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Aneurysmal subarachnoid hemorrhage (aSAH) is the most serious subtype of stroke. Genetic factors have
been known to play an important role in the development of intracranial aneurysm (1A), some of which further
progress to subarachnoid hemorrhage (SAH). In this study, we conducted a genome-wide association study
(GWAS) to identify common genetic variants that are associated with the risk of 1A, using 1383 aSAH subjects
and 5484 control individuals in the Japanese population. We selected 36 single-nucleotide polymorphisms
(SNPs) that showed suggestive association (P<1 x 10 %) in the GWAS as well as additional 7 SNPs that
were previously reported to be associated with IA, and further genotyped an additional set of 1048 1A
cases and 7212 controls. We identified an SNP, rs6842241, near EDNRA at chromosome 4¢31.22 (combined
P-value = 9.58 x 10 °; odds ratio = 1.25), which was found to be significantly associated with IA.
Additionally, we successfully replicated and validated rs10757272 on CDKN2BAS at chromosome 9p21.3
(combined P-value = 1.55 x 10 7; odds ratio = 1.21) to be significantly associated with IA as previously
reported. Furthermore, we performed functional analysis with the associated genetic variants on EDNRA,
and identified two alleles of rs6841581 that have different binding affinities to a nuclear protein(s). The tran-
scriptional activity of the susceptible allele of this variant was significantly lower than the other, suggesting
that this functional variant might affect the expression of EDNRA and subsequently result in the 1A suscep-
tibility. Identification of genetic variants on EDNRA is of clinical significance probably due to its role in vessel
hemodynamic stress. Our findings should contribute to a better understanding of physiopathology of 1A,

INTRODUCTION

Intracranial aneurysms (IAs) are balloon-like dilations of the
intracranial arterial wall in the brain. Rupture of IA causes
subarachnoid hemorrhage (SAH), a serious subtype of
stroke, which leads to fatality in ~50% of the cases and
results in significant disability in 30% of the cases (1). The
age- and sex-adjusted annual incidence and mortality rates
of SAH were 23 and 9 per 100 000 for all ages, respectively,

in Japan (1). The annual rupture risk of IA in Japan is relatively
high at ~2.7% (2). The incidence of SAH is particularly higher
in Finland and Japan than in the rest of the world (1,3 5).
Both environmental and genetic factors are known to be
involved in the development of TA, and several studies have indi-
cated that hypertension, hypercholesterolemia, cigarette smoking
and female gender are risk factors for IA (6 10). Various
Mendelian hereditary comnnective tissue disorders such as
autosomal dominant polycystic kidney disease (11) and
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type-IV Ehlers Danlos syndrome (12) are the inherited condi-
tions that increase the risk of IA. Additionally, a positive
family history for IA is considered to be an important risk
factor, as the incidence of harboring 1A for individuals who
have at least two affected first-degree relatives was reported to
range from 6 to 10% (6,13,14). With the high incidence of
familial IA, several susceptible loci which include chromosomes
1p34.3 p36.13 (15), 7q11 (16), 19q13.3 (17) and Xp22 (18)
were successfully identified to be linked to familial TA through
the linkage analysis. All this evidence has strongly implied the
role of genetic factors contributing to the physiopathology of TAs.

Since there is no clear symptom of IA, identification of risk
factors, particularly genetic risk factors, that lead to an
increase in the risk of the formation and rupture of IA,
which result in aneurysmal subarachnoid hemorrhage
(aSAH), is critically essential. With the cwrrent advances in
biotechnology, it is now feasible to identify common genetic
variants that are associated with polygenic diseases by
means of genome-wide high-density SNP arvay. Two genome-
wide association studies (GWAS) of multiple European popu-
lations have successfully identified common variants located
on chromosomes 8q12.1, 9p21.3, 10g24.32, 13q13.1 and
18q11.2 that are associated with IA. Notably, these associated
loci were successfully replicated in the Japanese population
(19,20). Because of the complex linkage disequilibrium (LD)
structures across different populations and potential inter-
action between genetic variants and environment factors, it
is well known that the effect size of common genetic variants
associated with the discase varies among different populations.
Although a GWAS of IA in the Japanese population was
reported previously, the association was not conclusive due
to the lack of validation analysis as well as the insufficient
statistical power of the study (21). Hence, we conducted an
independent GWAS of TA with a larger samples size for the
identification of genetic variants associated with TA in the
Japanese population.

RESULTS

To identify genetic variants associated with susceptibility to
IA in the Japanese population, we performed a GWAS,
using 1383 aSAH patients and 5484 control (Supplementary
Material, Table S1) subjects, with Illumina OmniExpress
BeadChip Kits that contained 733 202 SNPs. After quality
check of the SNP genotyping data, a total of 565 149 auto-
somal SNPs were used for association analysis (Supplemen-
tary Material, Table S2).

Principal component analysis (PCA) revealed that all the
subjects participating in this study were clustered in the
Asian population (Supplementary Material, Fig. S1). The
detailed PCA analysis on the basis of the genotype information
from the cases and controls classified the sample populations
mostly into two major clusters consisting of the Ryuukyu
cluster (southern islands of Japan) and the Hondo cluster
(mainland cluster) (Supplementary Material, Fig. S2). To
avoid influences of population substructure in the sample
populations as well as age and gender biases, the association
study was performed by logistic regression analysis with asso-
ciated eigenvectors, age and gender as covariates.
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A quantile quantile (Q Q) plot for this GWAS based on
565 149 SNPs is shown in Supplementary Material, Figure
S3. The genomic inflation factor (Age) of the test statistic in
this study was 1.055. Since it is known that the Age value
increases with an increase of the sample size, we calculated
the Agc value adjusted to a sample size of 1000 which was
1.031, indicating a low possibility of false-positive association
by population stratification. We subsequently applied the
genomic control method to adjust the P values and used the
adjusted P-values (Pgc) for further analysis. The Manhattan
plot shown in Figure 1 indicated no SNP to have achieved
genome-wide significance level with the threshold at a Pge
value of <5 x 10 5.

Six SNPs (rs10958409, rs9298506, rs1333040, rs11191514,
rs1980781 and rs11661542) on chromosomes 8ql1.23,
9p21.3,10q24.32, 13q13.1 and 18q11.2, which were previously
reported to be associated with IA in the European population,
showed nominal association with P-values from 4.50 x 10 *
to 9.52 x 10 ° (Supplementary Material, Table S3). On
chromosome 9p21.3, although the previously reported SNP,
rs1333040, revealed a P value of 3.79 x 10 *, we identified
another SNP, rs10757272, on this locus that showed stronger
association with TA with a P value of 7.75 x 10 *. However,
we observed no association with P-values of >0.05 for the
five SNPs (rs7542311, rs358345, rs4628172, rs6461176,
rs10217224) that were previously indicated in the GWAS in
the Japanese population (Supplementary Material, Table S3).

