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FIGURE 4. Cell cycle progression in orc2-5d strain. A, experimental outline and timing of sampling. YMMB84 (GAL1-2-1-FLAG, ORC2-3HA), YMM76 (GAL-orc2-
1-FLAG, orc2-5d-3HA), and YMM77 (GAL-orc2-1-FLAG) cells were incubated in YP medium containing galactose (Gal) and nocodazole (Noc) (8 and C) or a-factor
(@) (D-F) at 30 °C for 30 min and then incubated in YP medium containing glucose (Glu) and the same concentration of each blocker at 37 °C for 120 min. Cells
were released into YP medium containing glucose and incubated at 37 °C for the indicated periods. Samples were analyzed by FACS (B and D). FLAG-tagged
Orc2-1p and HA-tagged Orc2p (or Orc2-5Dp) in the chromatin fractions were detected as described in the legend of Fig. 3 (C and E). Whole cell extracts were
analyzed by immunoblotting with antibody against Rad53p. F, the arrow and vertical line indicate unphosphorylated and phosphorylated, respectively,

Rad53p.

less efficient amplification of ARSI DNA fragments was
‘observed in the YMM?77 strain (Fig. 5C). These results suggest
that ORC containing Orc2-5Dp can specifically bind to origin
DNA in a similar way to wild-type ORC.

We performed a chromatin binding assay to monitor pre-RC
formation; the amounts of ORC and MCM in the chromatin
fractions were monitored by immunoblotting. As shown in Fig.
5D, the amount of Orc2-5Dp in chromatin fractions was much
the same as that of wild-type Orc2p, confirming that ORC con-
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taining Orc2-5Dp can bind to origin DNA in an equivalent way
to wild-type ORC. On the other hand, the amount of Mcm2p in
the chromatin fractions of YMM76 was less than that in
YMMS84 at G, phase, suggesting that MCM loading on chroma-
tin and pre-RC formation is inhibited in YMM76. Unfortu-
nately, because ChIP assay for any subunits of MCM did not
work in our strains, we could not confirm the results of chro-
matin binding assay by ChIP assay. These results suggest that
ORC containing Orc2-5Dp is inefficient for pre-RC formation,
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and we consider that dephosphorylation of Ser-188 of Orc2p at
late M or G, phase is important for pre-RC formation.

Biochemical Characterization of ORC2-5D—We named the
ORC containing Orc2-5Dp, ORC2-5D, and purified both
ORC2-5D and wild-type ORC from insect cells overexpressing
each type of ORC. As shown in Fig. 64, both types of ORC were
prepared to similar purity, and no apparent degradation of sub-
units was observed.

The DNA binding properties of wild-type ORC and
ORC2-5D were studied using a filter binding assay with
radiolabeled origin DNA (ARSI). ARSI contains four ele-
ments important for its origin function (A, B1, B2, and B3)
(53), of which A and B1 are ORC binding sites (5, 54). We
examined the extent of binding of each ORC to radiolabeled
wild-type ARSI or mutant ars1/A”B1~ DNA fragments in
the presence of various concentrations of a nonspecific com-
petitor DNA, poly(d1/dC) (Fig. 6B). Both the wild-type ORC
and ORC2-5D bound to wild-type ARSI more efficiently
than to mutant ars1/A~ Bl DNA fragments, suggesting that
ORC2-5D can specifically bind to origin DNA. These results
are consistent with in vivo data showing that ORC binding
to origin DNA is indistinguishable between YMM76 and
YMMB84 strains (Fig. 5).
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FIGURE 5. Pre-RC formation in the orc2-5d strain. A, experimental outline and timing of sampling.
YMMB84 (GAL1-orc2-1-FLAG, ORC2-3HA), YMM76 (GAL-orc2-1-FLAG, orc2-5d-3HA), and YMM77 (GAL-orc2-
1-FLAG) cells were incubated in YP medium containing galactose (Gal) and nocodazole (Noc) at 30 °C for
1 hand then incubated in YP medium containing glucose (G/u) and the same concentration of nocodazole
at 37 °C for 2 h. B-D, cells were released into YP medium containing glucose and a-factor (a) and incu-
bated at 37 °C for 2 h. B, samples were analyzed by FACS. DNA fractions (at the timing of 4) were prepared:
from the immunoprecipitated samples with antibody against HA and whole cell extracts (Input) and
subjected to PCR with specific primer sets for LEU2 and ARS1. C, titration of the input DNA is shown by the
triangle symbols. The PCR products were separated on a 3% agarose gel and visualized under UV. D,
FLAG-tagged Orc2-1p, HA-tagged Orc2p (or Orc2-5Dp), and Mcm2p in chromatin fractions were detected

firming that ORC2-5D can specifi-
cally bind to origin DNA. o

The ATP binding properties of
the wild-type ORC and ORC2-5D
were also compared using a filter
binding assay. Both types of ORC
showed high affinity for ATP, but
the number of ATP molecules
bound to each ORC2-5D was less
than to wild-type ORC in the pres-
ence of high concentrations of ATP
(Fig. 7A). Scatchard plot analysis
showed that the K, values of wild-
type ORC and ORC2-5D for ATP
were 17 and 16 nM, respectively, and that the ATP binding sites
per wild-type ORC and ORC2-5D were 0.35 and 0.18, respec-
tively. These results suggest that ATP binding to either Orclp
or Orc5p is inhibited in ORC2-5D, and we speculated that ATP
binding to Orc5p is inhibited in ORC2-5D, because ORC2-5D
can specifically bind to origin DNA (Fig. 6), which is independ-
ent of Orc5p ATP binding. ‘

To test this idea, we performed UV-cross-linking analysis
using radiolabeled 8-N;-ATP. As shown in Fig. 7B, the
results for the wild-type ORC were similar to those reported
previously (28); Orclp, Orc4p, and Orc5p were labeled in the
presence of origin DNA fragments, and the labeling of Orclp
and Orc4p was less in the absence of origin DNA fragments.
For ORC2-5D, Orclp and Orc4p but not Orc5p were labeled
in the presence of origin DNA fragments, supporting the
idea that ATP binding to Orc5p is inhibited in ORC2-5D.

It has been reported that origin DNA fragments stimulate
ATP binding to Orclp (28, 29). We, therefore, examined the
effect of ARSI and mutant arsi/A~B1~ DNA fragments on
ATP binding to wild-type ORC and ORC2-5D. As shown in
Fig. 7C, ARSI DNA fragments increased the amount of ATP
bound to wild-type ORC, and mutant arsl/A“B1~ DNA
fragments produced a smaller increase, as reported previ-
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FIGURE 6. DNA binding activity of ORC2-5D. A, 1 pmol of wild-type ORC (

" electrophoresed on a 7.5% SDS-polyacrylamide gel and stained with silver. B, wild-type ORC and ORC2-5D (0.2

pmol) were incubated with 200 fmol of radiolabeled ARST or ars1/A~B1~ DNA at

of the indicated amounts of competitor DNA, poly (dI/dC). the amounts of DNA bound to each ORC were
determined by filter binding assay. The amounts of DNA bound in the absence of poly(dl/dC) were 128 fmol
(closed circles), 53 fmol (open circles), 100 fmol (closed triangles) and 45 fmol (open triangles). C, wild-type ORC
(W), ORC2-5D (M), ORC-1A (1A), and ORC-5A (5A) were incubated with radiolabeled ARST or ars1/A~B1~ DNA
fragments in the presence of 0.3 g poly (dI/dC). Samples were electrophoresed on a 3.5% polyacrylamide gel

and autoradiographed.

ously (28, 29). Both types of DNA fragments affected ATP
binding to ORC2-5D in a similar way (Fig. 7C), suggesting
that the orc2-54 mutation affects neither ATP binding to
Orclp nor DNA binding to the ORC.

We measured the ATPase activity. As shown in Fig. 7D,
ORC2-5D showed a similar level of ATPase activity as wild-
type ORC, and ORC-1A showed no ATPase activity, as
reported previously (28). It has been reported that double-
stranded ARSI DNA fragments inhibit the ATPase activity
of ORC (28). Here we examined the effect of double-
stranded ARSI DNA fragments on the ATPase activity of
ORC2-5D. ARSI DNA fragments inhibited the ATPase
activity of wild-type ORC and ORC2-5D in a similar way
(Fig. 7D). The results suggest that the orc2-54 mutation
affects neither the ATPase activity of ORC nor origin DNA
binding to ORC. All of the data from the in vitro experiments
show that although ORC2-5D has normal origin DNA bind-
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M_1A 5A
. linking analysis revealed that phos-
phorylation of wild-type ORC
inhibited the labeling of Orc5p in
both the presence and absence of
origin DNA fragments (Fig. 8D). On
the other hand, phosphorylation of
wild-type ORC did not affect its
binding to wild-type ARSI DNA
fragments (Fig. 8E). Results in Fig. 8
suggest phosphorylated wild-type
ORC is less active for ATP binding
to Orc5p than unphosphorylated
wild-type ORC. Combining data in
Figs. 6-8, it is-suggested that Ser-
188 phosphorylation ‘of Orc2p of
wild-type ORC inhibits ATP bind-
ing to Orc5p.

The result in Fig. 24 suggests that
ORC2-5D cannot be detected in
immunoblotting analysis with a-
Ser(P)-188. As shown in supple-
mental Fig. S14, ORC2-5D (3 pmol)
was not detected in' immunoblot-
ting analysis with a-Ser(P)-188 under the conditions in which

<—Well

<—ORC/DNA
complex

<@ Free probe
18 19 20
W) and ORC2-5D (2-5D) were

30 °Cfor 5 minin the presence

. wild-type ORC (0.3 pmol) was detected, supporting the idea

mentioned above. On the other hand, treatment of wild-type
ORC with A-protein phosphatase decreased the band inten-
sity in this analysis (data not shown), suggesting that wild-
type ORC purified from Sf9 cells is partially phosphorylated
at Ser-188 of Orc2p. Therefore, we compared wild-type ORC
treated with A-protein phosphatase to ORC2-5D in immu-
noblotting analysis with a-Ser(P)-188. As shown in supple-
mental Fig. S1B, wild-type ORC treated with A-protein phos-
phatase is less reactive than ORC2-5D in this assay. These
results suggest that ORC2-5D is more reactive to a-Ser(P)-
188 than Ser-188-unphosphorylated wild-type ORC; how-
ever, it is less reactive than Ser-188-phosphorylated wild-
type ORC, suggesting that a-Ser(P)-188 preferentially
recognizes phosphorylated Ser-188, comparing to Asp-188
in Orc2p.
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Orc2p is important for pre-RC for-
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mation. These are the first data sug-
gesting that dephosphorylation of
ORC s involved in regulation of ini-
tiation of DNA replication. It is rea-
sonable to speculate that the phos-
phorylation of Ser-188 of Orc2p at
the G,-S boundary is involved in
suppression of re-initiation of DNA
replication at the G,/M phase.

