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Figure 4. Characterization of
the gastritis in Cldn78-/~ mice.
(A} lmmunofluorescence im-

10 ages of sections stained for
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CD11b

D

Luminal

Cldn18 +/+

magnifications, respectively, in
Clan18*+ and Cldn18~/~ adult
stomach. Bars = 20 um. (B) Ex-
pressions of inflammatory cyto-
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gastric gland

the chronic recruitment of neutrophils and prostaglan-
din-related reactions.

Effects of Manipulating Gastric Acidity

To obtain additional evidence for or against our
interpretation that gastritis in Cldn187/~ mice was
caused by a paracellular leak of stomach gastric acid, we

kines such as IL-18, TNF-a,
COX2, and KC were up-regu-
lated in Cldn18~/~ stomach. n =
4. (C) Flucrescence-activated cell
sorter analysis of immune cell types
in gastritic Clan18~/~ tissue. Neu-
trophils, which are positive for Gr-1
and negative for CD11b, were the
dominant immune celltype. (O) Im-
munoflucrescence  micrographs
for Gr-1- and H&E-stained micro-
graphs. (insets) High-power micro-
graphs reveal infiltration of neutr-
ophils. Bars = 50 um.

e s, SR -

Arrow ; Neutr?ph;l

next examined the effects of administering hydrochlo-
ric acid at low concentration or omeprazole sodium, an
inhibitor of H*,K*-ATPase, on the incidence of gastritis
in Cldn18*/* and Cldn18~/~ stomach (Figure 6B and C).

A low concentration of hydrochloric acid was given to
Cldn18%/* and Cldn18~/~ mice on postnatal day 1, when
parietal cells have not yet differentiated. Although no
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area)inClan18*+ and Clan18-/~
stomach at different ages. (C) 0 0
Gene expression level of markers 1 4 7 1 4
for ihe ciferentaton of gastic postnatal day posinatal day postnatal day

inflammation was detected in mice given a neutral buffer, gastric acid. These findings further support the idea that
Cldn18/~ mice given hydrochloric acid showed stomach stomach acidity in Cldn18~/~ mice triggers inflammation,
inflammation on postnatal day 2, as shown by IL-18 and  which in turn induces gastritis.

COX2 levels (Figure 6B). When omeprazole was adminis-

tered for 2 weeks starting at birth (twice a day with 5% Decrease in the Paracellular Barrier Function
dextrose in water), the expression of IL-18 in Cldn18/~ of Gastric Epithelial Cell Sheets on Claudin-18
mice decreased to ~30% of that in untreated mice (Figure Deficiency

6C [i]). The number of parietal cells at postnatal day 14 We next examined the epithelial paracellular barrier

was significantly recovered by 14-day administration of function against H* in Cldn18*/* and Cldn18~/~ stomach
omeprazole, at least partly indicative of decreased parietal ~ (Figure 7). Electrophysiologic measurements showed that
cells after differentiation (Figure 6C [if]). However, the total conductance was higher in Cldn18/~ stomach than
induction of gastritis was not blocked, suggesting that Cldnl8*/* stomach, suggesting that the claudin-18 defi-
omeprazole did not completely inhibit the secretion of ciency resulted in defects in the paracellular barrier. In the
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Cldn18*/* stomach, the paracellular bartier was sensitive to  in the CldnI8*/* stomach compared with the Cldnl8~/~
acidity, which caused the conductance to decrease, as shown  stomach (Figure 7A). In sharp contrast, in the Cldnl8~/~
by the Gt ratio (see Supplementary Materials and Methods) stomach, the paracellular barrier was not sensitive to the
(Figure 7A). Consistent with this observation, we detected an  acidity and showed a significantly higher H* leak compared
H~ leak by H titration in infant mice, which was quite low  with the Cldn18"/* stomach, as shown by the net proton flux

— 100 —



February 2012

Figure 7. Paracellular permea-
bility of H*, Na*, Cl~, biotin, and
dextran. (A) Transepithelial con-
ductance and paracellular H*
permeability at postnatal day 2
and 8-16 weeks in Cldn78*/*
and Cldn18-/~ stomach. H*
permeability was sensitive to the
addition of H* in Cldn78~/~ but
not in Cldn18*/* stomach. n =
4. (B) Paracellular permeability
of Na* and CI~ in Cldn78*/* and
Cldn18~/~ stomach at postnatal
day 2 and at 8—~18 weeks. n = 4.
(C) The paracellular barrier to bi-
otin and 4-kilodalton fluores-
cein isothiocyanate/dextran in
Clcn18~/~ and Cldn18*/* stom-
ach in infants (postnatal day 2 of
age) and adults (8-16 weeks
of age). Bars = 20 um (D) Sche-
matic drawing of the pathologic
changes of atrophic gastritis in
Cldn18~/~ mice.
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(Figure 7A). These findings were consistent with the
Cldn18*/* paracellular barrier in the stomach, providing a
specific barrier against H* leakage.

On the other hand, dilution potential measurements
for NaCl revealed that the paracellular permeability for
Na* and Cl~ was higher in Cldn18~/~ mice, even though
the ratios of the permeabilities for Na* and CI~ for adult
and infant Cldn18*/* and Cldn18~/~ stomachs were simi-
lar (0.8-0.95) (Figure 7B). Furthermore, no biotin (mol
wt, 443 dalrons) leakage was detected in either Cldn18+/*
and Cldn18~/~ mice, suggesting that pepsin leakage was
pot a major feature of the Cldn18~/~-induced gastritis. As
a measure of larger-sized molecules permeability, we mea-
sured the flux of 4-kilodalton dextran in the stomach of
mice at postnatal day 2 and age 8-16 weeks, finding no
differences between Cldn18~/~ and Cldn18*/* stomachs
(Figure 7C). These findings suggested that the Cldn18~/-
stomach paracellular barrier was generally more leaky for
ions than that of Cldn18*/* stomach, but not for larger-
sized molecules, and that H* leakage due to the weak
paracellular barrier in Cldn18~/~ stomach was particularly
important for the incidence of gastritis (Figure 7D).

Discussion

Atrophic gastritis is generally considered a high-
risk condirion for gastric cancer because of the accompa-
nying metaplasia and dysplasia. Thus, identifying its
causes is an important issue for anticancer therapy as well
for maintaining a healthy gastric system. The stomach has
several defense mechanisms to protect gastric epithelial
tissue from various noxious materials, such as gastric acid
and pepsin, and from stimulation by food. An imbalance
between protection and insult can lead to gastritis. How-
ever, the way in which the TJ achieves its protective func-
tion is poorly understood.

A previous report and our present findings show that in
atrophic gastritis and gastric cancer, the expression level
of stomach-type claudin-18 is significantly decreased in
human tissue, implicating claudin-18, directly or indi-
rectly, in these pathological changes.® Our Cldni8~/~
mice described here made a novel model of gastritis that
can show the specific role of claudin-18 in the physiology
and pathology of stomach epithelial barrier functions
(Figure 7).

