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which is commonly overexpressed in solid tumors including
gastric cancer, and COX-1, which is expressed constitutively
in normal tissues, suggesting that inhibition of COX-2 may
reduce the risk of cancer development. Clinical trials have
revealed that the selective COX-2 inhibitor celecoxib is effec-
tive for prevention of colorectal adenomas.'>'® Recent studies
have also shown that celecoxib has a preventive effect against
Helicobacter pylori-associated gastric cancer.'”'® Therefore,
celecoxib has been suggested to have promise for the treat-
ment of gastrointestinal tumors. However, the molecular
mechanisms underlying the chemopreventive effects of selec-
tive COX-2 inhibitors are not fully understood.

To identify miRNAs that play critical roles in the develop-
ment and progression of gastric cancer, we examined the
miRNA expression profiles of gastric tumors including gastric
adenomas and both early and advanced gastric cancers. We
also investigated miRNAs that are targeted by celecoxib. Our
findings revealed that miR-29¢ was downregulated in gastric
cancers and activated by celecoxib. Recent studies have shown
that miR-29¢ is downregulated in various human malignancies
including gastric cancer and acts as a tumor suppressor.'”™>
Herein, we show that the putative tumor suppressor miR-29c is
an important miRNA in gastric carcinogenesis and is a poten-
tial therapeutic target for gastric cancer.

Material and Methods

Patients and tissue specimens

A total of 53 clinical samples of gastric tumors were exam-
ined. The clinicopathological features of the patients are
shown in Supporting Information Table 1. The average age
of the patients was 67.7 years (male/female, 39/14). Thirty
patients with gastric adenomas (atypical epithelium) or early
gastric cancers underwent ESD at Keio University Hospital
(Tokyo, Japan). This study was approved by the research
ethics committee of Keio University School of Medicine
(#19-68-5) and registered with the UMIN Clinical Trials
Registry (UMIN 000001057). Informed consent was obtained
from all patients before the examinations. Tissue specimens
from gastric adenomas and early gastric cancers and the sur-
rounding nontumor gastric mucosae were obtained by endo-
scopic biopsy and kept in RNAlater (Ambion, Austin, TX) at
—80°C until RNA extraction. Tissue specimens from
advanced gastric cancers and the surrounding nontumor gas-
tric mucosae were obtained from materials surgically resected
from 23 patients at the National Cancer Center Hospital (To-
kyo, Japan). This study was approved by the Ethics Commit-

Downregulation of miR-29c¢ in gastric cancer

tee of the National Cancer Center and performed in accord-
ance with the 1964 Declaration of Helsinki. All patients gave
their informed consent for inclusion in this study.

Cell lines and treatment with celecoxib

The human gastric cancer cell lines AGS and MKN45 were
used in this study. AGS was obtained from the American Type
Culture Collection (Rockville, MD), and MNK45 was obtained
from the Japan Health Science Foundation (Osaka, Japan).
Cells were cultured in RPMI1640 medium supplemented with
10% fetal bovine serum and seeded at 1 x 10° cells per 100-
mm dish 24 hr prior to treatment. Cells were treated with cele-
coxib (Pfizer, New York, NY) at 30 uM for 48 hr.

RNA extraction and microarray analysis

Total RNAs were extracted from both tissue specimens of
gastric tumors resected by ESD and gastric cancer cell lines
using the mirVana miRNA isolation kit (Ambion). Total
RNA of tissue specimens from advanced gastric cancers and
matched nontumor gastric mucosae was extracted using TRI-
zol reagent (Invitrogen, Carlsbad, CA).

Five hundred nanograms of total RNA from each of ten
advanced gastric cancers were pooled, and the same was done
with 10 matched nontumor gastric mucosae. miRNA microar-
ray analysis of samples of advanced gastric cancer was con-
ducted by Toray Industries (www.toray.com: Tokyo, Japan).
miRNA microarray analysis of AGS cells treated with celecoxib
was conducted by LC Sciences (www.lcsciences.com: Houston,
TX). All data were submitted to the ArrayExpress database,
under the accession numbers E-MEXP-2230 (gastric cancer)
and E-MEXP-2231 (celecoxib). These microarray chips contain
probe regions that detect 724 (Toray Industries) and 711 (LC
Sciences) miRNA transcripts listed in Sanger miRBase Release
10.0 (http://www.sanger.ac.uk). These chips contain multiple
probes for each miRNA (2 probes in the Toray Industries chip,
5 probes in the LC Sciences chip), and the average values of
their signal intensities are shown in Tables 1 and 3.

Quantitative RT-PCR of miR-29c

Levels of miRNA expression were analyzed by quantitative
RT-PCR using the TaqgMan microRNA assay for miR-29¢
(Applied Biosystems, Foster City, CA) in accordance with the
manufacturer’s instructions. Expression levels were normal-
ized to that of U6 RNA.
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Table 1. Summary of the most downregulated miRNAs in advanced
gastric cancers relative to non-tumorous gastric mucosae

Tumor _ Fold change
563.0 0.5

No. Non-tu
1133.8

1 miR-193b

miR-140-3p 1438.6

690.7 0.5

5 miR-939 1655.2

7 miR-378* 95.3 39.6 0.4

133b 424.6 155.0 0.4

Note: Data for Non-tumor and Tumor are average values of the signal
intensities in microarray analysis. Fold change represents the ratio of
the signal intensities for Tumor/Non-tumor.

In situ hybridization (ISH) of miR-29¢

Locked nucleic acid (LNA)-modified probes for miR-29¢ were
used (miRCURY-LNA detection probe, Exiqon, Vedbaek,
Denmark). In situ hybridization was performed using the
RiboMap in situ hybridization kit (Ventana Medical Systems,
Tucson, AZ) on the Ventana Discovery automated in situ
hybridization instrument (Ventana Medical Systems). In situ
hybridization steps after deparaffinization were performed
based on the standard protocol provided in the manufac-
turer’s RiboMap application note (http://www.ventanamed.-
com). Hematoxylin-eosin (HE) was used for counterstaining.

Immunohistochemical examination of Mcl-1

Formalin-fixed and paraffin-embedded tissues were deparaffi-
nized and rehydrated. For antigen retrieval, the sections were
treated for 10 min at 105°C in an autoclave, and nonspecific
reactions were blocked with a blocking reagent (Protein Block
Serum-Free, Dako Cytomation, Glostrup, Denmark). The sec-
tions were incubated with the rabbit anti-human Mcl-1 poly-
clonal antibody (S-19, Santa Cruz Biotechnology, Santa Cruz,
CA) overnight at 4°C followed by horseradish peroxidase
labeled anti-rabbit IgG (Histofine, Simple stain MAX-PO,
Nichirei, Tokyo, Japan) for 30 min at room temperature.
Then, the sections were treated with 3.3'-diaminobenzidine
tetrahydrochloride solution. All sections were counterstained
with hematoxylin.

Immunoreactivity of Mcl-1 was confirmed in the germinal
centers as described previously,?® and this was defined as the in-
ternal positive control. The intensity of Mcl-1 immunoreactivity
in each sample was graded as 0 (less than the internal positive
control), 1 (equal to the internal positive control) and 2 (more
than the internal positive control). Mcl-1 expression in ran-
domly selected fields, two in gastric cancer tissues and two in
nontumor gastric mucosal tissues, was examined in gastric
adenomas and early (n = 30) and advanced (n = 21) gastric
cancers at high magnification (x400). The Mcl-1 expression
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score was determined as the product of the Mcl-1 immunoreac-
tivity grade and the percentage of Mcl-1-positive cells.

Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was performed as described previously.* An
antibody against C/EBPa (sc-61, Santa Cruz Biotechnology)
was used. Quantitative analysis was performed by real-time
PCR with the CYBR Premix Ex Taq (Takara Bio, Ohtsu, Ja-
pan) using the Thermal Cycler Dice Real-Time System
(Takara Bio). The sequences of the primers used were as fol-
lows; Forward: 5-CTAAGAGCAGACTGATGGTGTC-3,
Reverse: 5'-CTATTTCTGTTGACTCCTAGCAGC-3'.

