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ORIGINAL ARTICLE

NF-<B/PPARy and/or AP-1/PPARY ‘on/off’
switches and induction of CBP in colon
adenocarcinomas: correlation with COX-2

expression

Abstract Background and aims:
Several studies indicate that peroxi-
some proliferator-activated receptor
gamma (PPARY) represses activator
protein-1 (AP-1) and nuclear factor
kappa B (NF-kB) transcriptional ac-
tivity and this negative cross-talk
occupies an important role in carci-
nogenesis. The present study evalu-
ated the differential expression profile
of AP-1 constituents (c-FOS and
phosphorylated-active pc-JUN),
p-IkB-« (phosphorylated IkB-«, a
signaling intermediate of NF-kB
pathway), PPARYy, cyclic AMP-re-
sponse element binding-binding pro-
tein (CBP, a known AP-1, NF-«B,
and PPARYy transcriptional coactiva-
tor), epidermal growth factor receptor
(EGF-R), p53, and COX-2 in normal
colonic epithelial cells and colon
adenocarcinoma cells. Materials and
methods: Immunohistochemical
methodology was performed on for-
malin-fixed, paraffin-embedded sec-
tions from 60 patients with colon
adenocarcinomas. A molecular profile
was created for each patient and the
induction or down-regulation of each
pathway from normal to cancer cells
was documented. Relationships be-
tween transcription factors and
downstream molecular targets were
evaluated by Spearman’s rho correla-

tion coefficient and validated by
nonparametric Kruskal-Wallis test.
Results/findings: P-IkB-o (P<0.001),
CBP (P<0.001), c-FOS (P=0.047),
pc-JUN (P=0.047), and EGF-R
(P<0.001) were up-regulated in colon
adenocarcinomas while PPARy
(P<0.001) was concomitantly down-
regulated. p-IkB-o,, CBP, pc-JUN,
EGF-R, and p53 expression all cor-
related positively with COX-2 while
PPARYy expression correlated inverse-
ly with COX-2. Interpretation/
conclusion: NF-ckB/PPARy and/or
AP-1/PPARYy expressional ‘on/off’
switches are common molecular
events during colorectal carcinogene-
sis. Down-regulation of PPARy and
induction of the CBP transcriptional
coactivator can augment NF-kB and
AP-1 transcriptional activities leading
to up-regulation of COX-2 expression
in colon adenocarcinoma cells. p-
IkB-«, pc-JUN, and CBP could
potentially provide the basis for future
molecular-targeted anticancer
therapies.

Keywords Activator protein-1 -
Peroxisome proliferator-activated
receptor gamma - Nuclear factor kB -
Cyclooxygenase-2 - Colon
carcinogenesis
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Introduction

The activator protein-1 (AP-1) transcription factor is a
hetero- or homodimeric complex that comprises members
of the JUN, FOS, and activating transcription factor (ATF)
subfamilies of basic region-leucine zipper (bZIP) DNA-
binding proteins [1, 2]. AP-1 constitutes a major target of
the mitogen-activated protein kinase (MAPK) signal
transduction cascades which are activated in response to
a wide variety of stimuli including growth factors,
cytokines, neurotransmitters, and environmental stress
[3-6]. Transcriptional activation of AP-1 target genes is
funneled by recruitment of coactivator proteins such as
CBP (cyclic AMP-response element binding-binding pro-
tein) which connect AP-1 with the basal transcriptional
machinery [7]. Multiple lines of evidence indicate that
overexpression of CBP is associated with carcinogenesis
[8]. AP-1 can exert both tumor-promoting and tumor-
suppressing effects by modulating the expression of genes
involved in cellular proliferation, differentiation, apoptosis,
tumor invasion, and angiogenesis [9—11]. The exact role of
AP-1 in colon cancer remains to be elucidated. Some
studies indicate that AP-1 activation is associated with
colorectal cancer growth [12, 13] while other reports
suggest that AP-1 promotes differentiation and apoptosis
[14].

One of the best studied AP-1 regulated genes is cox-2
(cyclooxygenase-2) [15, 16]. Cox-2 behaves as an imme-
diate early gene and its promoter contains transcriptional
regulatory elements for various transcription factors
including AP-1 and nuclear factor kappa B (NF-«xB) [17,
18]. Moreover, in vitro experiments have shown that the
histone acetyltransferase activity of CBP is important for
AP-1-mediated induction of COX-2 [19, 20].

