
gene in the tumor specimens as compared with nor-
mal mucosa. NO seems to play a role in colorectal
cancer growth by promoting tumor angiogenesis.
(Am J Patbol 2003, 162:793-801)

Nitric oxide (NO) is a bioactive agent that mediates a
number of actions, such as vasodilatation, neurotrans-
mission, and immune response.’® NO is synthesized by
a family of three NO synthase (NOS) isoenzymes that
convert L-arginine into L-citrulline in the presence of mo-
lecular oxygen yielding free NO.*® The endothelial NOS
and the neuronal NOS are Ca®* and calmodulin-depen-
dent isoforms and are constitutively expressed. The third
isoform, inducible NOS (iNOS), is Ca®*-independent and
requires induction in response to cytokines and proin-
flammatory agents. Only iNOS is capable of producing
sustained NO concentrations in the micromolar range.®
NO released by iNOS is generated by the cells of the
immune system among others and it has been shown to
be both cytostatic and cytotoxic to tumor cells and a
variety of microorganisms.”

Recent studies have investigated the expression and
the activity of INOS in human cancer. An increased level
of INOS expression and/or activity has been found in the
tumor cells of gynecological malignancies,® in the stroma
of breast cancer,® and in the tumor cells of head and
neck cancer.’®"" Although iINOS expression and activity
have been demonstrated even in colorectal cancer, re-
sults are still controversial. Several studies on this subject
have shown an increase of iINOS expression in tumor
tissue when compared to normal mucosa.'®'” However,
opposite results have been found by Moochhala and
colleagues.'® Contrasting findings have been found even
regarding the cellular localization of iINOS within the tu-
mor samples. Some studies™~'" have shown the pres-
ence of INOS expression in tumor epithelial cells,
whereas Ambs and colleagues' ' demonstrated that
iINOS is expressed mainly by the inflammatory mononu-
clear cells that infiltrate colorectal adenomas and adeno-
carcinomas.

A specific cause-effect relationship between the up-
regulation of the INOS gene and colon cancer has been
recently demonstrated by Ahn and Oshima.'® The knock-
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ing out of the iINOS gene in APC M"™) mice (an animal
model for human adenomatous polyposis) resulted in a
marked reduction in the number of intestinal polyps. This
observation indicates that iINOS and NO may play a
relevant role in colorectal carcinogenesis. It is likely that
several molecular mechanisms are involved. It is known
that NO reaction with oxygen or superoxide may result in
toxic compounds capable of causing tissue damage and
genotoxicity.®® Direct damage includes DNA base
deamination and single-strand breaks in DNA. All these
alterations may have potential carcinogenic effects.

A number of in vitro and in vivo investigations indicate
the possible involvement of NO in promoting tumor an-
giogenesis.?" It has been demonstrated that NO induces
endothelial cell growth and regulates the tumor blood
flow.?® Moreover, vascular endothelial growth factor
(VEGF)-mediated angiogenesis is dependent on NO pro-
duction and requires the activation of the NO/cGMP path-
way within the endothelial compartment 224

An indirect promotion of tumor angiogenesis through
the activation of the cyclooxygenase (COX) enzyme path-
way may also be hypothesized for NO. Peroxynitrite, the
coupling product of NO and superoxide, activates COX
activity and prostaglandin biosynthesis.?®> We have re-
cently shown the relationship between COX-2 overex-
pression and tumor angiogenesis in colorectal cancer.?®

The aim of this study was to determine the expression
of INOS and its activity in human colorectal tumors. To
investigate the possible role of the NO pathway in tumor
angiogenesis, these two parameters were correlated with
tumor stage, intratumor microvessel density (MVD), the
production of cGMP and prostaglandin E, (PGE,), and
the expression of VEGF and nitrotyrosine (NT), which is a
marker of peroxynitrite.