The YMM76 strain, which
expresses Orc2-5Dp instead of
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wild-type Orc2p, showed a pheno-
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ORC-W

FIGURE 7. ATP binding activity of ORC2-5D. A, wild-type ORC (ORC-W) and ORC2-5D were incubated with
radiolabeled ATP as indicated, and the amount of ATP attached to the ORC was determined by the filter
binding assay. Values are the mean * S.D. (n = 3). B, wild-type ORC (W) and ORC2-5D (2-5D) (3 pmol) were
incubated with 4 um 8-N;-[y-32P]ATP in the presence or absence of 6 pmol of ARST DNA fragments at 4 °C for 10
min. After UV-cross-linking, samples were separated by SDS-polyacrylamide gel (10%) electrophoresis and
followed by autoradiography to identify labeled subunits. C, wild-type ORC (ORC-W) and ORC2-5D (0.5 pmol)
were incubated with 0.5 um radiolabeled ATP in the presence or absence of 0.5 pmol of ARST (W) orars1/A~B1~
(M) DNA fragments at 30 °C for 5 min, and the amount of ATP attached to the ORC was determined by the filter
binding assay. Values are the mean = S.D. (n = 3). D, wild-type ORC (ORC-W), ORC2-5D, and ORC-1A (0.5 pmol)
were incubated with 10 um radiolabeled ATP in the presence or absence of 6 pmol of ARST DNA fragments.
ATPase activity is shown as ATP hydrolyzed/min/pmol of ORC. Values are the mean * S.D. (n = 3).

DISCUSSION

Using mutant forms of Orc2p and Orc6p in which all the
consensus CDK phosphorylated sites are substituted with Ala,
which are unable to be phosphorylated, Nguyen et 4l. (18) sug-
gested that phosphorylation of these subunits is important for
suppression of re-initiation of chromosomal DNA replication
at G,/M phase. Expression of these Orc2p and Orc6p mutants
with the degradation-resistant mutant Cdc6p and the Mcm7p
with exogenous nuclear localization signal induces re-initiation
of chromosomal DNA replication (18). However, it is unclear
which subunit and which amino acid residues are responsible
for this regulation. Furthermore, the role of dephosphorylation
of ORC in late M or G, phase cannot be revealed with this type
of mutant proteins. In this study, by using mutant forms of
Orc2p and Orcé6p in which the CDK phosphorylated sites are
substituted with Asp, phospho-mimetic mutants of Orc2p and
Orcé6p, we have suggested that phosphorylation of Orc2p but
not of Orcép is important for the regulation of cell cycle pro-
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ORC2-5D ORC-1A type of accumulation of cells with
2C DNA content, suggesting that
cell cycle progression is delayed at
the G,/M phase.- We also showed
that phosphorylation of Rad53p is
stimulated in the YMM?76 strain,
suggesting that some Rad53p-medi-
ated cell cycle checkpoint responses
are induced in this strain. It has been
reported that ORC dysfunction
causes less efficient formation of
pre-RC, which in turn induces DNA damage, replication arrest,
and spindle assembly checkpoint responses, resulting in cell
cycle arrest at the G,/M phase (45, 50 -52). Thus, it seems that
checkpoint responses induced by inefficient formation of the
pre-RC due to expression of Orc2-5Dp is responsible for the
phenotype of accumulation of cells with 2C DNA content. It is
also possible that the phenotype is due to a defect in sister-
chromatid cohesion, because a recent report showed that ORC
plays an important role in this process (45).

Biochemical analysis of ORC2-5D provided surprising re-
sults that ORC2-5D is defective in Orc5p ATP binding, suggest-
ing that the phosphorylation of Ser-188 of Orc2p inhibits ATP
binding to Orc5p. Data with Ser-188-phosphorylated wild-type
ORC supported this idea. Both ATP binding and phosphoryla-
tion of ORC is important for regulating ORC function, and this
is the first evidence for a link between them. ORC2-5D binds to
origin DNA normally both in vitro and in vivo, and ORC2-5D
retains the high affinity of Orc1p for ATP and ATPase activity.
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FIGURE 8. Effect of phosphorylation of ORC on its biochemical characters.
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One pmol of wild-type ORC was electrophoresed and analyzed with silver
stain (A) orimmunoblotting with a-Ser(P)-188 (a-pS188; B) as described in the
legend of Figs. 6 or 2, respectively. C, ATP binding to ORC (1 pmol) and 0.5 um
ATP was examined as described in the legend of Fig. 7. Values are the mean *
S.D. (n = 3). D, UV-cross-linking analysis was done for ORC (3 pmol) as
describedin the Iegend of Fig. 7. E, gel electrophoretic mobillty shiftassay was
done as described in the legend of Fig. 6.

Furthermore, we have previously suggested that Orc2p phos-
phorylation does not affect its binding to other ORC subunits
(36). Thus, the mutation in ORC2-5D does not seem to drasti-
cally affect the higher order structure of ORC and non-specifi-
cally diminish ORC function. At present, it is not clear how
Orc2p phosphorylation affects the binding of ATP to Orc5p.
Because our previous yeast two-hybrid analysis showed that
Orc2p has a strong interaction with Orc5p (36), it is possible
that phosphorylation of Orc2p affects the structure of Orc5p
resulting in it losing its affinity for ATP. We recently reported
that ORC-5A (ORC containing a mutant Orc5p with a defective
Walker A motif) is unstable in cells due to degradation by the
ubiquitin-proteasome system (33, 34). However, we have
shown here that ORC2-5D is stable in cells. Because Orc5-Ap
showed decreased affinity for Orc4p by yeast two-hybrid anal-
ysis (36), one possibility is that the mutation in ORC-5A affects
its interaction with Orc4p in a manner that is independent of
ATP binding to Orc5p, which is responsible for its instability in
cells. Supporting this notion, we have previously shown that
overexpression of Orc4p suppresses the growth defect pheno-
-type of the orc5-A strain (33) but not that of the orc2-5d strain
(data not shown in this paper). One remaining unsolved ques-
tion is whether the defect in ATP binding to Orc5p is respon-
sible for the phenotype exhibited by the orc2-5d strain, such as
aslow G, -S transition, induction of phosphorylation of Rad53p,
and inefficient loading of MCM onto chromatin. It was shown
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that ORC can directly interact with Cdc6p, Cdtlp, and Mcm2p
and that these interactions are important for pre-RC formation
(35, 55, 56). Analysis of a suppressor mutant for the orc2-5d
strain and biochemical analysis of the effects of ATP binding to
Orc5p on the interactions between ORC-Cdcép, ORC-Cdtlp,
and ORC-MCM will be important to address this issue. Cell
cycle-regulated fluctuation in CDK activity is a key event for
regulation of initiation of DNA replication. Activation of CDK
at the G,-S boundary is important for initiation of DNA repli-
cation through phosphorylation of Sld2p and Sld3p (20-22).
Maintenance of this high level of CDK activity is important for
suppression of re-initiation at G,/M phase through phospho-
rylation of Orc2p, Cdc6p, and MCM. The results of this study
also suggest that dephosphorylation of Orc2p at late M or G,
phase is important for the formation of pre-RC.
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Epidemiological studies have revealed that prolonged use of
non-steroidal anti-inflammatory drugs (NSAIDs) reduces the
risk of cancer. Various mechanisms, including induction of apo-
ptosis and inhibition of the growth and invasion of cancer cells,
have been implicated in this anti-tumorigenic activity. In this
study we focused on S100P, which is known to be overexpressed
in clinically isolated tumors and which functions through both
intracellular and extracellular mechanisms. We showed the up-
regulation of S100P expression in human gastric carcinoma
cells treated with various NSAIDs, including celecoxib. The
celecoxib-mediated up-regulation of S100P was suppressed by
the transfection of cells with small interfering RNA for activat-
ing transcription factor 4 (ATF4), a transcription factor involved
in the endoplasmic reticulum stress response. Furthermore,
deletion of ATF4 binding consensus sequence located in the
promoter of the SI100P gene resulted in inhibition of celecoxib-
mediated transcriptional activation of the gene. These results
suggest that celecoxib up-regulates the expression of S100P
through an ATF4-mediated endoplasmic reticulum stress re-
sponse. Celecoxib inhibited the growth and induced apoptosis,
and these actions could be either suppressed or stimulated by
transfection of cells with S100P overexpression plasmid or small
interfering RNA, respectively. Celecoxib also inhibited the inva-
sive activity of the cells. Cromolyn, which inhibits the binding of
S100P to its receptor, enhanced the celecoxib-mediated inhibi-
tion of cell invasion and growth but did not affect apoptosis.
These results suggest that S100P affects apoptosis, cell growth,
and invasion through either an intracellular or an extracellular
mechanism and that the up-regulation of S100P expression by
NSAIDs reduces their anti-tumorigenic activity.

Non-steroidal anti-inflammatory drugs (NSAIDs)? comprise
a useful family of therapeutics. In addition to their anti-inflam-
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matory effects, recent epidemiological studies have revealed
that prolonged NSAID use reduces the risk of cancer, whereas
preclinical and clinical studies have indicated that some
NSAIDs, in particular celecoxib, are effective in the treatment
and prevention of cancer (1). The anti-tumorigenic activity of
NSAID:s is believed to involve various mechanisms, including
induction of apoptosis, cell growth suppression, inhibition of
angiogenesis, and inhibition of metastasis (cell invasion sup-
pression) (2, 3).

