
MiR‐23a in Amplified 19p13.13 Loci Targets
Metallothionein 2A and Promotes Growth in
Gastric Cancer Cells
Juan An,1,2 Yuanming Pan,1 Zhi Yan,1 Wenmei Li,1 Jiantao Cui,1 Jiao Yuan,3

Liqing Tian,3 Rui Xing,1* and Youyong Lu1*
1Laboratory of Molecular Oncology, Key Laboratory of Carcinogenesis and Translational Research (Ministry of
Education), Peking University Cancer Hospital/Institute, Beijing, 100142, P.R., China

2High Altitude Medical Research Center, Department of Basic Medical Sciences, Qinghai University, Xining,
Qinghai Province, 810001, P.R., China

3Laboratory of Bioinformatics and Noncoding RNA, Institute of Biophysics, Chinese Academy of Sciences, Beijing,
100101, P.R., China

ABSTRACT
Copy number variation (CNV) and abnormal expression of microRNAs (miRNAs) always lead to deregulation of genes in cancer, including
gastric cancer (GC). However, little is known about how CNVs affect the expression of miRNAs. By integrating CNV and miRNA profiles in the
same samples, we identified eight miRNAs (miR‐1274a, miR‐196b, miR‐4298, miR‐181c, miR‐181d, miR‐23a, miR‐27a andmiR‐24‐2) that were
located in the amplified regions and were upregulated in GC. In particular, amplification of miR‐23a‐27a‐24‐2 cluster and miR‐181c‐181d
cluster frequently occurred at 19p13.13 and were confirmed by genomic real‐time PCR in another 25 paired GC samples. Moreover, in situ
hybridization (ISH) experiments represented that mature miR‐23a was increased in GCs (75.5%, 40/53) compared with matched normal tissues
(28.6%, 14/49, P¼ 0.001). Knocking down of miR‐23a expression inhibited BGC823 cell growth in vitro and in vivo. In addition, the potential
target genes of miR‐23a were investigated by integration of mRNA profile and miRNA TargetScan predictions, we found that upregulation of
miR‐23a and downregulation of metallothionein 2A (MT2A) were detected simultaneously in 70% (7/10) of the miRNA and mRNA profiles.
Furthermore, an inverse correlation between miR‐23a and MT2A expression was detected in GCs and normal tissues. Through combining
luciferase assay, we confirmed that MT2A is a potential target of miR‐23a. In conclusion, these results suggest that integration of CNV‐miRNA‐
mRNA profiling is a powerful tool for identifyingmolecular signatures, and that miR‐23amight play a role in regulatingMT2A expression in GC.
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Genomic profiling and high‐throughput cancer transcriptome
microarrays have uncovered genetic alterations that drive

tumorigenesis and tumor progression [Pinkel and Albertson, 2005;
Ting et al., 2006]. Chromosomal instability is a characteristic of
cancer [Ushijima, 2005] including GC [Vauhkonen et al., 2006; Yang
et al., 2007]. These aberrations lead to critical deregulation of gene
expression and function [Santarius et al., 2010]. Recently, genome‐

wide CNV studies have identified dozens of CNV‐associated protein‐
coding genes, which aid the identification of molecular signatures
that can act as predictive and prognostic markers for cancers
[Stranger et al., 2007; Conrad et al., 2010]. However, little is known
about CNVs of small non‐coding RNAs, particularly miRNAs in GC.

MiRNAs are �20‐nt non‐coding RNAs that are implicated in the
regulation of diverse biological pathways [Ambros, 2004]. A number
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of miRNAs are dysregulated in carcinogenesis, and specific miRNAs
that regulate proliferation, invasion and metastasis have been
identified [Lu et al., 2005; Esquela‐Kerscher and Slack, 2006;
Manikandan et al., 2008]. Several studies have shown that miRNA
expression can be modified by CNV [Ota et al., 2004; He et al., 2005;
Zhang et al., 2006]. CNV‐miRNAs (copy number variation‐associated
miRNAs) potentially have altered function and should be considered
as high priority candidates for research into genotype–phenotype
association in cancer [Marcinkowska et al., 2011].

