S100P and NSAIDs

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 SI00P 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 SI00P 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 thiat not only constitu-
tive overproduction of S100P in tumors but also $100P induced by
celecoxib can render them chemoresistant to the drug, We, there-
fore, propose that an inhibitor of SI00P 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-1f
production) in the intestine was induced with the
development of colitis, and this induction was sup-
pressed in CHOP-null mice. ERO-1« 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-1e, interleukin-18 production via
the induction of Caspase-11, and intestinal mucosal

1786
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cell apoptosis. (Am J Patbol 2009, 17417861798 DOI:
10.2353/ajpath. 2009.080864)

Inflammatory bowel disease (IBD), Crohn's disease, and
ulcerative colitis, have become substantial health prob-
tems 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 IBD 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).? 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.®

Pro-inflammatory cytokines and cell adhesion mole-
cules (CAMs) play an important role in the activation and
infiltration of leukocytes that are associated with |BD.
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.*~T" TNF-e-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-¢, infliximab,

antibody against Mac-1, and alicaforsen (ISIS 2302), an

oligodeoxynucleotide that inhibits the expression of
ICAM-1, are reported to be effective in the treatment of
IBD patients and experimental colitis.®0-13-1%

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 refationship 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 1BD.2"2%2 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.23 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 18D.

Materials and Methods

Chemicals, Cells, and Animals

Paraformaldehyde,  3-(4,5-dimethyl-thiazol-2-y1)-2,5-diphenyl
tetrazolium bromide (MTT), menadione, fetal bovine se-
rum, o-dianisidine, 2',7'-dichlorodihydrofluorescein diac-
etate (H,DCF), 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, Mi). 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 deoxynucleotidy! 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 (Carisbad,
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) tas 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 (DA} -

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 (MPQO), 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.?®25 Briefly, the DAI
was calculated as the sum of the diarrheal stool score

L2
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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.2®

MPO Activity

MPQ -activity in the colonic tissues was measured as
previously described.?3?7 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.
MPQO 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.?®=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 ul of 20% acetic acid solution, and 5
wl of 0.8% BHT solution, then with 150 wl of 0.8% TBA
solution, and finally-boiled for 1 hour. Samples were
mixed with 500 ul 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.

Immunoblotting Ana/ys/é

Total protein was extracted from the colonic tissues as
described previously.2332 The protein concentration of
the samples was determined by the Bradford method.?8
Samples were applied to 8% (GRP78 and actin) or 12%
(CHOP) 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 ug of RNA) were reverse-
transcribed using a first-strand cDNA 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-binprimer3/primer3_www.cgi). The
primers used were (name: forward primer, reverse primer): for
mouse; Tnf-e: 5-CGTCAGCCGATTTGCTATCT-3', 5'-CG-
GACTCCGCAAAGTCTAAG-3"; I-18: 5'-GATCCCAAGCAAT-
ACCCAAA-3', 5'-GGGGAACTCTGCAGACTCAAZ'; I-6: 5'-
CTGGAGTCACAGAAGGAGTGG-3', 5'-GGTTTGCCGAGT-
AGATCTCAA-3'"; Vicam-1 (vascular cell adhesion molecule):
5'-CTCCTGCACTTIGTGGAAATG-3", 5'-TGTACGAGCCATC-
CACAGAC-3'; lcam-1: 5'-TCGTGATGGCAGCCTCTTAT-3',
5'-GGGCTTGTCCCTTGAGTTTT-3'; Madcam-1 (mucosal ad-
dressin cell adhesion molecule). 5'-GCAGGCTGGGAGC-
TACTCT-3, 5'-TCCCTCTTGTGGTAGGTTGe-3; CD49d: 5'-
CAGAGCCACACCCAAAAGTT-3', 5-TGAAATGTCGTTTG-
GGTCTI-3"; CD11b: 5-TGTGAGCAGCACTGAGATCC-3',
5'-ATGGCTCCACTTTGGTCTCT-3'; L-selectin: 5'-ATTICCTG-
TAGCCGTCATGGT-3', 5'-CATCCTTTCTIGAGATTICTIG-
C-3" I-10: 5'-GGCCCTTTGCTATGGTGTCC-3', 5-AAGC-
GGCTGGGGGATGAC-3"; Caspase-11; 5'-TGGAAGCTGAT-
GCTGTCAAG-3', 5'-GAGCCTCCTGTTTTIGTCTCG-3'; endo-
plasmic reticulum oxidoreductin (£0)-Ta: 5'-TTAAGTCTGC-
GAGCTACAAGTATTC-3', 5-AGTAAGTCCACATACTCAGC-
ATCG-3'; Bcl2: 5'-CCTGTGGATGACTGAGTACC-3', 5'-

GAGACAGCCAGGAGAAAT-3'; Chop: 5'-ACAGAGGTCA- -

CACGCACATC-3', 5'-GGGCACTGACCACTCTGTTT-3';
Grp78: 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 alcoho! 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.**** 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: 110 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 microscope
(BX51; Olympus, Tokyo, Japan).

Overexpression and Suppression of Expression
of Targeting Genes

The CHOP- and ERO-1a-specific siRNAs were pur-
chased from Qiagen. A plasmid expressing CHOP or
C/EBP-8 was as described.®®3” HCT-15 and RAW?264
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.?33® 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 BPM! 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum. After incubation for
4 hours, nonadherent cells were removed and the ad-
herent celis 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-18 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/mi) 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/
mi) for 2 hours. Samples were mounted with Vectashield
and inspected with the aid of a fluorescence microscope
(Olympus BX51).
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Flow Cytometric Analysis of ROS Produc_:tior;
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,*'-4?
with some modifications. After DSS administration for 5
days, animals were placed under deep anesthesia with
chioral 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.®'4? 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 DAI 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 coiitis in this phenotype was
significantly ameliorated in CHOP-null mice (Figure 1, A
and B). DSS-induced colon shortening, used as a mor-
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Figure 1. Development of DSS-induced colitis in CHOP-null mice and WT mice. CHOP-null mice (Chop™ ") and WT mice were treated with or without 3% DSS
for 7 days. Body weight (A) and DAI (B) were measured daily. After 7 days, length of colon (C), colonic MPO activity (D), and colonic TBARS (E) were detemmined
as described in the Materials and Methods. G and H: After 7 days, sections of colonic tissues were prepared and subjected o histological examination (H&E
staining) and the damage score and extent of lesion for seven independent sections were determined. F: One of the sections is shown. Values are mean + SEM

(n =510 13). =P < 0.01; *P < 0.05; n.s., not significant.

phometric measure for the degree of inflammation, was
less severe in CHOP-null mice than in the WT mice (Fig-
ure 1C). Colonic MPO actawty an indicator of infiltration of
leukocytes, was lower in DSS-administered CHOP-null
mice than in the WT mice (Figure 1D). Colonic TBARS, an
index of lipid peroxidation associated with inflammation,
was also lower in DSS-administered CHOP-null mice than
in the WT mice (Figure 1E). Absence of the Chop gene
did not affect the background levels of these indices
(colon length, colonic MPO activity, and colonic TBARS)
(Figure 1, C-E). Figure 1F shows results of histological
analyses of colonic tissues prepared from DSS-adminis-
tered and control CHOP-null mice and WT mice. Crypt
loss and infiltration of leukocytes were more apparent in
sections from DSS-administered WT mice than those
from CHOP-null mice. Histological score analysis (dam-
age score and extent of lesion) revealed that the histo-
logical differences between DSS-administered CHOP-
null mice and the WT mice were statistically significant
(Figure 1, G and H). Results in Figure 1 show that CHOP-
null mice are more resistant to DSS-induced colitis than
the WT mice.