To further validate a possible genetic variant(s) associated
with TA, we selected a total of 64 SNPs showing suggestive
association (Pge<< 1 x 10 %) with IA. After excluding SNPs
that possess LD coefficient (+*) of >0.8 within each LD
block, we performed a replication study of 36 SNPs, using
an independent set of samples consisting of 1048 IA patients
and 7212 controls. In addition, we further analyzed seven
previously  reported  SNPs, 1s10958409, 1rs9298506,
rs1333040, rs11191514, 1s1980781 rs11661542  and
1510757272, that showed nominal association (P-value of
<0.05) with IA in our first stage.

Among 43 SNPs in the replication study, two SNPs
(rs6842241 on 4q31.22, 1s10757272 on 9p21.3) were success-
fully replicated with Bonferroni-corrected P-value of
<1.16 x 10 ? (0.05/43 independent tests) at the replication
phase as shown in Table 1 and Supplementary Material,
Table S4. The association of these two SNPs with 1A was
statistically significant, considering strict multiple testing with
the Bonferroni correction. After evaluating the combined asso-
ciation of the discovery GWAS and replication stage using
weighted inverse-variance meta-analysis, we identified an
SNP, 156842241, to have achieved the genome-wide significant
level of association with TA in the Japanese population, yielding
a combined P-value of 9.58 x 10 ? (OR = 1.25; 95% CI =
1.16 1.34) without any significant heterogeneity (P for
heterogeneity = 0.606 with I* = 0.0%). This SNP is located
within the regulatory region of the EDNRA gene on the chromo-
some locus 4q31.22. We also identified another EDNRA intronic
SNP, rs17612742 (#*= 0.99 with rs6842241), from the GWAS
to be significantly associated with IA. Imputation analysis of
this locus identified two additional SNPs, rs6841581 and
51878406, with an r*-value of >0.8 showing similar levels
of association with 156842241 (Fig. 2A).
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Figuare 1. Manhattan plot of the GWAS of aSAH. A plot that utilized genomic-control adjustment P-values after eigenvectors, age and gender correction for 565

149 autosomal SNPs against their respective position on each chromosome.

Among the previously reported candidate loci (8q11.23,
9p21.3, 10g24.32, 13q13.1 and 18ql11.2) associated with IA,
the SNPs, 151333040 and rs10757272 (#°=0.57 with
rs1333040), within the CDKNZBAS gene on a 9p21.3 region
were replicated their significant association with IA in the Japa-
nese population. In this study, rs10757272 revealed a combined
P value of 1.55x 10 7 (OR = 1.21; 95% CI=1.13 1.30)
(Table 1). The other SNP, rs1333040, on the same locus was
also successfully replicated, but the effect of this variant was
less significant with a P value of 5.56 x 10 ° (OR = 1.16,
95% Cl=1.09 1.25) than 1s10757272 (Supplementary
Material, Table S4). Imputation analysis on the 9p21.3 region
indicated that most of the strongly associated SNPs were
located at the 3’ end of CDKN2BAS (Fig. 2B).

After adjustment for known IA risk factors, which included
smoking and hypertension, the association of rs6842241 and
1510757272 with IA remained strong (2.40 x 10 °, OR =
1.26, 95% CI=1.17 1.36; 1.32x 10 5, OR =1.23, 95%
Cl=1.24 1.33) (Supplementary Material, Table S5).

Among the SNPs that were previously reported, rs11191514
on 10g24.32 and rs1980781 on 13q13.1 revealed less signifi-
cant association with TA in the Japanese population; the
combined -analysis of the two stages showed a P-value of
968 x 10 > (OR=1.17, 95% CI=1.09 1.26) for
rs11191514 on 10g24.32 and 9.20 x 10 ° (OR = 1.17, 95%
CI=1.09 1.26) for rs1980781 on 13ql13.1.

Although the SNP 15671 located in ALDH2 on chromosome
12q24.12 was marginally replicated with a P-value of 5.56 x
10 ?, the meta-analysis combining the two stages revealed
stronger association with a P-value of 2.63 x 10 ¢ (OR =
1.24, 95% CI=1.15 1.34). Owing to the functional
relevance of this locus to 1A, this SNP was considered to be
significant in the susceptibility to IA in the Japanese popula-
tion (Table 1).

Identification of novel genetic variants on the EDNRA4 gene
revealed important insights into A pathogenesis because of
the biological function of this gene. Hence, we further investi-
gated the role of genetic variants in the transcriptional level or
the protein function. We identified four SNPs in an intron
(rs17612742), or an upstream (rs6841581, 1878406 and
1s6842241) of EDNRA to be significantly associated with TA
through GWAS and imputation analysis. To examine the
effect of these SNPs on the transcription, we performed electro-
phoretic mobility shift assays (EMSAs) and identified allelic
differences in the binding affinity of a nuclear protein(s) from
HEK293 cells, using the oligonucleotides corresponding to
each allele of rs684 1581 and rs1878406. The bands correspond-
ing to the susceptible alleles G for rs6841581 and C for
rs1878406 appeared to be strong, but those for protective
alleles A and T appeared to be weak or undetectable
(Fig. 3A). The different binding affinity between the two
alleles for rs6841581 and those for 1s1878406 were confirmed
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by the competition assay in which non-labeled oligonucleotides
were added at different concentrations; the increase of the non-
labeled oligonucleotides inhibited the binding of the labeled oli-
gonucleotides in a dose-dependent manner (Fig. 3B).

To identify whether these SNPs could affect the transcrip-
tional activity of EDNRA, we performed reporter assays by
inserting either of the oligonucleotides corresponding to the
two alleles at the two SNP loci into luciferase-expressing
vectors. Plasmids containing the susceptible allele G for the
SNP 156841581, which showed higher binding affinity to the
nuclear protein(s), revealed significantly lower luciferase
activity than the non-susceptible allele A (Fig. 3C), although
no difference between the alleles was observed for the SNP
rs1878406. It is notable that the non-susceptible allele A for
rs6841581 revealed no enhancer activity in comparison with
the mock (empty) vector, but plasmids containing the suscep-
tible allele G revealed the suppressive effect on the activity
(Fig. 3C). Taking together, our findings from the EMSA and
reporter assays suggest that the 5 flanking region including
the SNP rs6841581 on EDNRA might function as a transcrip-
tional repressor and that this SNP is likely to be a functional
variant conferring IA susceptibility.