In this study, we used three types of microarrays from the same set
of 20 paired GC specimens to study genetic variation in DNA, miRNA
and mRNA, including CNV profile, miRNA array, and mRNA
expression profiles (data not shown). Our goal was to determine
molecular signatures in GC using a high‐throughput combined
profiling strategy and to find out how GC‐specific variations
contribute to GC. We identified GC‐associated miRNAs by adopting
a combined CNV‐miRNA analysis, and candidate targets of these
miRNAs were identified by integration of gene expression profiling
data. In addition, we attempted to establish a link between the
genotype and the phenotype by integration of CNV‐miRNA‐mRNA
profiles in GC. Furthermore, the biological role of abnormally
expressed miRNA in GC was studied.

MATERIALS AND METHODS

BIOINFORMATICS
Significant analysis of microarrays (SAM) was used to perform the
unsupervised clustering calculation. We chose a fold change greater
than 1, and q< 0.05 as the selection criteria for the differential
expression of miRNAs. The Cluster and Treeview programs were used
to perform hierarchical clustering of miRNA genes. A t‐test was
performed to evaluate the significance of differential expressed
miRNAs in miRNA arrays. Moreover, the sLDA algorithm [Wu
et al., 2009] was used to detect differentially expressed miRNAs. We
assigned miRNA genes to CNV sites, using the Sanger miRNA
database 4.0 (http://www.mirbase.org/) and the UCSC genome
browser database (http://genome.ucsc.edu/).The miRNA targets
predicted by Target Scan 5.0 (http://www.targetscan.org/) were
integrated with the gene profiling from paired GC samples.

QUANTITATIVE REAL‐TIME PCR AND IN SITU HYBRIDIZATION
Genomic DNA was isolated using the QIAamp DNAMini Kit (Qiagen,
Valencia, CA). RNA was extracted from cells using a standard Trizol
protocol (Invitrogen, Life Technologies, Grand Island, NY). Mature
miRNA sequences were acquired from the Sanger institute miRBase
sequence database. Real‐time PCR analyses were performed with
SYBR Premix Ex Taq (TaKaRa, Japan). The primers used are shown in
the supplemental information (Supplementary Table SII).

The miR‐23a probe had the sequence GGAAATCCCTGGCAATGT-
GAT (predicted Tm: 54°C, measured Tm: 62°C; miRCURY™ probe,
Exiqon, Vedbaek, Denmark). A U6 probe (sequence: CAC-
GAATTTGCGTGTCATCCTT, predicted Tm: 75°C, measured Tm: 65°C,
Exiqon) was used as the positive control and a 22‐mer scrambled
probe with a random sequence was included as a negative control
(GTGTAACACGTCTATACGCCCA, predicted Tm: 78°C,measured™:65°

C Exiqon). All locked nucleic acid (LNA) oligos were digoxigenin
(DIG)‐labeled at the 50 and 30 ends, except for the U6 probe. In situ
hybridization (ISH) was then performed using miRCURY LNA™
microRNA ISH Optimization Kit (Exiqon).

CELL LINES, CONSTRUCTION OF PLASMIDS, AND RNA
INTERFERENCE
Human GC cell lines, BGC823, MGC803, AGS, and GES1 (a human
immortal gastric epithelial cell line) were maintained in Dulbecco0s
modified Eagle0s medium (DMEM, GIBCO‐BRL, Life Technologies)
with 5% FBS. To generate stable Ps‐miR‐23a or vector‐transfected
BGC823 cell lines, transfection was performed using Lipofectamine
2000 (Invitrogen). Forty‐eight hours after transfection, the trans-
fected cells were incubated for 3 weeks in DMEM with 400mg/ml of
G418 (Genview, IL, USA). Successful and stable transfection of Ps‐
miR‐23a into BGC823 cells was confirmed by quantitative reverse
transcription PCR (qRT‐PCR).