Of the two types of claudin-18, lung type and stomach
type, stomach-type claudin-18 is the predominantly ex-
pressed variant in the stomach. Our present findings sug-
gest paracellular barrier leakage of H* may be the primary
cause of gastritis in Cldn187/~ mice. Additionally, in
Cldn18~/~ mice stomach, claudin-2 expression was slightly
up-regulated and the Na* gradient facilitated Na* ions to
pass from the submucosa to the gastric luminal space. As
a result, H* could easily permeate the opposite direction.
This H* leakage was associated with the up-regulation of
proinflammatory cytokines, including IL-18 and COX-2,
in our acid administration experiments and over the time
course of development of gastritis, although the causal

GASTROENTEROLOGY Vol. 142, No. 2

relationship between H* leakage and parietal cell differ-
entiation could not be fully established.

There was also a slight change in gastric luminal pH
due to a substantial change in the H* concentration. This
led to metaplasia, an effect that omeprazole could pat-
tially inhibit. Other reports on metaplasia in the context
of gastritis that have used Helicobacter felis-infected mice,
histamine receptor knockout mice, occludin knockout
mice, and Ménétrier disease models of transforming
growth factor a overexpression mice indicate that it may
be, at least partly, related to defects in barrier functions,
although no direct association was shown.*2-#4 In this
respect, the expression level of occludin decreased in the
superficial mucous epithelial cells of adult but not infant
Cldn18~/~ stomach, suggesting the possibility that the
decreased expression of occludin may not contribute to
the onset of gastritis but does contribute to its progres-
sion in Cldn18~/~ stomach. Although the tissue differen-
tiation caused by metaplasia is sensitive to numerous
factors such as DMP-777, Hip1r KO, KLF4 KO, RUNX3
KO, K19-C2mE, and amphiregulin,*>-#9 this report is the
first to show a role for tight junctional claudins.

Although the level of IL-18 was significantly lower in
Cldn18~/~ mice seen here than in IL-18 transgenic mice
from another study, it may still have been sufficient to
trigger inflammation.’® In those IL-1B-expressing trans-
genic mice, gastritis progresses to gastric cancer and
splenectasis, which we did not detect at least in <20
weeks old Cldn18~/~ mice. Considering that the rate of
gastric cancer in the IL-1B-expressing transgenic mice
depends on their IL-18 level, the absence of gastric cancer
in our Cldr18~/~ mice may be owing to the relatively low
level of IL-1B. In addition, it was reported that transgenic
mice expressing both COX-2 and prostaglandin E syn-
thase 1 develop hyperplastic gastric tumors in which
TNF-a plays an important role.*® We then suggest that
the down-regulation of claudin-18 leads to the basic con-
ditions required for the progression of metaplasia. For
dysplasia and neoplasia to occur in our Cldn18/~ mice, an
additional risk factor that increases the level of cytokines
such as IL-183, COX-2, or TNF-a is needed. Future studies
of metaplasia in Cldn18~/~ mice should resolve this ques-
tion.

The immune response in Cldn187/~ mice involves
prominent infiltration of neutrophils into the inflamed
regions. Given that IL-2, IL-4, and IL-6 were not up-
regulated in these mice, however, T cells and B cells are
probably not involved in the observed gastritis. The
chronic recruitment of neutrophils in the Cldn18~/~-
related gastritis is in sharp contrast to the imnmune cell
behavior in H pylori-induced and nonsteroidal anti-
inflammatory drug-induced gastritis, in which the lev-
els of biomarkers for Th1 cells, macrophages, and neu-
trophils all increased.!35! Therefore, it is possible that
if the decreased claudin-18 level were combined with an
additional risk factor that recruits T cells and B cells,
the risk of dysplasia and neoplasia might increase
greatly.
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The role of paracellular barrier-forming claudins in
inflammation is particularly noteworthy, because para-
cellular H* leakage may play a role in other kinds of
chronic gastritis, including H pylori-induced gastritis.
Along these lines, the loss of JAM-A, a T] component,
was reported to induce paracellular permeability and an
increased susceptibility to dextran sulfate sodium-ind-
uced colitis.525% Similar abnormalities are associated
with other insults to paracellular barrier function. Be-
cause the paracellular barrier shows great variability in
its molecular constitution and barrier function, multi-
ple molecular mechanisms can probably lead to inflam-
mation under a variety of conditions. Here we show
that claudin-18 - dependent formation of the paracellu-
lar barrier against HT diffusion is likely to play a
specific role in prevention of gastritis. As more studies
on claudin knockout mice are published, better under-
standing of its specific physiologic and pathologic
functions, especially with regard to inflammation, will
emerge, potentially leading to new therapeutic strate-
gies against epithelial barrier-related diseases.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2011.10.040.
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ABSTRACT

Background. Patients diagnosed with stage II and III
esophageal squamous cell carcinoma (ESCC) have variable
prognosis. This group would benefit greatly from the dis-
covery of prognostic markers that are capable of
identifying individuals for whom adjuvant treatment would
be advantageous. The aim of this study was to investigate
the impact of immunohistochemically detected cytokeratin
7 (CK7) expression on disease-free survival, overall sur-
vival (OS), or therapeutic outcome in patients with ESCC.
Methods. Immunohistochemical analysis of CK7 was
performed on 225 surgically resected specimens of stage
0-IIT ESCC.

Results. In total, 20 (9%) of 225 ESCC cases were posi-
tive for CK7. In stage O—III ESCC patients, CK7 expression
was statistically significantly associated with OS, inde-
pendent of clinical covariates, including tumor, node,
metastasis system stage. In stage II and III ESCC patients
(n = 124), CK7 expression was significantly associated
with poorer OS (P = 0.0377). Furthermore, in stage II and
III ESCC patients who did not receive adjuvant chemo-
therapy (n = 73), CK7 expression was significantly
associated with poorer OS (P = 0.0003). CK7 expression
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was not associated with therapeutic outcome in patients
with stage II and III ESCC who received adjuvant che-
motherapy. In patients with CK7-positive ESCC (r = 16),
receipt of adjuvant chemotherapy tended to be beneficial

for patients with stage II and IIl ESCC (P = 0.0654).

Conclusions. Immunohistochemical analysis of CK7 will
help to identify high-risk patients.

According to the World Health Organization, esophageal
cancer is the sixth most common malignancy worldwide.
The two predominant forms of esophageal cancer are squa-
mous cell carcinoma and adenocarcinoma. Globally,
squamous cell carcinoma accounts for more than 90% of
esophageal cancer. Most esophageal squamous cell carci-
noma (ESCC) is diagnosed at an advanced stage, and even
superficial ESCC that appears to extend no further than the
submucosa metastasizes to the lymph nodes in 50% of
cases.? For localized ESCC, surgery is the primary thera-
peutic option. However, the prognosis is unsatisfactory, even
in curatively resected patients where the 5-year survival rate
is <50% after surgery.? Several prognostic markers, such as
nodal status and tumor stage, are currently accepted for
clinical use, and we have previously reported several ESCC-
associated genes.4"7 However, these genes cannot com-
pletely identify which patients are at low or high risk for
disease recurrence. Therefore, identification of novel prog-
nostic markers for patients with ESCC is important.

