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To gain a global view of epigenetic alterations around microRNA (miRNA) promoter regions, and to iden-
tify epigenetically regulated miRNAs, we developed a novel miRNA promoter microarray for chromatin
immunoprecipitation (ChIP)-on-chip assay. We designed a custom oligo microarray covering regions
spanning �10 to +2.5 kb of precursor miRNAs in the human genome. This microarray covers 541 miRNAs,
each of which is covered by approximately 100 probes (60-mer) over its 12.5-kb genomic position, that
includes predicted transcription start sites. Using this custom-made miRNA promoter microarray, we
successfully performed ChIP-on-chip assay to identify miRNAs regulated by histone modification. Fifty-
three miRNAs (9.8%) showed increased levels of both histone H3 acetylation and histone H3-K4 methyl-
ation in AGS gastric cancer cells treated with the DNA-methylation inhibitor 5-aza-20-deoxycytidine and
the histone deacetylase inhibitor 4-phenylbutyric acid. One of these miRNAs, miR-9, is downregulated in
gastric cancer tissues and is activated by chromatin-modifying drugs, suggesting that it may be a poten-
tial target for epigenetic therapy of gastric cancer.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

MicroRNAs (miRNAs) are �22 nucleotide (nt) non-coding RNAs
that can post-transcriptionally downregulate the expression of
various target genes. Currently, �1500 human miRNAs have been
identified in the human genome, each of which potentially controls
hundreds of target genes. In animals, miRNA genes are generally
transcribed by RNA polymerase II (pol II) to form primary tran-
scripts (pri-miRNAs). Pol II-transcribed pri-miRNAs are capped
with 7-methylguanosine and are polyadenylated. The nuclear
RNase III enzyme Drosha and its co-factor DGCR8 process pri-miR-
NAs into �60-nt precursor miRNAs (pre-miRNAs), which form an
imperfect stem-loop structure. Pre-miRNAs are transported into
the cytoplasm by exportin 5 and are subsequently cleaved by Dicer
into mature miRNAs, which are then loaded into the RNA-induced
silencing complex (RISC). The miRNA/RISC complex downregulates
specific gene products by translational repression via binding to
ll rights reserved.
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partially complementary sequences in the 30-untranslated regions
of the target mRNAs or by directing mRNA degradation via binding
to perfectly complementary sequences.

MircoRNAs are expressed in a tissue-specific manner and play
important roles in cell proliferation, apoptosis, and differentiation
during mammalian development [1]. Links between miRNAs and
the development and progression of human malignancies, includ-
ing gastric cancer, are becoming increasingly apparent [2,3]. Be-
cause miRNAs can have large-scale effects through regulation of
a variety of target genes during carcinogenesis, understanding
the regulatory mechanisms controlling miRNA expression is
important. Epigenetic alterations such as DNA methylation and
histone modification play critical roles in chromatin remodeling
and regulation of gene expression in mammalian development
and human diseases, including cancer. We have recently reported
that some miRNAs are regulated by epigenetic alterations at their
CpG island promoters. Epigenetic treatment with chromatin-mod-
ifying drugs such as the DNA-demethylating agent 5-aza-20-deox-
ycytidine (5-Aza-CdR) and the histone deacetylase (HDAC)
inhibitor 4-phenylbutyric acid (PBA) can reactivate some impor-
tant tumor suppressor miRNAs, and this may be a novel therapeu-
tic approach for human cancers [4–7]. To gain a global view of
epigenetic alterations around miRNA promoter regions and to
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identify epigenetically regulated miRNAs, we developed a novel
miRNA promoter microarray for chromatin immunoprecipitation
(ChIP)-on-chip assay and used it to identify candidate miRNAs reg-
ulated by epigenetic mechanisms in human gastric cancer cells.
2. Materials and methods

2.1. MicroRNA promoter microarray

As shown in Fig. 1, we designed a custom oligo microarray cov-
ering regions �10 to +2.5 kb surrounding the genomic positions of
pre-miRNAs in the human genome (NCBI36/hg18). Briefly, we first
downloaded genomic coordinates of pre-miRNAs from the Man-
chester (previously Sanger) miRBase v10.1. The set of genomic
coordinates at the 50 end of the pre-miRNAs was positioned at zero,
and in silico pre-designed probes were searched to fit a 4 � 44 K
microarray from the high-definition ChIP probe database in eArray
provided by Agilent Technologies (Tokyo, Japan). During the probe
search, the Tm filter was applied and no homology filter was ap-
plied. This microarray covers 541 miRNAs, and each miRNA, span-
ning an estimated 12.5 kb of genomic sequence (including
Fig. 1. A design of a custom oligo microarray covering from �10 to +2.5 kb surrounding
541 miRNAs with 125 base spacing between the probes on average, and each miRNA is co
includes predicted TSSs.

Fig. 2. A scheme of the experimental procedure for ChIP-on-chip assay with miRNA prom
CdR and the HDAC inhibitor PBA. After crosslinking and sonication, chromatin was im
methylation, and immunoprecipitated DNA was hybridized on the miRNA promoter micro
acetylation; K4, histone H3-K4 methylation.
predicted transcription start sites (TSSs)), is covered by approxi-
mately 100 probes (60-mer).
2.2. Cell line and epigenetic treatment

The human gastric cancer cell line AGS was obtained from the
American Type Culture Collection (Rockville, MD). Cells were cul-
tured in RPMI1640 medium supplemented with 10% fetal bovine
serum. They were seeded at 1 � 105 cells per 100 mm dish 24 h be-
fore treatment with 5-Aza-CdR (3 lM, Sigma–Aldrich, St. Louis,
MO) and PBA (3 mM, Sigma–Aldrich). After 24 h, 5-Aza-CdR was
removed, while the cells were continuously exposed to PBA for
96 h.
2.3. ChIP-on-chip assay

The ChIP assay was performed as described previously [4] using
10 ll of anti-dimethylated histone H3-K4 (Upstate Biochemistry,
Lake Placid, NY) and 10 ll of anti-acetylated histone H3 antibodies
(Upstate Biochemistry). After ChIP assay, immunoprecipitated DNA
was amplified and labeled using Agilent genomic DNA labeling kit
the genomic positions of pre-miRNAs in the human genome. This microarray covers
vered with approximately 100 probes (60-mer) on its 12.5-kb genomic position that

oter microarray. AGS cells were treated with the DNA-methylation inhibitor 5-Aza-
munoprecipitated using antibodies for histone H3 acetylation and histone H3-K4
array. Open circle, unmethylated DNA; filled circle, methylated DNA; Ac, histone H3



Table 1
miRNAs immunoprecipitated with antibodies for both histone H3 acetylation and
histone H3-K4 methylation.
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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: 50-CTCAAGGAGAGAAGGAAACAGC-30, miR-9–1 Reverse:
50-TCACAACCCTGGGTGATCTC -30; miR-9–3 Forward: 50-GCTAGAT
CTACTGCAAGTGCTG-30, miR-9–3 Reverse: 50-GGACCATCAGAGTTT
GG GAG-30.

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 TaqMan 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 (>20.5) 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
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



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).
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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 50-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 (>20.5) 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.
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