DISCUSSION

To identify genetic variants associated with IA in the Japanese
population, we performed a GWAS and a replication study
with a total of 2431 aSAH/TA subjects and 12 696 control indi-
viduals. Among the identified SNPs, we did not observe
significant differences in odds ratio (risk) between the aSAH
patients in the discovery GWAS phase and the IA patients
in the replication stage, indicating that the identified SNPs
are likely to be associated with the risk of 1A development.
The SNP rs6842241, which is located 1.25 kb upstream from
the EDNRA gene encoding endothelin receptor A, revealed the
most significant association with the combined P-value of
9.58 x 10 °.Identification of this genetic variant in the regula-
tory region of EDNRA is clinically interesting since
endothelin-1 (EDN-1) and its receptors, EDNRA and
EDNRB, have been known to play a significant role in TA patho-
physiology. EDN-1 is a potent vasoconstrictor produced by the
endothelial cells in the vasculature system. The effect of EDN-1
is mediated by two major receptor subtypes, EDNRA and
EDNRB, which activate a G-protein(s) and their second
messenger system. EDNRA is located predominantly on
vascular smooth muscle cells of the cerebrovascular system
(22) and mediates vasoconstriction and proliferation (23).
Accumulated evidence strongly implies that the EDN-1/
EDNRA and EDNRB pathways are critically important to
maintain the balance of vasoconstriction and vasodilatation in
response to the hemodynamic stress. Previous reports suggested
correlation of the elevated level of EDN-1 in the cerebrospinal
fluid and plasma in patients with aSAH having persistent cere-
bral vasospasm (24,25). Interestingly, EDNRA variants were
previously shown to be associated with a few cerebrovascular
diseases including migraine (26), myocardiac infarction
(27,28) and cystic fibrosis pulmonary disease (29). Further-
more, EDNRA variants were also associated with essential
hypertension (30) and it is overexpressed in the arteries of
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hypertensive patients (31). The other three genes that reside at
the same locus on chromosome 4q31.22 are PRMTI0 with an
unknown function; TMEM184C, which is a possible tumor
suppressor that may play some role in cell growth (32); and
ARHGAPI0, which is a Rho GTPase-activating protein 10
which stabilizes PAK and stimulates cell death (33).

With strong biological evidence for the role of EDNRA in
IA pathogenesis, we carried out functional analysis of the
identified SNPs from the GWAS and imputation analyses. It
is well known that SNPs located in the transcriptional regula-
tory regions such as promoter and enhancer regions could
affect the expression levels of the gene product through alter-
ation of the binding affinity to a specific transcription factor(s)
(34). The results of the EMSA and reporter assays indicated
that the susceptible allele G of rs6841581 has higher affinity
to the specific transcription factor(s) that might repress the
transcriptional activity of EDNRA, compared with the non-
susceptible allele A. We observed a different binding affinity
to a nuclear protein(s) between the two alleles of rs1878406,
and the reporter assay revealed no effect on the transcriptional
activity between them. We suspect it might reflect that the
31 bp oligonucleotides may not be long enough to cover the
enhancer- or repressor-binding regions. The other possibility
is that a nuclear protein bound to this region has no stronger
effect on the transcriptional regulation.

For SNPs on chromosome 9p21.3, we successfully validated
the association of this locus with TA as reported previously.
We identified a stronger assocxatlon of an SNP, rs10757272
(combined P=155x 10 7), with [A than the SNP,
151333040 (combined P = 5.56 x 10 ), that was previously
identified in the study of the European population. Interest-
ingly, the SNP rs10757272 was also shown to be associated
with coronary artery disease (CAD) and platelet reactivity (a

potential mechanism for increased vascular disease) in the
European population (33,36). This finding suggests that
rs10757272 or SNPs that are in high LD with it might be a
common genetic risk factor(s) for mu!tiple cardiovascular dis-
orders. SNPs on a chromosome 9p21.3 region, which consist
of p15™&4  p16™5% and CDKN2BAS, have been indicated
to be assocxated with several atherosclerotic vascular diseases
such as CADs (37 39), stroke (40), myocardial infarction
(38), abdominal aortic aneurysm (41) and TA (20). A recent
study revealed that targeted deletion of the 9p21 CAD risk
interval in a mouse model resulted in severely attenuated
expression of two CDKN2BASs’ neighboring tumor-
suppressor genes, p/ 5™ and p16™%* which subsequently
affects the CAD progression by alteung the dynamics of
vascular cell proliferation (42). The findings of multiple
vascular diseases associated with this locus have provided a
new direction for the pathogenesis of these diseases.

Finally, although the association of rs671 (combined P =
2.63 x 10 ) on the ALDH2 gene was marginally replicated
in this study, the association of this locus remained to be of
interest in the Japanese population. ALDH?2 belongs to the alde-
hyde dehydrogenase 2 family (mitochondrial), which is the
second enzyme of the major oxidative pathway of alcohol
metabolism. rs671 in this gene is the functional variant
(Glu504Lys), and an A allele results in the inactivation of
ALDH?2, inducing ‘alcohol flush’. The allelic frequency of this
variant is uniquely high in the Asian population. In this study,
the variant rs671A allele seemed to act as a protective allele,
suggesting that individuals with the A allele might drink less
amount of alcohol, which would result in the reduction of IA
risk. Since alcohol drinking has been consistently indicated as
one of the risk factors for 1A, further validation of the association
on this locus would be of medical importance.
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Figure 3. Functional analysis of SNPs at the EDNRA locus. (A) EMSA screening for variants associated with the binding of a nuclear protein(s) from nuclear
extracts of HEK293 cells. The susceptible alleles G and C for rs6841581 and rs1878406, respectively, formed DNA protein complexes, as pointed with arrows.
(B) The specific interaction of labeled oligonucleotides corresponding to alleles G and C was completed in a dose-dependent manner using an unlabeled oligo-
nucleotide with the G and C alleles, but not oligonucleotides corresponding to the A and T alleles of rs6841581 and rs1878406, respectively. (C) Differences in
the transcriptional activity between the susceptible and non-susceptible alleles of rs6841581 and rs1878406 measured by dual-luciferase reporter assay. The
values of the relative Juciferase activity are shown with standard deviation after normalization with internal control renilla luciferase activity. The relative
tuciferase activity of the susceptible genotype G of rs6841581 was significantly lower than that of the non-susceptible allele A and mock (empty) vector

(P < 0.0001, Student’s t-test).

In conclusion, by a large-scale GWAS, we successfully
identified two genomic loci, EDNRA (4q31.22) and
CDKN2BAS (9p21.3), to be significantly associated with A
in the Japanese population. Owing to the complexity of detect-
ing TA in the general population, the associations of genetic
variants have not just served as a promiging prediction tool
to identify individuals who have a higher risk of TA, but
have also provided a better understanding of the disease patho-
genesis which subsequently leads to the development of clin-
ical intervention for TA.

