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Fig. 4. Phosphorylation of 8er809 in vive and in vidre by
representative kinases. HEK293 cells (1.4 X 10% cells per
35-mm plate) or Cos-7 cells (2 % 107 cells per 35-mm plate} were
transfected with plasmids carrying FLAG-tagged CDC25B
mutants, and the espressed proteins were immunoprecipitated
with monoclonal anti-FLAG beads. The precipitated proteins
were immunoblotted with anti-FLAG or anti-phospho-Ser302
antibodies (A). His- and HA-tagged kinases were expressed in
Cos-7 cells and recovered as described. The recovered kinases
were incubated with G8T-fused CDC25B peptides (wild-type
or mutant), and phosphorylation at Ser308 was determined by
immanoblotiing (B),

CHEK1 (18), CHKZ (I19) and MK2 (26) in Cos-7 cells and
then recovered the kinases by immunoprecipitation. For
the preparation of MKZ, an upsiream kinase, mitogen-
activated protein kinase kinase kinase 8 (MEKKS) and
MK2 were co-transfected, and the expressed MKZ was
immunoprecipitated. An in vifro phosphorylation assay
indicated that the three kinases could phosphorylate
GST-tagged CDC2BB mutant peptides (Fig. 4B), the
results being similar to those obtained in vivs (Fig. 44).
The kinases phosphorylated all of the mutant peptides
with similar efficiency, with the exception of the Pro3174la
mutant, consistent with the results shown in Fig. 44
These results demonstrate that Ser809 of CDC25B can
be phosphorylated by several kinases.

Binding of Endogenous 14-3-3 to CDC258 Mutants and
Pheir Subcellular Localization—We examined the binding
of endogenous 14-3-3 to mutant CDC25B proteins. After
transfection to HEK293 cells, CDO258 proteins were

8. Uchida ef al.
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Fig. 5. Binding of endogenous 14-8-3 to CDTZER muiants
and subceellular localization, HEK293 cells were transfected
with plasmids earrying wild type CDC25B or Ala308 or Alal315
mutants, and the ezpressed proteins were recovered with anti-
FLAG beads. The precipitates were immunoblotted with an anti-
pan 14-3-3 antibody (upper paneD), anti-FLAG antibody (second
panel}, or anti-phospho-Ser308 antibody (third panel). The expres-
sion of endogenous 14-3-8 and transfected CDC25B is indicated in
the two bottom panels (A). HEK293 cells were trapsfected with
CDC258 plasmids as in (A), and the subcellular localization of
the expressed CDC258 proteins was determined as in Fig. 2D.
The numbers represent the percentages of cells expressing the
CDC258 protein found exclusively in the pucleus. Three indepen-
dent experiments were performed for each value , and more than
200 CDC25R-expressing cells were counted in each experiment (B).

recovered, and the bound 14-3-3 protein was quantitated
using a pan-14-3-3 antibody. Figure 54 shows that the
efficiency of endogencus 14-3-3 binding to mutant
CDC258 was similar to that in the co-expression experi-
ments. Endogenous 14-3-3 bound to wild-type CDC258B
most efficiently and to the 308Ala mutant least efficiently.
A lesser amount of endogenous 14-3-8 was detected with
the 3185Ala mutant, which exactly matched the results in
Fig. 8C and . The phosphorylation of 8308 in the I3154A
mutant could also be reproduced {(compare Figs. BA and
44). We examined the subeellular localization of these
mutant CDC25B proteins expressed in cells (Fig. 5B).
The number of cells with CDC25B specifically localized
in the nucleus was higher for mutant CDC258 than for
the wild-type protein. About 72% of the cells exhibited
gpecific nuclear localization of CDC25E 315Ala mutants,
which was higher than the frequency of nuclear localiza-
tion of wild-type CDC258 (~60%). Collectively, amine acid
sequences surrounding the 14-8-3 binding core consensus
site have a strong influence on 14-3-3 binding but subeel-
tular localization of CDC25B can not be simply explained
by 14-8-3 hinding.

Finally, the results of this study are suromarized in
Table 8.

DISCUSSION
Seven isoforms of 14-3-3 have been identified in mamma-

lian cells. We previously reported that three isoforms, 14-3-
3B, &, and o, are able to bind to CDC25B, and that the
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Table 3. Summary of 14-3-3f binding and Ser309 phosphorylation of each CDC25B mutant.

Name Sequence 14-3-38 Ser309 phosphorylation
Binding (%) in vivo in vitro

WT 304 FRSPSMPCSVIRPILKR?! 100 T N
GS LFRSPSMPCSVIRPILGSKR 17 + NT
L304A Aveeeeiiiea KR 70 " +
R306A B KR 29 NT NT
83094 e g - Y, KR 18 _ _
M310A .. Aceemnens KR 60 NT NT
P311A e Aeemmeee KR 25 NT NT
C312A e Acvmnnn- KR 103 NT NT
83134 e Ae v KR 83 NT NT
V314A e Ao e v KR 21 + +
L L R A--- KR 17 . .
R316A  eeeeeeaoooo A- - -KR 217 . .
P317A  eeeeeeenaeae A- -KR 97 . .
B8 e A-KR o5 N ,
L31%A i e AKR 79 . ;

binding site for 14-3-3 and ¢ is different from that for 14-3-
3o. Moreover, after binding to 14-3-38 or z but not o,
CDC25B is exported to the eytoplasm. The recently pub-
lished X-ray structure results revealed the following spe-
cific functional and structural features of the 14-3-3o
isoform. First, it usually forms a homodimer. Second, 14-
3-30 possesses a ligand-diseriminating, special amino acid
pateh on the seeond ligand-binding surface (38). These
findings may explain the difference in the binding proper-
ties of 14-3-38 and ¢ as to CDC25B.

Here, we evaluated whether four other 14-3-3 subtypes
(v, 1. 6/1, and {) also bind to CDC25B and exhibit behavior
similar to that of 14-8-38. The 14-3-30/t isoform exhibited
slightly different properties from those of the other
three isoforms in that it bound to other 14-3-3 motifs in
CDC25B in addition to site 309. The 14-3-3( isoform
bound to CDC25B more weakly at Ser309 than did the
other isoforms, except 14-3-3c. These subtle differences
appeared to affect the ability of these isoforms to cause
the transfer of CDC25B from the nucleus to the cytoplasm.
Our results show that six of the seven 14-3-3 subtypes in
mammalian cells behave similarly in terms of CDC25B
binding. The specific function of the 14-3-3c isoform is
unknown.

The typical consensus 14-3-3 binding sequence consists
of Arg-X-X-Ser/Thr-X-P {mode-I) or Arg-X-X-X-Ser/Thr-X-
P (mode-II), where the serine or threonine must be phos-
phorylated (39, 40). In addition to these binding motifs,
14-3-3 also binds to the recently identified mode-I1I
motif, which consists of (p)S/T-X,.,-COOH at the
C-terminus of several proteins {41). Although the results
of oriented peptide analysis supgest that the Arg-X-X-
(p)Ser/Thr-X-P mode-I motif is sufficient for 14-3-3 bind-
ing, a more complicated situation appears to exist in vivo.
For example, we previously found that CDC25B contains
five 14-3-3 binding motifs, but only three of these are
functional. The principal 14-5-3 binding site is at
Ser309, and the Ser216 site in combination with the
Ser137 or Ser309 site may also be important, especially
for binding to 14-3-30.