NSAIDs act as inhibitors of cyclooxygenase (COX), an
enzyme essential for the synthesis of prostaglandins (PGs). PGs,
such as PGE,, inhibit apoptosis of cancer cells and stimulate
their growth and invasion as well as promote angiogenesis
(4-6). Thus, it is certain that the anti-tumorigenic effect of
NSAIDs was mediated mainly through the inhibition of COX.
However, several lines of evidence now suggest that a COX-
independent mechanism may also be involved (7, 8). To inves-
tigate this COX-independent mechanism, we used DNA
microarray techniques to systematically search for genes in
human gastric carcinoma (AGS) cells whose expression was
altered by the NSAID indomethacin in a COX-independent
manner (9, 10). This analysis revealed that NSAIDs induce an
endoplasmic reticulum (ER) stress response (11). ER stress .
response is induced through transcription factors, such as acti-
vating transcription factor 6 (ATF6) 6 and ATF4 (12-14), and
we have previously reported that both ATF4and ATF6 are acti-
vated by various NSAIDs, including indomethacin and cele-
coxib (15, 16). In this study we focused our attention on S100P,
the expression of which appears to be induced by indomethacin
based on results from DNA microarray analysis (10).

S100P is a member of the S100 family of EF-hand Ca**-
binding proteins (17). Overexpression of S100P has been
observed in tumors clinically isolated from various tissue types,
with the extent of the overexpression being positively corre-
lated to the degree of malignancy (18 -23). Overproduction of
S100P appears to stimulate tumor malignancy through both
intracellular and extracellular mechanisms (24). Secreted
S100P binds to its receptor, the receptor for activated glycation
end products (RAGE), thereby stimulating the invasion and

BAPTA-AM, 1,2-bis(2-aminophenoxy)ethane-N,N,N'N'-tetraacetic acid;
CHOP, C/EBP homologous transcription factor; COX, cyclooxygenase; ER,
endoplasmic reticulum; ERK, extracellular-regulated kinase; GRP, glucose-
regulated protein; MMP, matrix metalloproteinase; NF-«B, nuclear factor-
kB; PG, prostaglandin; RAGE, receptor for activated glycation end prod-
ucts; siRNA, small interfering RNA; TPCK, N-p-tosyl-L-phenylalanine
chloromethyl ketone; RT, reverse transcription.
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growth of cancer cells or inhibiting their apoptosis through
activation of extracellular-regulated-kinase (ERK) and nuclear
factor-«B (NF-«B) (20, 25-27). Furthermore, S100P was sug-
gested to function also in cells through its binding to ezrin and
Casy/SIP (28-30). It has recently been reported that S100P
induces the expression of cathepsin D; however, the mecha-
nism responsible for this effect is still to be identified (31).

It was recently reported that the expression of S100P is
altered by some anti-tumor drugs (18, 32), although the under-
lying regulatory mechanism remains unknown. In this study we
report that various NSAIDs up-regulate the expression of
S100P through an ATF4-mediated ER stress response. Further-
more, our results suggest that up-regulation of S100P expres-
sion by NSAIDs negatively affects their anti-tumorigenic activ-
ity through inhibition of apoptosis, stimulation of cancer cell

- growth and invasion.

EXPERIMENTAL PROCEDURES

Materials and Animals—RPMI 1640 medium was obtained
from Nissui Pharmaceutical Co. Fetal bovine serum was
purchased from Invitrogen. 1,2-Bis(2-aminophenoxy)ethane-
N,N,N'N’-tetraacetic acid (BAPTA-AM) was obtained from
Dojindo Co. Cromolyn sodium salt, tunicamycin, normal
mouse IgG, 1,4-diamino-2,3-dicyano-1,4-bis (o-aminophe-
nylmercapto) butadiene ethanolate (U0126), N-p-tosyl-L-phe-
nylalanine chloromethyl ketone (TPCK), and staurosporine
were purchased from Sigma-Aldrich. Indomethacin, diclofe-
nac, and thapsigargin were obtained from Wako Co. Celecoxib
and meloxicam were from LKT Laboratories Inc. An antibody
against actin, IkB, or RAGE was purchased from Santa Cruz
Biotechnology Inc., antibody against ERK was from Cell Signal-
ing, and antibody against S100P was from R&D Systems Inc.
The RNeasy kit, siRNAs, HiPerFect, and RNAiFect were from
Qiagen. A first-strand cDNA synthesis kit was purchased from
Amersham Biosciences. Lipofectamine (TM2000), zymogram de-
veloping buffer, and pcDNA3.1 plasmid were obtained from
Invitrogen. The iQ SYBR Green Supermix was from Bio-Rad.
S100P enzyme-linked immunosorbent assay kits were pur-
chased from CircuLex. Matrigel was from BD Biosciences, and
the 24-well transwells were from Costar. The Dual Luciferase
Assay System was from Promega. Male nonobese diabetes/
severe combined immunodeficiency mice (5 weeks of age)
were obtained from the Charles River. The experiments and
procedures described here were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals
as adopted and promulgated by the National Institute of
Health and were approved by the Animal Care Committee of
Kumamoto University.

Cell Culture and Overexpression of SI00P—AGS, MKN45,
and Kato III are human carcinoma cell lines derived from stom-
ach. Cells were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, and 100
pg/ml streptomycin in a humidified atmosphere of 95% air with
5% CO, at 37 °C. NSAIDs were dissolved in DMSO, and control
experiments were performed in the same concentrations of
DMSO alone. Cells were exposed to NSAIDs and other chem-
icals by changing the medium. Unless otherwise noted, cells
were cultured for 24 h before use in experiments. The overex-
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pression plasmid for S100P was constructed by insertion of
$100P-encoding DNA fragments from the plasmid (S100P wild
type (His tag), a gift from Dr. Gerke, University of Muenster
(28)) into pcDNA3.1. Transfection of AGS cells with the plas-
mid was then carried out using Lipofectamine (TM2000)
according to the manufacturer’s protocols. Stable transfectants
expressing S100P were selected by immunoblotting analysis.

Positive clones were maintained in the presence of 800 pg/ml
G418.

Real-time RT-PCR Analysis—Total RNA was extracted from
cells using an RNeasy kit according to the manufacturer’s
instructions. Samples were reverse-transcribed using a first-
strand cDNA synthesis kit. Synthesized cDNA was applied in
real-time RT-PCR (Chromo 4 instrument (Bio-Rad)) experi-
ments using iQ SYBR GREEN Supermix and analyzed with
Opticon Monitor Software. The cycle conditions were 2 min at
50 °C followed by 10 min at 90 °C and finally 45 cycles each at
95 °C for 30 s and 63 °C for 60 s. Specificity was confirmed by
electrophoretic analysis of the reaction products and by inclu-
sion of template- or reverse transcriptase-free controls. To nor-
malize the amount of total RNA present in each reaction, the
actin gene was used as an internal standard. Primers were
designed using the Primer3 Web site. Primers are listed as
name, forward primer, and reverse primer: S100P, 5'-GATGC-
CGTGGATAAATTGCT-3', 5'-ACTTGTGACAGGCAGAC-
GTG-3'; cathepsin D, 5'-GACACAGGCACTTCCCTCAT-3',
5'-CCTCCCAGCTTCAGTGTGAT-3'; actin, 5'-GGACTTC-
GAGCAAGAGATGG-3’, 5'-AGCACTGTGTTGGCGTA-
CAG-3'.

Luciferase Assay—DNA fragments of the SIO0OP promoter
(from —1200 to —1) were amplified by PCR and ligated into the
Xhol-HindlII site of the Photinus pyralis luciferase reporter
plasmid, pGL3, to generate pS100Pluc. A plasmid with deletion
of the amino acid-responsible element (AARE) sequence (33,
34) (from —84 to —76) was generated by PCR. All plasmids
were sequenced to exclude unexpected mutations.

The luciferase assay was performed as described previously
(11, 35). Cells were transfected with 1 ug of each of the P. pyra-
lis luciferase reporter plasmids (pS100Pluc or its derivative)
and 0.125 ug of the internal standard plasmid bearing the
Renilla reniformis luciferase reporter (pRL-SV40). P. pyralis
luciferase activity in cell extracts was measured using the
Dual Luciferase Assay System and then normalized for
R. reniformis luciferase activity.

Gelatin Zymography—The proteolytic activity of matrix
metalloproteinase (MMP)-9 was assessed by SDS-PAGE using
zymogram gels containing 0.1% (m/v) gelatin, as described pre-
viously (36). The culture medium was concentrated, and the
protein concentration was determined according to the Brad-
ford method (37). Following electrophoresis at 4 °C, the gels
were washed with 2.5% Triton X-100 for 30 min at room tem-
perature and incubated with zymogram development buffer for
2 days at 37 °C. Bands were visualized by staining with Coomas-
sie Brilliant Blue.

Immunoblotting Analysis—Whole-cell extracts were pre-
pared as described previously (38). The protein concentration
of the samples was determined by the Bradford method (37).
Samples were applied to polyacrylamide SDS gels and subjected
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to electrophoresis, and the resultant proteins were then immu-
noblotted with their respective antibodies.

Analysis of Apoptosis by Fluorescence-activated Cell Sorting—
Apoptosis was monitored by fluorescence-activated cell sort-
ing analysis as described previously (39). Briefly, cells were col-
lected by centrifugation. The pellets were fixed with 70% etha-
nol for 4 h at —20°C, centrifuged, and re-suspended in
phosphate-citrate buffer (0.2 M Na,HPO, and 4 mM citric acid),
then incubated for 20 min at room temperature. After centrif-
ugation, the pellets were re-suspended in DNA staining solu-
tion (50 pg/ml propidium iodide and 10 pg/ml RNase A) and
incubated for 20 min at room temperature. Samples were
scanned with a FACSCalibur (BD Biosciences) cell sorter
under conditions designed to measure only specific pro-
pidium iodide-mediated fluorescence. Apoptotic cells
appeared as a hypodiploid peak due to nuclear fragmenta-
tion and loss of DNA.