MATERIALS AND METHODS

Study population

All DNA samples for this study were recruited from the
Biobank Japan Project that began in 2003 (http://biobankjp.
org). The Biobank Japan Project has a collaborative network
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of 66 hospitals throughout Japan to collect DNAs and serum
samples from nearly 300 000 cases with any of the 47 diseases
we assigned. One of the major aims of this project was to iden-
tify common genetic variants that confer risk to common dis-
eases, including metabolic diseases and cancers. As a
discovery step of this study, we selected 1383 patients regis-
tered as aneurysmal SAH (aSAH) cases, which is caused by
the rupture of TA. We selected aSAH patients for the discovery
screening because aSAH is a severe form of A in which the
disease-associated variants are likely to be enriched. We veri-
fied the association results of the first set by utilizing an inde-
pendent set of samples consisting of 1048 1A patients.
Identification of IA in the case samples was done using com-
puterized tomography angiogram, magnetic resonance angio-

-gram or cerebral digital subtraction angiogram. We included

5484 and 7212 controls consisting of healthy volunteers
from Midosuji Rotary Club, Osaka, Japan, Health Science
Research Resource Bank and individuals in the Biobank
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Japan who were registered not to have SAH/IA in the
discovery and replication stages, respectively. The detailed
demographic and clinical parameters of cases and controls
are summarized in Supplementary Material, Table S1. Partici-
pants of this study provided written inform consent and this
project was approved by the ethical committee from the Insti-
tute of Medical Sciences, the University of Tokyo and RIKEN
Center of Genomic Medicine.

Genotyping and quality control

For the GWAS discovery stage, we genotyped both case and
control samples using Hlumina OmniExpress BeadChip that
contained a total of 733 202 SNPs. We performed standard
SNP quality control by excluding SNPs with a call rate of
<0.99, those deviated from the Hardy—Weinberg equilibrium
(P < 1.0 x 107%), non-polymorphic ones and those on the X
chromosome. The cluster plots of top 100 SNPs that revealed
the strongest association with aSAH were checked by visual
observation to exclude SNPs with ambiguous patterns. The
number of excluded SNPs in each quality control process is
summarized in Supplementary Material, Table S2. We utilized
the identity-by-state method to evaluate cryptic relatedness for
each sample; samples that possess an average estimate value
of >1.7 were eliminated from subsequent analyses. Addition-
ally, we examined population stratification by principal
component analysis (PCA) using the EIGENSTRAT software
v2.0 (http://genepath.med.harvard.edu/~reich/Software.htm).
We first performed PCA, utilizing four populations in the
HapMap database, which included Europeans (represented
by Caucasian from UTAH, CEU), Africans (represented by
Yoruba from Ibadan, YRI) and East Asians (represented by
Japanese from Tokyo, JPT, and Han Chinese from Beijing,
CHB) as reference populations for PCA. The top two principal
components were utilized to produce a scatter plot for the
identification of outliers who did not belong to the Asian
cluster. To further investigate the population substructure in
the sample population, we performed PCA using the genotype
information of the case and control subjects in this study. The
Q-Q plot that was generated between observed P-values
against expected P-values and inflation factor (A) values
were used to evaluate the potential population substructure.
Manhattan plot of the study was plotted using Haploview
4.1 (43).

For a replication study, a total of 36 SNPs that showed
suggestive association with IA in the Japanese population
(Pge<< 1.0 x 107%) as well as 7 SNPs that were previously
reported to be associated with TA (19,20) were selected for
further evaluation with an independent set of 1048 TA cases
and 7212 controls. We genotyped the cases with the
multiplex-PCR Invader assay (44) and the control samples
with Hlumina OmniExpress BeadChip Kits. SNPs with a call
rate of <99% and those that were deviated from the
Hardy—Weinberg equilibrium (P < 0.05) were excluded for
further analysis.

Statistical analysis

The case—control association was evaluated using logistic
regression analysis with associated eigenvectors, age and

gender as covariates in the discovery (GWAS) and replication
phases of this study. The P-values obtained from the discovery
phase were subsequently corrected using the genomic control
method (45), and the corrected P-values were used for further
analysis. Meta-analysis for the combined analysis of discovery
and replication phases was performed using the weighted
inverse-variance method implemented in the METAL soft-
ware  (http://www.sph.umich.edu/csg/abecasis/Metal/index.
html). P-values for the heterogeneity test are evaluated with
Cochran’s Q statistic and I* statistic (46).

After the identification of candidate loci to be possibly asso-
ciated with TA, imputation of the missing genotypes was per-
formed with MACH 1.0 (http://www.sph.umich.edu/csg/abeca
sis/MACH/index.html). For imputation analysis, we included
SNPs that were located <500 kb upstream or downstream of
the marker SNP except SNPs that had a low genotyping rate
(<99%), showed deviations from Hardy—Weinberg equilib-
rium (<1.0 x 107%) or had an MAF of <0.01. Genotype
information from the Phase Il HapMap database was used
as reference. Using the MACH version 1.0 program, we esti-
mated haplotypes, map crossover and error rates using 50
iterations of the Markov chain Monte Carlo algorithm.
For imputation quality control, we excluded SNPs with 72
values of <C0.3. Regional association plots were generated
using Locus Zoom (https:/statgen.sph.umich.edu/locuszoom/
genform.php?type=yourdata).

Cell line

A human embryonic kidney cell line, HEK293, was purchased
from the American Type Culture Collection (ATCC, Rock-
ville, MD, USA). HEK293 cells were grown in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA, USA;
ATCC) supplemented with 10% bovine serum (GIBCO) and
1% antibiotic/antimycotic solution (Sigma-Aldrich, St Louis,
MO, USA). The cells were maintained at 37°C in atmospheres
of humidified air with 5% CO,.

Electrophoretic mobility shift assay

A nuclear fraction of HEK293 cells was extracted using
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific). Thirty-one base pairs of sense and anti-
sense oligonucleotides corresponding to the genomic sequence
which contained the SNPs of interest (rs6841581, 1517612742,
rs1878406 and rs6842241) were synthesized (Supplementary
Material, Table S6) and labeled with the DIG Gel Shift kit,
second generation (Roche), according to the manufacturer’s
protocol. The reaction was started with pre-incubation of
labeled oligonucleotide with poly[d(I-C)] and poly-L-lysine,
and 10 pg of nuclear extract from HEK293, for 20 min at
25°C. For a competition assay, 5-fold, 25-fold or 50-fold
excess of unlabeled oligonucleotide was added to nuclear
extracts before adding the either of DIG-labeled probes. The
protein—DNA complex was separated by electrophoresis on
a 6% non-denaturing polyacrylamide gel with- 0.5x Tris—
borate EDTA buffer and transferred onto a nylon membrane.
The protein complexes were visualized by autoradiography.
All EMSAs were repeated twice to check for reproducibility.
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Dual-luciferase reporter assays

To construct luciferase reporter plasmids containing the SNPs
of interest (rs6841581 and rs1878406), Smal and Bglll restric-
tion enzyme sites were added to the 31 bp oligonucleotides
that were used as a probe in the EMSA assay and either of
the annealed double-stranded oligonucleotides was inserted
into the upstream of the luciferase reporter gene in the
pGL3 promoter (Promega). The sequences of the constructs
were verified using the ABI3730 Genetic Analyzer (Applied
Biosystems). After 24 h incubation of HEK293 cells (2 x
10% on a 12-well plate, the cells were co-transfected with
400 ng of each reporter construct and 8 ng of the internal
control pRL-TXK (renilia luciferase), using the FuGene 6 trans-
fection reagent (Roche). After 48 h incubation, the cells were
lysed in passive lysis buffer and luciferase activities were mea-
sured using the Dual-Luciferase Reporter Assay System
(Promega). The results were normalized by renilla luciferase
activity.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Abstract

AIM: To investigate human epidermal growth factor re-
ceptor 2 (HER2)-phosphatidylinositol 3-kinase (PI3K)-v-
Akt murine thymoma viral oncogene homolog signaling
pathway.

