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(Agilent Technologies) according to the manufacturer’s instruc-
tions. Subsequently, labeled DNA was hybridized on the miRNA
promoter microarray (Fig. 2).

2.4. ChIP-PCR

Quantitative analysis of ChIP products was performed by real-
time PCR with the CYBR Premix Ex Taq (Takara Bio, Ohtsu, Japan)
using the Thermal Cycler Dice Real-Time System (Takara Bio).
The sequences of the primers used were as follows: miR-9-1
Forward: 5'-CTCAAGGAGAGAAGGAAACAGC-3’, miR-9-1 Reverse:
5'-TCACAACCCTGGGTGATCTC -3’; miR-9-3 Forward: 5-GCTAGAT
CTACTGCAAGTGCTG-3/, miR-9-3 Reverse: 5'-GGACCATCAGAGTTT
GG GAG-3'.

The fraction of immunoprecipitated DNA was calculated as fol-
lows: (immunoprecipitated DNA with each antibody - nonspecific
antibody control (NAC))/(input DNA ~ NAC).

2.5. Tissue specimens of gastric cancers

Tissue specimens from advanced gastric cancers and the
surrounding non-tumor gastric mucosae were obtained from
materials surgically resected from 13 patients at the National
Cancer Center Hospital (Tokyo, Japan). This study was approved
by the Ethics Committee of the National Cancer Center and was
performed in accordance with the 1964 Declaration of Helsinki.
Written informed consent was obtained from all patients.

2.6. Quantitative RT-PCR of miR-9

Levels of miRNA expression were analyzed by quantitative RT-
PCR using the TagMan microRNA assay for miR-9 (Applied Biosys-
tems, Foster City, CA) in accordance with the manufacturer’s
instructions. Expression levels were normalized to those of U6
RNA.

3. Results

3.1. Identification of candidates of epigenetically regulated miRNAs by
ChIP-on-chip assay with a novel miRNA promoter array

We designed a custom oligo microarray covering from —10 to
+2.5 kb surrounding the genomic positions of pre-miRNAs in the
human genome (Fig. 1). This microarray covers 541 miRNAs with
125 base spacing between the probes on average, and each miRNA
is covered with approximate 100 probes (60 mer) over its 12.5-kb
genomic position, that includes predicted TSSs.

To investigate miRNAs, which are regulated by epigenetic alter-
ations, we treated AGS cells with the DNA-methylation inhibitor 5-
Aza-CdR and the HDAC inhibitor PBA. Histone H3 acetylation and
histone H3-K4 methylation are enriched at transcriptionally active
gene promoters. Fig. 2 shows a schematic of the experimental
procedure for ChiP-on-chip assay using the miRNA promoter
microarray. After crosslink and sonication, chromatin was immu-
noprecipitated using antibodies for histone H3 acetylation and his-
tone H3-K4 methylation, and immunoprecipitated DNA was
hybridized on the miRNA promoter microarray. We considered
miRNAs to be candidates for epigenetic regulation when five or
more of their probes showed increased level (>2%7) of both histone
H3 acetylation and histone H3-K4 methylation after epigenetic
treatment. Table 1 summarizes the results of our miRNA ChIP-
on-chip assay using the miRNA promoter array. Fifty-three miRNAs
(9.8%; 53 of 541 miRNAs) showed increased levels of both histone
H3 acetylation and histone H3-K4 methylation. Among these 53
miRNAs, 19 miRNAs were located in the intronic regions of their

Table 1
miRNAs immunoprecipitated with antibodies for both histone H3 acetylation and
histone H3-K4 methylation.

let-7¢ C210rf34
miR-1-1
miR-7-3
miR-9-1
miR-9-3
miR-29b-2
miR-30a
miR-30b
miR-33b
miR-34a
miR-99a
miR-100
miR-124a-1
miR-125b-2
miR-129-1
miR-129-2
miR-135b
miR-138-2
miR-142
miR-143
miR-147b C1501f48
miR-148b COPZ1
miR-149 GPC1
miR-183
miR-195
miR-196a-1
miR-196a-2
miR-196b
miR-202
miR-205
miR-296
miR-328
miR-335
miR-337
miR-365-2
miR-370
miR-375
miR-424
miR-455 COL27A1
miR-483 IGF2
miR-497
miR-511-2
miR-532
miR-548c
miR-549
miR-566
miR-612
miR-636
miR-769
miR-770
miR-933 ATF2
miR-1233 GOLGASA
miR-1237 RPS6KA4