One possible reason for the apparent non-functionality of
certain 14-3-3 binding metifs in vivo may be the lack of
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phosphorylation of target Ser/Thr. The results described in
this report suggest another somewhat unexpected expla-
nation. We found that alterations in amino acids
C-terminal to the binding motif at site 309 severely
impaired 14-3-3 binding, indicating that 14-3-3 binding
depends not only on the consensus sequence but also on
its context. Thus, the binding of 14-5-3 may require not
only the presence of the binding motil in its appropriately
phosphorylated form but also the presence of a suitable
sequence C-terminal to the binding site. Substitution
mutations of amino acid residues often disrupt the local
structure of proteins. Therefore, some mutants examined
in this study may hiarbor a stractural change that abolishes
14-3-3 binding. However, Ser309 in each CDC25B mutant,
except Pro317Ala, was efficiently phosphorylated at the
same level as that of the wild-type protein in transfected
cells. These results imply (but do not prove unequivacally)
that a gross structural change should not be introduced by
the mutations. Studies using an oriented peptide library
with a random amino acid sequence placed C-terminal to
the consensus site will be important for confirmation of our
hypothesis.

The specific kinases that phosphorylate Ser309 of
CDC25B have yet to be identified. We examined kinases
that have been reported to phosphorylate this residue, but
they exhibited essentially the same specificity toward
mutated substrates in vitro. All of the tested kinases
required a proline at residue 317 and an arginine at resi-
due 306, although Pro317 was not essential for Ser309
phosphorylation in vive. The kinase responsible for regu-
lating CDC25B localization must exhibit an appropriate
subcellular localization. In the normal cell cycle,
CDC25R is located in the nucleus, and Ser309 is phos-
phorylated to some degree even in the absence of cellular
injury (23). In view of this, kinases that phosphorylate
Ser309 would also be expected to be located in the nueleus.
Of these kinases, we propose that CHK1 and MK2 may be
suitable for the phosphorylation of Ser309 of CDC25B1,
even in the absence of specific cellular damage, since
they are activated at low levels during DNA replication
and environmental stress, respectively (Ref. 26 and our
unpublished data). It is a matter for further investigation
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as to whether these kinases phosphorylate this site more
heavily when cells are injured.
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Inhibition of peroxisome proliferator-activated
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cells results in a drastic decrease of invasive
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Esophageal cancer is difficult to treat because of its rapid pro-
gression, and more effective therapeutic approaches are needed.
The PPARY is a nuclear receptor superfamily member that is
expressed in many cancers. PPARY expression is a feature of
esophageal cancer cell lines, and in the present investigation,
the PPARY antagonists T0070907 and GWE662 could induce loss
of invasion but could not induce growth reduction or apoptosis
at low concentrations (<10 mM). A high concentration of anta-
gonists (50 pM) inhibited cell growth and induced apoptosis, but
these effects did not explain our result at the low concentration.
Morphological change, decreased expression of the cell signaling
pathway and inhibition of cancer cell invasion were observed in
the low concentration. This suggested that PPARY antagonists
inhibited esophageal cancer cell invasion as well as cell adherence,
most likely due to alteration in the FAK-MAPK pathway, and this
was independent of apoptosis. These results suggested that
PPARY plays an important role in cancer cell invasion and that it
might be a novel target for therapy of esophageal cancer.
{Cancer Sci 2006; 97: 854-860)

sophageal cancer is associated with a high mortality rate
due to its typically late presentation and rapid progression.
For mmors that are not amenable to surgical curative resection,
chemotherapy and radiotherapy are commonly applied. But
most patients continue to have a poor prognosis, along with an
increased morbidity due to treatment-related side-effects.”
Clearly, new therapies for esophageal cancer are needed.
The nuclear transcription factor PPARY has recently become
a putative therapeutic cancer target for a variety of cancers.®¥
As PPARY is mainly expressed in adipose tissue and activation
plays a central role in adipocyte differentiation and insulin
sensitivity,® activating synthethic ligands, TZDs, are commonly
used as oral antihyperglycemic agents in control of diabetes
mellitus type 2. However, PPARY is also overexpressed in
many tumors, including examples in the esophagus, stomach,
breast, lung and colon, suggesting that modulation of PPARY
function might impact on tumor survival.>-*" Initial efforts
have focused on activation with the TZD ligands, as these have

Cancer Sci | September2006 | vol.97 | no. 9 | 854-860

been shown to induce G1 cell cycle arrest in a variety of fumor
cell lines.*” However, the results of clinical trials with TZDs
have shown modest, if any, benefit."®'" With esophageal cancers,
PPARY activation by TZDs in cell lines has been reported to
inhibit in vitro cell growth and/or induce apoptosis.!'>'¥

Several observations suggest that inhibition of PPARY
function might be beneficial in treating neoplasms.!*'®
PPARY is overexpressed in many cancer cell types, but loss-
of-function mutations are rare,"'” suggesting that the receptor
is a tumor cell survival factor. The hypothesis that PPARYy
function might contribute to carcinogenesis or cancer cell
survival is also supported by the observation that in one
murine model of colon cancer, PPARY activation led to an
increase in tumor formation. 1%

Little is known about inhibition of PPARY function in
esophageal cancer cells. In this study, we investigated the effect
of PPARY inhibition on esophageal cancer cell lines using
PPARY-specific antagonists TO070907 and GW9662 in high
(50 pM), low (<10 uM) and very low (<10 uM) concentrations.
The PPARY antagonist could prevent cell attachment to the
ECM in high concentrations in our previous studies, however,
the effect of PPARY antagonists in low concentrations was
not clear.?"? A better understanding of the PPARY function
might lead to it being further utilized for cancer treatment.

Materials and methods

Reagents

The PPARY-specific antagonists T0070907 and GW9662
were purchased from Cayman Chemical (Ann Arbor, MI, USA)
and Sigma Chemical (St Louis, MO, USA), respectively.

*To whom correspondence should be addressed.

E-mail: nakajima-tky@umin.ac.jp

Abbreviations: DMEM, Dulbecco’s minimum essential medium; ECM, extracel-
lular matrix; Erk, extracellular signal-regulated kinase; FAK, focal adhesion
kinase; FITC, fluorescein-isothiocyanate; MAPK, mitogen-activated protein
kinase; MTT, 3-(4,5-dimethylthiazol-2-y)-2,5-diphenyltetrazolium bromide; p-Erk,
phosphorylated extracellular signal-regulated kinase; p-FAK, phosphorylated
focal adhesion kinase; PPARy, peroxisome proliferator-activated receptor
gamma; TZDs, thiazolizinediones.
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Cell culture

Human esophageal cancér cells (KYSE30, KYSE70,
KYSE140) used in this study were obtained from the Human
Science Foundation (Osaka, Japan). The histology of KYSE30
was well differentiated, KYSE70 poorly, and KYSE140
moderately. KYSE30 and KYSE70 were maintained in
DMEM and KYSE140 in Ham's F12 supplemented with 2%
fetal bovine serum. Cultures were maintained at 37°C, with
an atmosphere of 5% CO, and saturated humidity. .

Western blot analysis

Adherent cells were washed in phosphate-buffered saline,
and cell extracts were prepared in Laemmli lysis buffer.
Protein concentrations were measured using Bio-Rad Protein
Assay Reagent (Bio-Rad, Richmond, CA, USA) following the
manufacturer’s suggested procedure. After electrophoresis
of 20 pg aliquots using 10% sodium dodecylsulfate—
polyacrylamide gel electrophoresis, proteins were transferred
to nitrocellulose membranes (Millipore, Bedford, MA, USA),
blocked for 1h in tris-buffered saline with bovine serum
albumin at room temperature, and incubated with primary
monoclonal antibody for 1 h. The anti-PPARY antibody (E-8)
was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA), anti-pFAK(pY397) from BD Biosciences (San Jose,
CA, USA) and anti-p-Frk from Cellsignaling Technology
(Beverly, MA, USA). After three washings, the membranes
were incubated for 1 h at room temperature with secondary
antibody, and immune complexes were visnalized using the
enhanced chemiluminescence detection kit (Amersham,
London, UK) following the manufacturer’s procedure.