The fraction of immunoprecipitated DNA was calculated as
follows: [immunoprecipitated DNA with C/EBPa antibody-
nonspecific antibody control (NAC)]/(input DNA - NAC).

Western blotting

Protein extracts were separated by SDS/polyacrylamide gel
electrophoresis and transferred onto nitrocellulose mem-
branes. The membranes were hybridized with a rabbit anti-
human Mcl-1 polyclonal antibody (S-19, Santa Cruz Biotech-
nology), and B-actin was used as the internal control.

Transfection of miR-29¢ precursor molecules and the
specific miR-29c¢ inhibitor

The miR-29c precursor molecules, the specific miR-29¢ inhib-
itor and negative control precursor miRNAs were purchased
from Ambion. They were transfected into AGS and MKN45
cells at a final concentration of 100 nM each using oligofect-
amine (Invitrogen) in accordance with the manufacturer’s
instructions. Forty-eight hours after transfection, the cells
were collected and their expression of Mcl-1 was analyzed by
Western blotting as described above.

Apoptosis assay

The levels of apoptosis in AGS and MKN45 cells transfected
with miR-29c and treated with celecoxib were evaluated using
Annexin V kit (Beckman Coulter, Brea CA) in accordance
with the manufacturer’s instructions.

Statistics

Data were analyzed using the SPSS statistics 17.0 software
package. Differences in miRNA expression levels and apopto-
sis levels between groups were analyzed using unpaired ¢ test.
Differences at p < 0.05 were considered significant.

Results

Downregulation of miR-29c is associated with progression
of gastric cancer

To investigate the miRNA expression profile in gastric can-
cer, we compared the miRNA expression of gastric cancer
tissues with that of the corresponding nontumorous gastric
mucosae. The microarray data shown in Table 1 revealed
that the putative tumor suppressor miR-29¢c was significantly
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Figure 1. The expression levels of miR-29c in the 53 clinical gastric tumor samples and matched nontumorous gastric mucosae. All
reactions were performed in duplicate with U6 as the internal control. The graph shows the ratio of miR-29¢ expression of tumor/nontumor
on a logarithmic scale (mean = SD). (a) Gastric adenomas (atypical epithelium, n = 8). There was no significant association of miR-29¢
expression between tumor and nontumor. (b) Early gastric cancers (n = 22). The expression levels of miR-29¢ in early gastric cancers were
significantly lower than those in the corresponding nontumorous gastric mucosae (p < 0.005). (¢) Advanced gastric cancers (n = 23). The
expression levels of miR-29c in advanced gastric cancers were significantly lower than those in the corresponding nontumorous gastric
mucosae (p < 0.0005). (d) A representative example of ISH for miR-29¢ in normal gastric tissue. miR-29c is expressed in the cytoplasm of
normal gastric epithelial cells (blue staining) but not detected in other cells such as fibroblasts and muscle cells. HE was used for
counterstaining. (€) A representative example of ISH for miR-29¢ in gastric cancer tissue. miR-29c expression was not detected in gastric
cancer cells. HE was used for counterstaining.
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downregulated in gastric cancer tissues relative to nontumo-
rous gastric mucosae. To confirm the microarray data, we
examined the levels of miR-29c expression in tissue speci-
mens of gastric adenomas (atypical epithelium), early gastric
cancers and advanced gastric cancers by quantitative RT-
PCR. As shown in Figure la, the expression level of miR-29¢
was reduced in 75% (6 of 8) of gastric adenomas compared
with the corresponding nontumor gastric mucosae. There
was no significant difference in the average level of miR-29¢
expression between gastric adenomas and the corresponding
nontumor gastric mucosae. The expression level of miR-29¢
was reduced in 73% (16 of 22) of early gastric cancers com-
pared with the corresponding nontumor gastric mucosae
(Fig. 1b), and the expression levels of miR-29¢ in early gastric
cancers were significantly lower than those in the corre-
sponding nontumorous gastric mucosae (p < 0.005). Further-
more, the expression level of miR-29¢ was reduced in 91%
(21 of 23) of advanced gastric cancers relative to the corre-
sponding nontumorous gastric tissues (Fig. 1c), and this
reduction was shown to be significant (p < 0.0005). The rela-
tive expression levels of miR-29¢ in nontumorous gastric
mucosa and gastric tumors and the ratio of miR-29¢ expres-
sion on a linear scale are shown in Supporting Information
Figure 1.

To confirm the localization of miR-29¢ in gastric cancer
tissues, ISH for miR-29c was performed. Figures 1d and le
show representative examples of ISH for miR-29c. miR-29¢ is
expressed in the cytoplasm of normal gastric epithelial cells
(blue staining) but not detected in other cells such as fibro-
blasts and muscle cells. miR-29c expression was not detected
in gastric cancer cells. These results are consistent with the
data for quantitative RT-PCR of miR-29c.

We also examined the association between the ratio of
miR-29¢ expression and clinicopathological features such as
tumor differentiation, tumor location, H. pylori infection and
clinical stage. We found that downregulation of miR-29c was
more prominent in undifferentiated than in differentiated
advanced gastric cancers (Table 2, Supporting Information
Fig. 1). There was no significant association between the ratio
of miR-29c expression and other clinicopathological features
such as tumor location, H. pylori infection and clinical stage
(Table 2).

Increased expression of Mcl-1, a target gene of miR-29c,

in gastric cancer tissues

We next investigated the target genes of miR-29c. Mott
et al."® have demonstrated that Mcl-1, encoding an antiapop-
totic Bcl2 family protein, is one of the targets of miR-29 miR-
NAs, and that miR-29 miRNAs regulate apoptosis by target-
ing Mcl-1. The levels of Mcl-lexpression in gastric cancer
tissues were examined by immunohistochemistry. Immunore-
activity of the Mcl-1 antibody was confirmed by staining of
the germinal centers, as described previously (Fig. 2a).*
Prominent staining of Mcl-1 was observed in the cytoplasm
of gastric cancer cells. Expression of Mcl-1 was markedly
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Table 2. Association between the ratio of miR-29¢ expression and
clinicopathological features of patients with gastric cancer
o Ratoor
-29¢ expression

mi

- p-’valuei :

a) Early gastric cancer

Tumor differentiation . i
Dif’f’erehk’cf’ated 19 0.75 i 0.13 p :k 0.98’
Unditeentaed s orexosr
Tumor location ’

Upper and Middle portion. 3 098+ 014  p=023
Lower pbﬁion - 1U9 4 0.72 i 6.13 '
Horiedon iR R e
Positive 10 0.88 * 0.23 p =051

Lower portion 10

Clinical stage

v 10 0.56 * 0.19

Note: The ratios of miR-29c¢ expression (Tumor/Non-tumor) are
expressed as mean * SE. Differences between groups were analyzed
by unpaired t test.

There was a significant correlation between the ratio of miR-29¢
expression and tumor differentiation.

increased in advanced gastric cancer (Figs. 2c¢ and 2d),
whereas in nontumorous gastric tissues only faint staining
was evident (Fig. 2b). Mcl-1 expression was also increased in
early gastric cancer (Fig. 2e).

The degree of Mcl-1 overexpression was represented as
the ratio of the Mcl-1 expression score between the tumor
and nontumorous mucosa (T/N). The average value of the
ratio of Mcl-1 expression (T/N) in advanced gastric cancers
was significantly higher than that in gastric adenomas and
early gastric cancers (Fig. 2f).

miR-29¢ is activated by the selective COX-2 inhibitor
celecoxib and suppresses Mcl-1

To identify miRNAs that are differentially expressed upon
treatment of AGS gastric cancer cells with the selective COX-
2 inhibitor celecoxib, we performed miRNA microarray
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Figure 2. Expression levels of Mcl-1 in gastric cancer tissues examined by immunohistochemistry. (@) Immunareactivity of the Mcl-1 antibody

Downregulation of miR-29c in gastric cancer

was confirmed by staining of the germinal centers as described previously.?® Immunchistochemical examinations of Mcl-1 in nontumorous
gastric tissues (b), advanced gastric cancer (¢, d) and early gastric cancer (e) are shown. (f) The average levels of the ratio of the Mcl-1
expression score (T/N) in gastric cancer. AE: atypical epithelium; AGC: advanced gastric cancer; ECG: early gastric cancer. *p < 0.05.

analysis. As shown in Table 3, miR-29c, which is downregu-
lated in gastric cancer tissues, was significantly activated after
treatment with celecoxib.