METHODS: We analyzed 231 formalin-fixed, paraffin-
embedded gastric cancer tissue specimens from Japa-
nese patients who had undergone surgical treatment.
The patients’ age, sex, tumor location, depth of inva-
sion, pathological type, lymph node metastasis, and
pathological stage were determined by a review of the
medical records. Expression of HER2 was analyzed by
immunohistochemistry (IHC) using the HercepTest™"
kit. Standard criteria for HER2 positivity (0, 1+, 2+,
and 3+) were used. Tumors that scored 3+ were con-
sidered HER2-positive. Expression of phospho Akt (pAkt)
was also analyzed by IHC. Tumors were considered
pAkt-positive when the percentage of positive tumor
cells was 10% or more. PI3K, catalytic, alpha poly-
peptide (PIK3CA) mutations in exons 1, 9 and 20 were
analyzed by pyrosequencing. Epstein-Barr virus (EBV)
infection was analyzed by /in sifu hybridization target-
ing EBV-encoded small RNA (EBER) with an EBER-RNA
probe. Microsatellite instability (MSI) was analyzed by
polymerase chain reaction using the mononucleotide
markers BAT25 and BAT26.

RESULTS: HER2 expression levels of 0, 1+, 2+ and
3+ were found in 167 (72%), 32 (14%), 12 (5%) and
20 (8.7%) samples, respectively. HER2 overexpres-
sion (IHC 3+) significantly correlated with intestinal
histological type (15/20 vs 98 /205, P = 0.05). PIK3CA
mutations were present in 20 cases (8.7%) and signifi-
cantly correlated with MSI (10/20 vs 9/211, P < 0.01).
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The mutation frequency was high (21%) in T4 cancers
and very low (6%) in T2 cancers. Mutations in exons
1, 9 and 20 were detected in 5 (2%), 9 (4%) and 7
(3%) cases, respectively. Two new types of PIK3CA
mutation, R88Q and R108H, were found in exonl. All
PIK3CA mutations were heterozygous missense single-
base substitutions, the most common being H1047R
(6/20, 30%) in exon20. Eighteen cancers (8%) were
EBV-positive and this positivity significantly correlated
with a diffuse histological type (13/18 vs 93/198, P =
0.04). There were 7 cases of lymphoepithelioma-like
carcinomas (LELC) and 6 of those cases were EBV-pos-
itive (percent/EBV: 6/18, 33%; percent/all LELC: 6/7,
86%). pAkt expression was positive in 119 (53%) cas-
es but showed no correlation with clinicopathological
characteristics. pAkt expression was significantly cor-
related with HER2 overexpression (16/20 vs 103/211,
P < 0.01) but not with PIK3CA mutations (12/20 vs
107/211, P = 0.37) or EBV infection (8/18 vs 103/211,
P = 0.69). The frequency of pAkt expression was
higher in cancers with exon20 mutations (100%) than
in those with exonl (40%) or exon9 (56%) mutations.
One case showed both HER2 overexpression and EBV
infection and 3 cases showed both PIK3CA mutations
and EBV infection. However, no cases showed both
PIK3CA mutations and HER2 overexpression. One EBV-
positive cancer with PIK3CA mutation (H1047R) was
MSI-positive. Three of these 4 cases were positive for
pAkt expression. In survival analysis, pAkt expression
significantly correlated with a poor prognosis (hazard
ratio 1.75; 95%CI: 1.12-2.80, P = 0.02).

CONCLUSION: HER2 expression, PIK3CA mutations
and EBV infection in gastric cancer were characterized.
pAkt expression significantly correlates with HER2 ex-
pression and with a poor prognosis.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Gasttic cancer is one of the most common cancer types
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and the second leading cause of cancer-related deaths
wotldwide". Genetic and epigenetic alterations play
important roles in the development and progression of
these tumors™. Considerable attention has been given
to the potential role of the phosphatidylinositol 3-kinase
(PI3K)-Akt signaling pathway in gastric cancer™, Vari-
ous alterations, such as activation of growth factor recep-
tors, PI3K, catalytic, alpha polypeptide (PIK3CA) muta-
tions and inactivation of phosphatase and tensin homo-
log (PTEN) lead to activation of the PI3K-Akt signaling
pathway. With regards to growth factor receptors, there
is growing evidence that human epidermal growth factor
teceptor 2 (HER?2) is a key dtiver of tumotigenesis and
an important biomarker in gastric cancer. The amplifica-
tion ot ovetexpression of HER2 is observed in 7%-34%
of these cases® .

PIK3CA is mutated in a wide vatiety of human tu-
mot types[w’“], including gastric cancers' -, Activating
mutations in this gene up-regulate the PI3K-Akt signaling
pathway, making it a potentially useful therapeutic target.
For example, oncogenic mutations of PIK3CA reported-
ly render breast cancers more resistant to treatment with
the anti-HER2 receptor antibody trastuzumab%. Thus,
this signaling pathway is thought to be one of the mecha-
nisms undetlying resistance to trastuzumab. Trastuzumab
has recently been approved for treatment of advanced
gastric cancers™?,

Pyrosequencing-based methods facilitate the identi-
fication of low-frequency tumor mutations and allow a
mote accurate assessment of tumor mutation burden"”.
PIK3CA mutations have been detected in 4%-25% of
gastric cancers'”"”, However, in most previous studies,
only exons 9 and 20 hot spot mutations in PIK3CA were
analyzed by DNA sequencing, Moteover, the association
between HER2 expression and PIK3CA mutations in
gastric cancer has not been reported.

A significant correlation has been found between Ep-
stein-Barr virus (EBV) and the methylation of multiple
genes in gastric cancers'*™. EBV infection reportedly
induces PTEN expression loss through CpG island meth-
ylation of its promoter, leading to activation of the PI3K-
Akt signaling pathway, in EBV-associated gastric cancer®

The aim of out present study was to systematically
charactetize HER2 expression, PIK3CA mutations, and
EBYV infection, all of which are involved in the PI3K-Akt
signaling pathway, in a large cohort of gastric cancers (7 =
231). We wished to determine the prevalence of each of
these factors with a high precision and thereby correlate
them with clinicopathological and molecular features of
gasttic lesions, including microsatellite instability (IMST)
and phospho Akt (pAkt) expression.