Materials and Methods

Patients and Tissue Collection

Tissue samples were obtained from 46 patients (20
males, 26 females; median age, 66 years; age range, 46
to 81 years) who had consecutively undergone surgical
resections for primary sporadic colorectal adenocarcino-
mas at the Department of General Surgery, University of
Florence, Florence, ltaly. All patients were thoroughly
informed about the aims of the study and gave written
consent for the investigation in accordance with the eth-
ical guidelines of the University of Florence. Nine tumors
were located in the proximal colon (up to the splenic
flexure), 20 in the distal colon, and 17 in the rectum. Forty
tumors were classified as adenocarcinomas and six tu-
mors were classified as mucinous carcinomas (when
more than 50% of the tumor volume was composed of
mucin). Adenocarcinomas were classified according to
the World Health Organization classification®” as well
differentiated (n = 1), moderately differentiated (n = 34),
and poorly differentiated (n = 5). Tumors were classified
into four stages according to the American Joint Commit-
tee on Cancer staging system:?® stage | (T;-T,, No, M)
(n = 5); stage Il (T5-T,, Ng, Mp) (n = 19); stage Ill (any T,

Ni_s, Mg) (n = 18), and stage IV (any T, any N, M) (n =
4). Cancer tissue (from the edge of the tumor) and adja-
cent normal mucosa (at least 10 cm from the tumor) were
excised from each surgical specimen. The samples were
washed in phosphate-buffered saline (PBS) and then
flash-frozen in liquid nitrogen for Northern blot analysis;
frozen at —80°C for Western blot analysis; and frozen at
—20°C for iINOS activity, cGMP, and PGE, production
evaluation until processing. Other samples were fixed in
4% formaldehyde and embedded in paraffin for immuno-
histochemical analysis.

iNOS activity, cGMP levels, and PGE, production were
also evaluated in normal colon mucosa biopsies from 10
patients (controls) (seven males, three females; median
age, 53 years; age range, 18 to 65 years) who had
undergone colonoscopy for altered bowel habits or ab-
dominal pain. Four biopsies were obtained from the prox-
imal colon, three from the distal colon, and three from the
rectum. These patients had also given written consent
regarding the investigation.

Immunohistochemistry

Four-um-thick sections were cut from the formalin-fixed
and paraffin-embedded tissue blocks and processed as
previously described.?® Immunohistochemical staining
was performed using the streptavidin-biotin-peroxidase
method. Staining for CD31, an endothelial antigen, was
used to highlight the endothelial cells and determine
MVD. The following antibodies were used: a monoclonal
mouse antibody (JC 70; DAKO, Milan, Italy) for CD31 at a
1:10 dilution at room temperature for 30 minutes; two
different rabbit polyclonal antibodies for iNOS, one from
Alexis (Laufelfingen, Switzerland) at a 1:400 dilution at
4°C overnight, the other from Biomol (Plymouth Meeting,
PA) at a 1:600 dilution at 4°C overnight, and an affinity-
purified rabbit polyclonal antibody (A-20; Santa Cruz Bio-
technology, Santa Cruz, CA) for VEGF at a 1:100 dilution
at room temperature for 1 hour. Ten sections underwent
immunostaining with a rabbit polyclonal antibody against
NT (Upstate Biotechnology, Buckingham, UK) at a 1:120
dilution at 4°C overnight. Positive controls for INOS and
VEGF immunostaining included fragments of inflamma-
tory nasal polyps and breast carcinoma, respectively.
Tissue sections treated with nonimmune rabbit serum in
place of the primary antibodies were used as negative
controls.

Evaluation of Immunostaining and Microvessel
Counting

Two pathologists (LM and SN) independently evaluated
the immunostained specimens. The extent of INOS,
VEGF, and NT immunostaining was recorded semiquan-
titatively using a three-grade system, based on the per-
centage of stained tumor epithelial cells: grade 0, 1 to
20%; grade 1, 21 to 70%; grade 2, more than 70%.
Because iINOS is known to be expressed in inflammatory
cells,'?'* we also evaluated the percentage of tumor-
infiltrating inflammatory cells that express iINOS.



MVD was evaluated according to the method first de-
scribed by Weidner and colleagues.® The entire tumor
section was first carefully scanned at low magnification
(X100) to find the areas that showed the most intense
neovascularization, ie, the highest density of CD31-pos-
itive cells (hot spots). The hot spots were included in the
MVD counts but only if they had been in the stroma
surrounded by malignant glands and if they had not been
found within any areas of granulation tissue, such as
those near the surface of ulcerated tumors. Individual
microvessels in each hot spot were then counted in a
single X250 field. Any immunoreactive endothelial cell or
endothelial cell cluster that was clearly separated from
adjacent microvessels was considered as a single count-
able vessel. No vessel lumina or red blood cells were
used to define a microvessel. The occasionally found
CD31-positive lymphocytes, macrophages, and plasma
cells were excluded on the basis of the staining pattern
and cell morphology. MVD in each tumor was expressed
as the microvessel count of the hot spot with the highest
number of microvessels.