We amplified a fragment containing the miR‐23a precursor from
genomic DNA. The amplified fragment was cloned into a pcDNA3.1
and was termed as Pc‐miR‐23a. To construct 30 UTR reporter
plasmids, 30 UTR fragments of MT2A mRNA, containing the putative
miR‐23a binding site, were cloned into BglII/HindIII sites in the
pGL3.0‐reporter plasmid (Promega, USA). Knockdown of miR‐23a
was investigated in BGC823 cells by small hairpin RNA (shRNA)
analysis. MiR‐23a‐3p mimics and miR‐23a‐3p mutation were
synthesized and purified by RiboBio (RiboBio Co. Ltd, Guangzhou,
China). RNA oligonucleotides were transfected using Lipofectamine
RNAi‐MAX (Invitrogen) and the medium was replaced 6 h after
transfection. RNA transfection efficiencywas approximately 70–80%
and ectopic expression of the miRNA or knockdown of miRNA
expression persisted for at least 48 h. All oligonucleotide sequences
are listed in Supplementary Table SII.

MTT AND COLONY FORMATION ASSAY
Cell proliferation was determined by the 3‐(4,5‐dimethylthiazol‐2‐
Yl)‐2,5‐diphenyltetrazolium bromide (MTT) assay (Sigma, St. Louis,
MO). BGC823 cells were seeded in 96‐well plates with 2� 103 cells per
well in 100ml of cell culture medium and incubated at 37°C for 24 h.
The cells were then transfected with Ps‐miR‐23a or empty vector.
After incubation for 1–6 days, the cells were incubated with 20ml of
MTT (at a final concentration of 0.5mg/ml) at 37°C for 4 h. The
absorbance at 570 nm was detected using a Quant Universal
Microplate Spectrophotometer (Bio‐tek Instruments, Winooski, VT).

BGC823 cells were seeded at 1,000 cells per well in 6‐well plates.
Cells were transfected with Ps‐miR‐23a or empty vector. Twenty‐four
hours after transfection, the medium was replaced with fresh medium
containing G418. Plates were incubated at 37°C in a 5% CO2

humidified atmosphere for 3 weeks. Once colonies were visible, they
were stained with methylene blue and photographed.

TUMORIGENICITY IN NUDE MICE
All experimental procedures involving animals were performed in
accordance with the Guide for the Care and Use of Laboratory
Animals (NIH publications Nos. 80‐23, revised 1996) and were
according to the institutional ethical guidelines for animal experi-
ments. Four‐week‐old female Balb/c nude mice were used for
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tumorigenicity analysis. The tumorigenicity of stable Ps‐miR‐23a or
vector‐transfected BGC823 cells was measured. 5� 105 cells in 0.1ml
PBS were injected subcutaneously into nude mice. Tumor growth was
measured 5 days after injection and every 5 days thereafter. Tumor
volume (V) was monitored by measuring the length (L) and width (W)
with calipers and calculated using the formula (L�W2)� 0.5.

DUAL‐LUCIFERASE REPORTER GENE ASSAY
Ps‐miR‐23a‐1þ 30 UTR‐pGL3.0 MT2A reporter, Ps‐miR‐23a‐2þ 30

UTR pGL3.0 MT2A reporter, or Ps‐vectorþ 30 UTR‐pGL3.0 MT2A
reporter were co‐transfected into BGC823 cells. In addition, the
luciferase activity in GES1 cells transfected with miR‐23a‐3p
mimicsþ 30 UTR‐pGL3.0 MT2A reporter and miR‐23a‐3p mutation
þ 30 UTR‐pGL3.0 MT2A reporter was assayed. The luciferase reporter
gene assay was performed using the Dual‐Luciferase Reporter Assay
System (Promega). All experiments were performed at least three
times.