FLj30313
PGSF1
Clorf61

SREBF1

C210rf34

C21orf34

NUP93
BZRAP1

BCL6B

HOXC10
HOXA10
ADAMS

LRRC29
MEST

CRYBA2

BCL6B
MRC1

RASSF3
KIAA1199
SEMA3F

MFSD11
PGLYRP1

host genes, and 12 miRNAs were located near neighboring genes.
Twenty-one miRNAs were located near CpG islands. We suggest
that these miRNAs may be regulated by epigenetic alterations,
such as acetylation and methylation of histone H3, in gastric cancer
cells.

3.2. Downregulation of miR-9 in gastric cancer tissues and miR-9
activation by chromatin-modifying drugs

Our ChiP-on-chip assay identified miR-9-1 (chr1q22) and miR-
9-3 (chr15q26) as candidates for epigenetic regulation in gastric
cancer cells. Recent studies have shown that miR-9 is regulated
by epigenetic alterations in human cancer metastasis [8], and that
miR-9-1 is epigenetically inactivated in human breast cancer [9].
We therefore selected miR-9 for validation as a candidate epigenet-
ically controlled miRNA in human gastric cancer cells. ChIP-PCR for
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Fig. 3. Confirmation of the results of ChIP-on-chip assay with the miRNA promoter microarray. (A) ChIP-PCR for miR-9~1 and miR-9-3 in AGS cells treated with 5-aza-CdR and
PBA. The levels of histone H3 acetylation and histone H3-K4 methylation around the promoter regions of miR-9-1 and miR-9-3 significantly increased after epigenetic
treatment of AGS cells. (B) Quantitative RT-PCR for miR-9 expression in AGS cells and human gastric cancer samples. The expression level of miR-9 significantly increased in
AGS cells after treatment with 5-aza-CdR and PBA. Expression levels of miR-9 reduced in 77% (10 of 13 cases) of gastric cancer tissues (filled bar) compared with the levels in
the corresponding non-tumor gastric mucosae (open bar). The average levels of miR-9 expression were significantly lower in gastric cancer tissues than in the corresponding

non-tumor gastric mucosae (p < 0.05).

miR-9-1 and miR-9-3 (Fig. 3A) showed that the levels of histone H3
acetylation and histone H3-K4 methylation around the promoter
regions of miR-9-1 and miR-9-3 significantly increased after epige-
netic treatment of AGS cells. Because histone H3 acetylation and
histone H3-K4 methylation are active chromatin marks associated
with increased level of gene expression, we examined expression
levels of miR-9 in AGS cells after treatment with 5-aza-CdR and
PBA. The expression level of miR-9 significantly increased after
combination treatment with 5-aza-CdR and PBA, whereas miR-9
expression was not induced by either 5-aza-CdR alone or PBA.
We next examined miR-9 expression levels by quantitative RT-
PCR in tissue specimens of gastric cancers. Expression levels of
miR-9 reduced in 77% (10 of 13 cases) of gastric cancer samples
compared with the levels in the corresponding non-tumor gastric
mucosae (Fig. 3B). The average levels of miR-9 expression were sig-
nificantly lower in gastric cancer tissues than in the corresponding
non-tumor gastric mucosae (p < 0.05).

4. Discussion

Using a custom miRNA promoter microarray, we performed
comprehensive ChIP-on-chip analysis of histone modifications in

predicted human miRNA promoter regions. Because recent studies
have shown that the majority of TSSs occur within 10 kb upstream
of the 5-end of pre-miRNAs [10,11], we designed microarray
probes from 10 kb upstream to 2.5 kb downstream (relative to
the TSS) of each pre-miRNAs to comprehensively analyze histone
modifications. We identified miRNAs as candidates for epigenetic
regulation when five or more of their probes showed increased lev-
els (>2°) of both histone H3 acetylation and histone H3-K4 meth-
ylation after epigenetic treatment. Our microarray platform
contains approximately 100 probes per miRNA with an average
spacing of 125 bases. Enrichment of five probes therefore monitors
histone modification events over at least 500 bp of sequence,
which is considered sufficient to change chromatin structure.