Assay for NOS Activity

Fragments of tissue were homogenized at 0 to 4°C in
buffer containing 0.32 mol/L sucrose, 20 mmol/L HEPES
(pH 7.2), 0.5 mol/L EDTA, and 1 mmol/L dithiothreitol.
Total NOS activity was measured in tissue homogenates
by the [®*H]arginine conversion assay, as previously de-
scribed.®® The activity of the calcium-calmodulin-inde-
pendent isoform (iINOS) was identified in the supernatant
of tumor homogenates by measuring the enzymatic ac-
tivity in buffer without calcium and containing 1 mmol/L of
EGTA and the calmodulin inhibitor trifluoperazine (100
umol/L) as previously reported.®° Protein concentration
in the tissue samples was determined according to the
method described by Lowry and colleagues.®' Bovine
serum albumin was used as the standard. INOS activity
was expressed as pmol of [®H]citrulline formed per
minute per mg protein.

Measurement of cGMP Content

cGMP levels were measured in the aqueous phase of the
tissue homogenates extracted from 10% trichloroacetic
acid with 0.5 mol/L tri-n-octylamine dissolved in 1,1,2-
trichlorotrifluoroethane. cGMP was measured with com-
mercially available radioimmunoassay kits (Amersham,
Buckinghamshire, UK). The assay is based on the com-
petition between unlabeled cGMP and ["#®1]cGMP for
binding to a limited quantity of an antibody raised with a
high specificity to cGMP.3233 Determinations were per-
formed in duplicate. cGMP values were expressed as
pmol per minute per pg protein.

Measurement of PGE, Production

Tissue fragments were homogenized at 0 to 4°C in the
presence of 10 umol/L of indomethacin so as to prevent
PG production during the procedure and then centri-
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fuged at 600 X g. Five hundred wl of supernatant were
used for PGE, determination using a specific radioimmu-
noassay.3* Protein concentration in the tissue samples
was determined according to the method described by
Lowry and colleagues.®" Bovine serum albumin was
used as the standard. PGE, values were expressed as
wg/mg protein in the tissue samples.

Western Blot Analysis

Tumor and normal mucosa samples were processed as
previously described.?® The samples were mixed 1:1 with
sample buffer (20 mmol/L Tris-HCI, pH 6.8, 20% glycerol,
2% sodium dodecy! sulfate, 5% B-mercaptoethanol, and
0.025% bromphenol blue) and boiled. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis was per-
formed using 8% and 5% acrylamide for the separating
gel and the stacking gel, respectively. Proteins were
transferred onto nitrocellulose membranes (Pierce Chem-
ical Co., Rockford, IL). Blots were blocked with Blocker
bovine serum albumin 5% in PBS (Pierce Chemical Co.)
and incubated overnight at 4°C with a human polyclonal
antibody for inducible iINOS (Chemicon International,
Inc., Temecula, CA) at 1:1000 dilution. Signal detection
was performed as previously described.?®

Human colon cancer cell line SW620 constitutively
expresses a high level of INOS.%® These cells served as
a positive control. No iINOS expression was demon-
strated in WiDr cells.?® These cells served as a negative
control. Cells were processed and analyzed as previ-
ously described.3®

Northern Blot Analysis

Total RNA from tumor and normal mucosa specimens
was extracted using the guanidinium-isothiocyanate
method and analysis was performed as previously de-
scribed.?® As INOS and VEGF 55 cDNA probes, we used
polymerase chain reaction product fragments obtained
by amplification of sequences obtained from the National
Institutes of Health-GenBank. The primers used were:
iINOS sense, 5'-GTCTTGGTCAAAGCTGTGCTC-3" and
iINOS anti-sense, 5'-CAAAGGCTGTGAGTCCTGCA-3',
which gave rise to a 633-bp product; VEGF sense, 5’
CCGGTCGGGCCTCCGAAACCATGAACTTTCT-3" and
VEGF anti-sense, 5'-TCACCGCCTCGGCTTGTCACAT-
CTGCAAGT-8’, which gave rise to a 590-bp product.
These products were then purified using the QlIAquick
Gel Extraction kit (Qiagen Inc., Valencia, CA). Each
probe was labeled with a-[**P]dCTP, using random prim-
ing reaction (Boehringer Mannheim, Mannheim, Germa-
ny). The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) probe was used as an internal control to adjust
for differences in the amount of RNA loaded in each lane.
It was obtained by a polymerase chain reaction using the
following primer: GAPDH sense, 5-CCATGGAGAAG-
GCTGGGG-3" and GAPDH anti-sense, 5'-CAAAGTTGT-
CATGGATGACC-3’ that gave rise to a 196-bp product.
The filters were exposed to Kodak Xar-5 film (Eastman
Kodak, Rochester, NY) for autoradiography for 1 to 6
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Figure 1. iNOS and VEGF immunostaining. Successive sections of three representative cancer specimens classified as grade 0 (A, iNOS; B, VEGF), grade 1 (C,
iNOS; D, VEGF) and grade 2 (E, iNOS; F, VEGF). iNOS immunoreactivity was detected mainly within the cytoplasm of the tumor epithelial cells. Hematoxylin