Invasion Assay—The invasion assay was performed as previ-
ously described (40) with some modifications. Serum-free
RPMI 1640 medium containing 5 mg/ml Matrigel was applied
to the upper chamber of a 24-well transwell and incubated at
37 °C for 4 h. The cell suspension was applied to the Matrigel,
and the lower chamber of the transwell was filled with culture
medium containing 10% fetal bovine serum and 5 ug/ml
fibronectin. The platé was incubated at 37 °C for 24 h. Cells
were removed from the upper surface of the membrane, and the
lower surface of the membrane was stained for 10 min with
0.5% crystal violet in 25% methanol, rinsed with distilled water,
and air-dried overnight. The crystal violet was then extracted
with 0.1 M sodium citrate in 50% ethanol, and the absorbance
was measured at 585 nm. ‘ ‘

siRNA Targeting of Genes—We used siRNA of 5'-GCCUAG-
GUCUCUUAGAUGAJATAT-3' and 5'-UCAUCUAAGAGAC-
CUAGGCATdT-3' or 5'-GCAACCAAUUAUCAGUUUAG-
TdT-3' and 5'-UAAACUGAUAAUUGGUUGCATAT-3’ as

annealed oligonucleotides for repressing ATF4 or ATF6 ex-
~ pression, respectively. The siRNA for S100P was purchased
from Qiagen. AGS cells were transfected with siRNA using
RNAiFect or HiPerFect transfection reagents according to the
manufacturer’s instructions. Non-silencing siRNA (5'-UUCU-
CCGAACGUGUCACGUdTAT-3' and 5'-ACGUGACACGU-
UCGGAGAAJTAT-3') was used as a negative control.

Xenograft Tumor Growth—This assay was done as described
(15, 16) with some modification. Briefly, each nonobese diabe-
tes/severe combined immunodeficiency mouse was inoculated
subcutaneously in the both flanks with 1 X 107 AGS cells. After
3 weeks, the mice began to receive a single daily intraperitoneal
administration of cromolym, a protocol that continued for the
duration of the study. Tumors were measured every 7 days, and
their volumes were calculated.

Statistical Analysis—All values are expressed as the mean *
S.D. Two-way analysis of variance followed by the Tukey test or
the Student’s ¢ test for unpaired results was used to evaluate
differences between more than three groups or between two
groups. Differences were considered to be 51gmﬁcant for values
of p < 0.05.
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FIGURE 1. Up-regulation of S1T00P mRNA expression by NSAIDs. AGS cells
were incubated with the indicated concentrations of indomethacin (A) or
celecoxib (B) for the time periods indicated, and total RNA was extracted.
Samples were subjected to real-time RT-PCR using a specific primer for S100P.
Values were normalized to actin gene expression and expressed relative to
the control sample (i.e. without NSAID). Values are given as the mean = S.D.
(n=3).*,p<0.05;* p <001.

RESULTS

NSAIDs Up-regulate S100P Expresszon—ln a previous study
we used DNA microarray analysis to search for genes whose
expression is altered by indomethacin and found that S100P
mRNA expression was up-regulated (10). In the present study
we confirmed this result using a real-time RT-PCR technique.
As shown in Fig. 14, indomethacin up-regulated S100P mRNA
expression in a dose-dependent manner. A similar result was
obtained with the NSAID celecoxib, a finding that is particu-
larly significant given its importance as an anti-cancer drug
(Fig. 1B). Immunoblotting experiments revealed that celecoxib
also up-regulates the expression of S100P at the protein level in
both AGS cells and in another gastric cancer-derived cell line,
MKN45 cells (Fig. 2, A and E). A similar response was observed
in AGS cells with a number of other NSAIDs (indomethacin,
meloxxcam, and diclofenac; Fig. 2, B-D).

COX exists as two subtypes, COX-1 and COX-2. Given that
celecoxib and meloxicam are COX-2 selective, the results
shown in Fig. 2, A-D, suggest that NSAIDs up-regulate S100P
expression irrespective of COX selectivity. We next examined
the celecoxib-mediated up-regulation of S100P expression in
Kato III cells, in which COX-1 but not COX-2 mRNA is
expressed (41). This phenotype was confirmed by RT-PCR
(data not shown). As shown in Fig. 2F, celecoxib.up-regulated
the expression of S100P even in the Kato III cells; in other
words, a COX-2-selective NSAID up-regulated S100P expres--
sion in cells lacking COX-2 expression, suggesting that this
occurs independently of COX inhibition. For further confirma-
tion of this point, we examined the effect of PGE,, revealing that
it had no effect on the expression of S100P in the presence or
absence of celecoxib (data not shown).

As described above, secreted S100P regulates various cell
functions through its binding to RAGE (20, 25-28). We moni-
tored the level of S100P in the culture medium by enzyme-
linked immunosorbent assay and found that it increased in a
dose-dependent manner in response to celecoxib treatment
(Fig. 2G).

Mechanism for Up-regulation of S100P Expression by
Celecoxib—As outlined above, the mechanism underlying the
regulation of SI00P expression is unknown. We have recently
revealed that various NSAIDs including celecoxib induce an ER
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FIGURE 2. Up-regulation of S100P expression by NSAIDs. AGS (A-D and G),
MKN-45 (E), or Kato Il (F) cells were incubated with the indicated concentra-
tions of NSAIDs for 12 h (A and E-G) or 24 h (B-D). Whole cell extracts were
analyzed by immunoblotting with an antibody against S100P or actin (A-F).
The level of S100P in the culture medium was determined by enzyme-linked
immunosorbent assay. Values are given as the mean = S.D. (n = 3). **,p <

0.01(G).

stress response, and the concentration of each NSAID required
to mediate this response (15) is similar to that which induces
S100P expression (Fig. 2). We investigated the role of ER stress
response in NSAID-induced S100P expression by examining
the effect of other ER stress-inducing chemicals (thapsigargin
and tunicamycin) on the expression of SI00P mRNA. As shown
in Fig. 3, A and B, both of these chemicals increased S100P
mRNA. We also confirmed that both agents up-regulated the
expression of glucose-regulated protein (GRP) 78 mRNA, a
representative marker of the ER stress response at the concen-
tration specified in Fig. 3, A and B (data not shown). In contrast,
exposure to staurosporine, which does not produce such a
response (15, 16), had no significant effect on SI00P mRNA
expression (Fig. 3C), suggesting that the expression of S100P is
indeed linked to the ER stress response.

To confirm this we examined the effect of BAPTA-AM, an
intracellular Ca®>* chelator, on celecoxib-mediated up-regula-
tion of S100P. We have previously shown that NSAIDs increase
the intracellular Ca®>* concentration and that this increase is
required for the NSAID-induced ER stress response (15, 42).
BAPTA-AM significantly inhibited the celecoxib-mediated
up-regulation of SI00P mRNA (Fig. 44) and GRP78 mRNA
(data not shown) expression. At the concentration used,
BAPTA-AM did not affect cell viability (data not shown). These
results suggest that an increase in intracellular Ca®* and the
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FIGURE 3. Up-regulation of ST00P mRNA expression associated with the ER
stress response. AGS cells were incubated with the indicated concentrations of

thapsigargin (A), tunicamycin (B), or staurosporine (Q) for the time periods indicated.

5100P mRNA expression was monitored and expressed as described in the legend of
Fig. 1. Values are given as mean = SD. (n = 3).**, p < 0.01; n.s,, notsignificant. )

A B
25
20

Relative expression)

(Relative expression)

S100P

- S100P

siATF4 - + .

Celecoxib
(8opm) - - * ¥

n.s.

-
oNn
L J

n.s.

(Relative expression)

S100P

ns + - ¢

siATF6 - + -
Celecoxib %
(gopm) - -
FIGURE 4. Effect of siRNA for ATF4 or ATF6 on celecoxib-dependent up-
regulation of S700P mRNA expression. A, AGS cells were preincubated for
1 h with or without 2 um BAPTA-AM, then incubated for a further 6 h with or
without 80 um celecoxib in the presence or absence of 2 um BAPTA-AM. Band
C, AGS cells were transfected with siRNA for ATF4 (siATF4), ATF6 (siATF6) or
non-silencing siRNA (n.s.), with the total amount of siRNA fixed at 1 ug. After
24 h, the cells were treated with or without 80 um celecoxib for 6 h. S100P
mRNA expression was monitored and expressed as described in the legend of
Fig. 1. Values are given as mean + S.D. (n = 3).**, p < 0.01; n.s., not significant.

resultant induction of the ER stress response are somehow
involved in the up-regulation of S100P. We next used siRNA for
ATF4and ATF6 to examine the contribution of these ER stress
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FIGURE 5. ATF4-mediated activation of ST00P gene promoter activity by
celecoxib. A, the structure of pS100Pluc and its AARE-deleted derivative
(AARE deletion) is shown. B, AGS cells were co-transfected with pRL-SV40
(internal control plasmid carrying the R.reniformis luciferase gene) and
pS100Pluc or its AARE-deleted derivative. After 24 h cells were treated with or
without the indicated concentrations of thapsigargin or celecoxib for a fur-
ther 24 h. P. pyralis luciferase activity was measured and normalized for
R. reniformis luciferase activity. Values are the mean = 5.D. (n = 3).**,p < 0.01;
n.s., not significant. :

response-related transcription factors to the celecoxib-de-
pendent up-regulation of SI00P mRNA expression. Transfec-
tion of a given siRNA decreased mRNA and protein levels of
its target gene but had no effect on those of the other gene in
either the absence or presence of celecoxib (data not shown). As
illustrated in Fig. 4B, the transfection of siRNA for ATF4 sup-
pressed the celecoxib-mediated up-regulation of S100P mRNA
expression but did not affect its basal expression (Fig. 4B). In
contrast, ATF6 siRNA had no significant effect on S100P
mRNA expression (Fig. 4C), suggesting that ATF4 rather than
ATF6 is responsible for the celecoxib-mediated transcriptional
activation of the S100P gene.

AARE is the consensus sequence to which ATF4 binds when
stimulating the transcription of downstream genes (33, 34). We
identified the AARE sequence in the promoter of the S100P
gene (Fig. 5A), then tested the contribution of this sequence to
the celecoxib-mediated transcriptional activation of the gene
by examining the effect of its deletion on the promoter activity
of S100P gene using a reporter plasmid where the promoter of
the S100P gene was inserted upstream of the luciferase gene
(Fig. 5A). As shown in Fig. 5B, treatment of cells not only with
celecoxib but also with thapsigargin stimulated the luciferase
activity in the cells, suggesting that up-regulation of S100P
expression by celecoxib is achieved at the level of transcription
through the ER stress response. Furthermore, the deletion of
AARE significantly decreased the luciferase activity in the pres-
ence of celecoxib or thapsigargin but not in their absence (Fig.
5B), indicating that ATF4 binding to AARE plays an important
role in celecoxib-mediated transcriptional activation of the
S100P gene.