Our assay identified miRNAs regulated by histone H3 acetyla-
tion and histone H3-K4 methylation after epigenetic treatment of
AGS cells. Because DNA-methylation inhibitors and HDAC inhibi-
tors synergistically induce open chromatin structure associated
with active gene expression [12], we treated AGS cells with the
DNA-methylation inhibitor 5-Aza-CdR and the HDAC inhibitor
PBA. Our results indicate that chromatin structural changes result-
ing from acetylation and methylation of histone H3 by epigenetic
treatment can affect the expression of a substantial number of
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miRNAs. Approximately 10% of miRNAs on the array showed in-
creased levels of both histone H3 acetylation and histone H3-K4
methylation after epigenetic treatment, indicating that these miR-
NAs are regulated by histone modification.

Gastric cancer is the second most common cause of cancer-re-
lated death worldwide, and systemic chemotherapy is the only
treatment available for advanced gastric cancer. Because epige-
netic alterations due to Helicobacter pylori infection or various
exogenous antigen exposures are frequently observed in the stom-
ach, chromatin-modifying drugs such as DNA-methylation inhibi-
tors and HDAC inhibitors may have an inhibitory effect on gastric
cancer growth. In our ChIP-on-chip assay using AGS cells with epi-
genetic treatment, miR-9 was identified as a miRNA showing in-
creased levels of both histone H3 acetylation and histone H3-K4
methylation at 2 different genomic positions corresponding to
miR-9-1 and miR-9-3. Expression levels of miR-9 in gastric cancer
tissues were significantly decreased compared with the levels in
the corresponding non-tumor gastric mucosae, and combination
treatment with 5-Aza-CdR and PBA markedly activated miR-9
expression. These findings indicate that miR-9 is a potential tumor
suppressor miRNA in gastric cancer and that its expression is reg-
ulated by chromatin-modifying drugs, suggesting that miR-9 may
be a potential target for epigenetic therapy of gastric cancer. Re-
cent studies have also shown that miR-9 is a potential tumor sup-
pressor miRNA that is inactivated by epigenetic mechanisms in
human cancers [8,9]. Besides miR-9, a number of other important
miRNAs have been identified, such as miR-34a, which has been
identified as a target of p53, and which induces G(1) cell cycle ar-
rest, senescence and apoptosis [13,14]. Recent studies have shown
that miR-34a is a tumor suppressor miRNA that is silenced in sev-
eral types of cancer because of aberrant CpG methylation in its pro-
moter region [15].

Our novel miRNA promoter array can be used to carry out ChIP-
on-chip assays to identify miRNAs, which are regulated by other
epigenetic marks, such as histone H3-K27 methylation, as well as
to determine the specific transcription factors, which bind to miR-
NA promoters. Further studies are necessary to gain comprehen-
sive understanding of the regulatory mechanism of miRNA
expression and to identify critical miRNAs as therapeutic targets
for epigenetic therapy of human cancer.

Acknowledgments
This work was supported by a Grant-in-Aid for Young Scientists

B (21790327 to Y.S.), Grant-in-Aid for Young Scientists A
(23680090 to Y.S.), Grant-in-Aid for Scientific Research B

236

37

(22300169, to H.S.), Grant-in-Aid for challenging Exploratory Re-
search (24659103, to H.S.) from the Japan Society for the Promo-
tion of Science, a Grant from Takeda Science Foundation (to Y.S.),
a Research Fund of Mitsukoshi Health and Welfare Foundation
(to H.S.), and a Grant from the Smoking Research Foundation (to
H.S.).

References

[1] L. He, GJ. Hannon, MicroRNAs: small RNAs with a big role in gene regulation,
Nat. Rev. Genet. 5 (2004) 522-531.

[2] G.A. Calin, C.M. Croce, MicroRNA signatures in human cancers, Nat. Rev. Cancer
6 (2006) 857-866.

[3] G.A. Calin, C.M. Croce, Chromosomal rearrangements and microRNAs: a new
cancer link with clinical implications, J. Clin. Invest, 117 (2007) 2059-2066.

[4] Y. Saito, G. Liang, G. Egger, J.M. Friedman, ].C. Chuang, G.A. Coetzee, P.A. Jones,
Specific activation of microRNA-127 with downregulation of the proto-
oncogene BCL6 by chromatin-modifying drugs in human cancer cells, Cancer
Cell 9 (2006) 435-443.