counterstain; original magnifications, X250.

days at —80°C. The level of expression in the tissue
samples was assessed using a GS-670 Imaging Densi-
tometer (Bio-Rad, Hercules, CA). The densitometric per-
centage of the autoradiographic signal was evaluated
according to Pertschuk and colleagues.®”

SW620 and WiDr cells served as iNOS-positive and
-negative controls, respectively.>® Constitutive expres-
sion of VEGF has been reported in human colon cancer
cell line HCT116.%® HCT116 cells served as a VEGF-

positive control. Low expression of VEGF has been re-
ported in LoVo cells.®® LoVo cells served as a VEGF-
negative control. Cells were processed and analyzed as
previously described.®®

Statistical Analysis

MVD values were reported as mean values + SE. The
relationships among MVD, iINOS activity, cGMP levels,



PGE, production, iINOS, NT, and VEGF immunostaining
were evaluated using the Spearman correlation coeffi-
cients (rg). INOS activity, cGMP production, and PGE,
levels were expressed as median values and range. Dif-
ferences in iINOS activity, cGMP production, and PGE,
levels in tumor and normal mucosa specimens and in
tumors with and without metastases were analyzed using
the Mann-Whitney test. Statistical analysis was performed
using Stata Statistic Software (release 5.0; Stata Corpo-
ration, College Station, TX). All P values resulted from the
use of two-sided statistical tests; P values that were less
than 0.05 were considered statistically significant.

Results

Correlations among iINOS, VEGF, and CD31
Immunoreactivity

The source of INOS was determined by immunohisto-
chemistry with two different polyclonal antibodies. No
significant differences were observed concerning immu-
nostaining extent and distribution with the two antibodies
tested. INOS was observed mainly in the tumor epithelial
cells where it was localized within the cytoplasm. Most of
the tumors showed extensive staining for iINOS: 11 tu-
mors (23.9%) were grade 0, 13 (28.7%) were grade 1,
and 22 (47.8%) were grade 2 (Figure 1; A, C, and E).
iNOS staining was homogeneous within each tumor sec-
tion. INOS was also found in tumor-infiltrating inflamma-
tory cells. The staining of inflammatory infiltrate was clas-
sified as grade 0 in 19 tumors (41.3%), grade 1 in 18
(39.2%), and grade 2in 9 (19.5%). Normal mucosa spec-
imens were negative for INOS staining.

VEGF staining was found in both the cytoplasm and
the membranes of the tumor epithelial cells. Most of the
tumors showed extensive staining for VEGF: 10 tumors
(21.8%) were grade 0, 18 (39.1%) were grade 1, and 18
(39.1%) were grade 2 (Figure 1; B, D, and F). VEGF
staining was homogenous within the tumors and hetero-
geneity was observed in only a few cases. No immuno-
reactivity for VEGF was detected in the normal mucosa
specimens.

When all of the cases were considered, the mean value
of MVD was 25.3 (=1.93). The expression of iINOS and
VEGF significantly correlated with MVD (ry, = 0.31, P =
0.02; ry, = 0.67, P < 0.0001, respectively). The mean
values (=SE) of MVD in each grade of iNOS and VEGF
immunostaining are indicated in Figure 2. A significant
correlation was found between iINOS and VEGF expres-
sion (rg = 0.44, P = 0.001). INOS and VEGF staining did
not significantly differ in the metastatic (stage Il and V)
and nonmetastatic (stage | and Il) tumors. The percent-
age of INOS-expressing inflammatory cells in the tumors
correlated with neither MVD nor VEGF expression.