Expression of the KRT7 gene, which encodes cytoker-
atin 7 (CK7), has been identified by microarray analys1s to
be involved in the poor prognosis of ESCC patients.® CK7
is expressed in several simple ductal epithelia, in meso-
thelium, and in urothelium. However, CK7 is sparsely
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expressed or absent in gastric foveolar epithelium, intesti-
nal epithelium, hepatocytes, and squamous epithelia.” A
direct association between CK7 expression and poor
prognosis of ESCC patients remains unclear. It has been
suggested that because CK7 expression is regulated by the
forkhead box Al (FOXA1) transcription factor, FOXA1
may. also regulate several cancer-related genes, such as
LOXL2, in CK7-positive ESCC cases.® It has been also
reported that CK7 expression is a statistically significant
prognostic factor in patients with stage I and II ESCC.'°
However, the impact of immunohistochemically detected
CK7 expression on prognosis or therapeutic outcome in
patients with stage I-III ESCC remains unclear.

In the present study, immunohistochemical analysis of
CK7 was performed in a large number of primary ESCC
samples (n = 225). In addition, associations between CK7
expression and therapeutic outcomes in stage II and III
ESCC patients were investigated.

MATERIALS AND METHODS
Tissue Samples

In a retrospective study design, 225 primary tumors
were collected from patients diagnosed with ESCC who
underwent surgery between 1990 and 2002 at Hiroshima
University Hospital (Hiroshima, Japan). All patients
underwent curative resection. All patients underwent right
transthoracic esophagectomy with extensive lymph node
dissection. Reconstruction was performed with a gastric
tube positioned in the posterior mediastinum. Only patients
without preoperative radiotherapy or chemotherapy and
without clinical evidence of distant metastasis were
enrolled in the study. Operative mortality was defined as
death within 30 days of patients leaving the hospital, and
these patients removed from the analysis. Characteristics of
the study population are shown in the Supplementary
Table 1, The disease-free survival (DFS) median follow-up
time was 25 months (range 1-80 months) and the overall
survival (OS) median follow-up time was 27 months
(range 1-80 months). Postoperative follow-up was sched-
uled every 1, 2, or 3 months during the first 2 years after
surgery and every 6 months thereafter unless more frequent
follow-up was deemed necessary. Chest X-ray, chest
computed tomographic scan, and serum chemistries were
performed at every follow-up visit. Patients were followed
by the patients’ physician until their death or the date of the
last documented contact.

For immunohistochemical analysis, we used archival
formalin-fixed, paraffin-embedded tissues. Histologic
classification was based on the World Health Organization
system. Tumor staging was performed according to the
tumor, node, metastasis system stage grouping system.11

As a retrospective study where written informed consent -
was not obtained, identifying information for all samples
was removed before analysis for strict privacy protection.
These procedures were in accordance with the ethical
guidelines for human genome/gene research enacted by the
Japanese government. This study was approved by the
Ethical Committee for Human Genome Research of Hiro-
shima University (Hiroshima, Japan),

Immunohistochemistry

One or two representative tumor blocks, including the
tumor center, invading front, and tumor-associated non-
neoplastic mucosa, was examined from each patient by
immunohistochemistry. In cases of large, late-stage tumors,
two different sections were examined to include represen-
tative areas of the tumor center as well as of the lateral and
deep tumor invasive front. Immunohistochemical analysis
was performed with a Dako Envision+ Mouse Peroxidase
Detection System (Dako Cytomation, Carpinteria, CA).
Antigen retrieval was performed by microwave heating in
citrate buffer (pH 6.0) for 30 min. Peroxidase activity was
blocked with 3% H,O,—methanol for 10 min, and sections
were incubated with normal goat serum (Dako Cytoma-
tion) for 20 min to block nonspecific antibody binding
sites. Sections were incubated with a mouse monoclonal
anti-CK7 antibody (1:50, Clone OV-TL 12/30, Dako Cy-
tomation) for 1 hour at room temperature, followed by
incubation with Envision+ anti-mouse peroxidase for 1
hour. For color reaction, sections were incubated with the
DAB substrate—chromogen solution (Dako Cytomation) for
10 min. Sections were counterstained with 0.1% hema-
toxylin. Negative controls were created by omission of the
primary antibody.

Expression of CK7 was scored in all tumors as positive or
negative. When more than 10% of tumor cells were stained,
the immunostaining was considered positive for CK7. By
using these definitions, two surgical pathologists (N.O. and
K.S.), without knowledge of the clinical and pathologic
parameters or the patients’ outcomes, independently
reviewed immunoreactivity in each specimen. Interobserver
differences were resolved by consensus review at a double-
headed microscope after independent review.

Statistical Methods

Correlations between clinicopathologic parameters and
CK7 expression were analyzed by the chi-square test.
Kaplan—-Meier survival curves were constructed -for CK7-
positive -and CK7-negative patients. Survival rates were
compared between CK7-positive and CK7-negative
groups. Differences between survival curves of DFS and
OS were tested for statistical significance by the log rank
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test. Univariate and multivariate Cox regression was used
to evaluate the associations between clinical covariates and
DFS or OS. SPSS software was used for these analyses
(SPSS, Chicago, IL). Hazard ratio (HR) and 95% confi-
dence interval (CI) were estimated from Cox proportional
hazard models. For all analyses, age was treated as a cat-
egorical variable (65 years or more vs. less than 65 years).
For final multivariable Cox regression models, all variables
were included that were moderately associated (P < 0.10)
with DFS or OS by univariate analysis. A P value of less
than 0.05 was considered statistically significant.

