










the tumor samples clearly clustered according to their stage,
with the largest distinction between stages I, II versus III, IV
(Supplementary Fig. S4).

Identification of recurrent somatic mutation candidates
in gastric cancer

To take full use of our RNA-seq data, we also made efforts
to identify somatic mutation candidates in gastric cancer.
Because we did not sequence the normal DNA from the
same patients, we had a very limited power to infer somatic
mutations based on our RNA-seq data alone. Instead, we
took advantage of a recent exome-sequencing study on

Asian patients with gastric cancer (16) and obtained a list
of 2,651 somatic mutations with a potential functional
effect (nonsynonymous/nonsense mutations and those at
splicing sites). Among these reported somatic mutation
positions, we detected the exact mutant alleles at 14 muta-
tion positions in our WT-seq data, suggesting that they
are recurrent somatic mutations (Supplementary Table S3).
TP53 is the only gene with multiple recurrent mutation
candidates (four mutations), consistent with its known
high mutation frequency in gastric cancer (22). In addition,
we detected 92 potential recurrent coding somatic muta-
tions based on the COSMIC database (ref. 23; although
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Figure 2. Biologic and molecular characteristics of 356 differentially expressed genes related to gastric cancer. These genes were identified with a
single-factor ANOVA on RPKM (log-scale transformed) across 5 groups (tissue type ¼ normal or stage I, II, III, or IV as the independent variable; at FDR
< 0.05 and P < 9.5 � 10�4). A, biologic and molecular functions of representative genes known to be related to gastric cancer. Their raw P values in the
ANOVA are shown in red. B, the clustering heatmap of 30 samples based on the 356 differentially expressed genes, generated with Partek Genomics Suite
v 6.5. Each column is labeled with different colors according to the sample type; several key genes related to gastrointestinal disease are highlighted
with their P values and fold changes (FC) for differential expression.
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these recurrent mutations may not be specific to gastric
cancer, Supplementary Table S4).

Identification of key differentially expressed miRNAs
related to gastric cancer
In parallel with the analysis of gene expression using the

WT-seq data set, we used the small RNA-seq data set to
quantify the expression levels of known miRNAs in each
sample using RPM, a measure analogous to RPKM for coding
genes. Among 698 annotated, nonredundant mature miR-
NAs in the miRBase (version 13.0), on average, approximate-
ly 60% of the miRNAs had mapped reads. The observation
that a large proportion of annotated miRNAs (40%) have
zero or very low expression levels may be partially due to the
inflation of the current miRBase annotation, as suggested by
recent studies (24, 25). Therefore, we focused on 402 miRNAs
with reliable expression (max RPM > 4 in 25 samples) in
the subsequent analysis (see Supplementary Methods and
Materials).
To identify the miRNAs that play a key role in gastric tumor

development, we reasoned that (i) the key miRNAs themselves
should show significant expression variations across different
sample groups; and (ii) they should have detectable repression
effects on the expression of their target genes (26). Therefore,
we conducted a 2-step analysis. First, we conducted single-
factor ANOVA (tissue type as the independent variable) on the
RPM data (log-scale transformed) across 5 groups (normal
tissue and four tumor stages). At P < 0.01 (FDR < 0.15), 26
miRNA genes showed significant differential expression: 9
upregulated and 17 downregulated (Fig. 3A and Supplemen-
tary Table S5). One of the upregulated miRNAs, miR-21 is the
most commonly upregulated miRNA in both solid and hema-
tologic tumors (8). Seven of the 26 differentially expressed
miRNAs (Supplementary Table S5) were also identified by a
recent microarray study on the miRNA biomarkers for the
progression/prognosis of gastric cancer using samples from
Japanese patients (7).
Second, for each of the 26 miRNAs, we used the Spearman

rank correlation (Rs) to quantify its expression correlations
with protein-coding genes across 25 samples with both the
available coding gene and themiRNA expression data.We then
tested whether the Rs values of its potential target genes were
significantly lower than those of other genes using the Wil-
coxon rank sum test, resulting in 6miRNAs showing significant
anticorrelation with their potential targets (theWilcoxon rank
sum test P < 0.01, see Supplementary Methods and Materials).
We defined these 6 miRNAs as key differentially expressed
miRNAs of Asian gastric cancer (Fig. 3B).

Integrative analysis suggests a potential role of PRKAA2,
an AMPK activator in early-stage gastric cancer
To identify candidate genes with the highest potential

functional impact in gastric tumorigenesis, we surveyed all
3 types of transcriptional aberrations: (i) differentially
expressed genes; (ii) genes related to recurrent somatic muta-
tion candidates; and (iii) potential target genes of key differ-
entially expressed miRNAs. Through a simple scoring analysis,
PRKAA2 (AMPKa2) was the only gene identified by all the 3

criteria, suggesting that it is a potential key modulator in
gastric cancer progression (Supplementary Fig. S5). PRKAA2
is the catalytic subunit of AMPK, which is a heterotrimer
consisting of a catalytic a-subunit and regulatory noncatalytic
b- and g-subunits, each with 2 or 3 isoforms (27). AMPK is an
energy-sensing enzyme and plays a central role in the regula-
tion of energy homeostasis (28).