We examined the effect of DSS administration on ex-
pression of CHOP and GRP78 in the intestine at both
mRNA and protein levels. Analysis by real-time RT-PCR

revealed that the mRNA expression of Chop in colonic
tissues was induced by the DSS administration in the WT
mice and that the Chop mRNA was not expressed in
CHOP-null mice (Figure 2A). The mRNA expression of
Grp78 was also induced by DSS administration (Figure
2A), suggesting that the ER stress response is induced
simultaneously with development of DSS-induced colitis.
Results in Figure 2A also suggest that CHOP positively
regulates the mRNA expression of Grp78 in the intestine.

Immunohistochemical and immunoblotting analyses
demonstrated that DSS administration increases the level
of CHOP in colonic tissues in the WT mice but not in
CHOP-null mice (Figure 2, B and D). CHOP expression
was localized in nuclei, being consistent that CHOP is a
transcription factor. We also found that DSS administra-
tion increases the level of GRP78 in colonic tissues in WT
mice and that this increase was not so clearcut in CHOP-
null mice (Figure 2, C and D).

We also examined the effect of a deficiency in CHOP
on the development of TNBS-induced colitis. As shown
in Figure 3A, a TNBS (3 mg/kg)-dependent decrease in
body weight was less apparent in CHOP-null mice than in
WT mice. Administration of a higher dose of TNBS (8
mg/kg) caused the death of some mice, with the survival
rate of CHOP-null mice being much higher than that of



CHOP and DSS-induced Colitis. 1791
AP May 2009, Vol. 174, No. 5

o [ WT A=3

: M crop” n=3
”‘ I W chop*

Figure 2. Expression of CHOP and GRP78 in
colonic tissues of CHOP-null mice and WT mice.
DSS was administered to CHOP-null mice
(Cbop™") and WT mice, as described in the
legend of Figure 1. Colonic tissues were. re-
moved and total RNA was extracted. Samples
were subjected to real-time RT-PCR, using a spe-
cific primer set for Chop or Grp78. Values were
normalized 10 Gapdh, expressed relative to the
control sample (ie, WT mice without DSS treat-
ment), and given as the mean * SEM (n = 4). A:
" or P.<0.0%; *P < 0.05; n.s., not significant.
Sections of colonic tissues were prepared and
subjected to immunohistochemical analysis with
an antibody against CHOP (B) or GRP78 (C). B:
The right panel in each cojumn is a X4 mag-
nified image of the boxed area defined in the
left panel. D: Total protein was extracted from
colonic tissues and analyzed by immunoblotting
with an antibody against CHOP, GRP78, or actin.
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WT mice (Figure 3B). Histological analysis of colonic
tissues revealed that TNBS-dependent intestinal mucosal

"damage was more severe in the WT mice than in CHOP-

null mice (Figure 3, C-E). We also found that this TNBS (3
mg/kg) administration up-regulated the mRNA expres-
sion of Chop and Grp78 in the intestine (data not shown).

Analysis of the mRNA Expression of Various
Genes in DSS-Administered CHOP-Null Mice
and WT Mice

To obtain a better understanding of the molecular mech-
anism governing CHOP-dependent exacerbation of DSS-
induced colitis, we compared the mRNA expression of
various genes in the intestine of both DSS-administered
CHOP-null mice and WT mice. Tested genes included
those for pro-inflammatory cytokines (I-18, Tnf-«, and
I-6), CAMs expressed on vascular endothelial cells
(Madcam-1, Vcam-1, and lcam-1), CAMs expressed on
leukocytes (CD11b, CD49d, and L-selectin), an anti-in-
flammatory cytokine (/-10), and CHOP-regulated genes
(Caspase-11, Ero-1a, and Bcl-2). Mac-1 and very late
gene (VLA)-4 are CAMs expressed on leukocytes and
Mac-1 is a heterodimer of CD11b and CD18 and VLA-4 is
a heterodimer of CD49d and CD29. The mRNA expres-
sion of all of the pro-inflammatory cytokine genes tested
was up-regulated by DSS administration, whereas the

bss

mRNA expression of Tnf-e but not that of /-18 and -6
was significantly lower in DSS-administered CHOP-null
mice than in WT mice (Figure 4A). On the other hand, the
mRNA expression of /-710 was higher in DSS-adminis-
tered CHOP-null mice than in WT mice (Figure 4D).

The mRNA expression of all CAM genes tested was
also up-regulated by DSS administration and the mRNA
expression of Vcam-1 and CD11b but not other CAM
genes was significantly lower in DSS-administered CHOP-
null mice than in WT mice (Figure 4, B and C). The mRNA
expression of Caspase-11 and £ro-1a but not Bel-2 was
up-regulated by DSS administration in the WT mice, and
the mRNA expression of Caspase-11 and Ero-1a was
significantly lower in DSS-administered CHOP-null mice
than in WT mice (Figure 4, E and F).

The results in Figure 4 suggest that CHOP reguiates
the mRNA expression of Tnf-a, #1-10, CD11b, Caspase-11,
and Ero-Te under inflammatory conditions. To test this
idea in vitro, we compared the mRNA expression of these
factors in the presence of LPS in peritoneal macrophages
prepared from CHOP-null mice and WT mice. As shown
in Figure 5A, LPS treatment stimulated the expression of
Chop and Grp78 mRNAs in macrophages in a CHOP-
dependent manner. The mRNA expression of CD71b,
Caspase-11, and Ero-Ta was up-regulated by the LPS
treatment, and the expression of these genes was sig-
nificantly lower in LPS-treated CHOP-null macrophages
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Figure 3. Development of TNBS-induced colitis in CHOP-null mice and WT
mice. CHOP-null mice (Chop™") and WT mice were intrarectally adminis-
tered with (TNBS) or without (EtOH) TNBS of 3 mg/mouse (A, C-E) or 8
mg/mouse (B) once and cultivated for the indicated days. Body weight (A)
and mouse survival rate (B) were measured daily. After 1 day, sections of
colonic tissues were prepared and subjected to histological examination
(H&E staining) as described in the legend of Figure 1, C-E. Values are
mean * SEM (7 = 610 12). *'P < 0.01; n.s., not significant.

than in the WT macrophages (Figure 5, C, E, and F). The
mRNA expression of /70 in the presence of LPS was
higher in CHOP-null macrophages than in WT macro-
phages. However, no significant difference was found in
the mRNA expression of Tnf-a (Figure 5, B and D). These
results suggest that CHOP is involved in the expression
of CD11b, Caspase-11, II-10, and Ero-1a under inflam-
matory conditions, and that these may play an impor-
tant role in CHOP-dependent exacerbation of DSS-
induced colitis.