RESULTS
Immunohistochemical Analysis of CK7 in ESCC

- CKT7 staining was detected in 55 (24%) of the 225 ESCC
specimens investigated. In the nonneoplastic esophageal
mucosa adjacent to the tumor, no CK7 staining was
observed in squamous epithelial and stromal cells. As
reported previously, the esophageal gland was stained by
CK7 (Fig. 1a)'*. Of the 55 ESCC cases in which CK7
staining was detected, 35 cases showed only weak staining
of the cytoplasm of tumor cells. In 20 ESCC cases, strong
staining was observed in the cytoplasm of tumor cells
(Fig. 1b). Expression of CK7 was observed in some cases
of squamous cell carcinoma-in-situ (Fig. Ic). When more
than 10% of tumor cells were stained, the immunostaining
was considered positive for CK7. In total, 20 (9%) of 225
ESCC cases were positive for CK7. We analyzed the

FIG. 1 Immunohistochemical analysis
of CK7 in ESCC tissues. In the
nonneoplastic esophageal mucosa
adjacent to the tumor, esophageal
glands were stained by CK7, but
squamous epithelium was negative
(a) (original magnification, 100x).
Strong and extensive staining was
observed in the cytoplasm of ESCC
cells (b) (original magnification,
400x). Expression of CK7 was
observed in some cases of squamous
cell carcinoma-in-situ (c¢) (original
magnification, 200x)
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relationship between CK7 expression and clinicopathologic
characteristics. CK7-positive ESCC cases were more
advanced in terms of T classification (P = 0.0014, ? test),
N classification (P = 0.0195, xz test), and tumor stage
(P = 0.0016, %* test) than CK7-negative ESCC cases
(Table 1). Expression of CK7 was not associated with age,
sex, or histologic classification.

Relationship Between CK7 Staining and Prognosis
of Patients with Stage 0-1I1 ESCC

The association between CK7 expression and DFS or
OS was investigated by Kaplan~Meier analysis in all ESCC
samples (stage O-II, n = 225). We found that CK7
expression was significantly associated with both poorer
DFS and OS (P = 0.0044 and P = 0.0075, log rank test,
respectively; Fig. 2a). Univariate and multivariate Cox
proportional hazards analysis was used to further evaluate
the association between CK7 expression and DFS (Sup-
plementary Table 2) or OS (Supplementary Table 3). The
univariate analysis indicated that expression of CK7 (HR
2.72; 95% CI 1.32-5.59; P = 0.0066), tumor stage (HR
13.89; 95% CI 5.03-38.46; P < 0.0001), and adjuvant
chemotherapy (HR 1.88; 95% CI 1.07-3.32; P = 0.0293)
were associated with DFES while age, sex, or histologic
classification were not. We next performed multivariate
model, which included CK7 expression, tumor stage, and
adjuvant chemotherapy. However, CK7 expression was not
an independent prognostic indicator of DES (HR 2.01; 95%
CI 0.974.17, P =10.0616). The univariate analysis
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TABLE 1 Relationship between cytokeratin 7 (CK7) expression and
clinicopathologic characteristics in esophageal squamous cell
carcinoma

Characteristic CK7 expression
Positive (%) Negative P
Age
<66 years 8(7 104 0.4832
>66 years 12 (11) 101
Sex
Male 17 (9) 178 0.7360
Female 3(10) 27
T classification
Tis/1 6 (5) 121 0.0014
T2 1(5 ] 21
T3 12 (16) 62
T4 1 (50) 1
N classification
NO 6 (30) 14 0.0195
NI 120 (59) 85
Tumor stage
01 4 (4) 97 0.0016
II 5@) 60
o 11 (19) 48
Histologic classification
Well/moderate 16 (10) 151 0.7890
Poor 4 (7 54
2 2 test

indicated that expression of CK7 (HR 2.70; 95% CI
1.26-5.78; P = 0.0110) and tumor stage (HR 17.24; 95%

CI- 5.32-55.56; P < 0.0001) were associated with OS,

while age, sex, and histologic classification were not.
Adjuvant chemotherapy was moderately associated with
OS (HR 1.81; 95% CI 0.99-3.33; P = 0.0562). We also
performed multivariate model, which included CK7
expression, tumor stage, and adjuvant chemotherapy. CK7
expression was an independent prognostic indicator of OS
(HR 2.24; 95% CI 1.03-4.88; P = 0.0426).

We performed survival analysis with other cutoff point.
When more than 25% of tumor cells were stained, the
immunostaining was considered positive for CK7. In stage
0-II ESCC cases, 9 (4%) of 225 ESCC cases were positive
for CK7, and similar results were obtained (data not
shown). These results demonstrate that CK7 expression is a
useful predictor of OS.

Relationship Between CK7 Staining and Prognosis
of Patients with Stage II and 11l ESCC

Patients with ESCC at stage 0 and stage I have a good
rate of survival, whereas patients with ESCC at stage IV

show a poor rate of survival. However, it is difficult to
predict the survival of patients with stage II or stage III
ESCC, and these patients would benefit the most from
prognostic biomarkers. Therefore, we analyzed the prog-
nostic value of CK7 expression in patients with stage Il and
III ESCC (n = 124). In Kaplan—Meier analysis, we found
that CK7 expression was significantly associated with both
poorer DFS and OS (respectively, P = 0.0472 and
P = 0.0377, log rank test; Fig. 2b). Because adjuvant
chemotherapy for patients with stage II and stage III ESCC
influences survival, we analyzed individuals who did not
receive adjuvant chemotherapy (n = 73). We found that
CK7 expression was significantly associated with both
poorer DFS and OS in stage II and IIT ESCC patients who
did not receive adjuvant chemotherapy (respectively,
P = 0.0008 and P = 0.0003, log rank test; Fig. 3a).

To evaluate the potential for CK7 expression as a
prognostic predictor in patients with stage II and III ESCC,
both univariate and multivariate Cox proportional hazards
analyses were used to further evaluate the association of
CK7 expression with DFS (Table 2) or OS (Table 3). In
univariate analysis, CK7 expression (HR 2.05; 95% CI
0.99-4.27; P = 0.0548) was moderately associated with
DFS. We next performed multivariate model, which
included CK7 expression and the tumor stage. However,
CK7 expression was not an independent prognostic clas-
sifier of DFS (HR 1.77; 95% CI1 0.85-3.70; P = 0.1297). In
univariate analysis, CK7 expression (HR 2.22; 95% CI
1.02-4.83; P = 0.0450) and tumor stage (HR 2.97; 95% CI
1.57-5.62; P = 0.0008) were associated with OS. We also
performed multivariate model, which included CK7
expression and the tumor stage. CK7 expression was an
independent prognostic predictor of OS (HR 2.25; 95% CI
1.01-5.00; P = 0.0474). '

We performed survival analysis with other cutoff point.
When more than 25% of tumor cells were stained, the
immunostaining was considered positive for CK7. In stage
II and IIT ESCC cases, 7 (6%) of 124 cases were positive

 for CK7, and similar results were obtained (data not

shown).

Because CK7 staining was detected in ESCC in situ, we
analyzed the prognostic value of CK7 expression in patients
with stage 0 and stage I ESCC (n = 101). When more than
10% of tumor cells were stained, the immunostaining was
considered positive for CK7. In total, 4 (4%) of 101 cases
were positive for CK7. CK7 expression was not associated
with DFS or OS in Kaplan—-Meier analysis (data not shown).
We also performed survival analysis with another cutoff
point. When more than 25% of tumor cells were stained, the
immunostaining was considered positive for CK7. In total,
2 (2%) of 101 ESCC cases were positive for CK7. However,
CK7 expression was not associated with DFS or OS in
Kaplan—-Meier analysis (data not shown). '
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These results indicate that CK7 expression is associated
with OS but not DFS in patients with stage IT and III ESCC.