Role of Up-regulation of SI00P Expression in the in Vitro
Anti-tumorigenic Activity of Celecoxib—As described above,
various mechanisms have been proposed for the chemopreven-
tive and chemotherapeutic action of NSAIDs; these include
inhibition of cell growth and invasion and stimulation of apo-
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FIGURE 6. Effect of S100P expression on celecoxib-dependent inhibition
of cell growth. S100P-overexpressing AGS cells (Clone 8) and mock transfec-
tant-expressing control cells (Mock) were incubated with the indicated con-
centrations of celecoxib and/or cromolyn for either 24 h (A) or the indicated
periods (Band D). C, AGS cells were transfected with siRNA for S100P (siS700P)
or non-silencing siRNA (ns) with the total amount of siRNA fixed at 1 ug. After.
24 h, cells were incubated with the indicated concentrations of celecoxib for
the indicated periods. A, ST00P mRNA expression was monitored and
expressed as described in the legend of Fig. 1. B-D, cell numbers were deter-
mined by direct cell counting. Each mouse was inoculated with S100P-over-
expressing AGS cells (Clone 8) and mock transfectant-expressing control cells
(Mock), leading to tumor development. Cromolyn was then administered
intraperitoneally as a single daily dose (5 mg/kg) for the duration of the study.
Tumors were measured every 7 days, and their volumes are calculated (E).
Values are the mean = 5.D. (n = 3 (A-D) orn = 6 (F)). *, p < 0.05; **, p < 0.07;
n.s., not significant.

ptosis (2, 3). On the other hand, expression of $100P has been
shown to stimulate the aggressiveness of cancer cells through
stimulation of their growth and invasiveness and inhibition of
apoptosis via both intracellular and extracellular mechanisms
(20, 25-30). Here, we examined the role of celecoxib-mediated
up-regulation of S100P expression in its anti-tumorigenic
activity in vitro. This was achieved by constructing stable trans-
fectants of AGS cells that continuously overexpressed S100P
(Clone 8), this being confirmed at both the mRNA and protein
levels (Fig. 64 and see Fig. 8B). Treatment of cells with cele-
coxib (40 um) up-regulated the expression of SI00P mRNA
even in the S100P-overexpressing cells (Fig. 6A4).

Fig. 6B shows the cell growth curve for S100P-overexpressing
cells and mock transfectant control cells in the presence or
absence of celecoxib; S100P-overexpressing cells had a faster
growth rate than control cells in not only the absence but also
the presence of celecoxib. We also examined the effect of S100P
siRNA on celecoxib-mediated inhibition of cell growth after
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first confirming that this siRNA, but not nonspecific siRNA,
suppresses S100P expression at both the mRNA and protein
levels (see Fig. 8, E and F). As shown in Fig. 6C, cell growth was
significantly suppressed by S100P siRNA transfection in both
the absence and the presence of celecoxib. These results sug-
gest that celecoxib-mediated up-regulation of S100P expres-
sion weakens the inhibitory effect of the drug on AGS cell
growth. ,

As described above, S100P functions extracellularly via its
binding to RAGE (20, 25-27). To test the contribution of this
extracellular mechanism, we examined the effect of cromolyn,
an antiallergy drug that has recently been shown to act as an
inhibitor of S100P binding to RAGE (27), on the celecoxib-
mediated inhibition of cell growth. Cromolyn did not affect the
expression of SI00P mRNA (Fig. 64). However, it slightly
enhanced the inhibitory effect of celecoxib on cell growth with-

out significantly affecting growth in the absence of the drug

(Fig. 6D), suggesting that celecoxib-induced S100P may func-
tion extracellularly (via its binding to RAGE) to weaken the
inhibitory effect of celecoxib on cell growth. In S100P-overex-
pressing cells, cromolyn slightly inhibited cell growth even in
the absence of celecoxib, suggesting that the extracellular

S100P signaling may generally (rather than specifically in the .

presence of celecoxib) play an important role in the regulation
of cell growth.

We also examined the effect of overexpression of S100P and
cromolyn on growth of xenograft tumors in immunodeficient
nonobese diabetes/severe combined immunodeficiency mice
characterized by T cell, B cell, and natural killer cell deficiency
and lack of macrophage function. Tumors were developed in
mice by inoculation subcutaneously of AGS cells (S100P-over-
expressing (Clone 8) and mock transfectant control cells).
Growth of xenograft tumors that overexpress S100P was faster
than that of control (Fig. 6E). Intraperitoneal administration of
cromolyn clearly inhibited the growth of xenograft tumors that
overexpress S100P but not that of the control (Fig. 6E), suggest-
ing that S100P stimulates the growth of AGS cells also in vivo
extracellularly (via its binding to RAGE). Results are basically
similar to those observed previously (27).

The invasive capacity of cancer cells is also important for the
progression of tumors, especially in relation to metastasis, and
we have recently reported that NSAIDs inhibit the invasiveness
of AGS cells (9). Thus, we tested the contribution of up-regu-
lation of S100P expression to celecoxib-mediated inhibition of
cell invasiveness. As shown in Fig. 7A, celecoxib inhibited the
invasive activity of AGS cells, an effect that was further stimu-
lated in the presence of cromolyn. S100P-overexpressing cells
displayed greater invasiveness than control cells in both the
absence and the presence of celecoxib, with cromolyn reducing
the invasive activity of the S100P-overexpressing cells but not
that of control cells (Fig. 74). Furthermore, even in the presence
of celecoxib, S100P-overexpressing cells displayed greater
invasiveness than control cells. We also examined the effect
of neutralizing antibodies against S100P or RAGE on the
S100P-overexpression-dependent stimulation of cell inva-
sion activity. As shown in Fig. 7B, each neutralizing antibod-
ies suppressed the S100P overexpression-dependent stimu-
lation of cell invasion activity. All these results suggest that
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 FIGURE 7. Effect of S100P expression on celecoxib-dependent inhibition

of cell invasion. A and B, the invasive activity of 5100P-overexpressing AGS
cells (Clone 8) and mock transfectant control cells (Mock) was measured in the
presence of the indicated concentrations of celecoxib and cromolyn or anti-
bodies against S100P (20 ng/ml) or RAGE (2 mg/ml) as described under
“Experimental Procedures” and is expressed relative to the control. C and D,
S100P-overexpressing AGS cells (Clone 8) and mock transfectant-expressing
control cells (Mock) were incubated with the indicated concentrations of cele-
coxib and/or cromolyn for 24 h. Both types of cells were preincubated with
U0126 (20 pm) or TPCK (20 pum) for 1 h and further incubated for 24 h without
the drug (F). The mRNA expression of cathepsin D was monitored and
expressed as described in the legend of Fig. 1 (C). MMP-9 activity in the culture
medium was measured as described under “Experimental Procedures.” The
clear band intensity was determined (D and E). The presence of phosphoryl-
ated ERK (P-ERK) and I1xB was monitored by immunoblotting (£). Values are
the mean £ S.D. (n = 3 (A-Cand ) or 6 (D). ¥, p < 0.05; **, p < 0.01; n.s., not
significant (A-D).

celecoxib-induced S100P decreases the inhibitory effect of
the drug on cell invasion via its extracellular binding to
RAGE.

It has recently been reported that S100P up-regulates the
expression of cathepsin D, which stimulates the invasion of
cancer cells (31). As shown in Fig. 7C, cathepsin D mRNA
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FIGURE 8. Effect of S100P expression on celecoxib-induced apoptosis. S100P-overexpressing AGS cells
(Clone 8) and mock transfectant control cells (Mock) were incubated with the indicated concentrations of
celecoxib, staurosporine, and/or cromolyn for 6 h (A), 12 h (B, C,and H) or 3 h (D). AGS cells were transfected with
siRNA for S100P (siS700P) or non-silencing siRNA (ns), with the total amount of siRNA fixed at 1 ug. After 24 h the
cells were incubated with the indicated concentrations of celecoxib or staurosporine for a further 6 h (E), 12 h
(F), or 8h (G). S100P or CHOP mRNA expression was monitored and expressed as described in the legend of Fig.
1(A, D, and E). S100P expression was monitored as described in the legend of Fig. 2 (B and F). Apoptosis was
determined by fluorescence activated cell sorting, as described under “Experimental Procedures” (C, G, and H).
Values are the mean * S.D. (n = 3).* p < 0.05; **, p < 0.01; n.s., not significant.

expression was higher in S100P-overexpressing cells than in
control cells, an effect that was suppressed in the presence of
cromolyn, suggesting that S100P up-regulates the expression
of cathepsin D through the extracellular mechanism. However,
celecoxib and/or cromolyn had no effect on cathepsin D mRNA
expression in control cells (Fig. 7C). Therefore, expression of
cathepsin D does not seem to be involved in the inhibitory effect
of S100P on celecoxib-mediated suppression of cell invasive-
ness. MMPs, especially MMP-9, also play an important role in
cellinvasion (43, 44). We, therefore, next examined the effect of
celecoxib and/or cromolyn on MMP-9 activity using gelatin
zymography. The band intensity, indicative of MMP-9 activity,
was decreased by treatment of cells with celecoxib, and this
effect was further stimulated in the presence of cromolyn (Fig.
7D). S100P-overexpressing cells showed higher MMP-9 activ-
ity than control cells in both the presence and absence of cele-
coxib, and cromolyn inhibited MMP-9 activity in $100P-over-
expressing cells (Fig. 7D). These results suggest that expression
of S100P stimulates MMP-9 activity through the extracellular
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expressing cells (Fig. 7E), suggesting
that this agent inhibited the activity
of NF-kB. Treatment of cells with
TPCK inhibited S100P-dependent
activation of MMP-9. Results in Fig.
7E suggest that the S100P-depend-
ent activation of MMP-9 is medi-
ated by ERK and NF-«B. '