Figure 3a shows the expression levels of miR-29¢ in AGS
and MKN45 gastric cancer cells treated with celecoxib. The
expression levels of miR-29¢ in AGS and MKN45 cells
treated with celecoxib were significantly higher than those
in untreated cells (p < 0.05), being consistent with the
microarray data. We also examined the expression levels of
miR-29¢c in AGS and MKN45 cells after treatment with cel-
ecoxib in the presence of the specific miR-29¢ inhibitor. We
confirmed that increased expression of miR-29¢ by celecoxib

was cancelled after transfection with the specific miR-29c
inhibitor.

We next examined the expression levels of Mcl-1, a target
of miR-29c, by Western blotting in AGS and MKN45 cells af-
ter transfection with the miR-29¢ precursor molecules and
treatment with celecoxib with or without the specific miR-29¢
inhibitor. We measured the expression levels of miR-29¢ after
its transfection and confirmed that miR-29¢ expression was
markedly increased (over 100-fold) after transfection. The
results of Western blotting showed that the expression levels
of Mcl-1 in AGS and MKN45 cells treated with celecoxib
and transfected with the miR-29c precursor molecules were
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Table 3. Summary of the most upregulated miRNAs in AGS cells
treated with celecoxib

No. miRNAs Control  Celecoxib  Fold change
1 miR-663 206.8 935.1 4.5

2 miR-181b 90.4 3059 44

3 miR-29¢ 497.0 1972.0 4.0

40 miRi1410 Ams L 41030 33

5 miR-149* 285.8 8944 3.1

7 miR-26b 593.4 1340.3 2.3

5 e

9 miR-148a 3331 707.6 21

10 miRess 27 o733 19

Note: Data for Control and Celecoxib are average values of the signal
intensities in microarray analysis. Fold change represents the ratio of
the signal intensities for Celecoxib/Control.

lower than in the control. We confirmed that suppression of
Mcl-1 by celecoxib was cancelled after transfection with the
specific miR-29¢ inhibitor, suggesting that celecoxib-induced
suppression of Mcl-1 is mediated by miR-29¢ (Fig. 3b)

Celecoxib activates miR-29c expression by enhancing the
DNA binding of C/EBPa to the promoter

The results of microarray analysis revealed that celecoxib
activates the expression of miR-29¢, but not that of miR-290,
suggesting that celecoxib may modulate the binding of tran-
scriptional factors between miR-29b and miR-29¢ (Fig. 3c).
Using the database (www.gene-regulation.com/pub/pro-
grams.html), we found that there are C/EBPa binding sites in
the promoter region of miR-29c. Moreover, Wu et al. have
reported that celecoxib induces the expression of the inva-
sion-suppressor CRMP-1 by enhancing the binding of C/
EBPo DNA to the promoter.”” These findings prompted us
to perform a ChIP assay with the C/EBPa antibody in AGS
and MKN45 cells treated with celecoxib. As shown in Figure
3¢, the results of the ChIP assay showed that immunoprecipi-
tation with the C/EBPa antibody was significantly increased
in AGS and MKN45 cells treated with celecoxib, indicating
that celecoxib activates the expression of miR-29¢ by enhanc-
ing the binding of C/EBPa DNA to the promoter.

Celecoxib and miR-29c induce apoptosis in gastric cancer
cells

Since Mcl-1 is an antiapoptotic factor and suppressed by miR-
29c in gastric cancer cells, we performed annexin V-FITC apo-
ptosis assay in AGS and MKN45 cells. Fluorescence microscopy
and flow cytometry analyses demonstrated that annexin V stain-
ing (green staining on the cell surface membrane) was markedly
increased in AGS and MKN45 cells 48 hr after miR-29¢ transfec-
tion and celecoxib treatment, indicating that miR-29¢ and cele-
coxib induce apoptosis in gastric cancer cells (Fig. 4).
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Discussion

We focused our study on miR-29¢, because it was the only
miRNA that was highlighted by the results of the two micro-
array analyses. Although the extent of these analyses was
intrinsically limited, the results suggested that miR-29c is
downregulated in gastric cancer and reactivated by celecoxib.

Gastric adenomas and early gastric cancers are clinically
similar gastric neoplasms, and sometimes they are difficult to
diagnose only by endoscopic findings even with biopsied
pathological examination. Therefore, the significant reduction
of miR-29¢ expression in early gastric cancers, but not in gas-
tric adenomas, suggests that miR-29¢ could be a novel molec-
ular marker of early gastric cancer. Moreover, reduction of
miR-29¢ expression is more prominent in advanced gastric
cancers than in gastric adenomas and early gastric cancers.
These findings suggest that reduction of miR-29c expression
is critical for the progression of gastric cancer.

Downregulation of miR-29¢ has been reported in various
human malignancies including nasopharyngeal carcinoma,”
bladder transitional cell carcinoma,”' esophageal cancer,”
chronic lymphocytic leukemia®>?** and gastric cancer.”® Mott
et al." have demonstrated that Mcl-1, encoding an antiapop-
totic Bcl2 family protein, is one of the targets of miR-29 miR-
NAs, and that miR-29 miRNAs regulate apoptosis by target-
ing Mcl-1. Md-1 is an antiapoptotic protein originally
isolated from the ML-1 human myeloid leukemia cell line
during cell differentiation.”® The biological relevance of Mcl-
1 as an antiapoptotic protein promoting cell survival has
been reported in various human malignancies.”’ ' Elevated
expression of Mcl-1 and its association with poor prognosis
have been reported in gastric cancer.”** In accordance with
these reports, our results demonstrate that miR-29¢ is down-
regulated in gastric cancers and suppresses its target onco-
gene, Mcl-1. In addition, downregulation of miR-29¢ and
overexpression of Mcl-1 are associated with the progression
of gastric cancer. These findings suggest that miR-29¢ func-
tions as a tumor suppressor by suppressing Mcl-1 in gastric
epithelial cells. We and other groups have previously shown
that other miRNAs such as miR-512-5p and transcription fac-
tors also regulate Mcl-1 expression.” Further studies are nec-
essary to examine other miRNAs and/or transcription factors
that regulate Mcl-1 expression in gastric epithelial cells.

Our data from this study showed that the selective COX-2
inhibitor celecoxib activated the expression of miR-29¢ and
suppressed its target oncogene Mcl-1, resulting in induction
of apoptosis in gastric cancer cells. We confirmed that sup-
pression of Mcl-1 by celecoxib was cancelled after transfec-
tion with the specific miR-29¢ inhibitor. These results suggest
that suppression of Mcl-1 and induction of apoptosis in gas-
tric cancer cells by celecoxib are mediated by miR-29¢. Since
celecoxib is a selective COX-2 inhibitor frequently used for treat-
ment of pain, fever and inflammation, it can prevent side effects
of other anticancer drugs. Combination treatment with celecoxib
and other anticancer drugs may be beneficial for reducing side
effects and achieving more potent activity against gastric cancer.
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Figure 3. miR-29c is activated by celecoxib and suppresses Mcl-1. (@) The expression levels of miR-29¢ in AGS and MKN45 cells treated
with celecoxib with or without the specific miR-29c inhibitor. Cont: control; Cel: celecoxib; Cel+29cl: celecoxib with miR-29¢ inhibitor. *p <
0.05 compared with control. (b) Western blotting for expression levels of Mcl-1 in AGS and MKN45 cells after transfection with the miR-29¢

precursor molecules and treatment with celecoxib with or without the

specific miR-29¢ inhibitor. 29¢c: miR-29¢; Cel+29cl: celecoxib with

miR-29c¢ inhibitor; Cel: celecoxib; Cont: control. B-actin was used as the internal control. () ChIP assay with the C/EBPx antibody in AGS and MKN45
cells treated with celecoxib. The database shows that there are C/EBP« binding sites in the promoter region of miR-29¢ (www.gene-regulation.com/
pub/programs.html). Arrows show the primers used for the ChIP assay. Underlining shows the C/EBPx binding sites. Immunoprecipitation with the
C/EBPx antibody was significantly increased in AGS and MKN45 cells treated with celecoxib (*p < 0.05).