CK7 Expression and Therapeutic Outcome

Biomarkers that can predict therapeutic outcomes may
provide tools to allow physicians to better stratify patients
to more effective treatments. We analyzed associations
between CK7 expression and therapeutic outcomes in stage
II and I ESCC patients. Information regarding the
administration of adjuvant chemotherapy was available for
all patients. Chemotherapy regimens were primarily
5-fluorouracil based. In stage II and IIT ESCC patients who
received adjuvant chemotherapy (n = 51), adjuvant che-
motherapy was not found to be beneficial. Furthermore,
CK7 expression was not significantly associated with
therapeutic outcome in patients with stage II and III ESCC
(Fig. 3b). These results indicate that CK7 expression can-
not predict therapeutic outcome in patients with stage II
and III ESCC.

Although we performed survival analysis with another
cutoff point, CK7-positive cases were not found in patients
who received adjuvant chemotherapy when the cutoff
value was set at 25%. Therefore, we set cutoff value at 10%
in the following analysis.

Survival period (months)

Efficacy of Adjuvant Chemotherapy in CK7-Positive
and CK7-Negative Patients

We have demonstrated that CK7 expression has the
potential to identify patients at high risk of cancer-specific
mortality. Furthermore, our data have demonstrated that

" CK7-positive cases had significantly worse cancer-specific

mortality than CK7-negative cases in stage I and III ESCC
patients who did not receive adjuvant chemotherapy. These
results indicate that CK7 expression is associated with a
more aggressive histology of the primary tumor. Because
CK7-positive ESCC cases had significantly worse cancer-
specific mortality than CK7-negative ESCC cases, adjuvant
chemotherapy may be indicated for patients with CK7-
positive ESCC. However, it is unclear whether such
patients may benefit from adjuvant chemotherapy. To
address this issue, we examined whether CK7 expression
can identify patients for whom adjuvant chemotherapy is
beneficial in stage II and III ESCC. Although in patients
with CK7-positive ESCC (n = 16) there is a trend toward
improved survival with the use of adjuvant chemotherapy
in CK7-positive ESCC, therapeutic outcome between
patients with CK7-positive and CK7-negative ESCC was
not significantly different (Fig. 3c). Conversely, CK7-
negative patients with ESCC (n = 108) did not benefit
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TABLE 2 Univariate and multivariate Cox regression analysis of CK7 expression and disease-free survival in esophageal squamous cell
carcinoma (stage II and III, n = 124) :

Characteristic MST, mo Univariate analysis Multivariate analysis
HR (95% CI) P HR (95% CT) P
CK7 expression
Negative : 40 1 (Ref.) 0.0548 1 (Ref.) 0.1297
Positive 15 2.05 (0.99-4.27) 1.77 (0.85-3.70)
Tumor stage
1 V NR 1 (Ref) 0.0018 1 (Ret) 0.0032
I 15 2.57 (1.42-4.65) 2.46 (1.35-4.46)
Adjuvant chemotherapy
Not received NR 1 (Ref.) 0.8933
Received 36 1.04 (0.58-1.86)
Age
>66 years NR 1 (Ref.) 0.5596
<66 years 32 1.19 (0.67-2.10)
Sex
Female NR 1 (Ref.) 0.1324
Male 35 2.46 (0.76-7.94)
Histologic classification
Well/moderate NR ’ 1 (Ref.) 0.3023
Poor 32 1.37 (0.75-2.50)

CK?7 Cytokeratin 7, HR hazard ratio, CI confidence interval, NR not reached, MST median survival time

TABLE 3 Univariate and multivariate Cox regression analysis of CK7 expression and overall survival in esophageal squamous cell carcinoma
(stage Il and 111, n = 124)

Characteristic MST, mo Univariate analysis Multivariate analysis
HR (95% CD) P HR (95% CI) P
CK7 expression
Negative 49 1 (Ref) 0.0450 1 (Ref) - 0.0474
Positive - 29 2.22 (1.02-4.83) 2.25 (1.01-5.00)
Tumor stage
I o NR 1 (Ref.) 0.0008 1 (Ref.) 0.0018
- 46 2.97 (1.57-5.62) . 2.98 (1.50-5.92)
Adjuvant chemotherapy
Not received 46 1 (Ref.) 0.9433
Received 40 1.02 (0.55-1.91)
Age
>66 years NR 1 (Ref.) 0.6711
<66 years 46 1.19 (0.65-2.17)
Sex
Female NR 1 (Ref.) 0.2134
Male 46 - 2.11 (0.65-6.80)
Histologic classification
- Well/moderate 49 1 (Ref) 0.2689
Poor 37 1.41 (0.76-2.62)

CK7 Cytokeratin 7, HR hazard ratio, CI confidence interval, NR not reached, MST median survival time
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from adjuvant chemotherapy (Fig. 3d). These results
demonstrate the potential for the use of CK7 immunohis-
tochemistry to identify patients who can benefit from
adjuvant chemotherapy.

DISCUSSION

The long-term survival of patients with ESCC remains
poor as a result of the high incidence of lymph node
metastasis and early recurrence after curative surgical
resection. In the present study, we performed immunohis-
tochemical analysis of CK7 in 225 ESCC cases. Univariate
and multivariate analyses revealed that CK7 expression is
an independent prognostic classifier of OS in stage 0-III
ESCC. We previously. reported that patients with CK7-
positive ESCC have a worse prognosis for stage I and II
ESCC in a cohort from the National Cancer Center Hos-
pital East (Kashiwa, Japan).'® Therefore, the usefulness of
CK7 immunohistochemical analysis is now shown in two
independent cohorts. Taken together, these results indicate
that immunohistochemical analysis of CK7 is a clinically
useful method for prediction of survival of patients with
ESCC.

Patients diagnosed with stage II or stage III ESCC have
variable prognoses. These groups would benefit from the
discovery of prognostic markers that identify individuals
for whom adjuvant treatment would be advantageous. In
the present study, we demonstrated that CK7 expression
was associated with the OS of patients with stage II and
stage Il ESCC. This indicates that immunohistochemical
analysis of CK7 may help identify patients with a high risk
of disease recurrence. In the present study, CK7 expression
was associated with DFS and OS in stage II and III ESCC
patients who did not receive adjuvant chemotherapy. In
contrast, CK7 expression was not associated with thera-
peutic outcome in patients with stage II and III ESCC who
received adjuvant chemotherapy. These results suggest that
adjuvant chemotherapy may improve survival of patients
with CK7-positive ESCC. Although there is a trend toward
improved survival with the use of adjuvant chemotherapy
in CK7-positive ESCC, therapeutic outcome between
patients with CK7-positive and CK7-negative ESCC was
not significantly different. As the number of CK7-positive
stage II and IIT ESCC cases was small (n = 16), this result
should be further investigated in a large ESCC cohort.