Immunofluorescence and cell morphology

Cells (5 % 10° per well) were grown on collagen-1 coated
glass cover slips in six-well flat bottom plates for 24 h.
T0070907 and GW9662 were added and the cells were pre-
incubated for 24 h. The cells were fixed with 4% formaldehyde
followed by 100% ethanol at —20°C. Permeabilization was
carried out with 0.1% Triton-X, and non-specific binding was
blocked with 2% normal swine serum. Cells were incubated
with antipaxillin monoclonal antibody (BD Biosciences)
followed by FITC-labeled secondary antibody. Alexa fluoro
594-conjugated phalloidin (Molecular Probes, Eugene, OR,
USA) was used to visualize F-actin. The samples were then
mounted with Vectashield (Vector Laboratories, Burlingame,
CA, USA) and examined by confocal laser scanning microscopy
(Carl Zeiss, Oberkochen, Germany). Al experiments were
done in triplicate. '

Assessment of cell growth

Cell proliferation was measured by MTT assay.*» KYSE70
cells were plated in 96-well plates at a concentration of
5% 10° cells in 100 puL. of DMEM. After 24 h incubation, the
medium was changed with various concentrations of T0070907
and GW9662 added (1-50 uM), and the cells further
incubated for 24~72 h. MTT solution (0.5%) was then added
to each well. After the plates were incubated for 4 h, 20%
sodium dodecylsulfate solution was incubated and absorbance
at 595 nm was determined using a microplate reader (Model
550; Bio-Rad). Control wells were treated with dimethylsul-
foxide alone. Three independent experiments were carried out.
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Apoptosis assay

To evaluate the apoptotic cell death, annexin V staining was
carried out using an annexin V-FITC apoptosis detection kit
I (Becton Dickinson, San Jose, CA, USA) according to the
manufacturer’s recommendations. Cells were subsequently
analyzed by FACScan flow cytometry (Becton Dickinson).

Transwell invasion assays

In vitro cell invasion was assayed in BD BioCoat Matrigel
invasion chambers (24 wells, 8 Lm pore size; BD Biosciences).
The top chamber was seeded with 5 x 10* KYSE70 cells in
DMEM. The bottom chamber was filled with DMEM supple-
mented with 2% fetal bovine serum as a chemoattractant. Cells
were preincubated with T0070907 and GW9662 (1-10 pM)
in the top chamber, followed by incubation for 24 h in a
humidified tissue culture incubator at 37°C under a 5% CO,
atmosphere. Noninvasive cells were removed from the upper
surface of the membrane with a cotton swab, and cells on the
lower surface of the membrane were fixed and stained with
toluidine blue and mounted on glass slides. Five random
fields/well were counted for quantitation of cell invasion.
Triplicate wells were counted for each assay.

Statistical analysis

All results are expressed as means = standard errors of the
mean. Statistical comparisons were made using either
Student’s #-test or Scheffe’s method after anova. Differences
were considered significant at P < 0.05.

Results

Esophageal cancer expresses PPARY protein

Human esophageal cancer tissues were stained using anti-
PPARY-specific antibody, and the expression was high in
area of cancer invasion (Fig. 1a). To test whether inhibiting
PPARY activity affects esophageal cell growth or survival,
three esophageal cell lines, KYSE30, KYSE70 and KYSE140,
were examined. Western blot analysis revealed differential
PPARY protein expression in each. The expression level of
PPARY was very low in normal mucosa, low in KYSE30
cells (well differentiated), moderate in KYSE140 cells
(moderately differentiated) and high in KYSE70 cells (poorly
differentiated). As the degree of cell differentiation decreased
from well differentiated to poorly differentiated, PPARY
protein expression increased. The expression of PPARY was
increased in esophageal cancer tissues compare with normal
esophageal epithelial cells (Fig. 1b). The cell line with the
highest expression of PPARY, KYSE70, was used in
subsequent investigations into the inhibitory effect of PPARY
activity.

Treatment with PPARy antagonists decreases cell
adhesion to the ECM

Cells treated with 10 or 50 uM of T0070907 and GW9662
underwent morphological changes by 24 h, but those treated
with 1puM did not undergo any morphological change
(Fig. 2). At this time point, most cells were still adherents to
the plate. However, rather than becoming the normal
elongated shape, they were rounded. This morphological
change was not the result of apoptosis in cells freated with
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Hmminbhistostaining

Fig. 1. PPARY expression in esophageal
cancer. {a) Surgical resection of human
esophageal cancer tissue stained using HE
and antibody specific for PPARy. The
expression was high in area of cancer
invasion. (b} The expression level of PPARY
was very low in normal mucosa, low in
KYSE30 cells {well differentiated), moderate
in KYSE140 cells (moderately differentiated)
and high in KYSE70 cells (poorly differ-
entiated). Asthe degree of cell differentiation
decreased from well differentiated to poorly
differentiated, PPARY protein expression
increased.
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10 uM TO070907 and GW9662, as cells at this time point
were not positive for annexin V (Fig. 3). By 48 h, almost half
of the cells treated with 50 pM T0070907 and GW9662 were
nonadherent. In other words, 1 uM of antagonists induced no
change, 10 uM induced morphological changes but did not
inhibit cell adherence, and 50 uM induced morphological
changes and inhibited cell adherence,

856

Fig. 2. Morphological changes in esophageal
cancer cell lines induced by PPARY antagonists.
KYSETO cells were incubated with dimethy-
Isulfoxide {(rontrol), and 1-50 uM TOO70007
and GW9662. Cells treated with 10 and
50 uM of PPARYy antagonists underwent
morphological changes by 24 h. By 48h,
10 uM induced morphological changes but
did not inhibit cell adherence; 50 uM induced
morphalogical changes and inhibited cell
adherence.

PPARY antagonists induce change of actin organization

Actin fibers play an important role in maintaining the
cytoskeletal structure, and paxillin is functionally important
in transducing intracellular messages that are associated with
growth factor signaling and cell-ECM interactions.® To
determine whether the observed cell rounding was associated
with alterations in cytoskeletal function, these proteins were
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Fig. 2. PPARY antagonists induced apoptosis in KYSE?0 esophageal cancer cells at 48 h, Cells were incubated with 10 and 50 pM T0070307
and GWS662, followed by flow cytometry analysis using annexin V and propidium iodide double staining. Apoptotic cells were observed in
50 ui antagonists at the 48 h time point, but not in 10 il
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Fig. 4. Bafore PPARy antagonist treatment of KYSE7Q esophageal cancer cells, actin fibers and paxillin were visible. After 12 h of treatment
with 10 and 50 uM T0070907 and GW9662, the cells began to lose their actin fibers, and by 24 h almost all of the cells had changed 1o 2
round shape with complete loss of actin fibers.
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Fig. 5. The PPARy antagonists T0O070907 and G\W3662 prevented celi growth in KYSE70 asophageal cancer cells. MTT assay showed the cell
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examined by confocal microscopy. Before antagonist treatment,
actin fibers and paxillin were visible (Fig. 4), After 12 h of
treatment in 10 and 50 uM PPARY antagonists, the cells
began to lose their actin fibers, and by 24 h almost all the
KYSET70 cells had changed to a round shape with loss of
actin fibers. Similar results were obtained with KYSE30 and
KYSE140 cells (data not shown).