MATERIALS AND METHODS

Tissue samples A

A total of 231 formalin-fixed, paraffin-embedded (FFPE)
gastric cancer tissue specimens from Japanese patients
who had undergone surgical treatment was analyzed in
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this study. The patients’ age, sex, tumor location, depth
of invasion, pathological type, lymph node metastasis,
and pathological stage wete determined by a review of
their medical records. Clinicopathological findings were
determined according to the critetia of the Japanese Re-
search Society for Gastric Cancer (Table 1). Our institu-
tional review committee approved the study.

Immunohistochemistry

HER?2 expression was analyzed using the HercepTest™
kit (DAKO, Carpinteria, CA) by manual sample process-
ing in accordance with the manufacturer’s instructions.
Standard critetia for HER2 positivity (0, 1+, 2+ and
3+) were used. Tumors that scored 3+ were considered
HER2-positive. For the immunohistochemical analysis of
pAkt, FFPE specimens were processed using SignalStain
Boost Detection Reagent (Cell Signaling Technology,
Bevetly, MA). Briefly, 5-pum-thick sections were dewaxed
in xylene, rehydrated in ethanol, and heated with target
retrieval solution (DAKO) in an autoclave for antigen
retrieval. Endogenous peroxidase was blocked by incuba-
tion with 0.3% hydrogen peroxide in methanol for 10
min. The tissue sections were then washed twice with
tris-buffered saline (TBS) and preblocked with 10% goat
serum in TBS for 60 min. After washing with TBS, the
sections wete incubated with an anti-phospho-Akt (Ser473)
polyclonal antibody (D9E, Cell Signaling Technology)
at a dilution of 1:100 for 30 h at 4 C. The sections were
washed three times in TBS and incubated with SignalStain
Boost Detection Reagent for 45 min. After three further
washes in TBS, a diamino-benzidine tetrahydrochloride
working solution was applied. Finally, the sections were
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counterstained with hematoxylin. Tumors were considered
pAkt-positive when the percentage of positive tumor cells
was 10% or more™. Only clear staining of the tumor cell
nucleus and/or cytoplasm was considered positive.

Mutation analysis of the PIK3CA gene by pyrosequencing
Genomic DNA was extracted from tumor specimens and
mutations in exon9 and exon20 of the PIK3CA gene were
analyzed by pyrosequencing as described previously™??,
We also developed a pyrosequencing assay to detect PIK-
3CA exonl mutations using the primer sets exonl-RS1
(5-GGGAAGAATTTTTTGATGAAACA-3’ for the
biotinylated forward primer and 5-GGTTGCCTACT-
GGTTCAATTACTT-3’ for the reverse primer) and
exonl-RS2 (5-CGGCTTTTTCAACCCTTTTT-3 for
the forward primer and 5’-ATTTCTCGATTGAG-
GATCTTTTCT-3 for the biotinylated reverse primer).
Each polymerase chain reaction (PCR) mix contained
the forward and reverse ptimers (each 10 pmol/L), a 25
mmol/L dNTP mix with dUTP, 75 mmol/L MgClz, 1 X
PCR buffet, 1.0 U of exTaq, and 2 pL. of template DNA
in a total volume of 25 pl.. PCR conditions were as fol-
lows: initial denaturing at 95 °C for 5 min; 50 cycles of
94 °C for 20 s, 50 'C for 20 s and 74 °C for 40 s; and a
final extension at 72 °C for 1 min. The PCR products (each
25 uL) were sequenced using the PyroMark kit and Pyro-
sequencing PSQ96 HS System (Qiagen, Valencia, CA).

In situ hybridization for EBER1

The presence of EBV in the carcinoma tissues was eval-
uated by 7 sitw hybridization (ISH) tatgeting of EBV-
encoded small RNA (EBER-ISH) with an EBER-RNA
probe (Dako Cytomation).

Microsatellite instability analysis

MSI was analyzed by PCR using the mononucleotide
matkers (BAT25 and BAT26). Based on the number of
markers showing instability per tumor sample, cancers
wete divided into two groups; those with one or more
of the two markers displaying MSI and those with no
instability (microsatellite stable).

Statistical analysis

For all statistical analysis, the JMP program was used. All
P values were two-sided and statistical significance was set
at P << 0.05. For categorical data, the ZZ test was used. For
survival analysis, Kaplan-Meier method and log-rank test
were used. For analysis of cancer-specific mortality, we
excluded surgery-related deaths (deaths within one month
of sutgery).

RESULTS

HER2 expression in gastric cancer tissues

HER?2 expression levels of 0, 1+, 2+ and 3+ were found
in 167 (72%), 32 (14%), 12 (5%) and 20 (8.7%) samples,
respectively (Figure 1). HER2 overexpression (IHC 3+)
significantly correlated with intestinal histological type
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MSI: Microsatellite instability; LELC: Lymphoepithelioma-like carcinoma; HER2: Human epidermal growth factor receptor 2; PIK3CA: Phosphatidylinosi-
tol 3-kinase, catalytic, alpha polypeptide mutations; EBV: Epstein-Barr virus; pAkt: Phospho Akt; OS: Overall survival.
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(15/20 »s 98/205, P = 0.05, Table 2). Three-year sutvival
rates were 29% in patients with HER2 overexpression
and 59% in cases without HER2 overexpression, respec-
tively [hazard ratio (HR) 1.73; 95%CI: 0.87-3.14, P = 0.24].

Mutations of the PIK3CA gene in gastric cancer tissues
PIK3CA mutations were present in 20 cases (8.7%) (Table
2 and Figure 2). The mutation frequency was high (21%)
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in T4 cancers and low (6%) in T2 cancers. Mutations in
exons 1, 9 and 20 of PIK3CA wete detected in 5 (2%),
9 (4%) and 7 (3%) cases, respectively (Table 3). One case
had multiple PIK3CA mutations (R108H and E542K).
The exon20/exon9 prevalence ratio was 0.78 (7/9). Two
new types of PIK3CA mutations, R88Q and R108H,
were detected in exonl. All mutations were heterozygous
missense single-base substitutions and the most common
mutation was H1047R (6/20; 30%) in exon20. PIK3CA
mutations were also found to significantly correlate with
MSI (10/20 »s 9/211, P < 0.01) but not with other clini-
copathological characteristics. The three-year survival
rates were 57% in patients with PIK3CA mutations and
57% in cases without PIK3CA mutations, respectively
(HR 1.37; 95%CI: 0.68-3.26, P = 0.59).