[5] Y. Saito, P.A. Jones, Epigenetic activation of tumor suppressor microRNAs in
human cancer cells, Cell Cycle 5 (2006) 2220-2222,

[6] Y. Saito, J.M. Friedman, Y. Chihara, G. Egger, ].C. Chuang, G. Liang, Epigenetic
therapy upregulates the tumor suppressor microRNA-126 and its host gene
EGFL7 in human cancer cells, Biochem. Biophys. Res. Commun. 379 (2009)
726-731.

[7] Y. Saito, H. Suzuki, H. Tsugawa, 1. Nakagawa, J. Matsuzaki, Y. Kanai, T. Hibi,
Chromatin remodeling at Alu repeats by epigenetic treatment activates
silenced microRNA-512-5p with downregulation of Mcl-1 in human gastric
cancer cells, Oncogene 28 (2009) 2738-2744.

[8] A. Lujambio, G.A. Calin, A. Villanueva, S. Ropero, M. Sanchez-Cespedes, D.
Blanco, L.M. Montuenga, S. Rossi, M.S. Nicoloso, W.J. Faller, W.M. Gallagher,
S.A. Eccles, C.M. Croce, M. Esteller, A microRNA DNA methylation signature
for human cancer metastasis, Proc. Natl. Acad. Sci. USA 105 (2008)
13556-13561.

[9] U. Lehmann, B. Hasemeier, M. Christgen, M. Muller, D. Romermann, F. Langer,
H. Kreipe, Epigenetic inactivation of microRNA gene hsa-mir-9-1 in human
breast cancer, J. Pathol. 214 (2008) 17-24.

[10] H.K. Saini, S. Griffiths-Jones, A.J. Enright, Genomic analysis of human microRNA
transcripts, Proc. Natl. Acad. Sci. USA 104 (2007) 17719-17724.

[11] CH. Chien, Y.M. Sun, W.C. Chang, P.Y. Chiang-Hsieh, T.Y. Lee, W.C. Tsai, J.T.
Horng, A.P. Tsou, H.D. Huang, Identifying transcriptional start sites of human
microRNAs based on high-throughput sequencing data, Nucleic Acids Res. 39
(2011) 9345-9356.

[12] E.E. Cameron, K.E. Bachman, S. Myohanen, J.G. Herman, S.B. Baylin, Synergy of

demethylation and histone deacetylase inhibition in the re-expression of

genes silenced in cancer, Nat. Genet. 21 (1999) 103-107.

L. He, X. He, L.P, Lim, E. de Stanchina, Z. Xuan, Y. Liang, W. Xue, L. Zender, J.

Magnus, D. Ridzon, A.L. Jackson, P.S. Linsley, C. Chen, S.W. Lowe, M.A. Cleary,

G.J. Hannon, A microRNA component of the p53 tumour suppressor network,

Nature 447 (2007) 1130-1134.

H. Tazawa, N. Tsuchiya, M. [zumiya, H. Nakagama, Tumor-suppressive miR-

34a induces senescence-like growth arrest through modulation of the E2F

pathway in human colon cancer cells, Proc. Natl. Acad. Sci. USA 104 (2007)

15472-15477.

D. Lodygin, V. Tarasov, A. Epanchintsev, C. Berking, T. Knyazeva, H. Korner, P.

Knyazev, ]. Diebold, H. Hermeking, Inactivation of miR-34a by aberrant CpG

methylation in multiple types of cancer, Cell Cycle 7 (2008) 2591-2600.

[13]

[14]

[15]



pISSN: 2093-0879 elSSN: 2093-0887

JNI

http://dx.doi.org/10.5056/jnm.2012.18.4.459
Journal of Neurogostroenterology and Motility

} Neurogastroenterol Motil, Vol. 18 No. 4 October, 2012

Letters to the Editor

Are Solifenacin and Ramosetron Really Ideal
to Treat Irritable Bowel Syndromet:

Author’s Reply

TO THE EDITOR: We appreciate the thoughtful comments
from Chang' in regards to our recent paper.” The overall im-
provement was assessed on the basis of the patients’ subjective re-
ports during their interview regarding whether the symptoms had
improved, compared to before administering solifenacin. Since
the overall improvement is an established index often used in de-
termining the therapeutic efficacy of irritable bowel syndrome
(IBS), we do not think that the extremely high efficacy of sol-
ifenacin in our paper’ have been caused by the setting of overall
improvement as a primary endpoint. Differences between the en-
rolled populations could be a possible cause. Most of the previous
studies on IBS have been “tertiary-care-hospital-based,” how-
ever, this study was “health clinic-based.” Most of the patients
had not received any treatment, despite the presence of IBS
symptoms. In addition, because no placebo group was established
and participants were aware that the medication, they were tak-
ing, was the actual drug, the placebo effect might be stronger
than previously reported. For this reason, the actual therapeutic
efficacy of solifenacin in the treatment of IBS will have to be veri-
fied using a placebo-controlled study.

As Chang' mentioned, setting up a washout period and eval-
uating IBS symptoms before and after administration of ramose-
tron has allowed more accurate understanding of the effects of
ramosetron. Meanwhile, solifenacin has a half-life of 45 to 68
hours.” Because the score after the 4-week administration of ra-
mosetron reflected the symptoms from the third week to the
fourth week after administration of ramosetron, it can be consid-
ered that the score is unlikely to be affected by the residual phar-
macological effect of solifenacin.

Since Figure 2A to 2F (including 2C) demonstrate the aver-

age scores of the subscales of IBS-symptom severity scale, the
y-axis was labeled as “scores.”

As constipation has been pointed out as a side effect of sol-
ifenacin, precaution for constipation must be taken when using sol-
ifenacin in the medical treatment of overactive bladder.* Although
the mechanism that solifenacin was effective for the treatment of
diarrhea predominant IBS could not be elucidated, it would be
reasonable to believe that the improvement of diarrhea might
have been attributable to the same mechanism as that by which
solifenacin caused constipation. In the future, when using sol-
ifenacin in the treatment of diarrhea predominant IBS, it would
be appropriate to conduct the same dose adjustment as we per-
formed, after administering the dose for 1 to 2 weeks.

Hidekazu Suzuki and Juntaro Matsuzaki
Department of Internal Medicine, Keio University School of Medicine
Tokyo, Japan

1. Chang FY. Are solifenacin and ramosetron really ideal to treat irritable
bowel syndrome? J Neurogastroenterol Motil 2012;18:457-458.
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playing important roles in cell proliferation, apoptosis and
differentiation during mammalian development.! Links
between miRNAs and the development and progression of
human malignancies are becoming increasingly apparent,
especially with regard to aberrant expression of miRNAs.>?
We have recently reported that some miRNAs are regulated
by epigenetic alterations such as DNA methylation and his-
tone modification at their CpG island promoters and that
epigenetic activation of tumor suppressor miRNAs may be a
novel therapeutic approach for human cancers.*” We have
also reported that miRNAs may play important roles in the
pathogenesis of not only malignancies but also functional
gastrointestinal disorders such as functional dyspepsia.®
Gastric cancer is the second most common cause of can-
cer-related death worldwide.”'® Advanced gastric cancer is
defined as adenocarcinoma with invasion to the muscularis
propria or deeper gastric wall. Although patients who are diag-
nosed as having gastric cancer at an advanced stage undergo
surgical resection and systemic chemotherapy, their prognosis
is generally poor. However, early gastric cancer is defined as
adenocarcinoma confined to the mucosa or submucosa of the
stomach and can be treated using endoscopic submucosal dis-
section (ESD), which is an advanced therapeutic technique
that can offer extremely promising outcomes.""> Examination
of miRNA expression profiles has revealed that specific miR-
NAs are aberrantly expressed in various human cancers.'***
Cyclooxygenase (COX) is a critical enzyme involved in
prostaglandin production and has two isoforms: COX-2,
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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-29c was downregulated in gastric
cancers and activated by celecoxib. Recent studies have shown
that miR-29c is downregulated in various human malignancies
including gastric cancer and acts as a tumor suppressor.'” >
Herein, we show that the putative tumor suppressor miR-29¢ 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 wuntil 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-

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 TagMan 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.