The miRNA expression profiles shown in this study, and in
other reports, have demonstrated that miR-29b and miR-29¢
have different expression patterns, suggesting that miR-29¢ has
a unique promoter in gastric cancer cells. The results of ChIP

assay indicated that celecoxib activates miR-29c expression by
enhancing the binding of C/EBPa DNA at the promoter. Selec-
tive COX-2 inhibitors may activate the tumor suppressor miR-
29¢ via C/EBPa and induce apoptosis of gastric cancer cells.
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Figure 4. Celecoxib and miR-29¢ induce apoptosis in gastric cancer cells. Annexin V-FITC staining in AGS and MKN45 cells was analyzed by
fluorescence microscopy (a) and flow cytometry (b). Annexin V staining (green staining on the cell surface membrane) was markedly increased
in AGS and MKN45 cells 48 hr after miR-29¢ transfection and celecoxib treatment (*p < 0.05).

Further investigations will be needed to clarify the molecular
mechanism underlying the recruitment of C/EBPa at the miR-
29c¢ promoter region by selective COX-2 inhibitors.

In conclusion, the tumor suppressor miR-29¢ is downregu-
lated with overexpression of its target oncogene Mcl-1 in gastric
cancers and plays important roles in cancer progression. Treat-
ment of gastric cancer cells with the selective COX-2 inhibitor

celecoxib activates miR-29c expression, resulting in suppression
of Mcl-1 and induction of apoptosis in the cells. Administration
of selective COX-2 inhibitors may have promise for the treat-
ment of gastric cancer via restoration of miR-29c.
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Introduction

Extranodal marginal zone B-cell lymphoma of mucosa-associ-
ated lymphoid tissue (MALT) is a low-grade lymphoma charac-
terized by histological features such as lymphoepithelial lesions
(LELs). The stomach is the most common site of MALT
lymphoma, accounting for almost half of all cases. Gastric MALT
lymphomas are sometimes associated with chronic inflammation
triggered by chronic infection with Helicobacter pylori (H. pylor),
suggesting that the proliferation of MALT lymphoma cells may
depend on immune responses to antigens. Indeed, H. pylori
eradication therapy leads to complete remission in 60-80% of
cases of gastric MALT lymphoma and has been used as a first-line
treatment [1-3]. However, 20—40% of cases do not respond to H.
pylori eradication therapy, and predictors of the response to
antibiotic treatment as well as the appropriate length of the
observation period before second-line treatment remain contro-
versial.

The API2-MALT] fusion gene, which results from a
t(11;18)(q21;q21) translocation, has been identified as the most
frequent chromosome translocation in MALT lymphoma cells
[4,5], and Liu et al. [6] have reported that it is a potential predictor

PLOS ONE | www.plosone.org

of resistance to H. pylori eradication therapy. Since API2-MALTI
fusion transcripts lead to inhibition of apoptosis [7,8], they may
confer a survival benefit on MALT lymphoma cells. Despite these
reports, the molecular mechanism underlying the initiation and
progression of gastric MALT lymphoma is not fully understood.

Many previous studies have focused mainly on aberrant
expression of protein-coding genes in the pathogenesis of MALT
lymphoma [9]. However, it has recently become apparent that
non-coding genes including microRNAs (miRNAs) play important
roles as tumor suppressor genes and oncogenes during human
carcinogenesis. miRINAs are small (20-25 nucleotides) non-coding
RNAs that function as endogenous silencers of target genes.
miRNAs are expressed in a tissue-specific manner and play critical
roles in cellular proliferation, apoptosis and differentiation [10]. It
has been shown that aberrant expression of miRNAs contributes
to the development of human malignancies, and that miRNA
expression signatures are associated with prognostic factors of
human diseases [11-15]. Moreover, we have recently proposed
that epigenetic regulation of tumor suppressor miRINAs could be a
novel therapeutic approach for the treatment of human malig-
nancies [16-19].
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Although recent studies have shown that miR-155, a potential
oncogenic miRNA, is highly expressed in diffuse large B cell
lymphoma (DLBCL) [20,21] and overexpression of miR-155 is
correlated with a poor outcome in patients with DLBCL [20], the
miRNA expression profiles of low-grade MALT lymphoma have
not yet been described. In the present study, therefore, the miRNA
expression profiles and potential miRNA target genes of gastric
MALT lymphoma were analyzed to clarify the molecular
pathogenesis of this malignancy.

Methods

Patients and tissue specimens

Twenty patients with primary low-grade gastric MALT
lymphomas who were diagnosed and treated at Keio University
Hospital (Tokyo, Japan) were enrolled. This study was approved
by the ethics committee of Keio University School of Medicine
(No. 18-96-3) and was registered with the Clinical Trials Registry
(UMIN 000000858). Written informed consent was obtained from
all the patients before examination. The clinicopathological and
molecular features of the patients are shown in Table 1. The A.
pylori infection status was identified using the '*C-urea breath test.
Some cases were confirmed by serological or histological
examination in addition to the '’C-urea breath test. Tissue
specimens from gastric MALT lymphomas and the corresponding
non-tumor gastric mucosac were obtained from patients during an
endoscopic biopsy and were stored in RNAlater (Ambion, Austin,
TX) at —80°C until RNA extraction.
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Table 1. Clinicopathological and molecular features of gastric MALT lymphoma cases.
API2-MALTT H.pylori infection Remission after  Months after

No. - Sex Age  fusion before Tx after > eradication kelk'adicatidn k
1 M 74 + - NC 74
2 M 74 + o+ - NC 32
3 M ’ 51 +’ - - NC 410
e P 75 + - (T G
5 F 59 + - * NC’ *
6 F 57. + o * - NC. S
7 ’ M 77 - + - ’ NC 45
8 Fo e = = CheNe ey
9 F 58 - + - CR ’ ‘ 24
% F " g . - e + s - CR :10.”

’ F ‘ 66 ’ - ’ + - ’ CR 10
5 " o o . o - ;i
15 F 70 - 4 - @R 4
16 M 50 — + ‘ L . CR 4
17 F 56 ’ - + - CR 4 ’
. . o S i i w S
CR, complete remission; NC, no change.
*Eradication therapy not used.
doi:10.1371/journal.pone.0047396.t001

Fluorescence in situ hybridization (FISH) analysis

To detect the chromosome translocation t(11;18)(q21;q21) and
the API2-MALTI fusion gene arising from it, FISH analysis using
the LSI API2-MALT1 (11;18)(g21;q21) Dual Color, Dual Fusion
Translocation Probe (Vysis/Abbot Laboratories Ltd., Maiden-
head, Berkshire, United Kingdom) was performed by Mitsubishi
Chemical Medience Corporation (Tokyo, Japan).

RNA extraction and microarray analysis

Total RNA, including small RNA, was extracted using a
mirVana miRNA isolation kit (Ambion). The total RNAs from
each of three gastric MALT lymphomas were pooled, as were the
total RNAs from cach of three matched samples of non-tumor
gastric mucosa. The miRNA microarray analysis was performed
by LC Sciences (www.lcsciences.com, Houston, TX). RNA from
the MALT lymphomas was labeled using Cy5, while the RNA
from the non-tumor gastric mucosa was labeled using Cy3. The
microarray chip contains probe regions that detect 711 miRNA
transcripts listed in Sanger miRBase Release 10.0 (http://www.
sanger.ac.uk) and 5 probes for each miRNA. Detected signals
greater than background plus 3 times the standard deviation were
derived for each color channel; the mean and the co-variance
(CV =standard deviationx100/replicate mean) of each probe
having a detected signal was calculated. For two color experi-
ments, the ratio of the two sets of detected signals and p-values of
the #test were calculated. Differentially detected signals were
accepted as true when the p-values of the ratios were less than
0.01. The average valucs of their signal intensities are shown in
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Table 2. miRNAs differentially expressed between MALT
lymphomas and non-tumor gastric mucosae.

