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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 /n situ 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, £ = 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 exon1 (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, 2 = 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

Gastric cancer is one of the most common cancer types
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and the second leading cause of cancer-related deaths
worldwide!. 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
receptor 2 (HER2) is a key driver of tumorigenesis and
an important biomarker in gastric cancer. The amplifica-
tion or overexpression of HER2 is observed in 7%-34%
of these cases” .

PIK3CA is mutated in a wide variety of human tu-
mor types“o’m, including gastric cancers!”"7, 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 tresistant 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
more 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. Moreover, 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 our present study was to systematically
characterize 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
gastric lesions, including microsatellite instability (MSI)
and phospho Akt (pAkt) expression.

MATERIALS AND METHODS

Tissue samples

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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Variables (n = 231) n (%)
Sex Male 157 (68)
Female 74 (32)
Age (yr) Median (range) 71 (25-91)
Location Cardias 82 (35)
Body 62 (27)
Antrum 83 (36)
Unknown 4(2)
Depth of invasion T2 125 (54)
T3 92 (40)
T4 14 (6)
Lymph node metastasis ~ NO 65 (28)
N+ 158 (68)
N1 73 (32)
N2 56 (24)
N3 29 (13)
Unknown 8(3)
Stage IB 49 (21)
I 45 (19)
MA + B 82 (35)
Y 51 (22)
Unknown 4(2)
Lauren histotype Intestinal 113 (49)
Diffuse 112 (48)
Others 6(3)

this study. The patients’ age, sex, tumor location, depth
of invasion, pathological type, lymph node metastasis,
and pathological stage were determined by a review of
their medical records. Clinicopathological findings were
determined according to the criteria of the Japanese Re-
search Society for Gastric Cancer (Table 1). Our institu-
tional review committee approved the study.

Immunohistochemistry

HER2 expression was analyzed using the HercepTestTM
kit (DAKO, Carpinteria, CA) by manual sample process-
ing in accordance with the manufacturer’s instructions.
Standard criteria 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,
Beverly, MA). Briefly, 5-um-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 wete then washed twice with
tris-buffered saline (IBS) and preblocked with 10% goat
serum in TBS for 60 min. After washing with TBS, the
sections were 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 PIK3C.A gene were
analyzed by pyrosequencing as described previously[23’24].
We also developed a pyrosequencing assay to detect PIK-
3CA exonl mutations using the primer sets exonl1-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 primers (each 10 ymol/L), a 25
mmol/L dNTP mix with dUTP, 75 mmol/L MgCl, 1 X
PCR buffer, 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 ulL) 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 situ hybridization (ISH) targeting 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
markers (BAT25 and BAT26). Based on the number of
markers showing instability per tumor sample, cancers
were 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 surgery).

RESULTS

HER2 expression in gastric cancer tissues

HER2 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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Table 2 Clinicopathological characteristics of patients with gastric cancer based on human epidermal growth factor receptor 2 ex-

pression, phosphatidylinositol 3-kinase, catalytic, alpha polypeptide mutations and Epstein-Barr virus infection 7 (%)

HER2 PIK3CA EBV
Positive Negative P value Mutation Wild type P value Positive Negative P value
n=20) @n=211) n=20) @n=211) (nm=18) (n = 204)
Sex Male 15 (75) 142 (67) 0.48 13 (65) 144 (68) 0.77 14 (78) 138 (68) 0.38
Female 5 (25) 69 (33) 7 (35) 70 (32) 4(22) 66 (32)
Age Median 69 (50-84) 71 (25-91) 0.26 71 (25-85) 70 (38-91) 0.40 72 (48-90) 70 (38-91) 041
Location ~ Cardias 10 (50) 72 (34) 0.49 5 (25) 77 (36) 0.31 8 (44) 73 (36) 0.70
Body 5 (25) 57 (27) 4 (20) 58 (27) 5 (28) 55 (27)
Antrum 5 (25) 78 (37) 10 (50) 73 (35) 5 (28) 75 (37)
Unknown 0 4(2) 1(5) 2(1) 0 1(0)
Depth T2 12 (60) 113 (54) 0.48 8 (40) 117 (55) 0.15 12 (67) 106 (52) 0.35
T3 8 (40) 84 (40) 9 (45) 83 (39) 6 (33) 85 (42)
T4 0 14 (6) 3 (15) 11 (5) 0 13 (6)
L/Nmeta NO 5 (25) 60 (28) 0.71 4 (20) 61 (29) 0.37 3(17) 57 (28) 0.28
N+ 14 (70) 144 (68) 16 (80) 142 (67) 14 (77) 140 (69)
N1 5 (25) 68 (32) 8 (40) 65 (31) 8 (44) 63 (31)
N2 6 (30) 50 (24) 6 (30) 50 (24) 2 (11) 53 (26)
N3 3 (15) 26 (12) 2(10) 27 (13) 4(22) 24 (12)
Unknown 1(5) 7 (3) 0 8 (4) 1(6) 7(3)
Stage I 5 (25) 44 (21) 0.89 1(5) 48 (23) 0.14 3(17) 41 (20) 0.98
il 3 (15) 42 (20) 7 (35) 38 (18) 4(22) 39 (19)
il 6 (30) 76 (36) 8 (40) 74 (35) 6 (33) 75 (37)
I\ 5 (25) 46 (22) 4(20) 47 (22) 4(22) 46 (23)
Unknown  1(5) 3(1) 0 4(2) 1(6) 3(1)
Lauren  Intestinal 15 (75) 98 (46) 0.05 14 (70) 99 (47) 0.13 5 (28) 105 (51) 0.04
histotype  Diffuse 5 (25) 107 (51) 6 (30) 106 (50) 13 (72) 93 (46)
LELC 0 6 (3) 2(10) 4(2) 5 (28) 0
Others 0 6 (3) 0 6 (3) 0 6 (3)
MSI 2 (10) 28 (13) 0.72 10 (50) 20 (9) <0.01 1(6) 26 (13) 036
pAkt 16 (84) 103 (51) <0.01 12 (63) 107 (53) 037 8 (47) 103 (52) 0.69
3yr OS (%) 294 59.2 0.24 57.3 56.8 0.59 57.4 57.3 0.98