NF-kB is an inducible transcription factor and a positive
regulator of COX-2 expression in response to various
cytokines and growth factors [21-23]. NF-«B is retained to
the cytoplasm in an inactive state by binding to inhibitory
IkB proteins that block its nuclear localization sequences
(NLS). Multiple stimuli induce phosphorylation of IkB-«
at Ser-32 leading to dissociation of NF-«kB from IkB-«,
unmasking of its NLS, and stimulation of its transcrip-
tional activity [21]. NF-kB is persistently active in multiple
tumors and seems to occupy an important role in
carcinogenesis [24].

Mounting evidence indicates that AP-1 and NF-«kB
transcriptional activities are negatively modulated by
peroxisome  proliferator-activated  receptor  gamma
(PPARY) and that this negative cross-talk is implicated in
carcinogenesis and inflammation. PPARYy is a member of
the nuclear receptor superfamily of ligand-inducible tran-
scription factors and its ligands, namely, polyunsaturated
fatty acids, non-steroidal anti-inflammatory  drugs
(NSAIDs), and thiazolidinediones bear anticolonic cancer
properties [25]. It has been demonstrated that activation of
PPARYy suppresses AP-1-mediated induction of COX-2

expression in human epithelial cells due to competition of
PPARy with AP-1 for limited amounts of the transcrip-
tional coactivator CBP [26, 27]. Moreover, activation of
PPARYy suppresses NF-kB-mediated transcription in
Caco2 colon cancer cells [28]. Besides the competition of
PPARY and AP-1 for CBP, multiple molecular mechanisms
that explain the negative PPARy/AP-1 and PPARY/NF-«kB
cross-talks have been proposed [29-31].

The primary aim of our study was to investigate the role
of NF-kB, PPARy, AP-1, and CBP in colon adenocarci-
nomas by evaluating their differential expression profile in
normal colonic epithelial cells and colon cancer cells.
Moreover, we correlated the expression of NF-kB, PPARYy,
AP-1, and CBP with the expression of COX-2 which is
known to be up-regulated in colon adenocarcinomas. In the
case of AP-1, we examined the expression of ¢c-FOS and
pc-JUN (phosphorylated c-JUN). Expression of the epi-
dermal growth factor receptor (EGF-R)—one of the
activators of Ras—Raf-MAPK-AP-1 cascade—was also
evaluated. To determine the activation of the NF-«kB
pathway, expression of the phosphorylated form of IkB-o
(p-IkB-) was evaluated. Finally, as p53 has been shown to
influence cox-2 gene transcription in vitro [32] and p53
status has been correlated with COX-2 levels in certain
neoplasms [33, 34], we also correlated the expression of
p53 with COX-2 in colon cancer.

Our study provided novel evidence that p-IkB-«, CBP,
and AP-1 are up-regulated in colon adenocarcinomas while
PPARY is concomitantly down-regulated. p-IkB-x, CBP,
pc-JUN, EGF-R, and p53 expression all correlated
positively with COX-2 while PPARYy expression correlated
inversely with COX-2. We pose that NF-«3/PPARYy and/or
AP-1/PPARYy expression ‘on/off” switches occur in colon
adenocarcinomas, which, coupled by induction of the CBP
transcriptional coactivator, are associated with up-regula-
tion of COX-2.

Materials and methods
Specimens and clinicopathological data

Sixty cases of colorectal adenocarcinomas surgically
resected from 36 men and 24 women were included in
our study. The age of the patients ranged from 39 to
90 years (males mean age=71.6 years, SD=12.15 years;
females mean age=71.3, SD=9.2; total mean age=71.5,
SD=10.98). Colon adenocarcinomas were classified as
well (nine cases), moderately (40 cases), and poorly
differentiated (11 cases), according to standard pathologic
criteria. Staging was performed according to the American
Joint Committee on Cancer (AJCC) system (stage I, eight
cases; stage I, 23 cases; stage III, 12 cases; and stage [V, 17
cases). Tissue specimens obtained from tumors and
adjacent normal colon were fixed in 10% (v/v) buffered
formalin and embedded in paraffin. Serial 4-pum sections
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were obtained for staining with hematoxylin and eosin and
for immunohistochemistry.

Immunohistochemical methodology

The eight primary antibodies employed in the present
study, their sources, and their characteristics are depicted in
Table 1.

Microwave irradiation in 0.01 M citric buffer (pH 6.0)
was performed as an antigen retrieval method in all cases
except for EGF-R. In the case of EGF-R, enzymatic
pretreatment with pepsin (DIGEST-ALL, Zymed Labora-
tories) was done for 10 min in 37°C.

All primary antibodies were diluted with ChemMate
(DakoCytomation) antibody diluent and applied on tissue
sections for 30 min at room temperature. The working
dilutions are presented in Table 1.