MALT
- (CyS signal)

No. microRNA Non-tumor Fold change

(Cy3 Signa!)

miR-142-5p 56 1236.3 2241

1
2 miR1423p 254 4405 17.3

3 miR-223 574.1 5330.9 9.3

4 miR138 409 2008 49

5 miRiss 30932 13503.9 44

6 miRs72 1581.7 382 02

7 miR-ld6b-sp 10291 4249.4 4
L T
9 miR-146a 21878 83744 38

10 mir38 3087 ogme g3

The miRNA microarray analysis was performed by LC Sciences (www.lcsciences.
com, Houston, TX). All data were submitted to the ArrayExpress database; the
accession number was E-MEXP-1898.

doi:10.1371/journal.pone.0047396.t002

Table 2. All the data were submitted to the ArrayExpress database
under the accession number E-MEXP-1898.

Quantitative RT-PCR of miRNAs

Levels of miRNA expression were analyzed using quantitative
RT-PCR and the TagMan microRNA assay for miR-142-5p and
miR-155 (Applied Biosystems, Foster City, CA), in accordance with
the manufacturer’s instructions. The expression levels were
normalized to that of U6 RNA and expressed as the mean *
standard deviation.

Infection of C57BL/6 mice with H. heilmannii

Ten months prior to the experiment, six-week-old C57BL/6
mice were inoculated with gastric mucosal homogenates from H.
heilmanni-infected mice, as described previously [22]. Stool DNA
was extracted using a QIAamp DNA Stool Mini Kit (Qiagen,
Tokyo, Japan), and infection with H. heilmannii was confirmed by
real-time PCR of stool DNA using specific primers (HeilF, 5'-
AAGTCGAACGATGAAGCCTA-3" and HeilR, 5'-ATTTGG-
TATTAATCACCATTTC-3'). RNA extraction and histological
examination were performed using tissue specimens from the
stomachs of H. heilmanni-infected mice and control mice. This
study was approved by the Kecio University Animal Rescarch
Committee (No. 08080).

Western blotting

Protein extracts were separated using SDS/polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane. The
membranes were hybridized with the rabbit anti-human
TP53INP1 polyclonal antibody (LifeSpan Biosciences, Seattle,
WA). This antibody shows cross-reactivity with mouse TP53INP1.
The signal intensities were analyzed using Image] software.

Immunohistochemistry

Formalin-fixed and paraffin-embedded tissues were deparaffi-
nized and rehydrated. For antigen retrieval, the sections were
treated for 20 min at 100°C in an autoclave and non-specific
reactions were blocked with a blocking reagent (Protein Block
Serum-Free, Dako Cytomation, Glostrup, Denmark). The sections
were incubated with the rabbit anti-human TP53INP1 polyclonal

PLOS ONE | www.plosone.org
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antibody (diluted 1:200; LifeSpan Biosciences) overnight at 4°C
followed by horseradish peroxidase (HRP)-labeled anti-rabbit [gG
(Histofine, Simple stain MAX-PO; Nichirei, Tokyo, Japan) for
30 min at room temperature. Then, the sections were treated with
3, 3'-diaminobenzidine tetrahydrochloride solution. All the
sections were counterstained with HE.

Luciferase assay

Luciferase constructs were made by ligating oligonucleotides
containing the wild-type or mutant target site of the TP53INPI 3’
untranslated region (UTR) into the Xba I site of the pGL3-control
vector (Promega, Madison, WI). The AGS human gastric cancer
cell line was used in this study. AGS was obtained from the
American Type Culture Collection (Rockville, MD). Cells were
cultured in RPMI1640 medium supplemented with 10% fetal
bovine serum. AGS cells were transfected with 0.4 pg of firefly
luciferase reporter vector containing the wild-type or mutant
target site and 0.02 g of the control vector containing Renilla
luciferase pRL-CMV (Promega) using lipofectamine 2000 (In-
vitrogen, Carlsbad, CA) in 24-well plates. The miR-142-5p and
miR-155 precursor molecules and negative control precursor
miRNAs were purchased from Ambion. The molecules were
transfected into AGS cells at a final concentration of 100 nM each.
The luciferase assays were performed 24 hours after transfection
using the Dual Luciferase Reporter Assay System (Promega). The
activity of firefly luciferase was normalized to that of Remlla
luciferase.

Statistics

Differences in the miRNA levels between the groups were
analyzed using paired ¢ test and unpaired ¢ test. Differences at
$<<0.05 were considered significant.

Results

Overexpression of miR-142-5p and miR-155 in gastric
MALT lymphoma

To identify miRNAs that play critical roles in the development
of gastric MALT lymphoma, we performed miRNA microarray
analysis using RNAs obtained from three gastric MALT lympho-
mas and three matched samples of non-tumor gastric mucosa. The
miRNAs that were differentially expressed between non-tumor
gastric mucosac and MALT lymphoma lesions are listed in
Table 2. The miRNA expression profile revealed that a
hematopoietic-specific miRINA, miR-142 [23,24], and an onco-
genic miRNA, miR-155 [12,25], were overexpressed in MALT
lymphoma lesions, relative to the levels of expression in the
corresponding non-tumor mucosac.

To validate the microarray data, we performed quantitative
RT-PCR for miR-142-5p and muR-155 in 20 cases of gastric
MALT lymphoma. The clinicopathological and molecular
features of the 20 patients are shown in Table 1. All of the gastric
MALT lymphoma cases in the present study were stage Ip
according to the Ann Arbor staging system [26]. The average age
of the patients was 62.5 years (male/female: 7/13). As shown in
Figure 1, the expression levels of miR-142-5p and miR-155 in the
gastric MALT lymphoma lesions were significantly higher than
those in the corresponding non-tumor gastric mucosae (p<<0.05
and p<<0.05, respectively).
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Figure 1. Expression levels of miR-142-5p and miR-155 and responses to H. pylori eradication therapy in gastric MALT lymphoma
cases. The levels of miR-142-5p and miR-155 expression were evaluated using quantitative RT-PCR and normalized to the expression of U6 RNA. The
filled bars and blank bars indicate MALT lymphoma lesions and non-tumor gastric mucosae, respectively. The levels of miR-142-5p and miR-155
expression in gastric MALT lymphoma lesions were significantly increased relative to the corresponding non-tumor gastric mucosae (p<<0.05 and
p<0.05, respectively). The levels of miR-142-5p and miR-155 expression in MALT lymphoma lesions which confers resistance to H. pylori eradication
were significantly higher than those in lesions lacking the API2-MALT1 fusion gene, which exhibited CR after H. pylori eradication (p<<0.0001 and
p<<0.005, respectively). CR, complete remission; NC, no change.

doi:10.1371/journal.pone.0047396.g001

o AL
patient# 1

miR-142-5p and miR-155 as novel biomarkers of gastric et al. have also reported that 1 out of 9 (11%) H. pylori-negative
MALT lymphoma patients showed complete regression of gastric MALT lymphoma
[28]. On the other hand, Fischbach ez al. have reported that most
patients with histological residuals of gastric MALT lymphoma
after successful H. pylori eradication (treatment failure cases) had a
favorable diseasc course without additional treatment (Fischbach e
al. Gut 2007; 56: 1685-7). For these patients, a watch and wait
strategy with regular endoscopic examinations and biopsies
appears to be safe. Our policy of H. pylori eradication therapy
for gastric MALT lymphoma patients who were H. pylori-negative
was decided in accordance with the preference of individual
patients.