WESTERN BLOTTING AND IMMUNOFLUORESCENCE STAINING
BGC823 cells were transfected with Ps‐miR‐23a‐1, Ps‐miR‐23a‐2 or
vector. Western blotting was performed using Western Blotting
Detection Reagents (Amersham Biosciences, Buckinghamshire, UK).
Immunodetection was performed using a mouse anti‐human MT2A
monoclonal antibody (ab12228, AbCam, Cambridge, UK) and mouse
anti‐human b‐actin (Santa Cruz, CA). For immunofluorescence
staining, cells were subsequently reacted with FITC‐labeled second-
ary antibodies for 1 h, and nuclei were stained with DAPI (Invitrogen)
for 3min. Images of cells with a fluorescent signal were captured by
laser confocal microscopy (Leica Sp5 Laser Scanning Confocal
Microscope, GE).

IMMUNOHISTOCHEMISTRY (IHC)
We constructed a tissue microarray (TMA) comprising 53 human
gastric specimens obtained from the tumor bank of Beijing Cancer
Hospital. Hematoxylin and eosin (H&E)‐stained sections were used
for histological verification. Written informed consent was obtained
from all the patients. IHC stainingwas performed using an EnVisionþ
Kit (Dako, Denmark). Sections were cultured with antibody against
MT2A (AbCam). A positive reaction in this experiment was defined
staining of more than 10% of cells in the tissue. Two pathologists who
were blinded to the clinical status of patients scored the images
visually.

RESULTS

IDENTIFICATION OF miRNAs BY INTEGRATING GENOMIC CNVs AND
miRNA EXPRESSION PROFILING OF GC
We performed whole genome‐CNV profile by Human CNV370‐Duo
DNA BeadChips in 20 matched GC samples (data not shown). To
explore the potential miRNAs in the CNV regions, we assigned
miRNAs to these regions using the UCSC genome browser database.
Ninety‐two miRNAs were identified in the regions showing gain or
loss of DNA (Fig. 1A and Supplementary Table SI). Meanwhile, we
used the SAM algorithm to identify distinct miRNA expression
signatures in a miRNA microarray of 10 matched GC cases from the

same samples. Forty‐seven upregulated and 17 downregulated
miRNAs were identified that were statistically significantly different
in GC samples compared with normal tissues (Fig. 1B). Furthermore,
to identify cancer‐related miRNAs, we performed an integrated
analysis of CNVs andmiRNA expression profiles from the same group
of samples. Eight miRNAs (miR‐1274a, miR‐196b, miR‐4298, miR‐
181c, miR‐181d, miR‐23a, miR‐27a, andmiR‐24‐2) were amplified in
related genomic regions and their transcripts overexpressed. The
significance of overlapwas confirmed by Fisher0s exact test, 2.53‐fold
enrichment of co‐localization over random chance (P¼ 0.026, Fig. 1C
and Table I).

IDENTIFICATION OF miR‐23a AS A PUTATIVE BIOMARKER OF GC
Among the selected miRNAs in the amplified loci, five belong to the
miR‐23a‐27a‐24‐2 cluster or the miR‐181c‐181d cluster located at
19p13.13 (5/20, 25%), and were chosen for further study (Fig. 2A). We
then carried out genomic real‐time PCR in 25 matched GC samples to
analyze the copy numbers of themiRNA clusters. Amplification of the
miR‐23a‐27a‐24‐2 cluster and the miR‐181c‐181d cluster were
detected in GC tissues compared with normal tissues (P¼ 0.035 and
P¼ 0.042, respectively; Wilcoxon test; Fig. 2B). Furthermore, the t‐
test and sLDA algorithms were used for miRNA identification. Taking
the results of the two methods into consideration, mature miR‐23a,
miR‐196a, and miR‐3172 were identified, which had low P values in
the t‐test, and high sLDA values, suggesting that their expression was
significantly different between GCs and matched normal tissues
(Fig. 2C). By combining the CNV‐miRNA analysis with results from
two differential algorithms, miR‐23a was selected as a candidate GC
miRNA. Furthermore, in situ hybridization showed that miR‐23a was
upregulated in 75.5% (40/53) GC tissues compared with low levels in
49 matched normal tissues 28.6% (14/49, P¼ 0.001; Fig. 2D). These
results confirmed the expression of miR‐23a in GC, as initially
determined by miRNA expression profiling.