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.

in T4 cancers and low (6%) in T2 cancers. Mutations in
exons 1, 9 and 20 of PIK3CA were detected in 5 (2%),
9 (4%) and 7 (3%) cases, respectively (Table 3). One case

Table 3 Frequencies of phosphatidylinositol 3-kinase, catalytic,

alpha polypeptide mutations detected in gastric cancer tissues

Mutation Overall Percent/ Percent/ Microsatellite had multiplc PIK3CA mutations (RlOSH and E5421<)
frequency total cases mutated cases _instability The exon20/exon9 prevalence ratio was 0.78 (7/9). Two
Exonl  R88Q 1 04 5 1 new types of PIK3CA mutations, R88Q and R108H,
R108H 4 1.7 20 1 . .
were detected in exonl. All mutations were heterozygous
Total 5 22 2 . . S
missense single-base substitutions and the most common
Exon9  E542K 5 22 25 1 mutation was H1047R (6/20; 30%) in exon20. PIK3CA
E545K 2 09 10 1 mutations were also found to significantly correlate with
E545G 2 09 10 1 MSI (10/20 »5 9/211, P < 0.01) but not with other clini-
Total ’ 0 3 copathological characteristics. The three-year survival
Fxon20 F1047Y 1 04 5 1 rates were 57% in patients with PIK3CA mutations and
H1047R 6 26 30 4 57% in cases without PIK3CA mutations, respectively
Total 7 3.0 5

(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

(15/20 »5 98/205, P = 0.05, Table 2). Three-year survival
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 wete present in 20 cases (8.7%) (Table
2 and Figure 2). The mutation frequency was high (21%)
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and Figure 3). There were 7 cases of LELC and 6 of
those cases were EBV-positive (percent/EBV: 6/18,
33%; petcent/all LELC: 6/7, 86%). The three-year sut-
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.

A ExonlRS-1
C G GG T C ACAAMG T G TCTIGTITCAT

] 200
wild type 150 ‘—L k l l |

ES CTAGT CACGT CACAGTGTACT GT CTGTCATG

5 10 15 20 25 30
B R88Q mutation Wwild C A GG T C A CAAAG T/ C G TC TTGTr CA T
Mut C G AA GG T C A CAAAG TTG T CTrT GTr C AT
200
263G>A !
150
E S CTAGT CACGT CACAGTGTACT GTCTGTCATG
5 10 15 20 25 30
C Exonl RS-2
G C AACC G T G AA G AAA G A TCC TC A T
, 300
wild type
200
ESTCACGCACATG ATGAGATATCGATC GATCGAT
5 10 15 20 25 30
D R108H mutation wild G CAACC / G T G AA G AAA G A TCC TC A T
Mut G CAACCA TG AA GAAAG AT cc TC AA T C

323G>A 5

E S TCACGCACATGATGAGATATCGATCGATCGAT
5 10 15 20 25 30

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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n=231n=20n=211n=20n=5 n=9 n=7 n=211 n=18 n=204

80
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40
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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
HER2 ovetexpression (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 (Figure
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 cancer.

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 (# = 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.

December 7, 2012 | Volume 18 | Issue 45 |
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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.

HER?2 overexpression IHC 3+) was present in 20
samples (8.4%), a value that is within the range (7%0-34%)
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-
pression 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 poor 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 tumor mutations and allow a more
accurate assessment of tumor mutation burden!"**!, We
charactetized 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“s].
Importantly, two new types of mutations were found in
exonl. To our knowledge, PIK3CA mutations involving
residues 88 and 108 (R88Q and R108H) have been never
reported previously in gastric cancer, nor described 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 experiments. 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 underlying 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 relapsem]. 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.

HER?2 overexpression 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
HER2 overexpression and EBV infection significantly
correlate 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 cur-
rent study, EBV infection reportedly inactivates PTEN
through the CpG island methylation of its promoter in
EBV-associated gastric 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 reported previously in patients with T3/T4
gastric cancer but not in those with T1/T2 cancer™. Tt
has been reported 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[35]. 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
EBYV 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 IGF-1
receptor, might be involved in the activation of Akt in
gastric cancer and this issue needs to be clarified in the
near future.

COMMENTS

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 (PI13K)-Akt
pathway have now been developed and clinical trials 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, EBV
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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