We also  analyzed the chromosome translocation
t(11;18)q21;q921) with the API2-MALTI fusion gene by FISH

The patients with gastric MALT lymphoma were divided into
two groups according to their response to H. pylori eradication
therapy (Table 1). All the patients who were positive for H. pylori
underwent cradication therapy and were subsequently confirmed
to be H. pylori-negative. The use of H. pylori eradication therapy for
patients with gastric MALT lymphoma who are H. pylori-negative
is controversial. Nakamura et al. have recently reported the long-
term clinical outcome of patients with gastric MALT lymphoma
after H. pylor: eradication [27]. In their study, 44 H. pylori-negative
gastric MALT lymphoma patients underwent H. pylor: eradication
therapy, and 6 (14%) responded to H. pplor eradication. Akamatsu
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Figure 2. Expression levels of miR-142-5p and miR-155 in gastric MALT lymphoma cases before and after H. pylori eradication
therapy. (A) Representative cases of the FISH analyses for the detection of the API2-MALTT fusion gene are shown. The probes for API2 and MALT1
were labeled with green and red signals, respectively. The API2-MALT1 fusion gene produces a yellow signal. (B) Patients #14 and #16, positive for H.
pylori and negative for the API2-MALT1 fusion gene. These patients received H. pylori eradication therapy and attained CR. The expression levels of
miR-142-5p and miR-155 were significantly lower after H. pylori eradication. * p<<0.05. Patient #1, positive for H. pylori and positive for the API2-MALT1
fusion gene. This patient was resistant to H. pylori eradication therapy (NC). The expression levels of miR-142-5p and miR-155 showed no significant

differences.
doi:10.1371/journal.pone.0047396.9002

analysis. The probes for API2 were labeled with green signals, and
the probes for MALTI were labeled with red signals. In positive
cases, the AP[2-MALTI fusion genes resulting from the chromo-
some translocation produced yellow signals (Figure 2A).

As shown in Figure 1, the levels of expression of miR-142-5p and
miR-155 in MALT lymphoma lesions that were resistant to H.
plori eradication were significantly higher than in cases showing
complete remission (CR) after H. pylori eradication (p<<0.0001 and
$<<0.005, respectively). Although the API2-MALT] fusion gene has
been identified as a potential predictor of resistance to H. pylori
eradication therapy, patients #7 and #8 with gastric MALT
lymphoma lacking the API2-MALTI fusion gene were resistant to
H. pylori eradication. These patients showed increased expression
levels of miR-142-5p and miR-155 (Figure 1).

In addition, we investigated the correlation between the levels of
miR-142-5p and miR-155 expression and the clinical courses of
gastric MALT lymphoma cases. The expression data for patients
#14 and #16 with gastric MALT lymphoma who achieved CR
after H. pylori eradication therapy showed that the levels of miR-
142-5p and miR-155 expression were significantly reduced after

PLOS ONE | www.plosone.org

eradication (Figure 2B, p<<0.05 and p<<0.05, respectively). On the
other hand, in patient #1 with gastric MALT lymphoma
harboring the API2-MALT]I fusion gene that was resistant to H.
plori eradication, there was no significant difference in the
expression levels of miR-142-5p and miR-155 (Figure 2B). Although
the H. pylori infection was eradicated by antibiotic treatment,
histological examination showed no regression of the MALT
lymphoma lesion. This patient was followed up by observation
without treatment, and no marked changes in the endoscopic or
histological findings were observed. These findings indicate that
the levels of miR-142-5p and miR-155 expression have potential
applicability as novel biomarkers of gastric MALT lymphoma.

Overexpression of miR-142-5p and miR-155 in an animal
model of gastric MALT lymphoma

To further confirm the molecular pathogenesis of gastric MALT
lymphoma, we examined the expression levels of miR-142-5p and
miR-155 in an animal model of gastric MALT lymphoma.
Infection with H. heilmannii induces gastric LELs that are consistent
with low-grade MALT lymphomas in C57BL/6 mice [22].
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Figure 3. Expression levels of miR-142-5p and miR-155 in an animal model of gastric MALT lymphoma. (A) Macroscopic and light
microscopic findings with HE staining of the stomach of control and H. heilmannii-infected mice (10 months after infection). Protrusive lesions in the
fundic stomach of H. heilmannii-infected mice were observed. Light microscopic observations using HE staining revealed the presence of LELs
consistent with low-grade MALT lymphoma. (B) Expression levels of miR-142-5p and miR-155 in the stomach of control and H. heilmannii-infected
mice. The {evels of miR-142-5p and miR-155 expression normalized to the level of U6 RNA were significantly increased in H. heifmannii-infected C578L/

6 mice. ¥ p<0.05.
doi:10.1371/journal.pone.0047396.g003

Infection with H. heilmannit was confirmed using quantitative PCR
analysis of stool DNA (data not shown). Ten months after infection
with H. heimannii, control (n=3) and H. hedmanni-infected
C57BL/6 mice (n = 4) were dissected, and this revealed protruding
lesions in the gastric fundus in all of the latter. Light microscopic
observations using hematoxylin and eosin (HE) staining revealed
the presence of LELs consistent with low-grade MALT lympho-
mas (Figure 3A). Quantitative RT-PCR analyses showed that the
levels of expression of miR-142-5p and miR-155 were significantly
higher in H. heilmanni-infected C57BL/6 mice (p<<0.05 and
$<0.05, respectively), being similar to the results for human gastric
MALT lymphomas (Figure 3B).

miR-142-5p and miR-155 suppress the proapoptotic gene
TP53INPT as their target

Identification of miRINA target genes is essential for determin-
ing miRNA function. Recent studies have indicated that a single
miRNA may regulate more than 200 target genes. A database for
predicting target genes, TargetScan (http://www.targetscan.org),
revealed that both miR-142-5p and miR-155 are able to bind to the
3" UTR of the mRNA of the proapoptotic gene TP53INPI
(Tumor Protein P53 Inducible Nuclear Protein 1). Moreover, miR-
155 has been shown to repress TP53INPI, which inhibits the
development of pancreatic tumors [29]. Therefore, we focused on
TP53INPI as a common target of miR-142-5p and miR-155.

To confirm the target specificity of miR-142-5p and miR-155 for
TP53INP1, we performed a luciferase reporter assay using a vector
containing the putative TP53INPI 3' UTR target sites down-
stream of the luciferase reporter gene, which was transfected into
AGS cells. The base pairing between miR-142-5p and miR-155 and
the wild-type (WT) or mutant (MUT) target sites in the 3" UTR of
TP53INPI mRNA is shown in Figure 4A. The luciferase activities
of the AGS cells transfected with the TP53INPI-W'T construct
were significantly lower after transfection with miR-/42-5p and
miR-155 (p<<0.05 and p<<0.005, respectively), whereas those of cells
transfected with the TP53INPI-MUT construct and the pGL3

PLOS ONE | www.plosone.org

control vector (empty vector) showed no significant differences
(Figure 4B). It has been shown that conserved perfect 6- to 8-bp
matches between the 5’ end of the mature miRNA and the 3’
UTR of the predicted target mRNA (called ‘seed’ matches) are the
most important factor determining miRNA targets [30]. As shown
in Fig. 4A, ‘seed’ matches between the 5’ end of the miRNAs and
the 3" UTR of TP53INPI were stronger in miR-155 than in miR-
142, suggesting that miR-155 may have a more profound effect on
suppression of TP53INP1.

We next examined the expression levels of TP53INP1 by
Western blot analysis in H. heilmanni-infected mice and immuno-
histochemistry in human gastric MALT lymphoma-like lesions.
The expression of TP33INP1 was suppressed in H. heilmannii-
infected mice, relative to control mice (Figure 4C). We examined
the expression levels of TP53INPI in human gastric tissues by
immunohistochemistry. The gastric tissue shown in Fig. 4D
contains both MALT lymphoma and non-MALT lymphoma
tissue. The infiltrating lymphocytic lesion shown by HE staining is
consistent with MALT lymphoma. TP53INP1 staining is negative
or faint in the MALT lymphoma lesion, whereas normal gastric
glands around the MALT lymphoma show sufficient staining for
TP53INP1. Thus TP53INP! staining was markedly reduced in
MALT lymphoma lesions (Figure 4D). These findings suggest that
TP53INPI is a common target of miR-142-5p and miR-155 and is
suppressed by overexpression of both miR-142-5p and miR-155 in
gastric MALT lymphoma lesions.