The mechanisms underlying the associations between
CK7 expression and patients’ survival remains unclear. It
has been suggested that CK7 expression may be regulated
by the FOXAI transcription factor because XR77 mRNA
expression levels correlate with FOXAI mRNA expression
levels.® In the TE3 esophageal cancer cell line, knockdown
of FOXA1 by siRNA inhibits cell migration and CK7

expression.8 Therefore, CK7 may be a marker for ESCC
expressing FOXA1, and some genes induced by FOXA1
may be associated with cell migration. In addition to CK7,
immunohistochemical analysis of FOXA1 may also have
the potential to predict patient survival. In the present
study, there is a trend toward improved survival with the
use of adjuvant chemotherapy in CK7-positive ESCC. To
our knowledge, a direct association between CK7 and
chemotherapy efficacy has not been investigated. It is
possible that some genes induced by FOXA1 may enhance
the efficacy of adjuvant chemotherapy in ESCC.

In summary, we have shown that CK7 expression is an
independent prognostic classifier in patients with ESCC.
Furthermore, there is a trend toward improved survival
with the use of adjuvant chemotherapy in CK7-positive
ESCC. It is possible that immunohistochemical analysis of
CK7 may help identify patients who would benefit from
adjuvant chemotherapy. Identification of FOXAI target
genes may improve our understanding of the characteristics
of CK7-positive ESCC.
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Abstract

REGA4, which encodes Reg-IV. protein; is a member of the calcium-dependeént lectin superfamily and potent activator of the
epidermal growth factor receptor/Akt/activator protein-1. signaling pathway. Several human cancers overexpress Reg IV,
and Reg IV expression is associated with intestinal phenotype differentiation. However, regulation of REG4 transcription
remains unclear. In the present study, we investigated whether CDX2 regulates Reg IV expression in gastric cancer (GC) cells.
Expression of Reg 1V and CDX2 was analyzed by Western blot:and quantitative reverse. transcription-polymerase chain
reaction in 9 GC cell lines-and 2 colon: cancer cell linés. The function. of the 5 -ﬂanking region of the: REG4 gene was
characterized by luciferase  assay. In.9. GC cell lines, endogenous Reg IV and CDX2 expression were well correlated. Using:an
-estrogen. receptor-regulated form: of CDX2, rapid induction of Reg IV expression-was: observed in-HT:29 cells. Reporter gene
assays revealed an important-role in- transcnptlon for. consensus CDX2. DNA binding -elements in the 5'-flanking region of
the REG4 gene. Chromatin’ |mmunoprec1p|tat|on .assays showed-that: CDX2 binds directly-to the 5'-flankirig region of REG4.
These results mdlcate that CDX2 protein directly regulates Reg IV expression.
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Introduction These findings support the notion that Reg IV protein participates
. . in gastric carcinogenesis.

Gastric cancer (GC) is one of the most common human cancers GC can be subdivided into four phenotypes according to mucin

in the world. Cancer develops as a result of multiple genetic and expression: gastric or foveolar phenotype; intestinal phenotype;

epigenetic alterations [1]. We previously performed serial analysis intestinal and gastric mixed phenotype; and neither gastric nor
of gene expression (SAGE) of four primary GCs and identified intestinal phenotype [9]. Distinct genetic changes appear to be
several GC-specific genes [2]. Of these genes, regenerating islet-denived 5o ciated with gastric and intestinal phenotype GC [10]. In our
Samily member 4 (REG#, which encodes Reg IV protein) is 2 preyious observations, Reg IV was expressed in 30% of GC cases
candidate gene for cancer-specific expression [3]. REG# is 2 and was correlated with intestinal phenotype [11]. A number of

member of the. REG gene .family, which belf)r.xgs to the c.alcium- immunohistochemical analyses of Reg IV have been reported in
dfependent lectin superfamily. REG4 was or1gmally identified by hyman cancers [11-20]. In general, these analyses reported that
high-throughput sequence analysis of a large inflammatory bowel Reg IV is expressed in adenocarcinoma cells displaying an

disease cDNA library [4]. Reg IV is a potent activator of the  jpreqiinal phenotype. It has been reported that Reg IV expression
epidermal growth factor receptor (EGFR)/Akt/activator protein-1 is induced by GLII, which is a key transcriptional factor in the
(AP-1) signaling pathway in colon cancer cells and increases Hedgehog signaling pathway [21], or by growth factors such as
expression of Bcl-2, Bclxl and survivin, which are proteins EGF, transforming growth factor-o. (TGF-0), hepatocyte growth
associated with the inhibition of apoptosis [5]. Amplification of the factor (HGF), or basic fibroblast growth factor (bFGF) [22].
REG4 gene has been reported in pancreatic cancer [6]. Reg IV has However, these molecules are unlikely to account for the

been identified as one of the genes up-regulated in cancer-  ,gqciation between Reg IV expression and intestinal phenotype
initiating cells [7]. We have previously examined the effect of  gifferentiation.

forced expression of Reg IV in GC cell line. We showed that Reg We have previously found that expression of Reg IV was
IV inhibits 5-fluorouracil (5-FU)-induced apoptosis through EGFR ;o elated with CDX2 expression [11]. CDX2 is a mammalian
activation in GG cells [8]. In contrast, Reg IV-overexpressing cells caudal-related intestinal transcription factor and important for the
did not show significant differences in proliferation and invasion  p,aintenance of intestinal epithelial cells [23,24]. Several lines of
activity compared with cells transfected with empty vector [8]. evidence suggest that intestinal metaplasia of the stomach and
PLOS ONE | www.plosone.org 1 November 2012 | Volume 7 | Issue 11 | e47545
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intestinal phenotype GC are associated with ectopic CDX2
expression [9,25]. In the present study, we investigated whether
CDX2 regulates Reg IV expression in GC and found that CDX2
directly binds to the 5'-flanking region of REG# gene and
enhances the promoter activity.

Resuits

Reg IV and CDX2 Expression are Correlated in GC Cells

We first investigated induction of Reg IV expression by CDX2
in GC cell lines. Western blot analysis of CDX2 in 9 GC cell lines
revealed that no or low-level expression of CDX2 was detected in
MKN-7, TMK-1, HSC-44PE, and KATO-III (Fig. 1A). To
determine if CDX2 and Reg I'V expression were tightly correlated
in GC cells, Western blot and quantitative reverse transcription—
polymerase chain reaction (QRT-PCR) analyses of Reg IV were
performed on 9 GC cell lines. As shown in Fig. 1A, Reg IV
protein expression was only detected in the 3 cell lines with high
levels of REG4 transcripts measured by gRT-PCR. Of the 5 GC
cell lines with CDX2 protein expression, 2 cell lines (MKN-1 and
MKN-28) lacked detectable expression of REG# transcripts and
protein. The cell lines with undetectable CDX2 protein expression
(MKN-7, TMK-1, HSC-44PE, and KATO-III) did not show
REG4 transcripts or protein (Fig. 1A).