Immunoreactivity was detected employing the EnVision
(DakoCytomation) protocol in all cases except for EGF-R
and PPARy. EGF-R immunopositivity was detected using
the SuperPicTure Polymer Detection Kit (Zymed Labora-
tories) while PPARy immunoreactivity was detected using
the PowerVision (ImmunoVision Technologies) protocol.
Sections from colon adenocarcinomas, in which the
primary antibodies were omitted, were used as negative
controls.

Our study evaluated the expression of the aforemen-
tioned molecular markers in the invasive ‘front’ of the
tumor, in areas rich in non-necrotic tumor glands. After a
review of the hematoxylin and eosin-stained sections of all
blocks for each case, we carefully selected the blocks that
contained both the invasive margin of tumor and normal
colonic mucosa. That was possible for 49 cases (in these 49

Table 1 Primary antibodies used in immunohistochemistry

cases, we were able to select blocks that contained both the
invasive margin of tumor and normal colonic mucosa). In
these 49 cases, the immunohistochemical expression of the
molecular markers in the normal tissue and the tumor was
evaluated on the same slide. In the remaining 11 cases, we
stained and evaluated two slides per case (for all eight
antibodies): one slide from blocks that contained the
invasive front of tumor and one slide from blocks that
contained normal tissue.

Immunostained sections were graded based on a five-
level scale presented in Table 2. A minimum of 1,000 cells
was detected in each specimen. Specimens with up to 50%
of positive cells were scored purely based on the
percentage of positive cells (0, <1%; +1, 1-25%; and +2,
26-50%). Specimens with more than 50% positive cells
were scored as (+3) or (+4) according to the intensity of the
staining (moderate vs strong, respectively). No cases with
weak staining intensity and more than 50% positive cells
were detected.

Two independent pathologists (PAK and GPV) eval-
uated and scored all sections using this scale without prior
knowledge of the clinicopathological characteristics of
each case. Specimens with interobserver disagreement
were reassessed by simultaneous examination by the two
pathologists in a double-headed light microscope. There
was no interobserver disagreement regarding assessment of
tumor differentiation. In terms of immunostaining scoring,
there was disagreement in five cases for c-FOS, six cases
for pc-JUN, four cases for p-IkB-«, three cases for CBP,
five cases for EGF-R, four cases for p53, six cases for
PPARY, and six cases for COX-2. The Cohen’s coefficient
of agreement was k=0.88, P<0.01 (nearly perfect as per
Landis and Koch criteria).

Antibody Company Type Immunogen Dilution

c-FOS  Santa Cruz Rabbit Peptide mapping within a highly conserved domain of c-FOS p-62 of human origin  1:80
Biotechnology polyclonal

pc-JUN  Santa Cruz Mouse Peptide corresponding to amino acids 59-69 of human c-JUN phosphorylated on 1:80
Biotechnology monoclonal — Ser-63

EGF-R  Zymed Mouse Human EGF-R derived from A-431 cells 1:80
Laboratories ~ monoclonal

CBP Santa Cruz Mouse Peptide corresponding to amino acids 2422-2441 mapping at the C terminus of human 1:60
Biotechnology monoclonal CBP

P-IkB-« Santa Cruz Mouse Synthetic peptide corresponding to an amino acid sequence containing phosphorylated 1:80
Biotechnology monoclonal — Ser-32 of IkB-« of human origin

p53 DAKO Mouse Recombinant wild-type p53 of human origin (recognizes wild type and mutant p53)  1:80

monoclonal

PPARy Santa Cruz Mouse Peptide mapping at the C terminus of PPARy of human origin (identical to 1:30
Biotechnology monoclonal  corresponding mouse sequence)

COX-2 Assay Designs Rabbit Synthetic peptide for part of human COX-2 1:60

polyclonal
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Table 2 Immunohistochemical scoring scale

Score  Criterion

0 <1% of cells positive

+1 1-25% of cells positive

+2 26-50% of cells positive

+3 >50% of cells positive and moderate staining intensity
+4 >50% of cells positive and strong staining intensity

Statistical analyses

Wilcoxon signed-rank tests were used to compare the level
of ¢c-FOS, pc-JUN, CBP, PPARY, p-IkB-«, and COX-2
expression between normal colonic cells and colon adeno-
carcinoma cells. The level of expression of all these factors
was compared among the three adenocarcinoma differen-
tiation degrees and the four AJCC stages by nonparametric
Kruskal-Wallis analysis of variance (ANOVA). The asso-
ciation between transcription factors and downstream
molecular targets was graphically presented using boxplots
which depict the level of expression of one factor across
different levels of expression of the other factor. The
direction (positive vs negative) and the strength of each
association were evaluated using the Spearman’s rho
correlation coefficient which is appropriate for ordinal
data and represents the nonparametric version of Pearson
correlation coefficient. To further validate the strength and
the statistical significance of each association, we com-
pared (for each pair of associated factors) the level of
expression of one factor among the different levels of
expression of the other factor using nonparametric
Kruskal-Wallis ANOVA test. All analyses were performed
using SPSS 9.0 for Windows (SPSS, Chicago, IL, USA).