DOWNREGULATION OF miR‐23a INHIBITS TUMOR CELL GROWTH IN
VITRO AND IN VIVO
To explore the role of miR‐23a in gastric tumorigenesis, knockdown
of miR‐23a was investigated in BGC823 cells that showed a high level
of endogenous miR‐23a expression. BGC823 cells were transfected
with shRNA constructs Ps‐miR‐23a‐1, Ps‐miR‐23a‐2, and empty
vector, respectively. MiR‐23a expression in Ps‐miR‐23a‐2 trans-
fectants was significantly downregulated and was selected for further
study (P¼ 0.02, Fig. 3A). The MTT assay showed that downregulation
of miR‐23a inhibited cell growth (Fig. 3B). Colony formation analysis
showed that, compared with control cells, Ps‐miR‐23a cells produced
fewer and smaller colonies (P¼ 0.031, Fig. 3C). Furthermore, the
mean volume of Ps‐miR‐23a xenografts was significantly smaller
than the control xenografts (Fig. 3D). These data suggest that
downregulation of miR‐23a inhibits cell growth in vitro and in vivo.

MT2A, THE POTENTIAL TARGET GENE OF miR‐23a, IS REDUCED IN
GC
We integrated the gene expression profiling data with TargetScan
predictions to identify 45 putative targets of miR‐23a. Among these,
MT2A was selected as a better candidate target gene of miR‐23a
(Fig. 4A), because upregulation of miR‐23a and downregulation of
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MT2A were detected simultaneously in 70% (7/10) of the miRNA and
gene expression profiles (Fig. 4B). In GC cell lines (BGC823, MGC803,
and AGS), the level of miR‐23a expression was higher than in normal
immortal gastric epithelial cells GES1. Conversely, MT2A was lower
in GC cell lines than in GES1 (Fig. 4C). Furthermore, ISH showed that

levels of miR‐23a were high in 65.8% (23/35) of GC tissues compared
with in 34.2% (12/35, P¼ 0.008) of matched normal tissues, while
IHC analysis showed that levels of MT2A were high in 74.3% (26/35)
of normal tissues, but low or absent in 25.7% (9/35, P< 0.0001) of GC
tissues. These results showed an inverse correlation between mature

Fig. 1. Integrated analysis of CNVs and miRNA expression profiling of GC. A: Ninety‐two miRNAs were identified in the amplified or deleted regions. B: Forty‐seven upregulated
and 17 downregulated miRNAs were identified from GC miRNA arrays. Columns represent samples and rows represent genes, which are color‐coded (black, green, and red
correspond to no‐change, downregulated, and upregulated, respectively). C: An integrated analysis of 47 upregulated miRNAs and 85 miRNAs located in amplified regions. The
Venn diagram shows eight miRNAs that were both upregulated and amplified in GC.

TABLE I. Identification of Significant miRNA in Amplified Regions

miRNA ID Chromosome Region CNV region position Positive case total 20 (%)

miR‐1274a chr 5 p15.33–p12 73747–46384240 6 (30%)
miR‐196b chr 7 p22.3–p11.1 37124–58032993 5 (25%)
miR‐4298 chr11 p15.5–p11.2 348027–45633399 7 (35%)
miR‐181c chr19 p13.3–p13.11 233753–18883204 5 (25%)
miR‐181d chr19 p13.3–p13.11 233753–18883204 5 (25%)
miR‐23a chr19 p13.3–p13.11 233753–18883204 5 (25%)
miR‐27a chr19 p13.3–p13.11 233753–18883204 5 (25%)
miR‐24‐2 chr19 p13.3–p13.11 233753–18883204 5 (25%)
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miR‐23a and MT2A expression in GC tissues and matched normal
tissues (P¼ 0.026, Spearman0s correlation coefficient R¼�0.401;
Fig. 4D).