Int. J. Cancer: 132, 1751-1760 (2013) © 2012 UICC
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Table 1. Summary of the most downregulated miRNAs in advanced
gastric cancers relative to non-tumorous gastric mucosae

1 miR-193b

1438.6 690.7 0.5

3 miR-140-3p

1655.2 0.4

5 miR-939 3780.0

7 miR-378* 95

9 miR-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¢c 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 1gG (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 Mcdl-1 polyclonal antibody (S-19, Santa Cruz Biotech-
nology), and P-actin was used as the internal control.

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

The miR-29¢ 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-29¢ 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¢ 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-29c 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-29¢ 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-29c in normal gastric tissue. miR-29¢ 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. (e) A representative example of ISH for miR-29c in gastric cancer tissue. miR-29¢ 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-29¢ 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-29c
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-29c
expression between gastric adenomas and the corresponding
nontumor gastric mucosae. The expression level of miR-29c
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. Ic), 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-29c expres-
sion on a linear scale are shown in Supporting Information
Figure 1.

To confirm the localization of miR-29c in gastric cancer
tissues, ISH for miR-29c was performed. Figures 1d and le
show representative examples of ISH for miR-29¢c. 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-29¢ 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-29¢c 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-29¢ 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-29¢c. 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

Tumor location

Positive 10

b) Advanced gastric
cancer

Tumor location

Lower portion 10

Clinical stage

v 10 0.56 = 0.19

Note: The ratios of miR-29¢ 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. 2¢ 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 (7/N) in advanced gastric cancers
was significantly higher than that in gastric adenomas and
early gastric cancers (Fig. 2f).

miR-29c 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. (@) immunoreactivity of the Mcl-1 antibody

Downregulation of miR-29¢ in gastric cancer

was confirmed by staining of the germinal centers as described previously.26 Immunohistochemical 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-29¢c, 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-29c 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¢ 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-29¢
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-29c 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

1 miR-663 206.8 935.1 4.5

3 miR-29¢ 497.0 1972.0 4.0

285.8 894.4 3.1

7 miR-26b

9 miR-148a 333.1 707.6 2.1

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/EBP« to the promoter

The results of microarray analysis revealed that celecoxib
activates the expression of miR-29¢, but not that of miR-29b,
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 ef 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/EBPo 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/EBPo 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-
29¢ 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-29c 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-29c, 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-29¢ 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-29¢ 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. Mcl-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.

244




1758

Q

2.5
2.0
1.5

1.0 4 I

miR-29¢c/U6

0.5 1

Cont Cel Cel+29cl

miR-29¢

Downregulation of miR-29c in gastric cancer

MKN45

*®

Cont Cel Cel+29cl

. MKN45
Cont Cel 29c Cel+29cl

. miR-29

CATCCTCTAAGAGCAGACTGATGGTGICGATGTGGACAAAATGGTCCTCCAGET
GTACTGCCCTCTCCCCTGCCCCATGACAATCGACACCCAATACATIGTTATCCAA
CAGAATATGACAATCGCCACACTCAAAGGCCCTACGAACACATTICATGCTGGTG

~ ATGGCTGCTAGGAGTCAACAGAAATAGCATCACAA

) "5 0016 ,g‘g 0.006 ¢
e o E ) g .
8 oo § ,,%fu.oos
; ‘9"50012; g ',5."’-:"
Sa o} |
5 Boost £ m o}
O 7 o0.008 F Qul -
& O 008E 2 g wep
ggomt | B E il
E;oooa-~ EE ,
' Cont  Cel : ~ Cont  Cel

Figure 3. miR-29c is activated by celecoxib and suppresses Mcl-1. (a) 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¢: 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/EBP« antibody in AGS and MKN45
cells treated with celecoxib. The database shows that there are C/EBPa 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/EBPo. 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-29¢ expression by
enhancing the binding of C/EBPo DNA at the promoter. Selec-
tive COX-2 inhibitors may activate the tumor suppressor miR-
29c via C/EBPo. and induce apoptosis of gastric cancer cells.

Int. J. Cancer: 132, 1751~1760 (2013) © 2012 UICC

245



Saito et al.

1759

 Celecoxib

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-
29¢ promoter region by selective COX-2 inhibitors.

In conclusion, the tumor suppressor miR-29c 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
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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 pylore (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-MALTI 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

248

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. miRNAs are small (20~25 nucleotides) non-coding
RNAs that function as endogenous silencers of target genes.
miRINAs 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 miRINAs contributes
to the development of human malignancies, and that miRNA
expression signatures are associated with prognostic factors of
human diseases [11-15]. Morcover, we have recently proposed
that epigenetic regulation of tumor suppressor miRNAs could be a
novel therapeutic approach for the treatment of human malig-
nancies [16-19].
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Table 1. Clinicopathological and molecular features of gastric MALT lymphoma cases.