Effect of PPARY antagonists on cell growth

In order to compare the effects of PPARY antagonism on
esophageal cancer cell growth, K'Y SET0 cells were incubated
with TOO76907 and GW9662, At 24, 48 and 72 h, the number
of cells was measured using MTT assay (Fig. 5). The results
were similar in all cell lines, therefore we used KYSET0 cells
because they had the highest expression of PPARY. The
compounds did not reduce the growth ratio at concentrations
below 10 uM, but did at 50 uM.

Effect of PPARY antagonists on apoptotic cell death

The results of propidium iodide—annexin V-FITC staining
showed that the PPARY-specific antagonists both induced
apoptosis in KYSET0 cells by 48 h at a concentration of 50 uM
(Fig. 3), but did not induce apoptosis at 10 uM.

PPARY antagonism affects the ability of esophageal cancer
cell invasion

The PPARY antagonists had the potential to decrease cell
invasiveness. In transwell invasion assays, the number of
mvasive KYSET0 cells significantly decreased with antagonist
treatment below 10 uM, and this effect dose-dependent
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(Fig. 6). At this concentration (10 puM), the PPARY antagonists
did not induce apoptosis, suggesting that the effect of invasion
reduction was independent of apoptosis.

PPARy antagonism inhibits the phosphorylation of FAK
and Erk
To determine possible mechanisms of the cell growth
inhibition by PPARY antagonism, important adhesion and
survival cell signaling pathways were investigated. PPARY
antagonists altered FAK (Tyr397) and Erk phosphorylation.
KYSET0 cells were incubated with 10 pM of each antagonist,
The results of Western blot analysis revealed decreased
expression of p-FAK and p-Erk by the treatment with the
anfagonists (Fig. 7). p-FAK decreased after 9h and p-Erk
decreased after 12 h,

Discussion

Currently, there is very little information about the inhibition
of PPARY in cancer cells, including esophageal cancer cells.
Our previous studies using hepatocellular carcinoma and tongue
cancer cells have demonsirated that PPARY antagonisis
(high concentration, 50 u) could prevent cell attachment to
ECM, leading to loss of adhesion-induced apoptosis, 22V
Tongue and esophageal cancer are similar i that they are
both squamous cell carcinomas, but the treatment approaches
are different. However, esophageal cancer is clinically very
important because its mortality rate is very high.

In this study, we demonstrated using esophageal cancer
cells that a very low comcentration (<10 puM) of PPARY
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antagonists could induce the inhibition of invasive properties,
but not induce growth reduction or apoptosis, MTT assay
(Fig. 5) showed that a low and very low concentration of
PPARY antagonists did not inhibit the growth ratio, even after
72 h. Similarly, a low concentration (10 uM) of PPARY
antagonists did not induce apoptosis (Fig. 3), However, 2 low
concentration of PPARY antagonists could inhibit the cancer
cell invasion in the wanswell migration assays (Fig, 6). These
results soggested that the mechanism by which the PPARYy
antagomnists inhibited the cancer cell invasion at low concen-
trations was different from the mechanism by which the high
concentration induced apoptosis and cell growth reduction,
Therefore, our results suggested that PPARY might play an
important role in cancer cell invasion.

Several reports have clearly demonstrated that PPARY
agonist ligands, the TZDs, could inhibit cell growth and
apoptosis of adenocarcinomas, as well as esophageal cancer
tissues. 429 The PPARY antagonists TOOT70907 and GW9662
could induce a very similar inhibition of cell growth at a high

concentration (50 uM) (Fig. 4). Although it appears para-
doxical that both over-activation and inhibition of PPARY
activity could lead to reduced cell growth, this might be a result
of different mechanisms. In the TZD seiting, a well-recognized
GO~G1 cell cycle arrest occurs. In conmrast, with PPARY
antagonists, apoptosis appeared to follow loss of adhesion,
which was not observed using TZDs. It is suggested that both
PPARY antagonists and TZDs should be considered important
candidates for further development as anticancer agents,
PPARy antagonists were found to first affect cell morphology,
with almost all cells changing their cytoskeletal structure,
involving both actin fibers and paxillin, within the first 12 h.
After adopting a rounded shape, the cells then began detaching
from the ECM by 24 h. At this time point, the cells were
clearly not apoptotic, as determined by flow cytometric
analysis in low concentration (10 pM). This suggested there
were different mechanisms dependent on PPARY activity.
FAK, a 125 kDa non-receptor tyrosine kinase, is an important
regulator of cell survival, invasion, migration, and cell cycle
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incubated with PPARy antagonists for 24 h é?
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Fig. 7. Expression of FAK (Tyr397} and Erk SAPDH
phosphorylation was altered in KYSEVO
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progression.®*~* This overexpression of FAK has been
abserved in a number of human malignant cells, and this
might play an important role in determining cellular invasion
and metastasis.®’*? FAK is functionally important in trans-
ducing intracellular messages associated with growth factor
signaling, cell-ECM interactions, modifying the cytoskeleton
and activating MAPK cascades, including Erk. In the present
study, the inhibition of phosphorylation of FAK in KYSE70
cells treated with antagonists (10 pM) was observed at 9 h,
followed by a reduction in Erk phosphorylation at 12 h.
Inhibition of Erk phosphorylation occurred after the inhibition
of FAK phosphorylation by PPARY antagonists, suggesting
that PPARY might play an important role in the MAPK pathway.

High concentration (S0 pM) PPARY antagonists induced
apoptosis and cell detachment, and reduced cell growth, but
a low concentration (10 pM) could reduce cell invasion and
alter the MAPK signaling pathway. These results suggest that the
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effects of a low concentration of antagonists were independent
of the effects of apoptosis, detachment and cell growth inhibition.
One study has reported that the difference in effect depends
on PPARY concentration,®? but further investigation is necessary.

In summary, PPARY antagonists inhibited esophageal
cancer cell invasion as well as cell adherence to ECM, most
likely due to alteration in the FAK-MAPK pathway, and this
was independent of apoptosis. Our results suggest that PPARY
plays important roles in cancer cell invasion, therefore it might
be a novel target for esophageal cancer therapy.
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We have recently developed a mouse model for colitis-
related colon carcinogenesis by a combined treatment
with azoxymethane (AOM) and dextran sodium sulfate
(DSS) in male ICR mice. However, strain differences in
the sensitivity to AOM/DSS-induced colon carcinogenesis
in mice have yet to be elucidated. The aim of this study was
to determine the presence of any genetically determined
differences in sensitivity to our model of colon carcinogen-
esis in four inbred strains of mice. Male Balb/c, C3H/HeN,
CS57BL/6N and DBA/2N mice were given a single intraperi-
toneal injection of AOM (10 mg/kg body wi), followed by
1% DSS (w/v) in drinking water for 4 days, and thereaflter
they received no further treatment for up to 16 weeks. At
the end of the study (Week 18}, all mice were killed and a
histopathological analysis of their colon was performed,.
The incidence of colonic adenocarcinoma was 100% with
a multiplicity (no. of tumors/mouse) of 7.7 & 4.3 in the
Balb/c mice and 5% with a multiplicity of 1.0 = 1.2 in
the C57BL/6N mice. On the other hand, only a few colonic
adenomas. but no adenocarcinomas, developed in the C3H/
HeN mice (29% incidence with a multiplicity of 0.7 £ 1.5)
and the DBA/2N mice (20% incidence with a multiplicity of
0.2 + 0.4). The inflammation and immunohistochemical
nitrotyrosine-positivity scores of the mice treated with
AOM and DSS in the decreasing order were as fol-
lows: C3H/HeN > Balb/c > DBA/2N > CS57BL/6N and
Balb/c > C57BL/6N > C3H/HeN > DBA/2N, respect-
ively. Our results thus indicated the presence of strain
differences in the susceptibility to AOM/DSS-induced
colonic tumorigenesis. These differences may have been
directly influenced by the response to nitrosation stress
due to the inflammation caused by DSS.