Results

P-IkB-o expression is induced in colon
adenocarcinomas and correlates positively with COX-2

The immunohistochemical results for p-IkB-« and COX-2
are presented in Table 3.

A statistically higher expression in colon adenocarcino-
mas than in normal colon was detected in the case of p-
IkB-a (P<0.001) and COX-2 (P<0.001). The induction of
COX-2 and p-IkB-o¢ is shown in Fig. 1 (b and d,
respectively). P-IkB-a and COX-2 immunostaining is
also shown in Fig. 2 (c and f, respectively), which includes
the molecular profile of a 74-year-old female with a well-
differentiated colon adenocarcinoma.

Overall, out of the total 60 cases, increased expression in
colon adenocarcinomas than in the adjacent normal colon
was identified for COX-2 in 52 cases and for p-IkB-« in 49
cases (Table 6).

P-IkB-a expression in colon adenocarcinomas paral-
leled the expression of COX-2. The boxplot in Fig. 3a
presents p-IkB-a expression across different levels of
COX-2 expression. P-IkB-« was statistically significantly
positively correlated with COX-2 expression (Spearman’s
rho=0.513, P<0.001), and p-IkB-« expression was statis-
tically significantly different among the different levels of
COX-2 expression (Kruskal-Wallis P<0.001) (Fig. 3a).

Finally, p-IkB-o« and COX-2 expression did not show
any correlation with tumor staging and differentiation.

PPARYy expression declines in colon adenocarcinomas
and is inversely correlated with COX-2

PPARY expression was statistically significantly higher in
normal colonic epithelium than in colon adenocarcinomas
(P<0.001). A reduced expression of PPARy in colon
adenocarcinomas compared to adjacent normal colon was
detected in 44 cases; no change was found in 15 cases
while increased PPARy expression (in colon adenocarci-
nomas compared to normal colon) was found only in one

Table 3 Immunohistochemical expression of p-IkB-o, COX-2, and PPARY in colon adenocarcinomas

Colon adenocarcinomas Negative +1 +2 +3 +4

P-IkB-o Well differentiated (N=9) - 1 (11.1%) - 6 (66.7%) 2 (22.2%)
Moderately differentiated (N=40) - 2 (5%) 6 (15%) 23 (57.5%) 9 (22.5%)
Poorly differentiated (N=11) - - 2 (18.2%) 7 (63.5%) 2 (18.2%)

COX-2 Well differentiated (N=9) - - 1 (11.1%) 4 (44.4%) 4 (44.4%)
Moderately differentiated (N=40) - - 1 (2.5%) 14 (35%) 25 (62.5%)
Poorly differentiated (N=11) - - 1 (9.1%) 6 (54.5%) 4 (45.4%)

PPARYy Well differentiated (N=9) 3 (33.3%) 2 (22.2%) 1 (11.1%) 2 (22.2%) 1 (11.1%)
Mod. differentiated (N=40) 9 (22.5%) 16 (40%) 8 (20%) 7 (17.5%) -
Poorly differentiated (N=11) 2 (18.2%) 6 (54.5%) 1 (9.1%) 2 (18.2%) -

Percentages are based on the total number of well-, moderately, and poorly differentiated cases.
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Fig. 1 a Down-regulation of
PPARY in a moderately
differentiated adenocarcinoma
as compared to adjacent normal
colon (x40). b Induction of
COX-2 in a moderately
differentiated adenocarcinoma
compared to nearby normal
colon (*x40). ¢ Induction of CBP
in a well-differentiated colon
adenocarcinoma and dysplastic
epithelium as compared to
nearby colon (x40). d Induction
of p-IkB-o in a moderately
differentiated adenocarcinoma
(x40). e Induction of c-FOS

in a poorly differentiated
adenocarcinoma compared to
nearby normal colon (x40).

f Strong p53 immunostaining
in a well-differentiated
adenocarcinoma and negative
p53 staining in normal colon.