EBV infection

Eighteen samples in our cohort (8%) were EBV-positive
and this positivity significantly correlated with diffuse
histological type (13/18 »s 93/198, P = 0.04) (Table 2
and Figure 3). There were 7 cases of LELC and 6 of
those cases were EBV-positive (petcent/EBV: 6/18,
33%,; petcent/all LELC: 6/7, 86%). The three-year sur-
vival rates were 57% in patients with EBV infection and
57% in those without EBV infection (HR 0.81; 95%CI:
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Figure 1 Immunohistochemi-
cal analysis of human epider-
mal growth factor receptor 2
in gastric cancer tissues. A:
Human epidermal growth factor
receptor 2 (HER2) 3+; B: HER2
2+, C: HER2 1+; D: HER2 0.
Original magnification, x200.
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Figure 2 Phosphatidylinositol 3-kinase, catalytic, alpha polypeptide mutations detected by pyrosequencing in gastric cancer tissues. A: Exon1 RS1 wild
type; B: 263G>A (R88Q) mutation; C: Exon1 RS2 wild type; D: 323G>A (R108H) mutation.
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Figure 3 In situ hybridization analysis of Epstein-Barr virus-encoded small RNA-1 and human epidermal growth factor receptor 2 immunohistochemical
expression in gastric cancer tissues. A: Gastric adenocarcinoma positive for Epstein-Barr virus-encoded small RNA-1 (EBER-1); B: Gastric adenocarcinoma nega-
tive for EBER-1; C: Immunohistochemical analysis of human epidermal growth factor receptor 2 (HER2) in an Epstein-Barr virus-positive and HER2-positive case.
Original magnification, x200.
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Figure 4 Immunohistochemical analysis and assessment of phospho Akt positivity based on molecular alterations in gastric cancer tissues. A: Gastric
adenocarcinoma showing phospho Akt (pAkt) positivity. Original magnification, x200; B: pAkt expression significantly correlates with human epidermal growth factor
receptor 2 (HER2) overexpression (P < 0.01) but not with phosphatidylinositol 3-kinase, catalytic, alpha polypeptide (PIK3CA) mutations (P = 0.37) or Epstein-Barr

virus (EBV) infection (P = 0.69).

0.36-2.31, P = 0.98).

Association of HER2 overexpression, PIK3CA mutations
and EBV infection

One of our cases showed both HER2 overexpression
and EBV infection and 3 cases showed both PIK3CA
mutations and EBV infection. However there were no
cases showing both PIK3CA mutations and HER2 over-
expression. Three of the 4 cases were positive also for
pAkt expression. PIK3CA mutations were present in 3
EBV-positive cancers, including 2 cases of LELC (2/5,
40%). One EBV-positive cancer with a PIK3CA muta-
tion (H1047R) was MSI-positive.

PAkt expression

pAkt expression was positive in 119 (53%) of our cases
but this showed no correlation with clinicopathologi-
cal characteristics (Figure 4A). On the other hand, pAkt
expression was found to be significantly correlated with
HER?2 overexptession (16/19 »s 103/204, P < 0.01) but
not with PIK3CA mutations (12/19 »s 107/204, P = 0.37)
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ot EBV infection (8/17 »s 103/198, P = 0.69) (Table 2).
The frequency of pAkt expression was higher in cancers
with exon20 mutations (100%) than in those with exonl
(40%) or exon9 (56%) mutations of PIK3CA, although
this difference did not reach statistical significance (Figute
4B). The five-year survival rates were 37% in patients
with pAkt expression and 59% in those without pAkt
expression (HR 1.75; 95%CI: 1.12-2.80, P = 0.02) (Figure
5). Hence, pAkt expression significantly correlates with a
poor prognosis in gastric cancet.

DISCUSSION

In our present study, we systematically characterized HER2
expression, PIK3CA mutations and EBV infection, all of
which are involved in the PI3K-Akt signaling pathway, in
a large cohort of patients with gastric cancer (z = 231).
We aimed to determine the prevalence of these character-
istics with a high level of precision and to correlate them
with clinicopathological and molecular features, such as
MSI and pAkt expression.
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Sukawa Y et a/. PI3K-Akt pathway alterations in gastric cancer

Lo Overall survival: HER2 "
Positive
-------- Negative
0.8 -
45 P =012
S o06f 0 T e
g °r L= T
o ikt PP
s L TR
S 04t
2
=
"
0.2 -
0.0 1 1 i 1 ]
0 12 24 36 48 60
Survival time (mo)
1.0 Overalt survival: EBV "
Positive
-------- Negative
0.8
s - P=0.64
£ 06 T,
2 e
e 1 L e
a T T
g o4t
c
3
(73]
0.2 +
0.0 1 1 1 1 1
0 12 24 36 48 60

Survival time (mo)

Survival proportion

Survival proportion

1.0 Overall survival: PIK3CA
Mutant
-------- Wild type
0.8 | e
______ P =0.45
06+  hell
2
0.2
0.0 1 1 1 L 1
0 12 24 36 48 60
Survival time (mo)
1.0 Overall survival: pAkt .
. Positive
CLoo e Negative
0.8 | . 9
) P=0.02
0.6 +
0.4 +
0.2 +
0_0 1 L i ] 1 1 1 1 1 1
0 12 24 36 48 60 72 84 96 108 120

Survival time (mo)

Figure 5 Survival analysis of gastric cancer patients. Three year survival of human epidermal growth factor receptor 2 (HER2)-positive vs HER2-negative, 29.1
mo vs 59.4 mo; Phosphatidylinositol 3-kinase, catalytic, alpha polypeptide (PIK3CA) mutation vs wild type, 63.7 mo vs 56.3 mo; Epstein-Barr virus (EBV)-positive vs
EBV-negative, 51.3 mo vs 57.6 mo; And phospho Akt (pAkt)-positive vs pAkt-negative, 50.7 mo vs 64.8 mo. Five year survival of pAkt-positive vs pAkt-negative cases,

35.5mo vs 58.1 mo.

HER2 ovetexpression (IHC 3+) was present in 20
samples (8.4%), a value that is within the range (7%-34%)
reported in the current literature®™. HER2 overexpres-
sion was found to significantly correlate with the intesti-
nal histological type. Hence, the frequency of HER2 ex-
ptession may depend on, at least in part, the distribution
of histology in a cohort of gastric cancer samples. Some
studies have suggested that HER2 positivity in gastric
cancer is associated with pootr outcomes and aggressive
disease, but the results are conflicting, We found for the
first time in our present analyses that HER2 overexpres-
sion significantly correlates with pAkt expression in gas-
tric cancer tissues. Moreover, pAkt expression correlated
with a poor prognosis in these patients. Thus, the HER2-
Akt axis may play an important role in gastric cancer.

Pyrosequencing-based methods facilitate the identifica-
tion of low-frequency tumot mutations and allow a more
accurate assessment of tumor mutation burden”"*", We
characterized PIK3CA mutations in gastric cancer tissues
using pyrosequencing for the first time. The overall preva-
lence of PIK3CA mutations was found in our analysis
to be 8.7%, a value that is within the previously reported
range (4% to 25%)"**". The mutation frequency was
found to be high (21.4%) in T4 cancers and low (6.4%) in
T2 cancers in our sample cohort. Thus, PIK3CA muta-
tions appear to be late events in gastric carcinogenesis,
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leading to tumor progression. These patients might there-
fore be appropriate for targeted therapies directed against
the PI3K pathway.