We have recently reported that
celecoxib induces apoptosis through induction of the ER stress
response, particularly the induction of CHOP (11,15). Here we
examined the role of up-regulation of S100P expression in apo-
ptosis induced by celecoxib. Celecoxib at a concentration of 60
uM up-regulated the expression of both S100P mRNA and pro-
tein not only in control cells but also in S100P-overexpressing
cells (Fig. 8, A and B). Treatment of AGS cells with celecoxib at
the same concentration clearly induced apoptosis, as described
above (16), and this apoptosis was significantly suppressed in
S100P-overexpressing cells (Fig. 8C). Celecoxib-induced
expression of CHOP mRNA was also suppressed in S100P-
overexpressing cells (Fig. 8D). These results suggest that $100P
induction inhibits celecoxib-induced apoptosis through suppres-
sion of CHOP expression. We further tested this idea using siRNA
for S100P and an 80 uM concentration of celecoxib. Transfection
of S100P siRNA decreased the expression of SI00P mRNA (Fig. -
8E) and S100P protein (Fig. 8F) in the presence or absence of cele-
coxib (80 um). This transfection stimulated celecoxib-induced
apoptosis but not its basal level (Fig. 8G).
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To examine the specificity of this anti-apoptotic effect of
S100P, the apoptosis induced by staurosporine was compared
between S100P-overexpressing cells and the mock transfectant
control cells. As shown in Fig. 8C, staurosporine-induced apo-
ptosis was indistinguishable between S100P-overexpressing
cells and control cells. Furthermore, transfection of S100P
siRNA did not affect this outcome (Fig. 8G). These results sug-
gest that the suppression of apoptosis by overexpression of
S100P is specific for apoptosis induced by ER stress response-
inducing drugs.

Finally, we also tested the contribution of the extracellular
S100P signaling to its inhibitory effect on'celecoxib-induced
apoptosis using cromolyn. Cromolyn did not affect the expres-
sion of SI00P mRNA in the presence or absence of celecoxib
(Fig. 8A4). As shown in Fig. 8H, treatment of cells with cromolyn
had no effect on celecoxib-induced apoptosis, suggesting that
extracellular mechanisms are not involved in the inhibitory

. effect of S100P in this situation.

DISCUSSION

In this study we have shown that various NSAIDs, including
celecoxib, a drug that is clinically used for cancer therapy, up-
regulate the expression of S100P in cultured cancer cells. Given
that celecoxib (a COX-2 selective NSAID) up-regulated the
expression of S100P in Kato III cells that lack COX-2 mRNA
expression and that exogenous application of PGE, did not
affect this up-regulation, it appears to occur independent of
COX inhibition, as does the up-regulation of GRP78 and oxy-
gen-regulated protein 150 by the same drug (15, 16). S100P has
previously been reported to be overexpressed in tumors clini-
cally isolated from various tissue types, and expression of S100P
has been shown to stimulate the aggressiveness of cancer cells
(18-23, 25, 26, 28, 48, 49). Thus, up-regulation of S100P could
play an important role in the anti-tumorigenic activity of
NSAIDs (see below).

Although the expression of S100P in clinically isolated
tumors has been well described, little is known about the effect
of anti-tumor drugs on the expression of S100P. Only bifunc-
tional alkylating agents and retinoic acid have been shown to
up-regulate S100P expression, although the mechanism gov-
erning this up-regulation remains unknown (18, 32). Based on

the following combination of results from this study, we

strongly suggest that celecoxib up-regulates the expression of
S100Pthroughan ATF4-mediated ER stressresponse;celecoxib-
dependent up-regulation of S100P expression was suppressed
by siRNA for ATF4, other ER stress response-inducing chemi-
cals (thapsigargin and tunicamycin) also up-regulated the
expression of S100P, and deletion of the ATF4 binding consen-
sus sequence (AARE) in the SI00P gene promoter resulted in
inhibition of celecoxib-dependent activation of its promoter
activity. ER stressors phosphorylate protein kinase R-like ER
kinase located in the ER membrane, which in turn phospho-
rylates eukaryotic initiation factor-2¢, leading to induction of
ATF4 expression (50). We have previously reported that cele-
coxib stimulates the phosphorylation of both protein kinase
R-like ER kinase and eukaryotic initiation factor-2« and
induces the expression of ATF4, all of which are inhibited in the
presence of the intracellular Ca®>* chelator, BAPTA-AM (15).
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In this study we have shown that BAPTA-AM also inhibits the
celecoxib-mediated up-regulation of S100P expression. We
have also demonstrated that NSAIDs could cause permeabili-
zation of cytoplasmic membranes, resulting in an increase in
intracellular Ca®* due to stimulation of the influx of extracel-
lular Ca** (42, 51). Therefore, it seems that celecoxib up-regu-
lates the expression of S100P mRNA through permeabilization
of cytoplasmic membranes, an increase in the intracellular
Ca** level, phosphorylation of both protein kinase R-like ER
kinase and eukaryotic initiation factor-2e, and induction of
ATF4 expression. As far as we are aware, this is the first indica-
tion of the mechanism underlying transcriptional regulation of
S100P expression by anti-tumor drugs, information which
should prove valuable in increasing our understanding of the
modes of action of other anti-tumor drugs, and the role of
S100P overexpression in tumors in vivo. For example, because it
has been suggested that retinoic acid induces the ER stress
response (52), retinoic acid may induce the expression of S100P
via ER stress response. ' '

It is well known that S100P stimulates the aggressiveness of
cancer cells in various ways (including inhibition of apoptosis
and stimulation of growth and invasion of cancer cells) and that
NSAIDs, especially celecoxib, display their anti-tumor activity
by exerting the opposite effects. Therefore, understanding the
role of up-regulation of S100P expression in the anti-tumor
activity of NSAIDs is important if we are to apply these drugs to
cancer therapy. Here we have demonstrated that celecoxib-me-
diated inhibition of growth and invasion and induction of apo-
ptosis are suppressed in S100P-overexpressing cells, and cele-
coxib-mediated inhibition of growth and induction of
apoptosis were stimulated by transfection of cells with S100P
siRNA. These results suggest that S100P induced by celecoxib
decreases the anti-tumor activity of the drug. In the case of
apoptosis, we have also shown that S100P suppresses the
celecoxib-induced expression of CHOP, an ER stress-induced
transcriptional factor with apoptosis-inducing ability. Further-
more, expression of S100P did not affect staurosporine-in-
duced apoptosis. These findings suggest that S100P exerts a
protective effect against accumulation of unfolded proteins in
the ER, resulting in suppression of the ER stress response and
apoptosis. Because some proteins of the S100 family have been
reported to function as molecular chaperones, it is possible that
S100P acts as ER chaperones to protect cells from ER stressors.
We also found that expression of S100P activates MMP-9 activ-
ity and suppresses the inhibitory effect of celecoxib on this
activity, suggesting that MMP-9 is involved in the effect of
S100P on celecoxib-mediated inhibition of cell invasion. This is
likely due to the fact that S100P activates ERK and NF-«B (25,
26), both of which are known to activate MMP-9 (45-47),

S100P functions through both intracellular (example, Ca?*-
dependent binding to ezrin) and extfacellular (binding to
RAGE and resulting activation of ERK and NF-kB) mecha-
nisms. Here we used cromolyn to test which pathway is domi-
nant for the inhibitory effect of S100P on the anti-tumorigenic
potential of celecoxib. Cromolyn not only inhibited the growth
and invasion of S100P-overexpressing cells (but not control
cells) but also stimulated the celecoxib-mediated inhibition of
cell growth and invasion, suggesting that celecoxib-induced
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S100P stimulates cell growth and invasion through the extra-
cellular mechanisms. However, cromolyn had no effect on cele-
coxib-induced apoptosis, suggesting that the protective effect
of S100P in this situation is mediated through the intracellular
mechanism. In contrast, it has recently been reported that cro-
molyn stimulates gemcitabine-induced apoptosis (27). Thus,
‘the mechanism governing the inhibitory effect of S100P on apo-
ptosis appears to differ depending on whether celecoxib or
gemcitabine is the inducing agent.

Resistance to chemotherapy is one of the major obstacles facing
effective cancer therapy. From this point of view, overexpression of
S100P in tumors is a significant problem, particularly as a correla-
tion has been reported between the expression level of S100P and
chemoresistance (53). Because of poor vascularization, solid
tumors usually exist under conditions of glucose starvation and
hypoxia, which causes induction of the ER stress response, with
overexpression of ER chaperones being reported in various types
of tumors (54 —56). In this study we have shown that S100P can be
induced through the ER stress response. Therefore, overexpres-
sion of S100P in tumors in vivo may be mediated via this mecha-
nism in addition to the previously proposed mechanism, hypom-
ethylation of the S100P gene (57, 58). Furthermore, our finding
that overproduction of S100P makes cancer cells resistant to cele-
coxib is of considerable importance if considering the use of this
drug as a chemotherapeutic agent; it seems that not only constitu-
tive overproduction of S100P in tumors but also S100P induced by
celecoxib can render them chemoresistant to the drug. We, there-
fore, propose that an inhibitor of S100P may prove to be clinically
efficacious by making cancer cells more responsive to celecoxib
and other anti-tumor agents with the ability to induce ER stress
response.
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Although recent reports suggest that the endoplasmic
reticulum (ER) stress response is induced in associa-
tion with the development of inflammatory bowel
disease, its role in the pathogenesis of inflammatory
bowel disease remains unclear. The CCAAT/enhanc-
er-binding protein (C/EBP) homologous protein
(CHOP) is a transcription factor that is involved in the
ER stress response, especially ER stress-induced apo-
ptosis. In this study, we found that experimental co-
litis was ameliorated in CHOP-null mice, suggesting

that CHOP exacerbates the development of colitis.