g Induction of EGF-R

in a moderately differentiated
adenocarcinoma. h Equal
expression of pc-JUN in
normal and nearby dysplastic
epithelium

patient. These results are depicted in Table 6, and Fig. 1a analysis revealed that there was a statistically significant
shows a case of PPARy down-regulation. inverse correlation between PPARy and COX-2 (Spear-

The comparison of the level of PPARy expression man’s tho=—0.412, P=0.001). Further nonparametric anal-
among different levels of COX-2 expression is graphically ysis using Kruskal-Wallis ANOVA revealed that PPARy
presented in the boxplot in Fig. 3b. A nonparametric expression was statistically significantly different among
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Fig. 2 Molecular profile of a
74-year-old female with a
well-differentiated colon
adenocarcinoma: a CBP (+3)
expression, b PPARy
(negative/0) expression,

¢ p-IkB-a (+4) expression,

d p53 (+4) expression, e EGF-R
(+2) expression, f COX-2 (+4)
expression, g pc-JUN (+2)
expression, and h ¢-FOS (1+)
expression

the different levels of COX-2 expression (Kruskal-Wallis

P=0.002).

It is of importance that we found that the down-
regulation of PPARYy was associated with the up-regulation
of p-IkB-« expression indicating a NF-kB/PPARYy expres-

R PO T

Bt
L e T
g . o

s :
MY g ST Y

sion on/off switch. Specifically, a statistically significantly
negative correlation was identified between PPARYy and p-
IkB-o expression in colon adenocarcinomas (Spearman’s
rho=-0.444, P<0.001).
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Kruskall-Wallis P < 0.001 Spearman's rho=0.513
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Fig. 3 a—d Boxplots demonstrating the expression of PPARYy, p-
IkB-&, CBP, and pc-JUN across the various levels of COX-2
expression. The number of patients (V) appears also in each boxplot
on the x axis. The relationship between each molecular target and
COX-2 is evaluated using the Spearman’s rho correlation coeffi-
cient. The sign of the coefficient indicates the direction of the
association (positive vs negative). Nonparametric Kruskal-Wallis

Finally, PPARYy expression did not show any correlation
with tumor staging and differentiation.

CBP is overexpressed in colon adenocarcinomas
compared to normal colon and correlates positively
with COX-2

The immunohistochemistry results for CBP are presented
in Tables 4 and 6.

A statistically higher expression of CBP was detected in
colon adenocarcinomas than in normal colon (P<0.001).
The induction of CBP is shown in Fig. 1¢ and in Fig. 2a.

Kruskall-Wallis P = 0.002 Spearman's rho=-0.412

R
==

N = 3 24 33

PPARY expression

2.00 3.00 4.00
B COX-2 expression

Kruskall-Wallis P = 0.001 Spearman's rho=0.444

l‘Fi

N= 3 24 33

pc-JUN expression
N

2.00 3.00 4.00
D COX-2 expression

test assesses whether there is an overall statistical difference in the
level of expression of PPARYy, p-IkB-«, CBP, and pc-JUN among
the various levels of COX-2 expression. In all cases (a—d) PPARYy,
p-1kB-o, CBP, and pc-JUN expression was statistically significantly
different across the various levels of COX-2 expression. Kruskal—
Wallis P is shown for each case

Overall, out of the total 60 cases, increased expression in
colon adenocarcinomas than in the adjacent normal colon
was identified for CBP in 30 cases (Table 6).

In Fig. 3¢, boxplots of CBP expression across different
levels of COX-2 expression are presented. In colon
adenocarcinomas, CBP expression correlated positively
with COX-2 expression (Spearman’s tho=0.461, P=0.005).
Importantly, CBP was different among the different levels
of COX-2 expression (Kruskal-Wallis P=0.001 and
P=0.002, respectively) (Fig. 3c).

Finally, p-IkB-o« and COX-2 expression did not show
any correlation with tumor staging and differentiation.
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Table 4 Immunohistochemical expression of CBP, ¢-FOS, and pc-JUN in colon adenocarcinomas