The most common PIK3CA mutation found in our
analysis was H1047R, which was also found previously!”.
Importantly, two new types of mutations wete found in
exonl. To our knowledge, PIK3CA mutations involving
residues 88 and 108 (R88Q and R108H) have been never
reported previously in gastric cancer, not desctibed in the
COSMIC database, despite the large number of previ-
ous studies in which this region was investigated. These
mutations have been detected in several other types of
cancer tissues”™. Importantly also, these mutations have
been reported to be gain-of-function™ . Our present
results thus have potential clinical implications since the
mutational status of PIK3CA could stratify patients for
genotype-based molecular therapies targeting the PI3K
pathway. Hence, exonl of PIK3CA should be analyzed
in gastric cancer patients in these clinical settings.

PIK3CA mutations were found to be significantly as-
sociated with the MSI phenotype in our expetiments. An
association between PIK3CA mutations and MSI has
been reported, or at least suggested, for both gastric and
colon cancers">"**), We found in our present study that
PIK3CA mutations in cancers with MSI are distributed
in exonl, exon9 and exon20. These results further sup-
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port the notion that PIK3CA is one of the most impor-
tant oncogenes activated by missense mutations in MSI-
positive gastric cancers.

The frequency of pAkt expression was found to be
higher in cancers with exon20 mutations (100%) than
in those with exonl (40%) or exon9 (56%) mutations
in PIK3CA. These results further support the notion
that the functional significance of PIK3CA mutations
depends on the mutation type and that the H1047R hot-
spot mutation has high oncogenic activity.

The previous ToGA study has shown that the addition
of trastuzumab to the chemotherapeutic regimen im-
proves survival in patients with advanced gastric or gastro-
esophageal junction cancer™. PIK3CA mutation is one
of the mechanisms undetlying the resistance to trastu-
zumab in breast cancer™. Trastuzumab is likely to be ef-
fective for HER2-overexpressing breast cancers with no
PIK3CA mutations, with possible rescue using HER2-
TKIs in cases of relapse[m. For HER2-overexpressing
breast cancer with PIK3CA mutations, inhibitors against
molecules of the PI3K pathway are possibly more ef-
fective than anti-HER2 agents, which are unlikely to be
beneficial®™. In our present study, PIK3CA mutations
were not found in gastric cancers with HER2 overex-
pression. Thus, it is unlikely that PIK3CA mutation is
a major mechanism underlying the resistance to trastu-
zumab in gastric cancer.

HER2 ovetexpression was found in only one of the
18 EBV-positive gastric cancers in our sample cohort. This
result can be explained, at least in part, by the fact that
HER?2 overexpression and EBV infection significantly
cotrelate with intestinal and diffuse histological types,
respectively. On the other hand, PIK3CA mutations were
identified in 3 EBV-positive cancers, including 2 cases
of LELC (2/5, 40%). Although not analyzed in our cut-
rent study, EBV infection reportedly inactivates PTEN
through the CpG island methylation of its promoter in
EBV-associated gasttic cancet” . Thus, alterations in the
PI3K-Akt signaling pathway in EBV-positive gastric can-
cers may differ from those in EBV-negative cancers.

Finally, pAkt expression was found to correlate with a
poor prognosis in gastric cancer. A significant association
between increased pAkt expression and poor prognosis
has been teported previously in patients with T3/T4
gastric cancer but not in those with T1/T2 cancer™. Tt
has been teported also that pAkt expression is associated
with increased resistance to multiple chemotherapeutic
agents in gastric cancer patients, when chemotherapeutic
sensitivities were tested using MTT assays™". Thus, Akt
activation appears to lead to a poor prognosis and re-
sistance to chemotherapeutic agents in gastric cancer. A
positive correlation between a decrease in the pAkt levels
after gefitinib administration and tumor apoptotic index
in gastric cancer has also been reported®. Further analy-
ses regarding the pAkt status in cancer tissues before
and after chemotherapy and molecular targeted therapy
will be necessary. Not all Akt activation events can be
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explained by HER2 expression, PIK3CA mutations, and
EBV infection in gastric cancer. We have reported previ-
ously that a dominant negative insulin-like growth factor
(IGF)-1 receptor blocks the Akt-1 activation induced by
IGF-1 and IGF-2 in gastric cancer cell lines®. Thus, mo-
lecular alterations, such as the overexpression of 1IGF-1
teceptot, might be involved in the activation of Akt in
gastric cancer and this issue needs to be clarified in the
near future.

Background

Personalized therapy has begun also in advanced gastric cancer through the
use of trastuzumab, an anti-human epidermal growth factor receptor 2 (HER2)
antibody. Many drugs targeting the phosphatidylinositol 3-kinase (PI3K)-Akt
pathway have now been developed and clinical frials are ongoing. An appro-
priate biomarker is necessary for successful molecular targeted therapy. The
alterations of molecules in the PI3K-Akt pathway could be a good biomarker for
such drugs.

Research frontiers

Various alterations, such as activation of growth factor receptors, PI3K, cata-
Iytic, alpha polypeptide (PIK3CA) mutations and Epstein-Barr virus (EBV) infec-
tion lead to activation of the PI3K-Akt signaling pathway. However, clinicopatho-
logical and molecular correlates among such alterations have not been clearly
addressed. In the present study, the authors identify new clinicopathological
and molecular correlations between HER2 expression, PIK3CA mutations, EBY
infection and phospho Akt (pAkt) expression in gastric cancer.

Innovations and breakthroughs

This is the first study to systematically characterize HER2 expression, PIK3CA
mutations and EBV infection, all of which are involved in the PI3K-Akt signaling
pathway, in a large cohort of patients with gastric cancer. The prevalence of
these characteristics was thereby determined with a high level of precision and
correlations with the clinicopathological and molecular features of gastric can-
cers, such as microsatellite instability and pAkt expression, could be assessed
accurately for the first time.

Applications

The results have potentially important clinical implications since the mutational
status of PIK3CA can be used to stratify cancer patients for genotype-based
molecular therapies that target the HERs-PI3K pathway.

Terminology

PI3K-Akt pathway: Akt is believed to transduce the major downstream PI3K sig-
nals in cancer. Akt regulates cell growth and survival pathways by phosphory-
lating substrates such as GSK3, forkhead transcription factors, and the TSC2
tumor suppressor protein; PIK3CA: PIK3CA encodes a key enzymatic subunit
of PI3K. Gain of function mutations in PIK3CA occur frequently in several can-
cer types. Hotspots of PIK3CA mutations are located in exons 9 and 20.

Peer review

The authors investigated HER2 expression, PIK3CA mutations and EBV infection
in patients with gastric cancer. The results demonstrated that pAkt expression sig-
nificantly correlates with the prognosis and the HER2 expression status in gastric
cancer. This article is important for the further development of molecular targeted
therapy in patients with advanced gastric cancer.
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