The mRNA expression of Mac-1 (CD11b, a positive
regulator of macrophage infiltration), Ero-1«, and
Caspase-11 (a positive regulator of interleukin-18
production) in the intestine was induced with the
development of colitis, and this induction was sup-
pressed in CHOP-null mice. ERO-1a is involved in the
production of reactive oxygen species (ROS); an in-
crease in ROS production, which is associated with
the development of colitis in the intestine, was sup-
pressed in CHOP-null mice. A greater number of ap-
optotic cells in the intestinal mucosa of wild-type
mice were observed to accompany the development
of colitis compared with CHOP-null mice, suggesting
that up-regulation of CHOP expression exacerbates
the development of colitis. Furthermore, this CHOP
activity appears to involve various stimulatory
mechanisms, such as macrophage infiltration via
the induction of Mac-1, ROS production via the in-
duction of ERO-1«, interleukin-18 production via
the induction of Caspase-11, and intestinal mucosal

1786

cell apoptosis. (4m J Patbol 2009, 174:1786—1798 DOI:
10.2353/ajpatb.2009.080864)

Inflammatory bowel disease (IBD), Crohn's disease, and
ulcerative colitis, have become substantial health prob-
lems with an actual prevalence of 200 to 500 per 100,000
people in western countries, which almost doubles every
10 years.” Although the etiology of 1BD is not clear at
present, recent studies suggest that IBD is a disorder
involving activation of leukocytes (macrophages, lym-
phocytes, and neutrophils) and their infiltration into the
inflamed intestine, and intestinal mucosal damage in-
duced by reactive oxygen species (ROS).2 To under-
stand the molecular mechanism underlying the patho-
genesis of IBD and to establish a clinical protocol for its
treatment, it is important to identify proteins that are in-
volved in the pathogenesis of IBD. For this purpose,
various experimental animal models of colitis, in particu-
lar the dextran sulfate sodium (DSS)- and trinitrobenzene -
sulfonic acid (TNBS)-induced colitis models, are useful 2

Pro-inflammatory cytokines and cell adhesion mole-
cules (CAMs) play an important role in the activation and’
infiltration of leukocytes that are associated with 1BD.
Increases in the intestinal levels of pro-inflammatory cy-
tokines, such as tumor necrosis factor (TNF)-a and inter-
leukin (IL)-1B, as well as various CAMs, such as intercel-
lular adhesion molecule-1 (ICAM-1) and Mac-1, have
been reported in both IBD patients and animal models of
IBD.*~"" TNF-a-deficient mice or ICAM-1-deficient mice
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show a phenotype resistant to experimental colitis.® 2 A
chimeric monoclonal antibody against TNF-q, infliximab,
antibody against Mac-1, and alicaforsen (I1SIS 2302), an
oligodeoxynucleotide that inhibits the expression of
ICAM-1, are reported to be effective in the treatment of
IBD patients and experimental colitis 80131
Accumulation of unfolded and misfolded proteins in
the endoplasmic reticulum (ER) induces the ER stress
response. At the final step of mammalian ER stress re-
sponse, the apoptotic response is initiated to eliminate
cells. C/EBP homologous transcription factor (CHOP) is a
transcription factor involved in the ER stress response,
especially ER stress-induced apoptosis through various
mechanisms such as down-regulation of Bcl-2 and up-
regulation of Bim."®'® A close relationship between in-
flammation and the ER stress response, especially the
induction of CHOP, has been suggested. For example,
TNF-a was reported to induce the ER stress response
and expression of CHOP."® CREBH was recently identi-
fied as a factor connecting the ER stress response and
the acute inflammatory response.?® Therefore, it is rea-
sonable to hypothesize that the ER stress response, and
CHOP in particular, is involved in the pathogenesis of
IBD. In fact, some recent reports support this idea; up-
regulation of CHOP and GRP78 was observed in the
inflamed intestine in both I1BD.2"22 However, the exact

role (positive or negative) of the ER stress response (or

CHOP) in the pathogenesis of IBD has remained un-
known. The analysis of knockout mice is useful in ad-
dressing this type of question. For example, we recently
suggested, through analysis of DSS-induced colitis in
heat shock factor 1 (HSF1, a transcription factor involved

in the heat shock response)-null mice, that HSF1 plays a’

protective role, inhibiting the development of IBD.2% In the
present study, we compared the development of DSS-
and TNBS-induced colitis between CHOP-null mice and
wild-type (WT) mice and obtained genetic evidence that
CHOP plays a positive role in the pathogenesis of exper-
imental colitis. Furthermore, results in this study suggest
that CHOP achieves this effect through various mecha-
nisms such as stimulation of intestinal ROS production,
sensitization of intestinal mucosal cells.to ROS-induced
apoptosis, stimulation of macrophage infiltration into the
inflamed intestine, and stimulation of the intestinal pro-
duction of IL-18. Based on these findings, we propose
that inhibitors for CHOP may be therapeutically beneficial
for the treatment of IBD.

Materials and Methods

Chemicals, Cells, and Animals

Paraformaldehyde,  3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), menadione, fetal bovine se-
rum, o-dianisidine, 2',7’-dichlorodihydrofluorescein diac-
etate (H,OCF), and TNBS were obtained from Sigma (St.
Louis, MO). Thiobarbituric acid (TBA), butylated hydroxy-
toluene (BHT), n-butanol, and pyridine were from Nacalai
Tesque (Kyoto, Japan). DSS (M.W. 5000, 15 to 20% sulfur
content) was from Wako Pure Chemicals (Tokyo, Japan).

CHOP and DSS-Induced Colitis 1787
AJP May 2009, Vol. 174, No. 5

Proteose peptone was from Becton Dickinson (San Jose,
CA). Lipopolysaccharide (LPS) was from List Biological
Laboratories, Inc (Campbell, CA). Antioxidant Assay Kit
was from Cayman (Ann Arbor, Ml). An enzyme-linked "
immunosorbent assay kit for the detection of IL-18 was
from Pierce Chemical (Rockford, IL). Optimal cutting tem-
perature (O.C.T.) compound was from Sakura Finetek
Japan (Tokyo, Japan). Mayer's hematoxylin, 1% eosin
alcohol solution, and Malinol were from Muto Pure Chem-
icals (Tokyo, Japan). Terminal deoxynucleotidyl trans-
ferase (TdTase) was obtained from Toyobo (Osaka,
Japan). The Envision kit was from DAKO (Carpinteria,
CA). Biotin 14-ATP and Alexa Fluor 488 conjugated with
streptavidin were purchased from Invitrogen (Carlsbad,
CA). Vectashield was from Vector Laboratories (Burlin-
game, CA). HilyMax and 4’ 6-diamidino-2-phenylindole,
dihydrochloride (DAPI) were from Dojindo Laboratories
(Kumamoto, Japan). The RNeasy kit and HiPerFect were
obtained from Qiagen (Valencia, CA), the PrimeScript
first strand cDNA synthesis kit was purchased from
Takara Bio (Ohtsu, Japan), and iQ SYBR Green Supermix
was from Bio-Rad (Hercules, CA). Antibodies against
CHOP, actin, and GRP78 were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA) and that
against CD68 was from Dack Co. (Carpinteria, CA). a-(4-
pyridyl-1-oxide)-N-tert-butylnitrone  (POBN) was from
Alexis (San Diego, CA). HCT-15 and RAW264 cells were
obtained from the Cell Resource Center for Biochemical
Research at Tohoku University (Sendai, Japan) and
RIKEN BioResource-Center (Tsukuba, Japan), respec-
tively. CHOP-null mice that had been backcrossed with
WT mice (C57BL/6) for more than 10 times and the WT
mice (5 to 7 weeks old, male) were prepared and there
was no apparent phenotypes in CHOP-null mice as de-
scribed previously.2* The experiments and procedures
described here were performed in accordance with the
Guide for the Care and Use of Laboratory Animals as
adopted and promulgated by the National Institutes of
Health, and were approved by the Animal Care Commit-
tee of Kumamoto University.

«

Development of DSS- or TNBS-Induced Colitis
and Measurement of Colon Length and Disease
Activity Index (DAI)

DSS-induced colitis was induced in mice by the addition
of 3% DSS (w/v, final concentration) to their drinking
water as described previously,?® The animals were al-
lowed free access to the DSS-containing water for 7
days. For histopathological observation, measurement of
myeloperoxidase (MPQ), various mRNAs, ROS, thiobar-
bituric acid reactant substances (TBARS), as well as
apoptosis, we used rectum and distal colon. After 7 days,
animals were placed under deep ether anesthesia and
sacrificed, the colons were dissected and their length
measured from the ileocecal junction to the anal verge.
The DAl was determined macroscopically by an observer
unaware of the treatment the mice had received, accord-
ing to previously reported criteria.2>2% Briefly, the DAI
was calculated as the sum of the diarrheal stool score
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(0: normal stool; 1: mildly soft stool; 2: very soft stool; 3:

watery stool) and the bloody stool score (0: normal color -

stool; 1: brown color stool; 2: reddish color stool; 3:

bloody stool). TNBS-induced colitis was produced by .
intrarectal administration of TNBS once as described

previously.?®

MPO Activity

MPO activity in the colonic tissues was measured as
previously described.?®?” After DSS treatment, colons
were dissected, rinsed with cold saline, and cut into small
pieces. Samples were homogenized and protein concen-
trations of the supernatants were determined using the
Bradford method.?® MPO activity was determined in 10
mmol/L phosphate buffer with 0.5 mmol/L o-dianidisine,
0.00005% (w/v) hydrogen peroxide, and 20 ug of protein.
MPO activity was obtained from the slope of the reaction
curve and its specific activity was expressed as the num-
ber of hydrogen peroxide molecules converted per
minute per mg of protein.

Lipid Peroxidation Measured by TBARS

The amounts of TBARS in colonic tissues were measured
as previously described.2®=3! After DSS treatment, co-
lons were dissected, cut into small pieces and weighed.
Samples were homogenized and centrifuged. Superna-
tants were mixed with 20 ul of 8.1% sodium dodecyl
sulfate solution, 150 wl of 20% acetic acid solution, and 5
ul of 0.8% BHT solution, then with 150 ul of 0.8% TBA
solution, and finally boiled for 1 hour. Samples were
mixed with 500 wl of n-butanol/pyridine (15:1) and cen-
" trifuged. The absorbance of the supernatant was mea-
sured at 532 nm and the amount of TBARS expressed as
the number of TBARS molecules per gram of tissue.

lmmunob/otting Analysis

Total protein was extracted from the colonic tissues as
described previously.?332 The protein concentration of
the samples was determined by the Bradford method.?®
Samples were applied to 8% (GRP78 and actin) or 12%
(CHORP) polyacrylamide sodium dodecyl! sulfate gels and
subjected to electrophoresis, after which the proteins
were immunoblotted with appropriate antibodies.