Involvement of IL-18 and Infiltration of
Macrophages in the CHOP-Dependent
Exacerbation of DSS-Induced Colitis

CHOP-induced expression of Caspase-11 and the result-
ing activation of Caspase-1 and stimulation of production
of IL-1B are responsible for CHOP-dependent exacerba-
tion of LPS-induced lung inflammation.®® To test whether
a similar mechanism is involved in the CHOP-dependent
exacerbation of DSS-induced colitis, we measured the
levels of IL-1B and Caspase-1 activity in colonic tissues in
DSS-administered mice. As shown in Figure 6, A and B,
DSS administration increased the level of IL-18 and
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Figure 4. The mRNA expression of various genes in colonic tissues. DSS was
administered to CHOP-null mice (Chop™"") and WT mice, as described in the
legend of Figure 1. Relative mRNA expression of each gene in colonic tissues
was monitored and expressed as described in the legend of Figure 2A. A:
IL-1B, TNFa, IL-6. B: Madcam-1, Vcam-1, Icam-1. C: CD11b, CD49d,
L-selectin. D: IL-10. E: Capsase-11. F: Ero-1a, Bcl-2. Values are mean * SEM
(n=4103). " or P <001, * or P < 0.05; n.s., not significant.

Caspase-1 activity in colonic tissues in WT mice. These
alterations were significantly suppressed in CHOP-null
mice. Similar results were observed in LPS-treated mac-
rophages; the levels of IL-18 and the Caspase-1 activity
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Figure 5. The mRNA expression of various genes in peritoneal macro-
phages. Peritoneal macrophages were prepared from CHOP-null mice
(Chop™"") and WT mice and incubated with 10 ng/ml of LPS for 12 hours (3
hours for the Tnf-a). Relative mRNA expression of each gene in colonic
tissues was monitored and expressed as described in the legend of Figure 2A.
A: Chop, Grp78. B: Tnf«w. C: CDI11b, D: [L-10. E: Caspase-11. F: Ero-Ia.
Values are mean * SEM (n = 3). ** or P < 0.01; * or “P < 0.05; n.s., not
significant.
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Figure 6. Involvement of Caspase-11-Caspase-1-IL-18 ‘pathway in CHOP-
dependent exacerbation of DSS-induced colitis. DSS was administered to
CHOP-null mice (Chop™") and wild-type mice (WT), as described in the
legend of Figure 1, A and B. C and D: Peritoneal macrophages were prepared
from CHOP-null mice (Chop™"}and WT mice and incubated with 10 ng/ml
of LPS for 24 hours. A and C: The amount of IL-18 was determined by
enzyme-linked immunosorbent assay. B and D: The Caspase-1 activity was
measured as described in Materials and Methods. Values are mean ® SEM
(n = 30 4). *P <001 "P < 0.05 ns., not significant.

in LPS-stimulated peritoneal macrophages prepared
from CHOP-null mice were lower than in those from the
WT mice (Figure 6, C and D).

Mac-1 is a CAM expressed on macrophages; its bind-
ing to ICAM-1 expressed on vascular endothelial cells is
important for infiltration of blood-circulating macro-
phages into inflamed tissues.*3 To test whether infiltration
of macrophages is involved in the CHOP-dependent ex-
acerbation of DSS-induced colitis, we compared infiltra-
tion of macrophages between DSS-administered CHOP-
null mice and the WT mice by immunchistochemical
analysis with an antibody against CD68, which is ex-
pressed on lysosomal membranes of macrophages.** As
shown in Figure 7A (see magnified panels), the antibody
targeted mononuclear cells, confirming that this antibody
can be used to detect macrophages. Results in Figure 7A
show that DSS-induced infiltration of macrophages into
colonic tissues was suppressed in CHOP-null mice com-
pared with the WT mice. To confirm a role for CHOP in the
expression of CD11b (Mac-1) in vitro, we used RAW264
cells (mouse feukemic monocyte) and plasmids for over-
expression of CHOP and C/EBP-B8, known to act co-
ordinately with CHOP in the transcription of some
genes.*S As shown in Figure 7B, CD77b mRNA expres-
sion was up-regulated by transfection of cells with the
plasmid with Chop, and this up-regulation was further
stimulated by simuitaneous transfection with a plasmid
with C/ebp-B. We confirmed the overexpression of Chop
and C/ebp- B, depending on the transfection of each plas-
mid (Figure 7, C and D). We found the CHOP-binding
consensus seguences in the promoter of CO71b (Figure
7E). Overexpression of C/ebp-B did not affect the mRNA

68
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Figure 7. {nvolvement of infiltration of macrophages in CHOP-dependent
exacerbation of DSS-induced colitis. DSS was administered to CHOP-null
mice (Chop™") and WT mice, as described in the legend of Figure 1. A:
Sections of colonic tissues were prepared and subjected to immunohisio-
chemical analysis with an antibody against CD68. The bottom panel in each
column is a X4 magnified image of the boxed area defined in the middle
panel. RAW264 cells were transiently transfected with expression plasmid
for CHOP and C/EBP-B and cultured for 12 hours. The relfative mRNA
expression Of each gene was monitored and expressed as described in the
legend of Figure 2A. B-D: Values are mean * SEM (n = 3). *P < 0.01;*P<
0.05; n.s. not significant. E: The structure and sequences of the CD11b
promoter are shown.

expression of Chop. Results in Figure 7 suggest that
up-regulation of the expression of CD11b (Mac-1) by
CHOP is involved in CHOP-dependent exacerbation of
DSS-induced colitis through stimutation of macrophage
infiltration into the intestine.