Next, we generated a polyclonal population of MKN-7, TMK-
1, HSC-44PE, and KATO-III cells expressing high levels of
CDX2 by infection of the cells with replication-defective
retroviruses carrying a full-length human CDX2 cDNA because
no or low-level expression of CDX2 was detected in these cell
lines. However, overexpression of CDX2 failed to activate Reg IV
expression by Western blot (data not shown). Because it is
possible that CDX2 alone is not sufficient for activating Reg IV
expression, expression of CDHI7 (encoding Ll-cadherin protein),
which is one of the targets of CDX2 [24], was also investigated.
However, activation of LI-cadherin expression was not found in
MKN-7, TMK-1, HSC-44PE, and KATO-III cells expressing
high levels of CDX2 (data not shown). Because we showed
activation of Ll-cadherin expression by CDX2 in the HT-29 colon
cancer cell line [24], induction of Reg IV expression was
investigated in the same cell line. As shown in Fig. 1B, induction
of Reg IV expression was detected in HT-29 cells infected with
retroviruses carrying a full-length human CDX2 ¢cDNA. We also
generated a polyclonal population of SW480 (colon cancer cell
line) cells expressing high levels of CDX2 by infection of the cells
with replication-defective retroviruses carrying a full-length human
CDX2 cDNA. As shown in Fig. 1B, induction of Reg IV
expression was found in SW480 cells infected with retroviruses
carrying a full-length human CDX2 c¢DNA. These results suggest
that Reg IV expression can be induced by CDX2 in cell lines
derived from colon cancer. Because in intestinal metaplasia of the
stomach, CDX2 and Reg IV expression are well correlated [11],
the use of a colon cancer cell line might be suitable for the model
of intestinal metaplasia.

To better assess the relationship between CDX2 and Reg IV
expression, we studied Reg IV expression in an HT-29-derived
line with tightly regulated CDX2 activity. We used a polyclonal
HT-29 cell line that had been transduced with the pCDX2-ER
vector. The pCDX2-ER vector encodes a chimeric protein in
which full-length CDX2 sequences are fused upstream of a
mutated estrogen receptor (ER) ligand-binding domain. The
mutated ER ligand-binding domain no longer binds estrogen, but
retains the ability to bind tamoxifen. Treatment of the HT-29/
CDX2-ER cell line with 4-hydroxytamoxifen (4-OHT) resulted in
strong induction of Reg IV protein expression within 48 hours
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(Fig. 1C). These results indicate that Reg IV is a direct or primary
target gene regulated by CDX2. However, CDX2 alone is not
sufficient for activating Reg IV expression.

Inhibition of CDX2 by RNA Interference (RNAI) Results in

the Down-regulation of Reg IV in GC Cells

To determine whether CDX2 is necessary for Reg IV
expression in GC cells, we analyzed the effect of inhibiting
CDX2 expression by RNAI in the level of Reg IV expression in
HSC-39 cell line because high endogenous CDX2 and Reg IV
expression was detected in HSC-39 cell line. CDX2-specific small
interfering RNAs (siRINAs) significanty suppressed GDX2 protein
expression 3 days after transfection, and expression of Reg IV
transcript was down-regulated approximately 50% by CDX2
siRNAs in HSC-39 compared with its levels in control siRNA-
treated cells (Fig. 1D). These results indicate that CDX2 is
involved in maintaining Reg IV gene expression.

Functional Characterization the 5'-flanking Region of

REG4 Gene by Luciferase Assay

To identify potential CDX2-binding sites in the REG4 promoter
region, a search of the genomic sequences immediately 5' to the
presumptive transcription start site was performed, using a
consensus binding element for the CdxA chicken caudal homologue
(5'-A, A/T, T, A/T, A, T, A/G-3") [26] and a previously
described search algorithm [27]. We found four putative CDX2-
binding sites in the 2 kilobase (kb) 5'-flanking region of the REG4
gene (Fig. 2A). These were: site A (5'-AATAATA-3', from — 1828
to —1834), site B (5'-CTTTACAG-3', from —901 to —908), site
C (3'-TTTTATGG-3', from —114 to —121), site D (5'-
AATAATA -3', from —90 to —96). To assess the role of these
presumptive CDX2-binding sites in regulating REG# transcrip-
tion, various reporter gene constructs were generated. As shown in
Fig. 2B, reporter gene constructs containing 2.1, 1.2, or 0.6 kb of
5'-flanking sequence from the REG# gene showed strong activity
in the HSC-39 cells, which display strong endogenous expression
of REG4 transcripts and protein. By comparison, MKN-1 cells
have little endogenous REG transcript and displayed little or no
transcriptional activity induced by the 2.1, 1.2, or 0.6 kb REG4
reporter gene constructs (data not shown). The REGY reporter
gene constructs containing base pairs —116 to +58 and —87 to
+58 had reduced activity in the HSC-39 cells (Fig. 2B}, indicating
that sequences between base pairs —634 and —116 play a key role
in activating REG4 transcription. Furthermore, we analyzed single
and multiple mutations in the presumptive CDX2-binding sites in
the 5'-flanking region of the REG4 gene using HSC-39 cells
(Fig. 2C). As expected, presumptive CDX2-binding site C, which
is located between base pairs —634 and — 116, plays a crucial role
in activating REG4 transcription,

CDX2 Directly Binds to the 5’-flanking Region of REG4

Gene

To analyze whether CDX2 directly binds to the putative
CDX2-binding sites in the REG4 5'-flanking region, we performed
chromatin immunoprecipitation (ChIP) assays using HSC-39 cells.
Using 6 primers for the REG4 5'-flanking region (Fig. 3A), we
recovered DNA fragments containing the REG# 5'-flanking region
by primer 1, which encompasses presumptive CDX2-binding site
C (Fig. 3B). DNA fragments from the 5'-flanking region of REGY,
which were generated using primers 2, 3, 4, 5 and 6 such that they
did not contain presumptive CDX2 binding sites, were not
recovered by the anti-CDX2 antibody. The specificity of recovery
of the REG4 promoter region following ChIP with anti-CDX2
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Figure 1. Induction of Reg IV expression by CDX2. A: Western blot analysis of CDX2, Reg IV, and B-actin and qRT-PCR analysis of REG4 in 9 GC
cell lines. B: Western blot analysis of CDX2, Reg IV, and B-actin and qRT-PCR analysis of REG4 in HT-29/PGS-CDX2, HT-29/PGS-neo, SW480/PGS-CDX2,
and SW480/PGS-neo. C: Western blot analysis of Reg IV and B-actin and qRT-PCR analysis of REG4 in HT-29/CDX2-ER. Time course of REG4 gene
induction in response to activation of a CDX2-ER fusion protein by 4-OHT was analyzed. D: Western blot analysis of CDX2, Reg IV, and B-actin and
qRT-PCR analysis of REG4 in HSC-39 cells transfected with CDX2 siRNA (siRNA1 and siRNA2) and the negative control siRNA. The units of REG4 mRNA
expression level are arbitrary. P values were calculated using Student’s t-test. * N.S.=not significant.

doi:10.1371/journal.pone.0047545.g001

antibody was shown by the fact that other irrelevant DNA
fragments lacking CDX2-binding sites (e.g., exon 3 of the CDXI
gene) were not recovered (Fig. 3B). In addition, mock immuno-
precipitation (mouse IgG) yielded few REG4 or CDXlI-specific
DNA fragments (Fig. 3B). All these findings suggest that CDX2
activates REG# transcription by directly binding to sequences in
the 5'-flanking region of the gene.