API2-MALTT

CR, complete remission; NC, no change.
*Eradication therapy not used.
doi:10.1371/journal.pone.0047396.t001

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 miRINA
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 H.
pylort infection status was identified using the '3C-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 mucosae were obtained from patients during an
endoscopic biopsy and were stored in RNAlater (Ambion, Austin,
TX) at —80°C until RNA extraction.

PLOS ONE | www.plosone.org

H.pylori

249
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infection Remission after

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 t(11;18)(q21;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 each of three matched samples of non-tumor
gastric mucosa. The miRINA 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 values of their signal intensities are shown in
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Table 2. miRNAs differentially expressed between MALT
lymphomas and non-tumor gastric mucosae.

microRNA MALT

Fold change

Non-tumor

miR-223 5741

53309

miR-155 3093.2 13503.9

miR-146a 2187.8 83744 38

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.
heilmannii-infected mice, as described previously [22]. Stool DNA
was extracted using a QIAamp DNA Stool Mini Kit (Qiagen,
Tokyo, Japan), and infection with H. hetlmannii 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. helmanmi-infected mice and control mice. This
study was approved by the Keio University Animal Research
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
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antibody (diluted 1:200; LifeSpan Biosciences) overnight at 4°C
followed by horseradish peroxidase (HRP)-labeled anti-rabbit IgG
(Histofine, Simple stain MAX-PO; Nichirei, Tokyo, Japan) for
30 min at room temperature. Then, the sections were trcated 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 7P53INPI 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 sitc and 0.02 pug 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 cach.
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 Renilla
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 RINAs 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 miRNA, miR-/42 [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 miR-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 Ig
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
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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 et al. have reported that most
patients with histological residuals of gastric MALT lymphoma
after successful H. pylori eradication (treatment failure cases) had a
favorable disease course without additional treatment (Fischbach et
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;q21) with the AP[2-MALT] fusion gene by FISH

The patients with gastric MALT lymphoma were divided into
two groups according to their response to H. pylor eradication
therapy (Table 1). All the patients who were positive for H. pylori
underwent eradication therapy and were subsequently confirmed
to be H. pylor-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. pylori eradication [27]. In their study, 44 H. pylori-negative
gastric MALT lymphoma patients underwent H. pylori eradication
therapy, and 6 (14%) responded to H. pylori 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 AP/2-MALTT fusion gene are shown. The probes for AP[2 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.g002

analysis. The probes for API2 were labeled with green signals, and
the probes for MALTI were labeled with red signals. In positive
cases, the API2-MALT] 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.
pylori eradication were significantly higher than in cases showing
complete remission (CR) after H. pplori eradication (p<<0.0001 and
$<0.005, respectively). Although the API2-MALTI 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-MALT] fusion gene were resistant to
H. pylor: 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 MAL'T 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] 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. hetlmannii 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 levels of miR-142-5p and miR-155 expression normalized to the level of U6 RNA were significantly increased in H. heilmannii-infected C57BL/

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

Infection with H. heilmannii was confirmed using quantitative PCR
analysis of stool DNA (data not shown). Ten months after infection
with H. helmanni, control (n=3) and H. helmanni-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. hebnannit-infected C57BL/6 mice ($<<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
TP53INP1 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
TP53INPI, we performed a luciferase reporter assay using a vector
containing the putative TP5SINP! 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 mRINA is shown in Figure 4A. The luciferase activities
of the AGS cells transfected with the TP53INPI-WT construct
were significantly lower after transfection with miR-142-5p and
miR-155 (p<<0.05 and p<<0.005, respectively), whereas those of cells
transfected with the TP53INPI-MUT construct and the pGL3
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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. heilmannit-infected mice and immuno-
histochemistry in human gastric MALT lymphoma-like lesions.
The expression of TP533INP1 was suppressed in H. heilmannii-
infected mice, relative to control mice (Figure 4C). We examined
the expression levels of TP53INP] 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 TP53INPI 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,
miRINA expression signatures are associated with prognostic
factors and disease 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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