Colon adenocarcinomas Negative +1 +2 +3 +4

CBP Well differentiated (N=9) - - 2 (22.2%) 4 (44.4%) 3 (33.3%)
Moderately differentiated (N=40) - 2 (5%) 3 (7.5%) 22 (55%) 13 (32.5%)
Poorly differentiated (N=11) 2 (18.2%) 1 (9.1%) - 6 (54.5%) 2 (18.2%)

c-FOS Well differentiated (N=9) - 3 (33.3%) 2 (22.2%) 2 (22.2%) 2 (22.2%)
Moderately differentiated (N=40) 5 (12.5%) 2 (5%) 14 (35%) 9 (22.5%) 10 (25%)
Poorly differentiated (N=11) - - 5 (45.4%) 5 (45.4%) 1 (9.1%)

pc-JUN Well differentiated (N=9) 1 (11.1%) - 2 (22.2%) 3 (33.3%) 3 (33.3%)
Moderately differentiated (N=40) - 7 (17.5%) 12 (30%) 15 (37.5%) 6 (15%)
Poorly differentiated (N=11) 2 (18.2%) 3 (27.3%) 4 (36.4%) 2 (18.2%) -

Percentages are based on the total number of well-, moderately, and poorly differentiated cases

Expression of AP-1 constituents (c-FOS and pc-JUN)
is increased in colon adenocarcinomas—pc-JUN
expression correlates positively with COX-2

The immunohistochemistry results for c-FOS and pc-JUN
are presented in Table 4. The results of the comparison of
the level of expression of c-FOS and pc-JUN between
normal colon and colon adenocarcinoma cells are depicted
in Table 6. Figure 1h shows a case of equal pc-JUN
expression in normal and nearby dysplastic epithelium
while induction of c-FOS is shown in Fig. le. Pc-JUN and
¢-FOS immunostaining are also shown in Fig. 2 (g and h,
respectively), which includes the molecular profile of a 74-
year-old female with a well-differentiated colon adenocar-
cinoma.

Overall, a statistically higher expression in colon
adenocarcinomas than in normal colon was detected for
c-FOS (P=0.04) and pc-JUN (P=0.04). Nevertheless, there
were some adenocarcinoma cases where down-regulation
of pc-JUN (13 cases) and c-FOS expression (13 cases)
compared to normal colon was detected (Table 6). There
were only six cases (10%) where neither AP-1 (c-FOS or
pc-JUN) induction nor p-IkB-a induction was noted.
Overall, in 90% of all cases (54 cases), either activation of
NF-kB (induction of p-IkB-x) or induction of AP-1 (c-
FOS or pc-JUN) was found in colorectal adenocarcinomas.

Pc-JUN expression was statistically significantly posi-
tively correlated with COX-2 expression (Spearman’s

rho=0.444, P<0.001), and pc-JUN expression was statis-
tically significantly different among various levels of
COX-2 expression (Kruskal-Wallis P=0.001). Figure 3d
presents pc-JUN expression level across different levels of
COX-2 expression. On the contrary, c-FOS expression did
not correlate with COX-2 in a statistically significant
manner.

Finally, there was a statistically significant association
(P=0.035) between pc-JUN expression and tumor differ-
entiation, with a tendency for more differentiated tumors to
harbor higher levels of pc-JUN. A similar statistically
significant association (P=0.006) was identified between
pc-JUN expression and tumor stage, with more advanced-
stage tumors displaying lower levels of pc-JUN. On the
contrary, c-FOS expression did not show any correlation
with tumor staging and differentiation.

EGF-R is overexpressed in colon adenocarcinomas
compared to normal colon and its expression
correlates positively with COX-2

The immunohistochemistry results for EGF-R are pre-
sented in Table 5. EGF-R immunostaining is shown in
Fig. 1g and Fig. 2e.

A statistically higher expression of EGF-R was noted in
colon adenocarcinomas than in normal colon (P<0.001).
Overall, out of the total 60 cases, increased expression of

Table 5 Immunohistochemical expression of EGF-R and p53 in colon adenocarcinomas

Colon adenocarcinomas Negative +1 +2 +3 +4

EGF-R Well differentiated (N=9) 2 (22.2%) 2 (22.2%) 1 (11.1%) 3 (33.3%) 1 (11.1%)
Moderately differentiated (N=40) 10 (25%) 6 (15%) 8 (20%) 11 (27.5%) 5 (12.5%)
Poorly differentiated (N=11) 2 (18.2%) 3 (27.3%) 2 (18.2%) 4 (36.4%) -

p53 Well differentiated (N=9) 1 (11.1%) - 2 (22.2%) 6 (66.7%) -
Moderately differentiated (N=40) 2 (5%) 6 (15%) 7 (17.5%) 14 (35%) 11 (27.5%)
Poorly differentiated (N=11) 1 (9.1%) 1 (9.1%) 2 (18.2%) 4 (36.4%) 3 (27.3%)

Percentages are based on the total number of well-, moderately, and poorly differentiated cases
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Table 6 Case comparison of expression between normal colon and
colon cancer cells