Involverent of ROS Production and
ROS-Induced Apoptosis in Exacerbation of
DSS-Induced Colitis

We measured ROS production in the intestine by mea-
suring the lipid-derived free radical spin adduct with ESR
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Figure 8. Involvement of ROS production in CHOP-dependent exacerbation
of DSS-induced colitis. DSS was administered t© CHOP-null mice (Chop™")
and wild-type mice (W), as described in the legend of Figure 1. A: Afier
administration of POBN, the colons were dissected and subjected to radical
adduct ESR spectrum analysis. The intensity of the ESR signal of radical
adduct (shown by bars) was détermined, expressed relative to the control
sample (ie, wild-type mice without DSS treatment), and given as the mean *
SEM (n = 3). B: "P < 0.05; n.s., not significant. C: Peritoneal macrophages
were prepared from CHOP-null mice (Chop™) and WT mice and incubated
with 10 ng/m! of LPS for 24 hours. D-H: RAW264 cells were transiently
transfected with siRNA for CHOP (D-F) or ERO-1a (G, H) or nonsilencing
(ns) siRNA (D-H) and incubated with 50 ng/ml of LPS for 24 hours. The
production of ROS was monitored by fluorescence-activated cell sorting
analysis with H,DCF, as described in the Materials and Methods (C, D, and
G). Relative mRNA expression of the CHOP (E) or Ero-Ia (F, H) was
monitored and expressed as described in the legend of Figure 2A. Values are
mean * SEM (n = 3). ™ or P < 0.01.

spectroscopy and spin trap POBN, which reacts with
ROS to form a radical spin adduct. This method, in vivo
free radical production ex vivo detection, was shown to be
effective for monitoring ROS production in the lung in
vivo.4142 However, this is the first attempt to use this
technigue on intestinal tissue. As shown in Figure 8A, a
radical spin adduct of ESR spectrum similar to that re-
ported in the lung was obtained. The hyperfine coupling
. constants for the POBN radical adducts were o™ =
14.91 £ 0.08 G and o = 2.45 * 0.04 G, which are similar
to data previously reported in the lung,*"“? suggesting
that this ESR spectrum is derived from lipid-derived free
radicals and that this method can be used for the moni-
toring the ROS production at the intestine in vivo. As
shown in Figure 8B, the level of ROS production in the
intestine was elevated by DSS administration in the WT
mice and lower in DSS-administered CHOP-null mice
than in the WT mice. We also found that administration of

vitamin E, an antioxidant, decreased the intestinal level of
ROS production and the DAl in DSS-treated WT mice
(Supplemental Figure 1 at http://ajp.amjpathol.org). Re-
sults suggest that the DSS-induced production of ROS in
the intestine was suppressed in CHOP-null mice.

Production of ROS in peritoneal macrophages pre-
pared from CHOP-null mice and WT mice was compared
using fluorescence-activated cell sorting analysis. The
cell-permeable fluorescent dye, H,DCF, can be con-
verted to a fluorescent product, DCF, in a ROS-depen-
dent manner. Therefore, the increase in the green fluo-
rescence (x axis in Figure 8, C, D, and G) is indicative of
an increase in the level of ROS production.*° Treatment
of WT macrophages with LPS stimulated ROS production
(Figure 8C), as has been described previously.*® How-
ever, this stimulation was not clearly observed in CHOP-
null macrophages, indicating that CHOP is responsible
for LPS-stimulated ROS production (Figure 8C). We also
examined the effect of siRNA for CHOP on LPS-stimu-
lated ROS production in RAW264 cells (Figure 8D). We
confirmed that treatment of RAW264 cells with LPS up-
regulated the expression of CHOP mRNA and that trans-
fection of cells with siRNA for CHOP significantly sup-
pressed the expression of not only CHOP but also Ero-Ta
mRNA (Figure 8, E and F). As is the case with peritoneal
macrophages, treatment of RAW264 cells with LPS stim-
ulated ROS production and transfection of cells with
SIRNA for CHOP partially suppressed this LPS-stimulated
ROS production (Figure 8D). To examine the role of
ERO-1« in this CHOP-dependent production of ROS; we
also examined the effect of siRNA for ERO-1a on LPS-
stimulated ROS production in RAW264 cells. We con-
firmed that transfection of celis with siBNA for ERO-1«a
significantly suppressed the expression of £ro-7Ta mRNA
(Figure 8H). Transfection of cells with siRNA for ERO-1a
pattially suppressed this LPS-stimulated ROS production
(Figure 8G). Results in Figure 8 suggest that CHOP stim-
ulates ROS production in macrophages at least partly
through the up-regulation of ERO-1a.

Next, we compared the level of apoptosis in the co-
lonic mucosa of DSS-administered CHOP-null mice and
WT mice by use of the TUNEL assay. More TUNEL-
positive cells (apoptosis) were observed in the colonic
mucosa of DSS-administered WT mice than in CHOP-null
mice (Figure 9A), suggesting that ROS-induced apopto-
sis associated with DSS-induced colitis is suppressed in
CHOP-null mice.

To test the role of CHOP in ROS-induced apoptosis in
vitro, we examined the effect of siRNA for CHOP on cell
death induced by menadione, a superoxide anion (a
representative ROS) releasing drug, in a colonic cancer
cell line (HCT-15). We confirmed that transfection of cells
with siRNA for CHOP inhibited the mRNA expression of
CHORP in both the presence and absence of menadione
(Figure 9B). As shown in Figure 9C, treatment of cells with
menadione induced cell death in a dose-dependent
manner, whereas transfection of cells with siRNA for
CHOP significantly suppressed this menadione-induced
cell death. We confirmed that cell death such as that
evident in Figure 9C was mediated by apoptosis by
showing that apoptotic DNA fragmentation and chroma-
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BAPI Figure 9. Involvement,of ROS-induced apopto-
sis in CHOP-dependent exacerbation of DSS-
induced colitis. DSS was administered to CHOP-
null mice (Chop™™) and WT mice, as described
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tin condensation accompanied the cefl death (data not
shown). The results in Figure 9 suggest that CHOP makes
colonic cells sensitive to ROS-induced apoptosis, maybe
through modulation of apoptosis-inducing pathway
such as down-regulation of Bcl-2 and up-regulation of
Bim."®~"8 We also examined the effect of CHOP on intra-
cellular antioxidant activity. As shown in Figure 9D, the
level of antioxidant activity that was measured by extinc-
tion of hydrogen peroxide was not affected by transfec-
tion of siRNA for CHOP. Results in Figures 8 and 9 imply
that CHOP stimulates ROS-induced apoptosis through
both increasing the ROS production and modulating the
apoptosis-inducing pathway.

Discussion

CHOP is a transcription factor involved in the ER stress
response, which has been recently revealed to play an
important role in various diseases, including neurode-
generative diseases, diabetes, gastric ulcer, and lung
inflammation.?4-3947-50 However, its role in IBD has re-
mained unknown. In this study, we obtained direct ge-
netic evidence that CHOP stimulates the development of
DSS- and TNBS-induced colitis, animal models of IBD, by
showing that CHOP is up-regulated by DSS or TNBS
administration and that CHOP-null mice are resistant to
development of experimental colitis in these models. It
was recently reported that IRE18 knockout mice are sen-.
sitive to DSS-induced colitis®' and that up-regulation of
GRP78 in IL-10 knockout mice contributes to spontane-
ous development of colitis through activation of nuclear
factor-kB.2" Thus, it seems that some aspects of the ER
stress response are positively involved, and other as-
pects negatively involved, in the development of experi-
mental colitis.