NT Immunoreactivity

The expression of NT was evaluated in 10 tumor speci-
mens representative of the three grades of INOS immu-
nostaining (three tumors were grade 0, three were grade
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Figure 2. MVD (mean values = SE) in relation to iNOS- and VEGF-immu-
nostaining grade. MVD increases as the extent of iNOS and VEGF staining
increases (7, = 0.31, P = 0.02; r, = 0.67, P < 0.0001, respectively).

1, and four were grade 2). Tumor epithelial cells express-
ing iINOS stained positive for NT (Figure 3). The extent of
NT immunostaining was classified as grade 0 in one
tumor, grade 1 in four tumors, and grade 2 in five tumors.
NT was also found in the tumor-infiltrating inflammatory
cells. A significant correlation was found between iNOS
and NT expression (rg = 0.76, P = 0.005).

iINOS activity, cGMP Content, and PGE,
Production

iINOS activity, cGMP levels, and PGE, production in the
normal mucosa of the controls did not significantly differ
from those in the normal mucosa of the surgically re-
sected specimens. iINOS activity and cGMP production
were significantly higher in the cancer specimens than in
the normal mucosa obtained at 10 cm from the tumor
[21.17 (11.92 to 54.07) versus 9.40 (5.90 to 15.31), P <
0.0001; 14.79 (7.50 to 32.52) versus 6.64 (3.51 to 14.24),
P < 0.0001, respectively] (Figure 4, A and B). iNOS
activity was significantly correlated with cGMP levels
(rg = 0.34, P = 0.01). Both iINOS activity and cGMP levels
were significantly related to the tumor stage: they were
higher in tumors with lymph node or distant metastases
(stage Il to IV) than in those tumors without metastases
(stage I to Il) [24.32 (14.76 to 54.07) versus 19.45 (11.92
to 35.562), P = 0.002; 18.30 (8.17 to 32.50) versus 14.07
(7.50 to 29.55), P = 0.04, respectively] (Figure 4, A and
B). A significant correlation was found between iINOS
activity and the iINOS immunostaining grade (rg = 0.30,
P = 0.02) (Figure 5). The percentage of iINOS expressing
inflammatory cells did not correlate with INOS activity.

PGE, levels were significantly higher in the cancer
specimens than in the normal mucosa obtained at 10 cm
from the tumor [8.30 (3.47 to 26.3) versus 2.92 (0.31 to
6.65), P < 0.0001]. INOS activity significantly correlated
with PGE, production (ry = 0.60, P < 0.0001).
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Figure 3. iNOS and NT immunostaining. Two successive sections of a rep-
resentative tumor specimen: iNOS-expressing tumor cells (A) stained posi-
tive for NT (B). Hematoxylin counterstain; original magnifications, X250.

iINOS Protein Expression

Western blotting was used to examine and confirm the
up-regulation of INOS protein expression that had been
detected in 13 colorectal cancer specimens by immuno-
histochemistry. A semiquantitative analysis was used to
allow for the measurement of the percentage increase in
iINOS in the tumor tissue when compared to the corre-
sponding normal tissue. Immunoblot analysis indicated a
higher amount of protein in the neoplastic tissue of 11
specimens than in the normal mucosa (Figure 6). No
iINOS protein expression was detected in two tumor spec-
imens. Very low levels of INOS protein were detected in
the normal mucosa of three specimens. However, the
level of INOS in normal tissue never exceeded that found
in the carcinoma.

iINOS and VEGF mRNA Expression

Using Northern hybridization analysis, iNOS and VEGF
gene expressions were evaluated in tumor and corre-
sponding normal mucosa samples obtained from seven
surgically resected specimens. iINOS and VEGF mRNA
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Figure 4. iNOS activity and ¢cGMP levels in normal mucosa and in tumor
samples. iNOS activity was expressed as pmol of [*H] citrulline formed per
minute per mg protein. cGMP levels were expressed as pmol per minute per
g protein. iNOS activity (A) and cGMP levels (B) were significantly higher
in tumor samples than in normal mucosa (P < 0.0001 and P < 0.0001,
respectively). iNOS activity (A) and cGMP levels (B) were significantly
higher in metastatic (stage III and IV) than in nonmetastatic (stage I and II)
tumors (P = 0.002 and P = 0.04, respectively). Bars, Min-Max; [, 25th to
75th percentile; —, median value.

levels were undetectable in the normal mucosa of all
seven specimens. Up-regulation of both iNOS and VEGF
mMRNA levels was detected in all of the cancer specimens
studied (Figure 7).