Introduction

Colorectal cancer (CRC) is one of the most common malignant
neoplasms in both sexes (1). In Western countries, this malig-
nancy is one of the most leading causes of cancer deaths (1). In
patients with inflammatory bowel disease (IBD), including

Abbreviations: AOM. azoxymethane; CRC, colorectal cancer; CYP,
Cytochrome P450; DSS. dextran sodium sulfate; IBD, inflammatory bowel
disease; TKK. 1xB kinase; LPS, lipopolysaccharide; UC, ulcerative colitis.

Carcinogenesis vol.27 no.l € Oxtord University Press 2005; all rights reserved.

ulcerative colitis (UC) and Crohn’s disease, the risk of CRC
development is higher than in the general population (2-5). In
sporadic and IBD-related CRC, the expression of inducible
nifric oxide synthase and cyclooxygenase-2, both of which
are associated with inflammation, has been reported to be
elevated (6,7). As a result, inflammation is suggested to play
an important role in IBD-related CRC (2).

In our recent series of studies on inflammation-related
colon carcinogenesis, we developed a novel model of colitis-
related colon carcinogenesis using ICR mice. In this animal
model, ICR mice received a single dose of a different colonic
carcinogen, consisting of either azoxymethane (AOM) (8),
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (9) or 1,
2-dimethylhydrazine (10), followed by a 1-week exposure to
2% dextran sodium sulfate (DSS) in their drinking water,
which thus resulted in a high incidence of colonic epithelial
malignancy within 20 weeks (8-10). We have previously pro-
posed that the colonic inflammation and nitrosative stress
caused by DSS exposure contributes to the development of
cryptal dysplasia and neoplagms in the colon (8-10).

AOM is a colonic genotoxic carcinogen that is extensively
used for ihe investigation of large bowel carcinogenesis in
rodents (11-13). A synthetic sulfate polysaccharide, DSS, is
a non-genotoxic colonic carcinogen that is widely used to
produce colitis in rodents, which shares most features with
human UC (14-18). It is well known that different strains of
mice have different sensitivities to xenobiotic including AOM
and DSS (19-28). For example, the Balb/CJ strain is known to
be susceptible to AOM (26), whereas, the C3H (29), C57BL/6J
(26) and DBA/2 (235) strains are less sensitive to AQOM.
Regarding the sensitivity to DSS in several mouse strains,
Balb/c, C3H/Hel, and CS7BL/6J mice are relatively suscepli-
ble to DSS, while DBA/2J mice have been reporied to be vir-
tually resistant (27,28). It may therefore be possible that the
differences in the genetic backgroend of the mice differently
affect the colon carcinogenesis induced by AOM and DSS.

The current study was conducted to determine the different
sensitivities to AOM/DSS-induced colon carcinogenesis in
four different inbred mouse strains, namely Balb/c, C3H/
HeN, C57BL/6N and DBA/2N, by evaluating the incidence
and multiplicity of colonic tumors. In addition, an immunohis-
tochemical analysis of nitrotyrosine, a marker of both
formation of peroxynitrite (30) and perhaps the inflamma-
iion-associated carcinogenesis (31), was done 1o evaluate
whether nitrosative stress is involved in the sirain difference
sensitivity to AOM/DSS-induced colon tumorigenesis.

Materials and methods

Animals, chemicais and diets

For the study 5-week-old male mice of Balb/e, C3H/HeN, C57BL/6N and
DBALN strains were obtained from Charles River Japan. (Tokyo, Japan).
AOM was purchased from the Sigma-Aldrich (St Louis, MO). DSS with a
molecular weight of 36 (00~-50 000 was purchased from ICN Biochemicals,
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Fig. 1. Various gradss of colitis. (A) Normal colon mucosa (Grade 0); {B) shortening the basal one-third of the crypts with slight inflammation and edema in
the larnina propria (Grade 1); (€) Joss of the basal two-thieds of the erypts with moderate inflamration in the lamina propria (Grade 2): (8) Joss of all the
crypts with severe inflamimation in the lamina propria, but with the surface epithelium still remaining (Grade 3): and (E) a loss of all the crypts and surface
epithelium with severe inflammation in the mocosa, muscularis propria and submincosa. An exudate containing cell debris, inflammatory cells, fibwin and
mucys covers the damaged mucosa (Grade 4). Hematoxylin and eosin stain. Original magnification, (A-E), 20x.

{Cat. No. 160110, Auvrora, OH). CRF-1 (Oriental Yeast, Tokyo. Japan) was
used as the basal diet throughout the study.

Experimental procedure

After they were brought, the mice were acchimated for 1 week with tap water
and a pelleted basal diet, CRF-1, ad libitium. The experimental groups in cach
strain of mice included the AOM and 385 group. the AOM alone group, the
D88 alose group and the untreated control group. The experimental protocol in
the current study was slightly modified from our original protocol (8). We
chose 1% as the dose level of DSS since this dose has been shown to exert
sufficient tumor-promoting effects (32). In addition, the duwration (4 days) of
DSBS exposure in drinking water was shorfeoed based on owr preliminary
investigation, in which 4 days of exposure to DSS was found o enhance
AOM-initiated colon carcinogenesis in ICR mice of cither sex. All mice
were maintained at the Kanazawa Medical University Animal Facility accord-
ing to the nstitutional Animal Care Guidelines, and were maintained under
controlled conditions of humidity (50 - 10%}, light (12/12 h lght/dark cycle)
and temperatore (23 = 2°C).

Hisiparhological analysis

At the end of the experiment (Week 18), all the mice were killed by an ether
overdose. At autopsy, their large bowel was flushed with saline and excised.
After measuring the Jength of the large bowel (from the Hlencecal junction to
the anal verge), it was cut open longitudinally along the main axis and washed
with safine. The large bowel was then caxefally inspected for the presence of
pathological lesions and fixed in 10% buffered formalin for at least 24 h.
Paraffin-erbedded sections of the large bowel were then made by routine
procedures. Any histopathological alterations in the colon were examined on
hematoxylin and ecosin-stained sections. Colitis was recorded and scored
according to the following morphological criteria described by Cooper er al.
(33 Grade 0 (Figure 1A), normal colonic muceosa: Grade 1 (Figure 1B),
shortening and loss of the basal one-third of the actual erypts with mild
inflammation and edema in the mucosa: Grade 2 (Figure 1C), loss of the
basal two-thirds of the crypts with moderate inflaromation in the mucosa;
Grade 3 (Figure 1D), loss of all crypts with severe inflammation in the mucosa,
but with the surface epithelium still remaining: and Grade 4 (Figure 15), Joss
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of all crypts and the surface epithelium with severe intlammation in the
mucosa, muscularis propria and submucosa. Intestinal neoplasins  were
diagnosed according to the criteria described by Pozharisski (34).

Immunchistochemistry

Nitrotyrosine immunohistochemistry was carried out on 4-pm-thick parafiin-
embedded sections from the colons in all four strains of mice administered 1%
D88 alone as previously described (8,35). The deparaffinized sections were
incubated overnight with a primary rabbit polyclonal anti-ritrotyrosine
(diluted 1:1500, CHEMICON Inteenational, CA) or with a control solution.
Control sections included buffer alone or non-specific purified rabbit
secondary antibody and avidin-biotin-peroxidase complex (Vectastain Elite
ABC kit, Vector Luboratories, Burlingame, CA). The color was developed
using 3,3'-diaminobenzidine-4HCI as the chrormogen. The stained sections
were examined for the localization and intensity of immunoreactivity by
microscopy (Olympus AX70. Olympus Optical, Tokyo, Japan). To the degree
of nitrotyrosine stainability. the following grading system (Grade 0-4) was
applied: Grade 0, no immunorcactivity and no positive cells; Grade 1, weak
immunoreactivity and <10% positive cells: Grade 2, mild immunoreactivity
and 10-30% positive cells; Grade 3, moderate immunoreactivity and 31-60%
positive cells; and Grade 4, strong immunoreactivity and 61-100% positive
cells with extensive immonoreactivity (36).