Our in vivo and in vitro analyses suggested that CHOP
stimulates the development of DSS-induced colitis via

Antioxidant activity (%)

in the legend of Figure 1. Sections of colonic
tissues were prepared and subjected to TUNEL
assay and DAPI staining. A: The right panel in
each column is a X3 magnified image of the
boxed area defined in the left panel. HCT-15
cells were transfected with siRNA for CHOP
(siCHOP) or nonsilencing (ns) siRNA and were
incubated with indicated concentrations of men-
adione for 12 hours. B: Relative mRNA expres-
sion of the CHOP was monitored as described in
the legend of Figure, 2A. C: Cell viability was
determined using the MTT method. D: The in-
tracellular antioxidant activity was measured as
described in the Materials and Methods. Values
shown are mean™ SEM (n = 3). * or "P <
0.01; n.s., not significant.

-
o
=3

-
@
S

o
=1

=

ns siCHOP

several mechanisms. One of these is the Caspase-11-
Casapse-1-IL-18 pathway, which wa's recently shown to
play an important rote in LPS-induced lung inflamma-
tion.® It is well-known that IL-18 stimulates the develop-
ment of IBD and experimental colitis,® that CHOP posi-
tively regulates the transcription of Caspase-11, and that
Caspase-11 activates Caspase-1,.and that the produc-
tion of IL-18 from pro-IL-18 is catalyzed by Caspase-1.3°
(n this study, our in vivo analysis showed that the intestinal
level of IL-18 and the activity of Caspase-1 was lower in
DSS-administered CHOP-null micé than in WT mice. Be-
cause the production of IL-18 is stimulated under inflam-
matory conditions, it is possible that this decreased level
of IL-18 is not a cause but a result of the amelioration of
colitis in CHOP-null mice. However, we showed that
up-regulation of Caspase-17 mRNA expression and the
activity of Caspase-1 in the intestine after DSS admin-
istration was- suppressed in CHOR-null mice and in
macrophages prepared from CHOP-null mice; com-
pared with the respective WT control. These results
suggest that the Caspase-11-Casapse-1-iL-18 path-
way is involved in the CHOP- dependem exacerbation
of DSS-induced calitis.

We also postulated that CHOP posmvely regulates the
expression of CO71b (Mac-1) and that this mechanism is
involved in CHOP-dependent exacerbation of DSS-induced
colitis thorough stimulation of macrophage infiltration into
the intestine. Mac-1 is expressed on the macrophage cell
surface and stimulates the infiltration of blood-circulating
macrophages into inflamed tissues.® in this study, we
showed that CD71b (Mac-1) mRNA expression and infil-
tration of macrophages into the intestine were both re-
duced in DSS-administered CHOP-null mice compared
with WT mice. We also showed that up-regulation or
down-regulation of expression of Chop stimulates or sup-
presses, respectively, the expression of CO711b (Mac-1).
Furthermore, we found the consensus DNA sequence for
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CHOP binding in the promoter region of CD11b. Because
IL-18 was reported to stimulate infiltration of macro-
phages,®? lower levels of IL-18 in DSS-administered
CHOP-null mice may contribute to their lower levels of
macrophage infiltration. However, it is also possible that
the CHOP-dependent inductions of CO711b (Mac-1) ex-
pression is attributable to the increased recruitment of
Mac-1-positive myeloid cells.

We showed that intestinal ROS production is fower in
DSS-administered CHOP-null mice than in WT mice and
propose that this is one of the mechanisms governing the
CHOP-dependent exacerbation of DSS-induced colitis.
Although a number of in vitro studies have suggested that
CHOP is involved in ROS production, 52 this is the first
evidence showing that CHOP is involved in ROS produc-
tion in vivo. We revealed this by use of radical spin adduct
ESR spectrum analysis. This analysis should be useful for
detecting intestinal ROS production in vivo. Furthermore,
we suggested that the lower levels of ROS production in
CHOP-null mice are attributable to the lower level of
expression of ERO-1a; Ero-7a mBNA expression in the
intestine in DSS-administered CHOP-null mice and ROS
production in LPS-stimulated macrophages prepared
from the mice weré lower than in the respective WT
control samples. Furthermore, we showed that siRNA for
ERO-1a suppresses LPS-stimulated ROS production in
RAW264 cells.

Analysis using the TUNEL assay revealed that DSS-
induced apoptosis in colonic mucosa-was inhibited in
CHOP-nuli mice. This correlates with other parameters for
DSS-induced colitis. However, it was not clear whether
the alteration to apoptosis is caused by or is a resuit of
the inhibition of DSS-induced colitis. Given that transfec-
tion with siRNA for CHOP inhibited ROS-induced apopto-
sis in vitro, this result suggests that CHOP stimulates
ROS-induced apoptosis, which seems to contribute to
the lower level of apoptosis in the colonic mucosa and to

a phenotype resistant to DSS-induced colitis as seen in

CHOP-null mice. A number of mechanisms have been
proposed for the stimulation of apoptosis by CHOP, such
as down-regulation of Bcl-2, translocation of BAX to mi-
tochondria, and activation of Bim.'8405% Because we
showed that Bc/-2 mRNA expression was not affected by
the lack of Chop, other mechanisms seem to be involved.
It is also possible that activation of Caspase-11 is in-
volved in the stimulation of ROS-induced apoptosis by
CHOP, because Caspase-11 stimulates the activation of
capsase-3 and Caspase-7, both of which are directly
involved in the induction of apoptosis.>®

In addition to the mechanisms described above, other
mechanisms may be involved in the CHOP-dependent
exacerbation of DSS-induced colitis, such as down-reg-
ulation of IL-10 and up-regulation of GRP78. IL-10 was
reported to suppress development of 1BD and experi-
mental colitis,>® whereas expression of GRP78 stimulates
the development of DSS-induced colitis through activa-
tion of nuclear factor-xB.2* We showed here that expres-
sion of #-10 or Grp78 mRNA in the intestine of DSS-
administered CHOP-null mice was higher or lower,
respectively, than in the WT control.

Glucocorticoids, 5-aminosalicylic acid (5-ASA), and
immunosuppressive drugs are currently used for the clin-
ical treatment of 1BD.2 Although some new types of
drugs, such as infliximab, have been developed recently
for the treatment of IBD, a number of clinical problems,
such as side effects, are yet to be addressed.®” Thus,
IBD remains an uncured disease for which the develop-
ment of new types of drugs is clinically important. As
described above, some aspects of the ER stress re-
sponse are positively and other aspects negatively in-
volved in IBD development. As such, factors located
downstream (such as CHOP) rather than upstream (such
as ATF6 and IRE1) of the ER stress response may be
better drug targets for IBD. Results in this study suggest
that inhibitors of CHOP may be therapeutically beneficial
for 1BD.