Discussion

A recent study has demonstrated that miRNA expression
profiles can be used to classify the developmental lineages and
differentiation stages of tumors, and are more accurate for tumor
classification than conventional mRNA profiles [31]. Furthermore,
miRNA expression signatures are associated with prognostic
factors and discase progression in chronic lymphocytic leukemia
[11] and lung cancer [32]. Thus miRNA expression is clinically
promising as both a diagnostic tool and a prognostic marker for
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Figure 4. miR-142-5p and miR-155 suppress TP53INP1 as their target. (A) Luciferase reporter constructs of wild-type (WT) and mutant (MUT)
target sites in the 3’ UTR of TP53INP1 mRNA. The base pairings between miR-142-5p and miR-155 and their putative target sites in the 3’ UTR of
TP53INPT mRNA are shown. Underlining indicates mutant sequences. (B) Firefly luciferase activity was normalized to the Renilla luciferase activity of
TP53INP1 wild-type (WT), mutant (MUT), and pGL3 control (empty vector) in AGS cells transfected with negative control (NC), miR-142-5p, and miR-
155. The luciferase activities of the AGS cells transfected with the TP53INP1-WT construct were significantly lower after transfection of miR-142-5p and
miR-155, whereas those transfected with the TP53INP1-MUT construct or the pGL3 control vector (empty vector) showed no significant differences. *
p<<0.05 and ** p<0.005, compared with negative control. (C) Western blot analysis of TP53INP1 in control and H. heilmannii-infected mice. B-actin
was used as a loading control. The expression of TP53INP1 was suppressed in H. heilmannii-infected mice, compared with the expression level in
control mice. (D) Immunohistochemistry for TP53INP1 in human gastric MALT lymphoma. Sections were counterstained with HE. TP53INP1 staining
was markedly reduced in the MALT lymphoma lesions.

doi:10.1371/journal.pone.0047396.g004

human malignancies. The results of microarray analysis revealed a consistent with our results, and in the present study we focused
unique miRINA expression profile in gastric MALT lymphoma. on miR-142 and miR-155, because miR-142 is the most up-
Recent studies have demonstrated that the expression level of miR- regulated miRNA and miR-155 plays a critical role in the
155 is significantly elevated in DLBCL, which is considered to pathogenesis of B-cell lymphoma. The levels of miR-142-5p and
represent high-grade transformation from MALT lymphoma miR-155 expression were associated with the clinical course of

[20,33]. miR-142, miR-155 and miR-223 have been reported to gastric MALT lymphoma, including the response to H. pylor
be hematopoiesis-specific miRNAs [24]. These findings are eradication. The API2-MALT] fusion gene has been identified as a
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potential predictor of resistance to H. pylori eradication therapy. In
the present study, two cases of gastric MALT lymphoma resistant
to H. pylori eradication lacked the API2-MALTI fusion gene
(patients #7, #8). These cases showed increased expression of
miR-142-5p and miR-155. Therefore, these miRNAs may be more
useful markers than the API2-MALTI fusion gene in patients with
gastric MALT lymphoma.

TP53INPI is a proapoptotic stress-induced p53 target gene. p53
activates TP53INP! transcription, and overexpression of TP53INPI
induces cell cycle arrest and apoptosis [34]. Gironella ¢t al. [29] have
shown that oncogenic miR-155 is overexpressed in pancreatic ductal
adenocarcinoma and suppresses its target, TP53INPI, resulting in
cancer progression. In agreement with these findings, our results
showed that TP53INP! was suppressed by both miR-142-5p and miR-
155, possibly leading to inhibition of apoptosis and acceleration of
MALT lymphoma cell proliferation. These findings suggest that
overexpression of miR-142-5p and miR-155 concomitant with suppres-
sion of TP53INPI reflect the increased proliferation of MALT
lymphoma cells. The distinct connection between aberrant expression
of miR-142-5p and miR-155 and the progression of MALT lymphoma
suggests that miRINAs could be potential therapeutic targets. A recent
study has shown that chemically engineered oligonucleotides, termed
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Conclusions

Overexpression of miR-142-5p and miR-155 is presumed to play
a critical role in the initiation and progression of gastric MALT
lymphoma, suggesting that these miRNAs may be potentially
useful as therapeutic targets and novel biomarkers for gastric
MALT lymphomas. Inhibition of miR-142-5p and miR-155 might
be a novel approach for the prevention and treatment of gastric
MALT lymphoma. Further studics involving more patients are
warranted to explore the clinical use of miR-142-5p and miR-155
for diagnosis and treatment of gastric MALT lymphoma.
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We previously proposed that direct cytotoxicity of NSAIDs due to their membrane permeabilization
activity, together with their ability to decrease gastric prostaglandin E,, contributes to production of
gastric lesions. Compared to loxoprofen (LOX), fluoro-loxoprofen (F-LOX) has much lower membrane
permeabilization and gastric ulcerogenic activities but similar anti-inflammatory activity. In this study,
we examined the mechanism for this low ulcerogenic activity in rats. Compared to LOX, the level of

Keywords: gastric mucosal cell death was lower following administration of F-LOX. However, the gastric level of
g:sAtlgimestinal complications prostaglandin E, was similar in response to treatment with the two NSAIDs. Oral pre-administration of F-
Mucus P LOX conferred protection against the formation of gastric lesions produced by subsequent

administration of LOX and orally administered F-LOX resulted in a higher gastric pH value and mucus
content. In the presence of a stimulant of gastric acid secretion, the difference in the ulcerogenic activity
of F-LOX and LOX was less apparent. Furthermore, an increase in the mucus was observed in gastric cells
cultured in the presence of F-LOX in a manner dependent of increase in the cellular level of cAMP. These
results suggest that low ulcerogenic activity of F-LOX involves its both low direct cytotoxicity and
protective effect against the development of gastric lesions. This protective effect seems to be mediated
through an increase in a protective factor (mucus) and a decrease in an aggressive factor (acid).

© 2012 Elsevier Inc. All rights reserved.
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mines the development of gastric lesions, with either a relative
increase in aggressive factors or a decrease in protective factors
resulting in lesions. The gastric mucosa can be challenged by a
variety of both endogenous and exogenous factors, including
gastric acid, reactive oxygen species, ethanol, Helicobacter pylori
and non-steroidal anti-inflammatory drugs (NSAIDs) [1]. In order
to protect the mucosa, the body relies on defence systems such as
the production of surface mucus and bicarbonate, and the
regulation of gastric mucosal blood flow. Prostaglandin E,
(PGE;) also exerts a strong protective effect, inhibiting the
secretion of gastric acid and stimulating the production of mucus
[2].

NSAIDs, such as indomethacin, comprise a therapeutically
valuable family of drugs [3]. An inhibitory effect of NSAIDs on
cyclooxygenase (COX) activity is responsible for their anti-
inflammatory actions, COX being an enzyme that is essential for
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the synthesis of prostaglandins, which have a strong capacity to
induce inflammation. However, as described above, NSAID use is
also associated with gastrointestinal complications [4-7], which
was thought to result from the inhibition of COX and a decrease in
gastric PGE; level. In fact, NSAIDs have been reported to stimulate
the secretion of gastric acid and inhibit the production of mucus
through decreasing gastric PGE, level [8,9]. However, it is now
believed that the production of gastric lesions by NSAIDs involves
additional mechanisms, given that the increased incidence of
gastric lesions and the decrease in PGE; levels induced by NSAIDs
do not always occur in parallel [10,11]. We have recently
demonstrated that NSAIDs induce cell death (apoptosis) in
cultured gastric mucosal cells and at the gastric mucosa in a
manner independent of COX inhibition [12-16]. With regards to
the molecular mechanism governing this apoptosis, we have
proposed the following pathway. Permeabilization of cytoplasmic
membranes by NSAIDs stimulates Ca®* influx and increases
intracellular Ca®* levels, which in turn induces the endoplasmic
reticulum stress response [12,17,18]. During the course of this
response, an apoptosis-inducing transcription factor, C/EBP
homologous transcription factor, is induced and, as we have
previously shown, this protein is essential for NSAID-induced
apoptosis [13,19]. Furthermore, we have proposed that both COX
inhibition and gastric mucosal cell death are important for the
formation of NSAID-induced gastric lesions in vivo [16,20].