Sratistical analysis

‘Where applicable. the data were analyzed using one-way ANOVA with either
Bonferroni convection or Fisher's exact probability test (GraphPad Instat ver-
ston 3.05, GraphPad Software, San Diego, CA), with P < (.05 as the criterion
of significance.

Results

General observation

The intake of DSS-containing tap water did not significanily
differ among the four strains of mice (data not shown). Mice
that received AOM and 1% DSS or 1% DSS alone demon-
strated bloody stools either during DSS administration or soon
after the cessation of DSS exposure. The degree of this symp-
tom varied among the strains: Balb/c and C3H/HeN mice
showed severe symptoms while C37BL/6N and DBA/2N
mice showed mild symptoms. The mean body weight and
colon length of the mice are summarized in Table [ The
mean body weight of the Balb/c mice, which received AOM/
DSS, was significantly lower than that of the C3H/HeN mice
(P <0.01) and CS7BL/6N mice (P < 0.01), which were given
AOM and DSS. A significant difference on the mean body
weight was found between the AOM/DSS group and the
untreated group (P <0.001) in Balb/c mice. As listed in
Table I, the mean lengths of the colon in the Balb/c mice
(P <0.001) and C3H/MHeN mice (P <0.001) that were treated
with AOM/DSS were statistically longer than in the C57BL/
6N mice. A significant difference (P<0.000) was also
observed between the CS7TBL/6N and DBA/2N mice that
were exposed to AOM/DSS. The C57BL/6N mice given
AOM alone has a significantly shorter colon than the Balb/c
(P <0.01) and DBA/2N mice (P <0.01) treated with AOM
alone. As for the untreated group, the colon length of the
CS57BL/6N mice was significantly shorter than that of the
Balb/c (P <0.01) and DBA/2N mice (£ <0.01).

Incidence and multiplicity of large bowel neoplasms

Macroscopically, colonic neoplasms developed with a dif-
ferent incidence and multiplicity for each strain of mice that
received AOM and 1% DSS. Flat, nodular, polypoid or
caterpillar-like tumors were mainly located in the middle
and/or distal colon if any tumors existed (Figure 2).
Histopathologically, they were tubular adenoma (Figure 3A)
or adenocarcinoma (Figure 3B). Dysplastic lesions were also
observed in the colonic mucoesa sorrounding the tumors. None
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Table L. Body and relative liver weights and lengths of colon in each
strain of mice

Strain Treatment (no. of
nice examined)

Body weight (g) Length of colon (em)

Balb/c AOM 1% DSS (10) 25.1 £ 3.8“>¢ 127 & 1.0°
AOM (4) 30.9 £ 08 14.0 + 1.0°
1% DSS (5) 34.1 4 2.0 13.0 + 0.6
None (5) 324+ 1.1 137 4 0.5%
C3H/HeN  AOM-+1% DSS (7) 302 + 0.6 127 + 1.3°
AOM (5) 326+£22 12.5 £ 0.6
1% DSS (5) 322412 130+ 1.1
None (3) 318 £ 11 119 £06
CSTBL/GN  AOM-—+1% DSS (30) 293 + 1.9 11.1 £ 0.6"
AOM (5 313 2.0 11.7 £ 0.5'
1% DSS (5} 32.0 £ 1.7 12.8 £ 0.9
None (5) 33.0 £ 47 116 + 1.0¢
DBAZN  AOM~—1% DSS (10) 283 23 132 £ 1.0
AOM (3) 29 % 1.3 14.3 £ 0.9
1% DSS (%) 305 06 14.0 + 0.8
None (5) 30,7+ 1.4 13.6 £ 1.7
“Mean & SD.

"Significanlfy different from untreated Balb/c mice (P < 0.001).
“Significantly different from C3H/HeN mice which received AOM/DSS
(P <0.01).

“Significantly different from CSTBL/6N mice which received AOM/DSS
(£ <0.01).

“Significantly different from C57BL/GN mice which reccived AOM/DSS
(P <0.001).

'Significantly different from CS7BL/ON mice which received AOM alone
£ <0.01).

#Significantly different from untreated CS7BL/GN mice (P <0.01).
"Significantly different from DBA/2N mice which received AOM/DSS
(£ <0.001).

‘Significantly different from DBA/2N mice which received AOM alone
(£ <0.01).

'Significantly different from untreated DBA/2N mice (P < (.01).

of the strains of mice given AGM alone, 1% DSS alone or tap
water had any colonic tumors.

The incidence (percent of mice with tumors) of colonic
neoplasms is summarized in Figure 4A. The incidence of
colonic neoplasms in the Balb/c mice (100%) was significantly
higher than in the C3H/HeN mice (29%, P = 0.0034) and the
DBA/2N mice (20%, P = 0.0004). A statistically significant
difference (P = 0.0115) was also noted between the CS7BL/
6N (80%) and the DBA/2N mice. The order of the incidence of
colonic adenoma was Balb/c mice (90%) > CS57BL/6N mice
(70%) > C3H/HeN mice (29%) > DBA/2N mice (20%). The
incidence of adenoma in Balb/c mice was statistically greater
than in C3H/HeN mice (P = 0.0175) and DBA/2N mice
(P = 0.0027), and the difference between C57BL/6N mice
and DBA/2N mice was statistically significant (P = 0.0349).
The incidence of colonic adenocarcinoma was 100% in the
Balb/c mice and 50% in the C57BL/6N mice and a statistically
significant difference (P == 0.0163) was found between these
iwo sirains of mice. However, this malignancy was not found
in the C3H/HeN and DBA/2N mice. As shown in Figore 4B,
the multiplicity of colonic neoplasms (/mouse) was 11.4 £ 5.9
in Balb/c mice, 0.7 & 1.5 in C3H/HeN mice, 2.5 + 2.1 in
CS7BL/6N mice and 0.2 = 0.4 in DBA/2N mice. The value for
the Balb/c mice was significantly higher (P < 0.001) than that
of other strains of mice. The order of the muitiplicity of
adenoma was Balb/c mice (3.7 + 3.3) > C57BL/6N mice
(1.5 £ 1.3) > C3H/HeN mice (0.7 + 1.5) > DBA/2N mice
(0.2 = 0.4). The value for multiplicity of adenoma in the
Balb/c mice was statistically greater than in the C3H/HeN
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Fig. 2. Macroscopic view of the large bowel treated with AOM and 1% DSS. (4) Numerous colon turaors (2-21 tumors pee mouse) develop in all Balbje
mice. (B) One or four colonic tamors ate seen in twe out of seven C3H/HeN mice, (C) One to {ive colonic tumors are found in 8 out of 10 CS5TBL/EN mice,

(1) One colonic tamor is present in 2 out of 10 DBA/2N mice,

Fig. 3. Histopathology of colonic nenplasms in male Balb/c mice treated with AOM and 1% D38, (4} Tubular adenoma and (B) moderately-differenttated
adenccarcinoma. Hematoxylin and eosin stain. Original magnification, A, 2 and B, 20x.

mice (F < 0.05) and DBA/ZN mice (P < 0.01). The muli-
plicity of adenocarcinoma in the Balb/c mice (7.7 £ 4.3) was
the greatest among the four sivains and i was significantly
larger than that in the C3H/HeN mice (1.0 £ 1.2, P < 0.001).