miR‐23a REGULATES MT2A EXPRESSION IN GC CELLS
We further analyzed the effect of miR‐23a on the downregulation of
MT2A expression. RT‐PCR and Western blotting demonstrated
upregulation of MT2A expression in BGC823 cells transfected with
Ps‐miR‐23a‐1 and Ps‐miR‐23a‐2 compared with vector‐transfected
cells. Confocal analysis showed that MT2A protein levels were higher
in BGC823 cells transfected with Ps‐miR‐23a‐1 and Ps‐miR‐23a‐2
than in vector‐transfected cells (Fig. 5A). Tumor sections from

xenografts were obtained and analyzed by ISH and IHC staining.
MT2Awas detected in the ps‐miR‐23a‐transfectant tumors, but not in
control tumors (Fig. 5B). To further confirm the possibility that miR‐
23a targets MT2A, a dual‐luciferase reporter system was employed.
BGC823 cells were cotransfected with Ps‐miR‐23a‐1/2þ 30 UTR‐
pGL3.0 MT2A reporter, as well as Ps‐vectorþ 30 UTR‐pGL3.0 MT2A
reporter. The relative luciferase activity in Ps‐miR‐23a‐1/2þ 30 UTR‐
pGL3.0 MT2A reporter cotransfected groups was significantly higher
than that of the Ps‐vectorþ 30 UTR‐pGL3.0 MT2A reporter group
(Fig. 5C). In addition, overexpression of miR‐23a in GES1 cells greatly
reduced MT2A protein and mRNA expression levels (Fig. 5D–E).
Moreover, the luciferase activity in GES1 cells transfected with miR‐

Fig. 2. Identification of miR‐23a as a putative biomarker of GC. A: Schematic diagram of the sequences and genomic loci of miR‐23a, miR‐27a, miR‐24‐2, miR‐181c, and miR‐
181d at 19p13.13. B: The genomic copies of the miR‐23a‐27a‐24‐2 cluster andmiR‐181c‐181d cluster in 25 GC tissues compared with matched normal tissues was performed by
real‐time PCR. Fucose‐1‐phosphate guanylyltransferase (FPGT) was used for normalization. The copy number change of miRNAs was calculated using the 2�DDCT method. C: A
heatmap displaying alterations ofmiRNAs0 expressions in gastric tumors and normal tissues. Columns represent samples and rows represent genes, which are color‐coded (black,
green, and red correspond to no‐change, downregulated, and upregulated, respectively). D: The expression level of miR‐23a detected by in situ hybridization. Tissue sections
were obtained from 53 gastric tumors and 49 normal tissues. a: DIG‐labeled LNA scrambled sequence probe was used as negative control (NC). b: DIG‐labeled LNA snRNA U6
probe were used as the positive control (PC). c: High level of miR‐23a expression in 75.5% (40/53) of gastric tumors. d: MiR‐23a was expressed at a low level or not all in 71.4%
(35/49) of normal tissues (P¼ 0.001).
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23a mimicsþ 30 UTR‐pGL3.0 MT2A reporter was significantly
suppressed compared with miR‐23a mutationþ 30 UTR‐pGL3.0
MT2A reporter transfected cells (P¼ 0.018, Fig. 5F). These data
suggested that MT2A is a potential target of miR‐23a.