In 1991, two subtypes of COX, COX-1 and COX-2, which are
responsible for the majority of COX activity at the gastrointestinal
mucosa and in tissues subject to inflammation, respectively, were
identified [21]. It is therefore not surprising that a reduced
incidence of gastroduodenal lesions has been reported following
treatment with selective COX-2 inhibitors [22-24]. However, a
recently raised issue concerning the use of selective COX-2
inhibitors is the potential risk of cardiovascular thrombotic events
[25,26]. This may be due to the fact that prostacyclin, a potent anti-
aggregator of platelets and a vasodilator, is mainly produced by
COX-2 [27-29]. Therefore, in order to minimize clinical complica-
tions, gastric safe NSAIDs other than selective COX-2 inhibitors
need to be developed. Based on the hypothesis outlined above, we
believe that NSAIDs with lower membrane permeabilization
activity would represent an efficacious alternative, even if they
had no selectivity for COX-2 [14].

In order to investigate this possibility, we screened for such
compounds from a range of clinically used NSAIDs without COX-2
selectivity, and found that the membrane permeabilization activity
and direct cytotoxicity of loxoprofen (LOX) (Fig. 1A) was relatively
lower than that of the other NSAIDs tested [30]. LOX is a leading
NSAID on the Japanese market, being widely used because clinical
studies have suggested that it is safer than other traditional (non-
selective) NSAIDs [31,32]. LOX is a pro-drug, which is converted
(by reduction of the cyclopentanone moiety) to its active
metabolite (the trans-alcohol metabolite, LOX-OH) by aromatic
aldehyde-ketone reductase (Fig. 1A) [33]. We therefore synthe-
sized a series of LOX derivatives, demonstrating that fluoro-
loxoprofen (F-LOX) (Fig. 1A) has much lower membrane perme-
abilization and gastric ulcerogenic activities than LOX, but similar
anti-inflammatory activity, suggesting that it is likely to be a
therapeutically viable drug [34]. We suggested that F-LOX is also a
pro-drug, which is converted to its active metabolite (the trans-
alcohol metabolite, F-LOX-OH (Fig. 1A)), because the inhibitory
effect of F-LOX-OH on COX is much more potent than that of F-LOX
in vitro [34]. Although we concluded that the low membrane
permeabilization activity of F-LOX is responsible for its low
ulcerogenic activity [34], it remained possible that other mecha-
nisms could also be involved. In this study, we therefore examined
the mechanism governing the low ulcerogenic activity of F-LOX.
Our results suggest that this effect is mediated not only by the low
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direct cytotoxicity due to its low membrane permeabilization
activity, but also by protection of the gastric mucosa. In contrast to
LOX and other NSAIDs, oral administration of F-LOX led to an

increase in gastric pH value and mucus, suggesting that these

effects are also involved in the low ulcerogenic activity of this drug.
2. Experimental procedures
2.1. Chemicals and animals

LOX, LOX-OH, F-LOX and F-LOX-OH (Fig. 1A) were synthesized
in our laboratory as previously described [34]. Methylcellulose and
RPMI1640 were obtained from Wako Pure Chemical Industries
(Osaka, Japan). Formaldehyde, paraformaldehyde, Alcian blue 8GX,
mucin, cycloheximide, histamine, fetal bovine serum (FBS),
Dulbecco’s modified Eagle’s medium nutrient mixture F-12
Ham, 2-methyl-8-(phenylmethoxy)imidazo[1,2-a]pyridine-3-ace-
tonitrile (SCH 28080; an inhibitor of gastric H"K"-ATPase), 3-
isobutyl-1-methylxanthine (IBMX), omeprazole, forskolin and
bovine serum albumin (BSA) were purchased from Sigma (St.
Louis, MO). Mayer's hematoxylin, 1% eosin alcohol solution and
mounting medium for histochemical analysis (malinol) were from
MUTO Pure Chemicals (Tokyo, Japan). Terminal transferase was
obtained from Roche Diagnostics (Mannheim, Germany). Biotin
14-ATP and streptavidin-conjugated Alexa Fluor 488 were
purchased from Invitrogen (Carlsbad, CA). Mounting medium for
the TdT-mediated biotinylated UTP nick end labeling (TUNEL)
assay (VECTASHIELD) was from Vector Laboratories, Inc. (Burlin-
game, CA). 4',6-diamidino-2-phenylindole dihydrochloride (DAPI)
and 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid
(BAPTA-AM) were obtained from Dojindo (Kumamoto, Japan).
$Q22536 was from CALBIOCHEM (San Diego, CA). ONO-8711 and
ONO-AE2-227 were from our laboratory stocks. The prostaglandin
E, enzyme immunoassay (EIA) kit was purchased from Cayman
Chemical (Ann Arbor, MI). cAMP complete ELISA kit was from Enzo -
Life Sciences (Farmingdale, NY). Horseradish peroxidase-labeled
soybean agglutinin (SBA-HRP) was from Seikagaku Biobusiness Co.
(Tokyo, Japan). 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid)-2NH,4 (ABTS) was obtained from KPL (Gaithersburg, MD).
The RNeasy Mini kit was from QIAGEN (Valencia, CA), the first-
strand cDNA synthesis kit was obtained from Takara (Kyoto,
Japan), and iQ SsoFast EvaGreen Supermix was purchased from
Bio-Rad (Hercules, CA). Wistar rats (3-week-old males) and
Sprague-Dawley (SD) rats (6-week-old males) were obtained from
Charles River Laboratories Japan (Yokohama, Japan). Guinea pigs
(3-week-old males) were obtained from Japan SLC (Shizuoka,
Japan). Animals were housed under conditions of controlled
temperature (22-24 °C) and illumination (12 h light cycle starting
at 8:00 AM) for 1 week before experiments. 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 Committee of Keio University and
Kumamoto University. Totally, we used 287 Wistar rats, 182 SD
rats and 4 guinea pigs for all experiments in this study.

2.2. Gastric and small intestinal damage assay

The gastric ulcerogenic response was examined as described
previously [20,35] with some modifications. Wistar or SD rats
fasted for 18 h were orally administered each NSAID and, after 8 h
or 4 h, respectively, the animals were sacrificed, their stomachs
were removed, and the gastric mucosal lesion area measured by an
observer unaware of the treatment that the animals had received.
For Wistar rats, calculation of the scores involved measuring the
area of all the lesions in square millimeters and summing the
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Fig. 1. Production of lesions in the stomach and small intestine by oral administration of F-LOX or LOX. Structures of drugs used in this study were shown (A). Wistar rats were
orally administered either the indicated doses (B, E, -F), 200 or 213.4 mg/kg (C and D), or 30 or 32.0 mg/kg (G) of LOX or F-LOX, respectively. Rats were similarly administered
LOX-OH or F-LOX-OH (E). Their stomachs (B-E) or small intestines (F, G) were then removed either 8 h later (B, D, E), at the indicated time-points (C, G), or 24 h later (F). The
stomach and small intestine were scored for damage (B, C, E, F and G) and sections of gastric tissues were prepared and subjected to H & E staining. Images are magnified 2.5
times (lower panels) (D). Values are mean + S.E.M. "P < 0.01; n.d., not detected. Scale bar, 50 j.m.
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