Trimethylation of Histone H3 Lysine 27 (H3K27me3) on
the REG4 Promoter in the GC Cell Lines

Although CDX2 protein expression was found in MKN-1 and
MEKN-28 cell lines, these 2 cell lines lacked detectable expression
of REG4 transcript and protein. Because it has been reported that
DNA hypermethylation of CpG islands is associated with silencing
of several genes [28], we investigate whether DNA methylation
induced transcriptional inactivation of Reg IV in MKN-1 and
MEKN-28 cells. We treated these cells with a demethylating agent,
5-aza-2'-deoxycytidine (Aza-dC) and then performed gRT-PCR.
However, Reg IV expression was not restored in these cell lines
(data not shown), suggesting that DNA methylation is not likely
to affect Reg IV expression. It has been also reported that
H3K27me3 has been associated with repressed gene expression
[29]. We further investigated H3K27me3 in GC cell lines. To
determine the enrichment of H3K27me3 on the REG4 promoter
in the GC cell lines, ChIP assays were performed. In MKN-1 and
MKN-28 cell lines, H3K27me3 levels on the REG4 promoter
region were high, whereas in HSC-39 cell line, H3K27me3 level

on the REG4 promoter region was low (Fig. 3C). These results

suggest that closed chromatin structure of REG4 promoter can
inhibit Reg IV expression by CDX2.

Discussion

Although it has been reported that Reg IV expression is induced
by GLI1 [21] or EGF [22], these molecules are unlikely to account
for the association between Reg IV and intestinal differentiation.
In the present study, we showed that endogenous CDX2 and Reg
IV expression were well correlated in GC cell lines. In addition,
using an ER-regulated form of CDX2, we found that there was
rapid induction of Reg IV expression after 4-OHT treatment.
Reporter gene assays revealed an important role for consensus
CDX2 DNA binding elements in the REG promoter region in its
transcription. Subsequent ChIP assays showed that CDX2 binds
directly to the REG# promoter. We previously showed that in
primary GC tissue and intestinal metaplasia of the stomach,
CDX2 and Reg IV expression were well correlated [11]. These
results indicate that CDX2 protein directly regulates Reg IV
expression in GC and intestinal metaplasia of the stomach.

CDX2 is overexpressed in intestinal phenotype GC and in
intestinal metaplasia of the stomach [9,25]. In contrast, loss of
CDX2 expression was observed in a subset of primary colorectal
cancers, usually in poorly differentiated colorectal cancers [30].
The significance of alteration of CDX2 expression in human
cancers remains unclear, and therefore it is important to define the
target genes which are downstream of CDX2. We have identified
several CDX2-regulated genes such as CDHI7 (which encodes LI-

PLOS ONE | www.plosone.org

cadherin) [24], HEPH (which encodes hephaestin) [31], ABCBI
(which encodes multidrug resistance 1) [32], and DSC2 (which
encodes desmocollin 2) [33]. Among these genes, ABCBI was
originally identified as an overexpressed and amplified gene in
multiple drug-resistant cells, and its product, P-glycoprotein, seems
to play a critical role in drug resistance [34]. Previously, we
reported that forced expression of Reg IV in GG cells inhibited 5~
FU-induced apoptosis through induction of Bcl-2 and dihydropyr-
imidine dehydrogenase [8]. Taken together, it is possible that in
intestinal phenotype GG, expression (or ectopic expression) of
CDX2 induces Reg IV and multidrug resistance ! expression,
resulting in an increase in drug-resistance. In fact, it has been
reported that postoperative chemotherapy is not -beneficial for
patients with intestinal phenotype GC [35].

Although our data support the view that CDX2 plays a role in
regulating REG4 transcription via binding to the promoter region,
several findings indicate that CDX2 alone is not sufficient for
activating REG4 expression. In the present study, we generated a
polyclonal population of MKN-7, TMK-1, HSC-44PE, and
KATO-II cells which express high levels of CDX2 by infection
with retroviruses carrying a full-length human CDX2 cDNA.
However, overexpression of CDX2 failed to activate Reg IV
expression. In GC cell lines, none of the cell lines with
undetectable CDX2 protein expression had detectable REG#
transcripts and protein. Therefore, CDX2 is required for Reg IV
expression, but CDX2 alone is not sufficient for activating Reg IV
expression. In the present study, nine GC cell lines were studied.
The origins of the cell lines were as follows, The MKN-7, MKN-
28, and MKN-74 cell lines were established from intestinal type
GC. The TMK-1 and MKN-45 cell lines were established from
diffuse type GC. The KATO-III, HSC-39, and HSC-44PE cell
lines were established from signet ring cell carcinoma. The MKN-
1 cell line was established from adenosquamous cell carcinoma.
Because in intestinal metaplasia of the stomach, CDX2 and Reg
IV expression are well correlated, GC cell lines established from
diffuse type GC or signet ring cell carcinoma may not be suitable
for the analysis of Reg IV induction by CDX2. In fact, Reg IV
expression can be induced by CDX2 in cell lines derived from
colon cancer in the present study. Furthermore, we showed that
H3K27me3 levels on the REG4 promoter region were high in
MKN-1 and MKN-28 GC cell lines. These 2 cell lines lacked
detectable expression of REG4 although CDX2 protein expression
was found. Therefore, H3K27me3 levels on the REG4 promoter
region may be high in MKN-7, TMK-1, HSC-44PE, and KATO-
III cells, in which overexpression of CDX2 failed to activate Reg
IV expression.

It has been reported that REGYZ mRNA expression was
enhanced by stimulation with TGF-o, EGF, HGF, or bFGF
through activation of the mitogen-activated protein kinase
(MAPK) pathway [22]. Thus, it could be hypothesized that Reg
IV is also regulated by downstream transcriptional factors of
MAPK pathways. We performed i silico analyses of the REG4
gene 5'-flanking region, and found at least one presumptive AP-1
consensus sequences (at —883 base pairs of REG4 gene 5'-flanking
region), which is a downstream transcriptional factor of MAPK
signalling. In the present study, HSC-39 cells showed similar
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