Real-Time Reverse Transcription-Polymerase
Chain Reaction (RT-PCR) Analysis

Real-time RT-PCR was done as described®? with some
modifications. Total RNA was extracted from intestinal
tissues using an RNeasy kit according to the manufac-
turer's protocol. Samples (2.5 ng of RNA) were reverse-
transcribed using a first-strand cONA synthesis kit ac-
cording to the manufacturer's instructions. Synthesized
cDNA was used in real-time RT-PCR (Chromo 4 instru-
ment, Bio-Rad) experiments using iQ SYBR Green Super-
" mix and analyzed with Opticon Monitor Software (Bio-

Rad, Hercules, CA). -Specificity. was confirmed by
electrophoretic analysis of the reaction products and by
inclusion of template- or reverse transcriptase-free controls.
To normalize the amount of total RNA present in each
reaction, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA was used as an‘internal standard.
Primers were designed using the Primer3 website
(http://frodo.wi.mit.edu/cgi-birvprimer3/primer3_www.cgi). The
primers used were (name: forward primer, reverse primer): for
mouse; Tnf-a: 5'-CGTCAGCCGATTTGCTATCT-3', 5'-CG-
GACTCCGCAAAGTCTAAG-3'; I-1B: 5'-GATCCCAAGCAAT-
ACCCAAA-3', 5'-GGGGAACTCTGCAGACTCAA-3'; I-6: 5'-
CTGGAGTCACAGAAGGAGTGG:3", 5-GGTTTGCCGAGT-
AGATCTCAA-3'; Vcam-1 (vascular cell adhesion molecule):
5'-CTCCTGCACTTGTGGAAATG-3', 5'-TGTACGAGCCATC-
CACAGAC-3'; Icam-1: 5'-TCGTGATGGCAGCCTCTTAT-3',
5'-GGGCTTGTCCCTTGAGTTTT-3'; Madcam-1 (mucosal ad-
dressin cell adhesion molecule): 5'-GCAGGCTGGGAGC-

‘TACTCT-3', 5'-TCCCTCTTGTGGTAGGTTGc-3"; CD49a: 5'-

CAGAGCCACACCCAAAAGTT-3', 5'-TGAAATGTCGTTTG-
GGTCTTt-3"; CD11b: 5'-TGTGAGCAGCACTGAGATCC-3',
5'-ATGGCTCCACTTTGGTCTCT-3'; L-selectin: 5'-ATTCCTG-
TAGCCGTCATGGT-3’, 5'-CATCCTTTCTTGAGATTICTTG-
C-3'; I-10: 5'-GGCCCTTTGCTATGGTGTCC-3', 5'-AAGC-
GGCTGGGGGATGAC-3'; Caspase-11: 5'-TGGAAGCTGAT-
GCTGTCAAG-3', 5-GAGCCTCCTGTTTTIGTCTCG-3'; endo-
plasmic reticulum oxidoreductin (Ero)-71a: 5'-TTAAGTCTGC-
GAGCTACAAGTATTC-3', 5'-AGTAAGTCCACATACTCAGC-
ATCG-3'; Bcl-2: 5'-CCTGTGGATGACTGAGTACC-3", 5'-
GAGACAGCCAGGAGAAAT-3"; Chop: 5'-ACAGAGGTCA-
CACGCACATC-3, 5'-GGGCACTGACCACTCTGTTT-3";
Gp78: 5'-GCTTCCGATAATCAGCCAAC-3', 5-GCAGGAG-
GAATTCCAGTCA-3'; C/ebp-B: 5'-GCAAGAGCCGCGACAA-
G-3', 5'-GGCTCGGGCAGCTGCTT-3'. For human; CHOP: 5'-
TGCCTTTCTCTTCGGACACT-3’, 5'-TGTGACCTCTGCTGG-
TICTG-3'.

Histological and Immunohistochemical Analysis

Colonic tissue samples were fixed in 4% buffered para-
formaldehyde, embedded in O.C.T. compound, and
cryosectioned. For histological examination [hematoxylin
and eosin (H&E) staining], sections were stained first with
Mayer's hematoxylin and then with 1% eosin alcohol so-
lution. Samples were mounted with Malinol and inspected
with the aid of an Olympus (Tokyo, Japan) BX51 micro-
scope. For histological evaluation of the tissue damage
(damage score) and areas of lesions (extent of lesion),
sections were evaluated microscopically by an observer
unaware of the treatment the animals had received, and
quantified as described.?*3* Colonic damage (damage
score) was categorized into six groups (0: normal mu-
cosa; 1: infiltration of inflammatory cells; 2: shortening of
the crypt by less than 50%; 3: shortening of the crypt by
more than 50%; 4: crypt loss; 5: destruction of epithelial
cells). The extent of lesions in the total colon was cate-
gorized into six grades (0: 0%; 1: 1to 20%; 2: 21 to 40%,;
3: 41 t0 60%; 4: 61 to 80%; 5: 81 to 100%).

For immunohistochemical analysis, sections were
treated in a microwave oven with 0.01 mol/L citric acid
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buffer for antigen activation and incubated with 0.3%
hydrogen peroxide in methanol for removal of endoge-
nous peroxidase. Sections were blocked with 2.5% goat
serum for 10 minutes, incubated for 12 hours with each
antibody in the presence of 3% bovine serum albumin,
and then incubated for 1 hour ‘with peroxidase-labeled
polymer conjugated to goat anti-rabbit immunoglobulins
(Envision kit). Then, 3,3’-diaminobenzidine was applied
to the sections and the sections were finally incubated
with Mayer's hematoxylin. Samples were mounted with
malinol and inspected using a fluorescence mlcroscope
(BX51; Olympus, Tokyo, Japan).

Overexpression and Sup,oressmn of Expression
of Targeting Genes

The CHOP- and ERO-1a-specific siRNAs were pur-
chased from Qiagen. A plasmid expressing CHOP or
C/EBP-B was as described.*¢?” HCT-15 and RAW264
cells were transfected with these siRNAs or plasmids
using HiPerFect or HilyMax (transfection reagents) ac-
cording to the manufacturer's instructions. Nonsilencing
SiRNA  (5'-UUCUCCGAACGUGUCACGUDTAT-3" and
5'-ACGUGACACGUUCGGAGAADTAT-3') was used as
a negative control.

Preparation of Mouse Peritoneal Macrophages

Mouse peritoneal macrophages were prepared as de-
scribed previously.?®3® Mice were given 0.5 ml of 10%
' proteose peptone by intraperitoneal injection and perito-
neal cells were harvested 3 days later. The cells were
cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum. After incubation for
4 hours, nonadherent cells were removed and the ad-
herent cells were cultured for use in the experiments.
Virtually all of the adherent cells were macrophages, as
previously described.®® Caspase-1 activity was mea-

sured as described.®® The amounts of IL-1B secreted”

into the medium were measured by enzyme-linked im-
munosorbent assay according to the manufacturer's
protocol.

TdT-Mediated dUTP-Biotin End-Labeling
(TUNEL) Assay

Colonic tissue samples were fixed in 4% buffered para-
formaldehyde, embedded in O.C.T. compound, and
cryosectioned. Sections were incubated first with protein-
ase K (20 pg/ml) for 15 minutes at 37°C, then with TdTase
and biotin 14-ATP for 1 hour at 37°C and finally with Alexa
Fluor 488 conjugated with streptavidin and DAPI (5 ug/
ml) for 2 hours. Samples were mounted with Vectashield
and inspected with the aid of a fluorescence microscope
(Olympus BX51).
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Flow Cytométric Analysis of ROS Production
and Measurement of Intracellular Antioxidant
Activity

Flow cytometry was performed on a FACSCalibur cell
sorter (Becton Dickinson), as described.“? Briefly cells
were incubated with 20 mmol/L of H,DCF in the dark at

37°C for 30 minutes. The shift in green fluorescence is
associated with ROS production and was determined
from histogram data using CellQuest software (Becton
Dickinson). A total of 20,000 cells were collected for each
histogram. To assess the antioxidant capacity in HCT-15
cells, antioxidant assay was performed using the antiox-
idant assay kit from Cayman Chemical following the man-
ufacturer's protocol. '

Determination of ROS Production in Vivo by
Electron Spin Resonance (ESR) Analysis

In vivo ESR analysis was performed as described,*’42
with some modifications. After DSS administration for 5
days, animals were placed under deep anesthesia with
chloral hydrate (250 mg/kg) and injected with POBN
intraperitoneally (4 mmol/kg). After 1-hour, mice were
sacrificed, the colons were dissected and lipid phase
from samples were extracted as described.*'*? After
evaporating the sample, ESR spectra were immediately
recorded at room temperature using a quartz flat cell
(160 wl) in a JEOL JES-TE200 spectrometer (JEOL,
Tokyo, Japan). Operating conditions of ESR; 9.43 GHz,
field 335.2 = 5 mT, 40 m microwave power, 100 kHz
modulation frequency, 0.25 field modulation width, 0.3
ms time count and sweep time 2 minutes.

Statistical Analysis

All values are expressed as the mean + SEM. Two-way

-analysis of variance followed by the Tukey test or the

Student’s t-test for unpaired results was used to evaluate
differences between more than three groups or between
two groups, respectively. Differences were Considered to
be significant for values of P < 0.05.

Results

A Phenotype of CHOP-Null Mice Resistant to
Experimental Colitis

The severity of DSS-induced colitis can be monitored by
various indices, such as body weight, DAI, length of
colon, MPO activity, the amount of TBARS, and histolog-
ical indices. We compared the development of colitis
induced by 3% DSS administration in CHOP-null mice
and WT mice by measuring body weight and DAl daily.
Administration of 3% DSS caused a decrease in body

‘weight and an increase in the DAI of the WT mice (Figure

1, A and B). DSS-induced colitis in this phenotype was
significantly ameliorated in CHOP-null mice (Figure 1, A
and B). DSS-induced colon shortening, used as a mor-