Markers Cases (N=60)

Induction No change Down-regulation
(cancer > (cancer = normal) (normal > cancer)
normal)
c-FOS 30 (50%) 17 (28.3%) 13 (21.7%)
pc-JUN 26 (43.3%) 21 (35%) 13 (21.7%)
EGF-R 25 (41.7%) 35 (58.3%) -
CBP 30 (50%) 30 (50%) -
P- 49 (81.7%) 11 (18.3%) -
IkB-
PPARY 1 (1.7%) 15 (25%) 44 (73.3%)
COX-2 52 (86.7%) 8 (13.3%) -

EGF-R in colon adenocarcinomas than in the adjacent
normal colon was identified in 25 (41.7%) of the cases
(Table 6).

EGF-R expression was statistically significantly posi-
tively correlated with COX-2 expression (Spearman’s
rho=0.429, P<0.001). It is important to note that EGF-R
expression was also statistically significantly positively
correlated with the downstream c-FOS and pc-JUN
expression (Spearman’s rho=0.476, P<0.001 and Spear-
man’s tho=0.431, P=0.001, respectively), supporting an
orchestrated induction of EGF-R, ¢-FOS, and pc-JUN in
colon adenocarcinomas.

EGF-R expression did not show any correlation with
tumor staging and differentiation.

p53 correlates positively with COX-2 expression

The immunohistochemical results for p53 are shown in
Table 5. P53 immunostaining is shown in Fig. 1f and
Fig. 2d.

It is well known that, in tumor cells, high p53 expression
is a marker of inactivated and/or mutated p53. The primary
antibody used for p53 immunostaining recognizes both
wild and mutant p53 under both denaturing and non-
denaturing conditions. Therefore, the high expression of
p53 that was detected in colon cancer cells reflects the
presence of mutated and/or inactivated p53 in these cells.

In colon adenocarcinomas, p53 correlated positively
with COX-2 (Spearman’s rho=0.435, P=0.004) and p53
expression was different among the different levels of
COX-2 expression (Kruskal-Wallis P=0.001 and
P=0.002).

It should be noted that p53 expression was higher in
tumors of more advanced stage, and this tendency reached
statistical significance (P=0.035) while no statistically
significant association was detected between p53 expres-
sion and tumor differentiation.

Discussion

The present study represents one of the first systematic
morphological investigations of p-IkB-«, pc-JUN, c-FOS—
which constitute dynamic markers of NF-kB and AP-1
activation, respectively—PPARy, and CBP in colon
adenocarcinomas. Our analysis demonstrated for the first
time a significant induction of p-IkB-« in the vast majority
of colon adenocarcinomas, reflecting an important role for
p-IkB-« in colorectal carcinogenesis. NF-kB contributes to
colorectal carcinogenesis via transcriptional up-regulation
of wvarious anti-apoptotic genes and by promotion of
metastatic growth responses [35, 36]. Interleukin-1, tumor
growth factor-[3, lipopolysaccharide, and luminal bacterial
components constitute important stimuli that can readily
activate NF-kB pathway [21, 22, 37]. Phosphorylation of
IkB-o¢ to p-IkB-o¢ is a critical step in the activation of
NF-kB pathway and is precisely the point where NSAIDs
act to suppress NF-«kB signaling [38].

Another important and novel finding of our study was
that the reduced expression of PPARYy in colon adeno-
carcinomas compared to adjacent normal colon was
detected in the majority of the patients. PPARYy is a
suppressor of colon carcinogenesis, and loss of one PPARy
allele is sufficient to increase sensitivity to chemical
carcinogenesis [39]. In this vein, genetic studies have
demonstrated that there are heterozygous loss-of-function
mutations in the gene encoding PPARY in approximately
10% of colon cancer patients [40]. Similarly, heterozygous
mutations or deletions at the PPARy locus have been
associated with a variety of other malignancies [41, 42].
Inactivation of nuclear receptor coactivators or activation
of corepressors or aberrant methylation of the PPARy gene
promoter may also account for the altered expression of
PPARYy.

Our study also demonstrated that expression of AP-1
constituents, pc-JUN, and c-FOS was statistically signifi-
cantly stronger in most colon adenocarcinomas than in
normal colonic epithelial cells. Nevertheless, there were
some adenocarcinoma cases where down-regulation of pc-
JUN (13 cases) and c-FOS expression (13 cases) compared
to normal colon was detected. pc-JUN and c-FOS down-
regulation was noted mostly in moderately or poorly
differentiated adenocarcinomas and adenocarcinomas of
advanced stage. As the JNK/pc-JUN pathway has been
associated with colonic cell differentiation [14], down-
regulation of pc-JUN in these cases may reflect a late loss
of differentiation in these adenocarcinomas.