In summary, results in this study show that CHOP is
positively involved in the development of DSS-induced
colitis. Furthermore, the results suggest that this effect
involves various mechanisms, such as Mac-1-induced
infiltration of macrophages, ERO-1ea-induced ROS pro-
duction, Caspase-11-induced production of IL-18, and
stimulation of mucosal apoptosis. '
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Alteration in the expression of claudins, consisting of tight junctions (TJs), has been reported in various
clinically isolated tumors. Claudins play an important role not only in the intercellular barrier function of TJs
but also in migration and invasiveness of cancer cells. However, the use of different types of cells and different
claudins in these studies has complicated the picture. In this study, we systematically examined the effect of
claudin (claudin-1, -2, -3, -4 and -15) overexpression on the paracellular permeability, migration and invasiveness
of Caco-2 colonic cancer cells. Overexpression of claudin-4 or claudin-2 increased or decreased, respectively,
paracellular permeability. Overexpression of claudin-4 specifically stimulated the invasive activity of the Caco-2
cells. Furthermore, activation of matrix metalloproteinase (MMP)-2 and MMP-9 were observed in the claudin-4-
overexpressing cells, suggesting that the invasive activity was stimulated through an increase in MMP activity.
Overexpression of claudin-2 or claudin-3 and -4. stimulated or inhibited, respectively, the migration activity of
the Caco-2 cells. Immunostaining analysis revealed that each of the overexpressed claudins localized at TJs
under the conditions used to evaluate paracellular permeability. In contrast, they localized mainly in.intracellu-
lar compartments under experimental conditions designed to assess cell invasion and migration. Overall, the
results of this study show that the effect exerted by the claudins on the intercellular barrier function of TJs, as
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well as on cell migration and invasive activity, differs depending on the particular claudin species. Furthermore,
the subcellular localization of the claudins varies according to the culture conditions. :

Key words tight junction; claudin; invasion; permeability; cancer

Tight junctions (TJs), the most apical intercellular struc-
tures in epithelial and endothelial cells, create a physiological
intercellular barrier separating the apical and basolateral
spaces, as well as regulating the paracellular permeability of
various solutes. They also act as a divide between the apical
and basolateral membranes, thereby maintaining cell polar-
ity. TIs contain transmembrane proteins such as claudins,
occludin and junctional adhesion molecules. The C-terminal
regions of these proteins interact with cytosolic proteins,
such as zonula occludens (ZO)-1, -2 and -3, which are linked
to the actin cytoskeleton and are potentially involved in sig-
nal transduction.'™® Among these transmembrane proteins,
the claudin family of proteins (claudin-1 to -24) play a major
role in maintaining the intercellular barrier.”?

Given that a loss of TJ structure and function is frequently
observed in epithelium-derived cancers,”~'? TJs have at-
tracted considerable attention in relation to this disease. The
loss of TT structure and function is thought to promote can-
cer cell proliferation by allowing constitutive accessibility of
cancers to nutrients and growth factors. As TJs function as a
barrier against cancer cell invasion, loss of TJ structure and
function could also stimulate the metastasis of tumors.! b3~

Alteration in the expression of the constituent proteins of
TJs, in particular claudins, is frequently observed in tumors
clinically isolated from various types of tissues, including
colon, breast, pancreas, prostate, uterus and ovary.* 121620
It was initially believed that these alterations in expression
affect cancer development only through the modulation of
the barrier function of TJs. However, a number of recent
studies suggest that the expression of certain claudins modu-
lates the invasiveness and migration of cancer cells through
various mechanisms.>!? For example, we recently reported
that overexpression of claudin-4 or claudin-2 causes a de-
crease Or an increase, respectively, in the migration activity

* To whom correspondence should be addressed.  e-mail: mizu@gpo.kumamoto-u.acip

of gastric carcinoma (AGS) cells.!*? Studies from other
groups'have also shown that claudin overexpression (claudin-
1, 3, 4, 5) can affect the invasiveness and migration of vari-
ous types of cancer cells,!6%—20

Thus, an alteration in claudin expression appears to play a
role in the progression of tumors, both by modulating the
barrier function of TJs and by altering the migration and in-
vasiveness of the cancer cells. However, the overall relation-
ship between claudin expression and these cell functions have
not been fully elucidated, partly due to the different types of
cells and different cell culture conditions (i.e. cell density)
used in the various studies. For example, although we showed
that overexpression of claudin-4 decreases cell migration ac-
tivity in AGS cells, other groups have reported that the over-
expression stimulates cell invasion and migration in human
ovarian cancer cells,” but inhibits the invasiveness of pan-
creatic cancer cells.'® The relationship between the barrier
function of TJs and cell migration and invasion also remains
unclear, as these two functions were not investigated simulta-
neously in most studies. Furthermore, the subcellular local-
ization of overexpressed claudins is still open to debate;
some reports have demonstrated their localization at TJs
whereas others have described their localization in intracellu-
lar component.***"—?% In this study, we selected Caco-2 cells
(human carcinoma cell line derived from colon) for investi-
gation of these issues, as functional TJs can be formed in
these cells, and assay systems for their invasion and migra-
tion activities have been established.>**) Our results reveal
that the T7J intercellular barrier funétion, as well as cell mi-
gration and invasion, are affected differently, depending on
the claudin species being overexpressed. We also found that
subcellular localization of ‘claudins alters according to the
culture conditions.

© 2009 Pharmaceutical Society of Japan
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MATERIALS AND METHODS

Chemicals and Media Dulbecco’s modified Eagle’s
medium (DMEM) was obtained from Nissui Pharmaceutical
Co. Fetal bovine serum (FBS), fibronectin and G418 were
purchased from Sigma, non-essential amino acids (NEAAs)
from BioWhittaker, and lipofectamine (TM2000) and
pcDNA3.1(—) from Invitrogen. The RNeasy kit was ob-
tained from Qiagen, the first-strand cDNA synthesis kit came
from GE Healthcare and iQ SYBR Green Supermix was
from Bio-Rad. Matrigel was purchased from BD Biosciences
and the 24-well transwells were from Costar. Antibodies
against clandin-1, claudin-2, claudin-3, claudin-15 and ZO-1
were from Zymed and those against claudin-4, occludin and
actin were from Santa Cruz Biotechnology. Fluorescein
isothiocyanate-dextran (4kDa; FD4) was obtained from
Fluka Biochemika.

Cell Culture and Plasmid Construction for Overexpres-
sion of Claudins Caco-2 cells were cultured in DMEM con-
taining 10% FBS.