DISCUSSION

Chromosomal aberrations are frequently observed in GC, but little
is known about functional non‐coding sequences, particularly
miRNAs, at the CNV regions in GC. Here, we present a systematic
array‐based survey of combined CNV‐miRNA‐mRNA profiles that
aimed to establish a link between genotype and phenotype and to
identify molecular signatures in GC (Supplementary Fig. 1). Our
integrative analysis included data from high resolution CNV
profiles, miRNA arrays, and mRNAs expression profiles in GC. By

integrated analysis of CNV‐miRNA profiles from the same set of GC
samples, eight upregulated miRNAs (miR‐1274a, miR‐196b, miR‐
4298, miR‐181c, miR‐181d, miR‐23a, miR‐27a, and miR‐24‐2)
were identified in amplified regions. Among these, fivemiRNAs (the
miR‐23a‐27a‐24‐2 cluster, and the miR‐181c‐181d cluster) were
located in amplified region of 19p13.13, and were confirmed by
genomic real‐time PCR. MiR‐23a was selected for further study and
high levels of miR‐23a were observed in primary GCs compared
with that in normal controls. Importantly, overexpression of miR‐
23a promoted BGC823 cell growth by downregulating MT2A
expression as its potential target, based on mRNA expression
profiling of GC.

CNVs can influence the expression of genes [Iafrate et al., 2004;
Perry et al., 2007]. However, few studies have assessed the role of
CNVs on miRNA expression, and many miRNAs that are located in
fragile genomic sites or aberrant regions are associated with cancer

Fig. 3. Depletion of miR‐23a inhibits cancer cell growth in vitro and in vivo. A: Relative level of miR‐23a expression in BGC823 cells after transfection with Ps‐miR‐23a‐1, Ps‐
miR‐23a‐2, or empty vector. Significant downregulation of miR‐23a was detected by qRT‐PCR in BGC823 cells transfected with Ps‐miR‐23a‐1 and Ps‐miR‐23a‐2. B: Cell growth
was detected using the MTT assay. Growth inhibition was detected in Ps‐miR‐23a‐transfected cells compared with vector‐transfected cells at different time periods. Data are the
mean� SD from three independent experiments. C: Ps‐miR‐23a‐transfected cell colonies were smaller than the vector‐transfected cell colonies when grown on soft agar. Fewer
Ps‐miR‐23a‐transfected cell colonies were detected in soft agar compared with vector‐transfected cell colonies. D: Downregulation of miR‐23a inhibits xenograft tumor
formation of GC cells. The xenografts of Ps‐miR‐23a‐transfected cells produced significantly smaller tumors than the vector‐transfected xenografts. The average size of tumors
developed in nude mice is shown as the mean� SE.
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[Calin et al., 2004]. Meanwhile, cancer genetics studies supported the
view that CNVs affect the expression of miRNAs [Marcinkowska
et al., 2011]. CNV‐miRNAs are involved in many processes and
phenotypes, including organ development, angiogenesis, and
tumorigenesis [Marcinkowska et al., 2011].

Copy number amplification of 19p13 has been detected in many
cancers, such as ovarian carcinoma [Micci et al., 2010], nasopharyn-
geal carcinoma [Or et al., 2010], gastric carcinoma [Morohara

et al., 2006], and intracranial pediatric ependymoma [Pezzolo
et al., 2008]. According to previous reports, upregulation of the
miR‐23a‐27a‐24‐2 cluster induces cell proliferation [Huang
et al., 2008; Chhabra et al., 2010] and decreased transforming
growth factor‐beta‐induced tumor‐suppression in human hepatocel-
lular carcinoma [Huang et al., 2008]. In MGC803 cells, a gastric
cancer cell line, miR‐23a promoted cell growth by downregulating
the interleukin‐6 receptor [Zhu et al., 2010].