It is important to note that EGF-R expression was
increased in colon adenocarcinomas and paralleled both c-
FOS and pc-JUN expression. EGF-R activates the mem-
brane-bound GTPase RAS, leading to activation of the
ERK and JNK signaling pathways. Our study supports this
orchestrated EGF-R, ¢-FOS, and pc-JUN expression as
EGF-R, ¢-FOS, and pc-JUN were found to be positively
correlated to each other. The overexpression of EGF-R in
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colon carcinomas provides the rationale for the use of
targeted therapies against it (i.e., antibodies against EGF-
R) or other factors that are downstream of EGF-R in the
MAPK pathway.

In accordance with previous data [43], COX-2 overex-
pression was detected in colon cancer cells in most colon
adenocarcinomas. The role of COX-2 in colon carcinogen-
esis is well established [15]. It has been shown that cox-2
promoter contains NF-«kB and cyclic adenosine monophos-
phate responsive element transcriptional regulatory ele-
ments [20]. The positive correlation between p-IkB-o and
COX-2 expression and between pc-JUN and COX-2
expression in colon adenocarcinomas indicates that
NF-kB and AP-1 are important inducers of cox-2 during
colon carcinogenesis. The fact that pc-JUN expression
correlated with COX-2 while ¢-FOS expression did not
correlate with COX-2 may reflect the fact that there may be
a prevalence of pc-JUN homodimeric complexes compris-
ing active AP-1 responsible for cox-2 up-regulation. CBP
paralleled COX-2 expression, suggesting that it may
occupy an important role as a transcriptional coactivator
of both NF-kB and AP-1 in up-regulation of cox-2. It is
important to note also that EGF-R expression correlated
positively with COX-2. COX-2 and EGF-R were not
expressed in a higher proportion in poorly differentiated
tumors, and this reflects the notion that overexpression of
these molecules occurs early in colorectal carcinogenesis
and remains important throughout the process.

It is notable that an inverse (negative) correlation
between p-IkB-o and PPARy expression and between
PPARy and COX-2 expression was detected in colon
adenocarcinomas. A negative cross-talk between PPARYy
and NF-kB has already been demonstrated [28, 34]. As
PPARY is down-regulated in colon adenocarcinomas, the
negative PPARY/NF-kB cross talk is abrogated, leading to
unopposed NF-kB transcriptional activity and ultimately to
up-regulation of COX-2 expression. A negative cross talk
between PPARYy and AP-1 has been similarly documented
[28, 32, 33]. Therefore, down-regulation of PPARYy in
colon adenocarcinomas enhances AP-1 transcriptional
activity leading to up-regulation of cox-2 expression. The

induction of the CBP transcriptional coactivator further
amplifies NF-kB and AP-1 transcriptional activities.

Finally, our finding that p53 expression correlated
positively with COX-2 expression has also been docu-
mented in other malignancies. Wild type but not mutant
p53 markedly suppresses cox-2 transcription by competing
with TATA-binding protein for binding to the TATA box
[20]. Overexpression of mutant p53 in colon carcinogen-
esis is associated with induction of COX-2 expression in
colon adenocarcinomas, reflecting the fact that the mutant/
inactivated p53 fails to down-regulate COX-2 transcription
as wild p53 would normally do. It is notable that p53
expression was higher in tumors of more advanced stage
and this tendency reached statistical significance.

In conclusion, the present study demonstrated a signif-
icant induction of p-IkB-a in colon adenocarcinomas
which correlated positively with COX-2 expression.
Moreover, overexpression of AP-1 constituents and,
particularly, induction of pc-JUN occurred commonly in
colorectal carcinogenesis and paralleled COX-2 expres-
sion. The down-regulation of PPAR7y expression probably
attenuates the negative PPARy/AP-1 and PPARY/NF-«kB
cross-talks, leading to strengthening of NF-«kB and AP-1
transcriptional activities and up-regulation of cox-2. The
induction of CBP transcriptional coactivator further
enhances NF-kB and AP-1 transcriptional activities. The
present study suggests that p-IkB-o, pc-JUN, and CBP
could potentially serve as exciting molecular targets for the
design of novel, highly specific anticancer therapies
following the paradigm of EGF-R-targeted therapies. The
development of PPARYy ligands that selectively inhibit AP-
1 or NF-kB activity without stimulating transcription may
represent an alternative molecular-targeted strategy against
colon carcinogenesis.
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