Discussion

The precise pathophysiological functions of NO in colo-
rectal carcinogenesis are not well defined. This is mainly
because of the dose-dependent effects of NO and to the
conflicting data in literature regarding the possible
source of NO in colorectal cancer. In one study,'® iINOS
expression and activity were detected in the normal co-
lonic epithelium, whereas they were decreased or absent
in tumor tissue. Ambs and colleagues'? investigated
iINOS expression and activity in human colon normal
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Figure 5. iNOS activity versus iNOS immunostaining. iNOS activity correlates
with iNOS immunostaining grade (7, = 0.30, P = 0.02).

mucosa, adenomas, adenocarcinomas, and metastases.
They found very low levels of INOS activity in the normal
tissue adjacent to the neoplastic lesions, whereas the
highest level was detected in the adenomas. Immunohis-
tochemical analysis identified tumor-infiltrating mononu-
clear cells as the major source of iINOS protein in their
tumor specimens. In accordance with the majority of the
previously published studies,'~'” our results showed
that colorectal tumor cells had strong iINOS positivity, as
did tumor-infiltrating inflammatory cells. Western blot and
Northern blot analyses confirmed the up-regulation of the
iNOS protein and gene expression in tumor specimens
as compared to normal mucosa. We also investigated
iINOS activity and the production of cGMP, which medi-
ates the response of the cells to NO.*° iNOS activity and
cGMP levels in tumor tissue increased twofold when
compared to normal colon mucosa. Taken together,
these observations suggest a relevant role of NO in the
pathogenesis of colorectal cancer.

One of the potential mechanisms by which NO can
promote tumor growth is the stimulation of tumor angio-
genesis. Jenkins and colleagues®® demonstrated that
tumors derived from human colon adenocarcinoma cells
engineered to generate NO continuously (iNOS-19) are

1 2 3
iNOSNTNTNT

— W -
130 kDa 8 3

Figure 6. Western blot analysis. Expression of iNOS in representative paired
tissues from tumor and adjacent normal mucosa. A higher amount of protein
was found in the neoplastic tissue than in the normal mucosa. SW620 and
WiDr human colon cancer cell lines served as positive and negative controls,
respectively. T, tumor; N, normal; kd, kilodalton.
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Figure 7. Northern blot analysis. Expression of iNOS and VEGF mRNA in
representative paired tissue from tumor and adjacent normal mucosa. Up-
regulation of both iNOS (A) and VEGF (B) mRNA levels was found in the
cancer specimens when compared to normal mucosa. SW620 and WiDr
human colon cancer cell lines served as iNOS-positive and -negative controls
(A), respectively; HCT 116 and LoVo cell lines served as VEGF-positive and
-negative controls (B), respectively. T, tumor; N, normal; GAPDH, glyceral-
dehyde phosphate dehydrogenase.
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significantly more vascularized and more invasive than
the wild-type controls. The authors also suggested that
NO might have different actions depending on the local
concentration of the molecule. Low concentrations of NO
(=20 pmol per min per mg of protein) promote tumor
growth and angiogenesis whereas at high concentrations
(1 to 2 orders of magnitude higher) NO has anti-tumor
activity by inducing cytotoxicity” and apoptosis.*’

Ziche and colleagues®® demonstrated that NO con-
trols angiogenesis by modulating the activity of some
angiogenic factors, such as VEGF, released by tumor
cells. These authors also showed that breast carcinoma
cells that overexpress VEGF require the NO pathway to
promote angiogenesis in vivo. To our knowledge, the
present study is the first to show a strong correlation
among iNOS expression, MVD, and VEGF expression in
human colorectal cancer. The extent of both iINOS and
VEGF immunostaining was significantly related to a pro-
gressive increase in tumor MVD. Moreover, iINOS expres-
sion was significantly associated to that of VEGF. On the
basis of our immunohistochemical data, we cannot de-
finitively establish the effect of NO on VEGF expression: it
is likely that NO participates in the induction of VEGF or,
alternatively, VEGF and iNOS may have a common in-
duction pathway. However, our results suggest that
VEGF should most likely be considered one of the most
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important mediators involved in the stimulation of tumor
angiogenesis promoted by iINOS activity in colorectal
cancer.