Fig. 4. Correlation analysis of miR‐23a and MT2A expression in cell lines and primary GC tumors. A: The binding sites of miR‐23a sequences in the 30 UTR of the MT2A gene. B:
Cluster analysis of miR‐23a and MT2A expression patterns in GC miRNA and mRNA profiling data. Upregulation of miR‐23a and downregulation of MT2A were detected
simultaneously in the same samples (7/10). C: Differential expression of miR‐23a and MT2A in four tumor cell lines detected by qRT‐PCR and Western blotting, respectively. The
levels of miR‐23a and MT2A inversely correlated in gastric cell lines. D ISH and IHC were used to detect the expression patterns of miR‐23a and MT2A in GCs and matched normal
tissues, respectively. a: Decreased or absent miR‐23a expression was detected in normal tissues. b: miR‐23a was highly expressed in GCs. c: MT2A was highly expressed in normal
tissues. d: Decreased or absent MT2A expression was detected in GCs.
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To investigate the mechanism of miR‐23a promotion of GC cells0

growth, we identified its potential target genes. By predicting target
genes using TargetScan and integrating these results with the GC
mRNA expression profiles from the same group of samples, MT2A
was identified as a target of miR‐23a. Expression of MT2A is
frequently downregulated in GC [Janssen et al., 2000; Kim
et al., 2005] and MT2A inhibits cell proliferation by inducing cell
apoptosis [Janssen et al., 2000; Cui et al., 2003]. We showed an

inverse correlation between miR‐23a expression and MT2A expres-
sion in GC cells and tissues. Further data suggested that MT2A is a
potential target of miR‐23a.

Our study provides a combined model of CNV‐miRNA‐mRNA
profiles in GC. This model could provide a potential bridge from
genotype to phenotype. Amplified miRNA clusters in 19p13.13 may
be associated with the development of GC. Especially, overexpression
of miR‐23a from this region leads to down‐regulation of MT2A and

Fig. 5. MT2A is regulated by miR‐23a in GC cells. A: High expression levels of MT2A were detected in BGC823 cells transfected with Ps‐miR‐23a‐1 and Ps‐miR‐23a‐2 relative to
vector‐transfected cells by RT‐PCR (upper), Western blotting (middle), and immunofluorescence analysis (lower). B: ISH and IHC were performed on tissue sections obtained from
nude mice tumor tissues. a: miR‐23a was not expressed in nude mice tumor tissues derived from Ps‐miR‐23a transfectants; (b) Overexpression of miR‐23a was detected in vector
transfectants; (c) MT2A was detected in nude mice tumor tissues derived from Ps‐miR‐23a transfectants; and (d) MT2A was not expressed in vector‐transfected tissues. C: The
relative luciferase activity in Ps‐miR‐23a‐1/2þ 30 UTR‐pGL3.0 MT2A reporter cotransfected groups were significantly higher than that of the empty vectorþ 30 UTR‐pGL3.0
MT2A reporter group. D: GES1 cells were transfected with either Pc‐miR‐23a or vector. The expression of miR‐23a was detected by real‐time PCR in GES1 cells transfected with Pc‐
miR‐23a. E: Significant downregulation of MT2A was detected by RT‐PCR (upper), Western blotting (middle), and immunofluorescence analysis (lower) in GES1 cells transfected
with Pc‐miR‐23a. F: The relative luciferase activity was significantly suppressed in GES1 cells when cotransfected with miR‐23a mimicsþ 30 UTR‐pGL3.0 MT2A reporter. No
suppression of expression was observed in the miR‐23a mutantþ 30 UTR‐pGL3.0 MT2A reporter group.
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proliferation of GC cells (Supplementary Fig. 2). These results
represent potential genetic biomarkers that could lead to improved
techniques for the diagnosis and prognosis of GC patients.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online
version of this article at the publisher's web‐site.

Supplementary Figure 1. Row chart describing the steps involved in
the study.

Supplementary Figure 2. Proposed model of miR‐23a targeting
MT2A in GC cells. Upregulation of miRNA genes clustered in

19p13.13 may be associated with GC development. Genomic
amplification of miR‐23a results in high levels of miR‐23a expression
in GC cells and tissues. In addition, miR‐23a could promote cell
growth through the target gene, MT2A.

Supplementary Table SI. Common miRNAs in Genome‐Wide CNV
Regions of GC.

Supplementary Table SII. The Primer Sequences.
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