The scores of inflammaiion und nitrotyrosine

As shown in Figure §, the inflammation scores of each sirain of
mice initiated with AOM and followed by DSS exposure were
1.2 = 1.1 in Balb/e, 2.3 % 1.3 in C3H/HelN, 04 £+ 07 in
C57BL/6N and 0.6 £ 0.7 in DBA/N, respectively, The
score of C3H/HeN was significantly greater than that for
C57BL/GN (P <0.01) and DBA/IN (P<0.01). As for the
mice that received 1% DES alose, the inflammation score of
the C3H/HeN mice (14 £ 0.5) was the highest among the
strains (1.0 = 1.2 in Balbfc mice and 0.2 & 04 in DBA/SZN

mice). CS7BL/GN mice given 1% DSS alone had quite a low
score of iflammation. The mice teated with AOM alone
and the unireated mice demonstrated extremely weak
inflammation in the colon.

Nirolyrosine immunoreactivity was mainly observed in the
neoplastic cells, cryptal cells, blood endothelial cells and
mononuclear cells, which infiltrated the colonic mucosa
(Figure 6). The stainability was relatively weak for infilirative
monomuclear cells in comparison with the cryptal cells and
endothelial cells (Figure 6). As shown in Figure 7, the nitroty-
vosine immunohistochemistey findings for the Balb/c mice
(3.6 & 0.5) ueated with AOM and DSS were significantly
higher than those for C3H/HeMN (1.7 = 0% P < 0.000)
and DBA/ZN mice (1.6 & 0.5, P<0.001). The score of
nitrotyrosine-positivity in CS7BL/EN mice (3.4 & 0.5) was

h
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Fig. 4. Incidence and multiplicity of colonic tumors. (A} Incidence of colonic tumors. Black columms represent total; white colurn fitled with dots represent
adenoma and striped columns represent adenocarcinorma. a, Significantly different from C3H/HeN (£=0.0034): b. significantly different from DBA/IN
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colonic tumors. Values are the mean 3 SD. Black columns represent total; white cofumn filled with dots represent adenoma and striped columns represent
adenocarcinoma. a, Significantly different from C3H/HeN (P<0.001): b, significantly different from CSTBL/EN (£ < 0.001%: ¢, sigmificandy differend from
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statistically higher than those m C3H/HeN (P < 0.001) and
DBA/ZN (P<0.001) mice. In mice that received 1%
IS5 alone, the scores in Balb/e (2.8 = 0.8) and CS7BL/6GN
(2.4 = 1.1) mice were higher than those in C3H/HeN (16 £
{.5) and DBA/IN mice (1.4 & 0.5); however, no significant
differences were observed among the strains. As for the mice
given AOM alone, the scores of ninotyrosine in the Balb/e
mice and CS7BL/ON mice were 0.5 & 0.6 and 0.2 % 04,
respectively. C3H/HeN mice and DBA/IN mice ireated with
AOM alone showed either no or faint stainability of nitrotyro-
‘sine. The degree of nitrotyrosine stainabilily in untreated mice
was almost null

Discussion

The present investigation demonstrated the different suscepti-
bilities of the four strains (Balb/e, C3H/HeN, C57BL/6N and
DBA/IN)Y of mice to colon mmorigenesis induced by the
combination treatments with AOM and DSS. Apparently,
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Balb/c mice were extremely sensitive to AOM/DSS-induced
colon carcinogenesis in the present experimental condition.
The sensiiivity of Balb/c mice observed in the present study
was almost similar to those found in ICR mice (8.32.35).
Colonic adenocarcinoma also developed in CS7BL/SN, but
the incidence was lower than in Baib/e. In contrast, the sus-
ceptibility of C3H/HeN and DBA/ZN to the administration
of ADM and DSS was goite low and only a few colonic
adenomas developed in both the sirains of mice.

Regarding the sensitivity of the mice to AOM initiation, the
Balb/CJ mice were reported to have a remarkable susceptibil-
ity to the formation of distal colon mumers after reatment with
AOM (26), whereas C3H, C57BL/6], and DBA/2 mice were
found to have a low incidence of colonic tumors by AOM
initiation (25,26,29). Strain differences in the susceptibility to
BS8S have also been demonstrated: Balb/e, C3H/Hel and
CS5TBL/G] are relatively suscepiible to DSS, whereas DBA/2T
mice are virtually resistant based on the frequency of ulcera-
tion or the histological score of inflammation in the colon
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Fig, 6. Nirrotyrosine immunohistochernistry of the colon from four strains of mice given 1% DSS. (A) Balb/e; (B) C3H/HeN; () C5TBL/AEN; and

() DBA2N.Original magunification, (A-D), 20x.
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Fig. 7. Score for nitrotyrosine immunohistochemistry. Values are the mean == 8D, White column, Balb/c; white column with dots, C3H/HeN;

black colurnns, C5TBL/6N; striped columns, DBA/IN. *P <0.001.

(27,28). In the current study, the sensitivities of the foor strains
to DSS were somewhat dissimilar fo those of previous smudies
(27,28). The inflammation score of colonic mucosa revealed a
severe and moderate inflammation to be present in the C3H/
HelN and Balb/c mice treated with both AOM and DSS,
respectively, while CS7TBL/6N and DBA/2N mice had only a
relatively weak inflaramation. In the case of the receptivity of

C57BL mice to lipopolysaccharide {LPS), C57BL/10ScCr
mice were resistant to LPS, whereas CS7BL/10ScSn mice
responded to LPS (37). Similarly, C3H/HeJ and C3H/HeN
are LPS-responder and LPS-non-responder mice, respectively
(38,39). As a result, the discrepancy in the response of DSS in
mice might be due to differences in the substrains. In the
current study, the highest incidence of colonic mmors was
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found in Balb/c. CS7BL/6N had the second highest incidence
among the strains tested. On the other hand, C3H/HeN and
DBA/2N had only a few benign colonic tumors (adenomas).
The shortening of colon length in the mice that received DSS is
one of the biological markers of severity of colonic inflamma-
tion (8-10,32,35). When comparing the colon length in mice
treated with AOM and DSS with that in unireated mice, the
order of the shortening rafe of the colon length of mice was
Balb/c (7%)>C57BL/6N (4%)>DBA/2N (3%)>> C3H/HeN
{(--6%). These results suggest that the different susceptibilities
of the inbred mouse strains to AOM/DSS-induced colon car-
cinogenesis might correlate with different sensitivities to
AOM or DSS, with only slight contradictions among the sub-
strains.

AQOM is widely used as a colonic carcinogen to investigate
the parhogenesis and modification of colon carcinogenesis in
rodents (11~13). AOM requires metabolic activation to exert
its carcinogenic action. Cytochrome P450 (CYP) is known to
play a prominent role in the modulation of the xenobiotic
metabolism, including chemical carcinogens. CYP 2E1 is
one of the important factors for converting AOM to methyl-
azoxymethanol, which can produce DNA adduct formation
and also produce the initiation event (40,41). Although we
did not investigate the activity of CYP 2El, it may be possible
that the expression and/or content of CYP 2E1 differ among
the strains examined. This may be indicated by the findings
that the relative liver weight of Balb/c, which had the highest
susceptibility of AOM/DSS-induced colon carcinogenesis,
was higher than that of other strains of mice in the current
study (data not shown).