The possible role of iINOS in promoting VEGF-medi-
ated angiogenesis in human tumors has already been
suggested by some previously published studies. Mar-
rogi and colleagues*® showed that INOS expression cor-
related positively with both MVD and VEGF expression in
non-small-cell lung carcinoma. Ambs and colleagues'?
found increased VEGF protein levels in adenomas that
expressed iINOS when compared to the VEGF level in the
adjacent normal mucosa that was low in iINOS. These
authors therefore hypothesized that the excessive pro-
duction of NO by infiltrating adenoma inflammatory cells
might stimulate VEGF production and thus, contribute to
the necessary vascularization of colon adenoma at the
point of transition into adenocarcinoma. However, our
results do not seem to have confirmed this hypothesis:
iINOS expression by tumor-infiltrating inflammatory cells
did not correlate with either MVD or VEGF expression.
This finding suggests that NO-related tumor angiogene-
sis is mainly mediated by the activity of neoplastic epi-
thelial cells and only marginally by the inflammatory host
response to the tumor.

We also investigated NT expression in a limited num-
ber of our samples. NT is the stable product of the action
of peroxynitrite on tyrosine-containing proteins. Peroxyni-
trite is a powerful oxidant that seems to mediate some of
the pathobiological effects of NO."®3 Landino and col-
leagues®® demonstrated that NO stimulates COX activity
and prostaglandin biosynthesis through the intermediacy
of peroxynitrite. Recent studies have shown the relevant
role of COX-2 and prostaglandins in promoting tumor
angiogenesis of colorectal cancer.®®** We found a
strong immunoreactivity of the tumor cells for NT and this
expression was correlated with that of iINOS. A strong
correlation was also found between iINOS activity and
PGE, production in the same tumor specimens. These
data collectively suggest that NO may indirectly promote
tumor angiogenesis through the COX pathway activation.
This hypothesis seems to be supported by the in vivo
demonstration that the chemopreventive effect of SC-51,
a selective iINOS inhibitor, is increased by the com-
bined administration of celecoxib, a selective inhibitor
of COX-2.%°

Tumor vascularization is considered an absolute re-
quirement for growth of solid tumors?® and its extent
correlates with tumor metastasis.*”*® Both MVD and
VEGF expression have been shown to be of prognostic
significance in colorectal cancer.***° Understanding the
NO pathway may improve our knowledge of the biochem-
ical mechanisms responsible for tumor angiogenesis and
provide new potential anti-angiogenic drugs. The effects
of a highly selective iINOS inhibitor, 1400W, has been
tested against human colon adenocarcinoma cells
(INOS-19) genetically engineered to express INOS.®" The
continuous infusion of 1400W was able to reduce the
growth rate of the INOS-19 cells to the level of the wild-
type clone (w/tR) that has undetectable iINOS activity.

The hypothesis of a direct link between the NO path-
way and a more aggressive phenotype of colorectal can-

cer cells is also supported by our findings on iNOS ac-
tivity and cGMP production. We found a significant
correlation between iINOS immunostaining and iNOS ac-
tivity, as well as between iNOS activity and the production
of cGMP. Interestingly, iNOS activity and cGMP levels
were higher in tumor specimens with lymph node or
distant metastases than in those without any metastases.
The median value of INOS activity in our tumor specimens
(21.17 pmol per min per mg of protein) is similar to the
value found by Jenkins and colleagues.?® At these low
concentrations, NO is likely to promote tumor growth and
enhance tumor cell aggressiveness. Our data suggest
that INOS activity rather than immunoreactivity may be
regarded as a novel biological marker for colorectal can-
cer prognosis. The iINOS activity found in tumor tissue
extracts represents the combined activity of the enzyme
expressed in a variety of cell types, ie, tumor cells and
inflammatory cells. The total of INOS activity can actually
promote tumor progression and this might explain the
association between iNOS activity and tumor staging.

In conclusion, our data demonstrated the up-regula-
tion of INOS gene expression in colorectal carcinoma. A
strong correlation was found between iINOS expression
and tumor angiogenesis. Even if we cannot provide a
definite explanation, it is likely that VEGF is one of the
most important promoters of the NO-mediated angiogen-
esis pathway. The association between increased iINOS
activity and the presence of lymph node or distant me-
tastases raises the possibility that NO offers a positive
growth advantage for colorectal tumor cells and points to
the inhibitors of INOS as potential anti-neoplastic drugs.
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