Full-length human claudin-1, -3 and -15 cDNAs were
polymerase chain reaction (PCR)-amplified, using genome
prepared from Caco-2 cells, and cloned into pcDNA3.1(-)
to create the plasmid for overexpression of each claudin. The
construction of the overexpression of plasmids for claudin-2
and claudin-4 was previously described.?"??

Transfection of Caco-2 cells with plasmids was carried out
using Lipofectamine (TM2000) according to the manufac-
turer’s protocols. The stable transfectants expressing each
claudin were selected by immunoblotting analysis. Positive
clones were maintained in the presence of 400 pg/ml G418.

Gelatin Zymography The proteolytic activity of matrix
metalloproteinase (MMP)-2 and -9 was assessed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS)-
PAGE using zymogram gels containing 0.1% (W/v) gelatin,
as described previously.*? The culture medium was concen-
trated and the protein concentration was determined accord-
ing to the Bradford method.*® Following electrophoresis at
4°C, the gels were washed with 2.5% Triton X-100 for 1h
at 37°C and incubated with Zymogram development buffer
for 2d at 37°C. Bands were visualized by staining with
Coomassie Brilliant Blue. :

Real-Time Reverse Transcription (RT)-PCR  Total RNA
was extracted using an RNeasy kit according to the manufac-
turer’s protocol. Samples (2.5 pig RNA) were reverse-tran-
scribed using a first-strand cDNA synthesis kit according to
the manufacturer’s instructions. Synthesized cDNA was used
in real-time RT-PCR (Chromo 4 instrument; Bio-Rad) exper-
iments using iQ SYBR GREEN Supermix, and analyzed
with Opticon Monitor Software according to the manufac-
turer’s instructions. The real-time PCR cycle conditions were
2 min at 50 °C, followed by 10 min at 90 °C and finally 45 cy-
cles of 95 °C for 30 s and 63 °C for 60s. Specificity was con-
firmed 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, actin cDNA was used as an internal standard.

Immunoblotting Analysis Whole cell extracts were pre-
pared as described previously.”Y The protein concentration of
the sample was determined by the Bradford method.” Sam-
ples were applied to 12% polyacrylamide gels containing
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SDS, subjected to electrophoresis, and proteins then im-
munoblotted with each antibody.

Cell Invasion Assay The cell invasion activity was
measured by transwell matrigel invasion assay as described
previously,*® with some modifications. Serum-free medium
containing 5 mg/ml matrigel was applied to the upper cham-
ber of a 24-well transwell and incubated at 37 °C for 4h. The
cell suspension was applied to the matrigel and the lower
chamber was filled with medium containing 10% FBS and
5 ug/ml fibronectin. The plate was incubated at 37°C for
48h. Cells were removed from the upper surface of the mem-
brane 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.’

Cell Migration Assay Cells in serum-free medium were
applied to the upper chamber of the transwell and the lower
chamber was filled with medium containing 10% FBS and
5 g/ml fibronectin. The plate was incubated at 37°C for
48 h, and migrated cell were assessed ds described for cell in-
vasion assay.

Immunofluorescence Microscopy Caco-2 cells were
grown in the Lab-Tek II chamber slide system (Nalge Nunc
International). Cells were fixed in ice-cold methanol or ace-
tone for 20min and blocked in phosphate buffered saline
(PBS) containing 3% bovine serum albumin (BSA) for 30
min. The samples were then incubated with each primary
antibody. After washing, samples were incubated with the
respective secondary antibody conjugated with Alexa Fluor
594 or Alexa Fluor 488 (Molecular Probes). Images were
captured on a confocal laser-scanning fluorescence micro-
scope (FLUOVIEW FV500-IX-UV, Olympus).

Measurement of Transepithelial Resistance (TER)
Caco-2 cells were seeded at an initial density of 4.3X10°
cells/cm? in the upper chamber of transwells. The cells were
incubated at 37°C for 7d, with a change of medium every
second day. TER was measured using an epithelial voltohm-
meter (Millipore). The results were expressed as the meas-
ured resistance in Ohms multiplied by the area of the filter
(0.33 cm?).

Permeability Assay for Fluorescein Isothiocyanate
(FITC)-Dextran We determined the permeability of Caco-
2 cells by measuring transepithelial passage of FD4. The
cells were seeded in the upper chamber of a 24-well transwell
and incubated at 37 °C for 7d. FD4 (5 mg/ml) was added to
the upper chamber. Aliquots were withdrawn from the lower
chambers after 4h and measured for fluorescence at 520 nm
with excitation at 485nm. An apparent permeability coeffi-
cient (P,,,) was calculated as described previously.®®

Statistical Analysis All values are expressed as the
mean=standard deviation (S.D.). Two-way analysis of vari-
ance (ANOVA), 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, re-
spectively. Differences were considered to be significant for
valués of p<<0.05.

RESULTS

O\?e'rexpression of Claudins and Their Subcellualr Lo-
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Fig. 1. Overexpression of Claudins and Their Localization in Caco-2 Cells

Caco-2 cells stably transfected with claudin-1, -2, -3, -4 or -15 expression plasmid (Cldn-1, -2, -3, -4 or -15) and mock transfectant control cells (Mock) were cultured and whole
cell extracts (10 g protein) were prepared and analyzed by immunoblotting with an antibody against each claudin or actin (A). These cells (2X10° (B) or 2X 10 (C) cells/well)
were cultured for 7d (B) or 24 h (C) and samples were incubated with antibodies against each claudin and/or ZO-1 or occludin. After incubation with the respective secondary anti-

body, cells were inspected using fluorescence microscopy (B, C).

calization Among the claudins, we selected claudin-1, -2,
-3, -4, and -15 for study based on the fact that their expres-
sion has been linked to tumor progression, as well as the
availability of their corresponding antibodies. We then exam-
ined the effect of overexpression of these claudins on both
the intercellular barrier function of TJs, and on cell migration
and invasion. This was achieved by constructing stable trans-
fectants of Caco-2 cells that continuously overexpress each
claudin. As shown in Fig. 1A, we first confirmed the overex-
pression of each claudin by immunoblotting analysis.

We then examined the subcellular localization of the over-
expressed claudins by immunostaining. As shown in Fig. 1B,
each of the claudins localized at the cell surface (see XY
image). Co-immunostaining assay for claudin and ZO-1 or
occludin revealed good correspondence in their localization.
This co-localization was also observed in panels of the XZ
image (Fig. 1B). Such strong immunostaining for claudin

was not observed in mock transfectant control cells (data not
shown). The results presented in Fig. 1B suggest that each
overexpressed claudin localizes at TJs. '

We used cells at high density for experiments shown in
Fig. 1B, as was also the case for the experiments illustrated
in Fig. 2. However, as a lower density of cells (migrating and
growing cells) is used in the invasion and migration assays
(see Figs. 3 and 4), we also monitored the localization of
each overexpressed claudin in cells cultured at low density.
As shown in Fig. 1C, in this situation the claudins did not lo-
calize at the cell surface, but instead were found throughout
the intracellular compartments. It therefore seems that the
overexpressed claudins only gradually localized at the cell
surface (TJs) in response to increasing cell density.