The influence of nitrosation stress caused by DSS is also an
important factor for AOM/DSS-induced mouse colon carcino-
genesis, since a powerful tumor-promoting activity of DSS
has been observed in this model (8,32,35.42). We found a
close association between the score of nitrotyrosine and the
occurrence of tumors in the current study. Nitrotyrosine-
immunohistochemical scores of each strain of mice in the
‘AOM - DSS’ and "DSS alone’ groups were much greater
than those of the *AOM alone’” and ‘untreated’ groups. The
scores of the "AOM — DSS’ group were relatively higher
than those of the *DSS alone’ group in all straings of mice and
the order was Balb/c > C57BL/6N > C3H/HeN > DBA/2N
in these two groups. Such inflammation could influence
tumorigenesis, although the inflammation score did not
completely correspond with the frequency of colonic tumors
in the current study. Indeed, the score of inflammation in the
mice receiving both AOM and DSS was higher than that of the
mice administered DSS alone. An investigation of additional
factors is needed to precisely efucidate the strain differen-
ces in the susceptibility to colon carcinogenesis. Recently
Greten er al. (43) reported interesting findings, namely that a
specific inactivation of the IkB kinase (JKKYNF-xB
pathway can attenuate the formation of inflammation-
associated colon tumors in villin-Cre/lkiB™™ mice. They also
suggested that TKKB might be involved in inflammation-
related carcinogenesis.

In conclusion, we herein demonstrated the differences in the
genetic susceptibility to AOM/DSS-induced colon tumori-
genesis among four inbred strains (Balbfc, C3H/HeN,
C378BL/6N and DBA/2N) of mice and found the Balb/c mice
to be the most sensitive. Our findings suggest that the genetic
background thus plays an important role in the cancer risk
in colitis-related colon tumorigenesis. In addition, strain
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differences in the susceptibility of colon carcinogenesis
induced by AOM and DSS might be influenced by the
response to nitrosation stress due to inflammation as deter-
mined by the genetic background.
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Predominant T helper type 2-inflammatory responses promote
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Colon cancer is one of the most serious complications of inflamma-
tory bowel diseases, especially uvlcerative colitis (UC). Previous
studies have shown that characteristic immunological event dur-
ing inflammation in UC is the expression of T helper-type 2 (Th2)
ceil-derived cytokines. In this study, we investigated the influence
of a predominant Th2-type cytokine response in colitis on carcino-
gen-induced colon tumors. Wild type (WT), interferon gamma
(IF? \-y) gene deficient (—- /~) [Th2 dominant] or interlenkin (IL)-

477 [Thi-dominant] mice of BALB/c background were used in
ﬂ'llS study. To compare tumor formation, mice were given the car-
cinogen azoxymethane (AOM) and infrarectal administration of
trinitrobenzene sulfonic acid (TNBS), to induce colitis. Thirty-
three weeks after initial treatment, the total colon was examined.
When IFN-y™" mice were treated with AOM and TNBS, signifi-
cantly higher number of tumors were seen (8.4 = 1.7) than in WT
(3.3 = 2.9) or IL-47"7 (3,1 =% 3.4) mice, which received identical
treatments. A separate set of experiment, using less doses of AOM
and TNBS also showed the higher frequency of tumor formation
in IFN-y™'" mice than in IL-4"'" mice. Histologically, the tumors
were well- or moderately-differentiated adenocarcinomas. No
invasion into the submucosal or serosal layers of the intestine was
seen. In immunohistolegical staining, some tumors in IFN-y~'~
mice showed distinct nuclear expression of f-catenin, in contrast
to the strong membrane staining seen in tumors of .-47'™ mice.
In conclusion, colonic inflammation associated with Th2-donimant
cytokine responses enhanced the formation of malignant neo-
plasms.

© 2005 Wiley-Liss, Inc.
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Colorectal cancer 15 one of the most serious complications in
inflanunatory bowel diseases (IBD) including ulcerative colitis
(I IC) and Crohn’s disease (CD).! Of note, patients with longstand-
ing, extensive UC have a high cancer risk. ~16.5% at 30 vears,
after initial diagnosis.>* Tt has long been noted that cancer arises
from regions of chronic inflammation, and the mflarnmatory cells
and cytokines of the immune system found in lumors 4re more
likely to contribute to tumor growth and progression.* In animal
models, colitis induced by dexma.n sulmte sodium (DSS) are asso-
ualed with dysplasia und cancer.”” Recent studies on liver can-
cer® and colon cancer’ models suggested that transcription factor
NFE-xB, which is a key player of mﬂdmmdtory responses, does not
affect initiation, but acts in tumor promotion. Thus, inflammation
may significantly affect the process of cancer in UC. In fact. can-
cers in UC have several distinct featwres from colorectal cancers
in non-IBD patients.'” First, tumeors in UC are often multiple,
which is to be expected from precancerous dysplastic changes
found in UC mucosa. Second, cancer in UC is often flat and infil-
trating. Third, there 15 a higher incidence of high-grade, mucinous
carcinomas than seen in non-IBD cancer. At a molecular level,
P53 gene mutations or p53 protein overexpression, which is a late
event in the development of sporadic colorectal carcinema. have
been commonly reported as early events in the dvspldsm—cdru—
noma sequences in UC-associated carcinomas. These results
provide evidence that UC-associated cancer may develop along a
pathway that is different from that of sporadic colorectal cancer.
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Although pathogenesis of IBD is unknown, fluctnating but con-
stant inflammatory responses at the local site is the major patho-
logical finding. Past studies have shown that local immunological
events during chronic inflammation in UC and CD are different.
The presence of activated Thl cells in the intestine is the charac-
teristic of CD, with high expression of interferon garnma (IFN-v)
and tumor necrosis factor alpha (TNF-).">1® On the other hand,
elevated exprpwon of T hel ver-type 2 (Th7) cell-derived cyto-
kines is often seen in UC, By use of various murine models,
we and others have shown that such distinet cytekine responses
actually involved in the unique pathological changes in CD and
UC. For example, we noted distinet pathological dxtferences in the
hapten-induced colitis in Thl versus Th2-domiinant mice.!??" In
Th2 dominant mice, fibrosis and diffuse atrophic changes in epi-
thelial cells were seen. while acute ulcers were the major lesions
of colitis in Thl dominant mice. Other groups have reporied that
adrninistration of the sensitizing agent, oxazolone, induced colitis
with diffuse epithelial damage. In this model, 2 Th2 LVPC cytokine.
interleukin (IL)-13 was the major effector cytokme Further,
transfer of Th2-dominant T cells to T cell-deficient recipient mice
resulted in ileal villus atrophy and goblet cell Hletdpld‘ﬂd while
transfer of Thl dominant T cells mduc.ed erosive gastritis with
enhanced surlace epithelial cell apoptosis.® These results suggest
that a predominance of either Thl- or Th2-type cy tokines in
inflammatory responses has a major influence on the pathology
and tissue remodeling in the chronic inflammation, and eventually
affects controlling epithelial cell differentiation, as well as their
turnover. Thus, differential upregulation of inflammatory cyto-
kines in UC may direcily contribute to malignant progression.
However, data on the participation of a predommdme of Thi or
Th2 cytokines in mucosal imemunity in colonic carcinogenesis is
himited.

The possible factors which lead to dysplasia and malignant
transformation in UC need to be more theroughly investigated. In
this study, we used models of Thi- or Th2-dominant colitis model
fogether with azexymethane (AOMj}-induced carcinogenesis and
sequential and morphological analysis, paying particular attention
to the tissue tropism of carcinogenesis. Our findings show that a
Th2 cytokine dominant colitis increases the frequency and
changes in pathological features of colonic neoplasms.

Abbreviations:  AOM. azoxymethane; DSS, dextran sulfate sodium; GI.
gastrointestinal; H&E, hematoxylio and eosing IFN, interferon; IL., interfeu-
kin: TNBS. trinitrobenzene sulfonic acid; TNF, tunior necrosis factor.
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