The most compelling evidence is that PRKAA2 is among the
most highly differentially expressed genes identified in both 5-
group and 4-stage expression analyses (5-group ANOVA, P ¼
4.65� 10�6; 4-stage ANOVA, P¼ 4.7� 10�4; only 22 geneswere
identified by both analyses). PRKAA2 showed a differential loss
of mRNA level in tumor stage I/II relative to normal or tumor
stage III/IV (Supplementary Fig. S6). Using qRT-PCR on an
independent set of Asian gastric cancer samples (including
normal, stage I through IV cases), we validated our findings by
comparing the expression patterns of PRKAA2 along with the
other 3 subunits of AMPK, PRKAA1, PRKAB1, and PRKAG1, for
which we had not observed changes in the RNA-seq experi-
ment (Fig. 4).

Moreover, through our mRNA:miRNA integrative analysis
(Fig. 4), PRKAA2mRNA expression is inversely correlated with
miR-19a expression (Pearson correlation test, P < 0.02), one of

Figure 3. Integrative approach to identify key differentially expressed
miRNAs related to gastric cancer. A, two criteria were used to identify key
differentially expressed miRNAs: based on the ANOVA on miRNA
expression data, at P < 0.01, 26 miRNA genes showed significant
differential expression; and integrating miRNA expression, mRNA
expression andmiRNA target information, atP < 0.01, 6 of the 26miRNAs
showed significant anticorrelation with their potential target genes. As a
result, the 6miRNAswere definedas key differentially expressedmiRNAs
related to gastric cancer. B, the expression fold change of the 6 miRNAs
in the tumor samples related to normal samples.
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mutations in transcribed regions, thereby obtaining addi-
tional information from RNA-seq data. Through integrating
these analyses, we were able to pinpoint individual key genes
for further functional investigation. Our study shows the
importance of multilayer data integration, which may more

effectively identify candidate genes than conventional sin-
gle-dimensional analysis.

While our study provides valuable insights into gastric
cancer progression, there are some limitations. First, our
RNA-seq data were single-tag reads generated from fragment

Figure 5. Analysis of metformin-activated AMPK function in gastric cancer cells. NCI-N87 and NCI-N87-HRE cells were cultured for 18 hours under
hypoxic conditions (1% O2, 5% CO2, 94% N2). A, NCI-N87 cells were treated in different concentrations of metformin. PRKAA2 expression was
measured by RT-PCR and expressed relative to cells without metformin. Values are the means of 3 measurements. B, NC-N87 cells transfected with
HRE-luciferase treated at different concentrations of metformin. HRE-luciferase was used to measure the HRE response. Values are the means of
3 measurements. Inset, Western blotting of HIF-1a protein level in NCI-N87, treated at different metformin concentrations, b-actin as loading
controls. C and D, NCI-N87 cells transfected for 72 hours with different siRNAs and treated without (open bars) or with 10 mmol/L metformin (filled bars).
PRKAA2 and HNF4a expression was measured by RT-PCR and expressed relative to cells treated without metformin (control). Values are the means
of 3 measurements. �, P < 0.05 compared with cells without metformin. E, Western blotting of HNF4a protein levels of cells transfected with
different siRNAs, treated without or with 10 mmol/L metformin.
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libraries and the read length is relatively short; therefore, we
had limited power to study aberrant splicing and gene fusion
events. A key extension to our study will be to conduct
transcriptome profiling using paired-end and longer reads.
This would provide a more comprehensive view of the tran-
scriptional aberrations. Second, a lack of normal tissue sam-
ples from the same patients who provided tumor samples
limited our ability to detect differentially expressed genes as
well as to identify de novo somatic mutations (e.g., distinguish-
ing somatic mutations from polymorphisms and RNA editing
changes). Third, our study is based on only Asian patients, so
future studies on gastric cancer in other patient populations
are needed.

Through a multidimensional and integrative analysis of
RNA-seq data of Asian patients, we identified a potentially

critical role of AMPKa in the early stages of gastric cancer.
The reason for different expression levels between stage I/II
versus III/IV is unclear, and we speculate that late-stage
tumor development may require higher energy-sensing
enzymes. Through our metformin-based functional experi-
ments, we further showed the translational relevance of
PRKAA2, which encodes a central component of the ener-
gy-sensing AMPK enzyme. Because the expression level of
PRKAA2 significantly affects key signaling nodes regulating
tumor metabolism and angiogenesis, and shows activation
by metformin, a drug widely used to treat type II diabetes,
PRKAA2 may represent a promising therapeutic target for
early gastric cancer. Our functional evidence supporting an
important role of PRKAA2 in gastric cancer is still prelim-
inary, and further functional studies are essential to eluci-
date how PRKAA2 modulation contributes to gastric cancer
progression and to evaluate whether this gene is an effective
therapeutic target.
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