Effect of Overexpression of Claudins on the Barrier
Function of TJs We examined the effect of overexpression
of each claudin on the intercellular barrier function of TJs by

V6
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Fig. 2. Effect of Overexpression of Each Claudin on the Barrier Function of TJs

Caco-2 cells stably transfected with claudin-1, -2, -3, -4 or -15 expression plasmid (Cldn-1, -2, -3, -4 or -15) and mock transfectant control cells (Mock) were cultured for 7 d.
The TER (A) and permeability of FD4 (B) were examined as described in Materials and Methods. Values are mean®S.D. (n=3). =+ p<0.01 (A, B).
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Caco-2 cells stably transfected with claudin-1, -2, -3, -4 or -15 expression plasmid (Cldn-1, -2, -3, -4 or -15) and mock transfectant control cells (Mock) were cultured for the in-
dicated periods and cell numbers were determined by direct cell counting (A). These cells were cultured on matrigel-coated transwells for 48 h and invasion activity was measured
as described in Materials and Methods. The results are expressed relative to the control (B). Values are mean®S8.D. (n=3). + p<<0.01 (A, B).

examining the TER and permeability of FD4. TER is a meas-~
ure of ion flux, mainly reflecting the ion flux across the TJs.%
The TER in the mock transfectant control was 160 Ohm - cm?
(Fig. 2A), which is similar to the value previously reported.>”
Overexpression of claudin-4 dramatically increased the TER,
whereas overexpression of claudin-3 resulted in a similar but
less pronounced effect (Fig. 2A). In contrast, overexpression
of claudin-1, -2 and -15 produced a slight but significant de-
crease in the TER (Fig. 2A). -

As shown in Fig. 2B, overexpression of claudin-4 or
claudin-2 significantly decreased or increased, respectively,
FD4 permeability, whereas overexpression of the other
claudins had no significant effect (Fig. 2B). These results
suggest that claudin overexpression can either positively or
negatively affect the barrier function of TJs in Caco-2 cells,
depending on the particular claudin species. In particular,
overexpression of claudin-4 or claudin-2 seems to increase or

. decrease, respectively, the intercellular barrier function of
TJs. :

Effect of Overexpression of Claudins on Cell Invasion
Figure 3A shows the growth curve of each clone. The growth
of each of the claudin-overexpressing clones was indistin-
guishable from that of the mock transfectant control, demon-
strating that the claudins did not affect the growth of the
Caco-2 cells. ' ‘

The effect of overexpression of each claudin on cell inva-

_ siveness was then examined using the transwell matrigel gel
invasion assay. As shown in Fig. 3B, the claudin-4-overex-
pressing clone showed significantly greater cell invasion ac-
tivity than the mock transfectant control. In contrast, clones

<t

overexpressing the other claudins produced similar results
to the control (Fig. 3B), highlighting the specificity of the
claudin-4 response.

Mechanism for Alteration of Cell Invasion Activity by
Overexpression of Claudin-4 Cell migration is an impor-
tant factor in determining cell invasiveness. We therefore ex-
amined the effect of overexpression of each claudin on cell
migration, using the transwell chamber assay. As shown in
Fig. 4A, claudin-2-overexpressing cells showed significantly
greater cell migration activity than the mock transfectant
control cells, whereas the claudin-3- or claudin-4-overex-
pressing cells showed less. These results reflect those previ-
ously observed in AGS cells.2"*?

It has been reported that dynamic F-actin restructuring, in
other words the formation of actin stress fibers, occurs in mi-
grating cells and that this plays an important role in migra-
tion.*® We used an immunostaining technique to examine the .
effect of overexpression of each claudin on F-actin architec-
ture. A wound healing assay was used to obtain migrating
cells, with the emergence of actin stress fibers being assessed
48 after making the wound. As shown in Fig. 4B, typical
actin stress fibers were observed in claudin-2-overexpressing
cells. However, such a response was not observed in either
the control cells or in those expressing the other claudins
(Fig. 4B). These results suggest that overexpression of
claudin-2 stimulates the formation of actin stress fibers, lead-
ing to the greater migration activity of these cells.

We next examined the localization of each overexpressed
claudin in the wound healing cells. As shown in Fig. 4C
(upper panel), not only claudin-2 but also the other claudins
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Caco-2 cells stably transfected with claudin-1, -2, -3, -4 or -15 expression plasmid (Cldn-1, -2, -3, -4 or -15) and mock transfectant control cells (Mock) were cultured in tran-
swell chambers for 48h. Cell migration activity was measured as described in Materials and Methods and is expressed relative to the control. Values are mean+S.D. (n=3).
#+ p<0.01 (A). These cells were cultured for 7 d, then wounded, and cultured for a further 48 h (B, C). Actin stress fibers were observed by immunostaining (B). The localization of
each claudin was monitored as described in the legend of Fig. 1. Wounded sides are shown by broken lines (C).
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Fig. 5. Effect of Overexpression of Each Claudin on the Activity and Expression of MMPs

Caco-2 cells stably transfected with claudin-1, -2, -3, -4 or -15 expression plasmid (Cldn-1, -2, -3, -4 or -15) and mock transfectant control cells (Mock) were cultured for 24h
(A, B). MMP activity in the culture medium was measured as described in Materials and Methods (A). The mRNA expression of MMP-2 and MMP-9 was estimated by real-time
RT-PCR as described in Materials and Methods. Values are meant Z.4. (v=3). ** p<0.01 (B).

were absent from the cell surface on the wounded side, but
were present on the surface elsewhere. Distal to the wound,
however, each of the claudins was found at the cell surface
on all sides of the cell (Fig. 4C, lower panel). These results
suggest that claudins generally translocate from the cell sur-
face to the intracellular compartments at the site where cell
migration occurs,

The results illustrated in Fig. 4A suggest that the higher
invasive activity of cells expressing claudin-4 cannot be ex-

v

§

plained by its effect on cell migration. MMPs, especially
MMP-2 and MMP-9, play an important role in cell inva-
sion’”*® and some claudins have been reported to modulate
the activity of MMPs.2*?® We therefore examined the effect
of overexpression of each claudin on MMP-2 and MMP-9
activity using gelatin zymography. MMPs are proteolytically
activated from pro-MMPs and both pro-MMPs and mature
MMPs can be detected using this technique.*® The band in-

,;ensity of MMP-2, indicative of MMP-2 activity, was higher



