
Immunohistochemical analysis of RTKs expression
identified HER3 as a prognostic indicator of gastric
cancer
Akira Ema, Keishi Yamashita, Hideki Ushiku, Ken Kojo, Naoko Minatani, Mariko Kikuchi, Hiroaki Mieno, Hiromitsu
Moriya, Kei Hosoda, Natsuya Katada, Shiro Kikuchi and Masahiko Watanabe

Department of Surgery, Kitasato University School of Medicine, Kitasato 1-15-1, Minami-ku, Sagamihara, Kanagawa 252-0374, Japan

Key words

Advanced gastric cancer, HER3, prognosis, receptor type
tyrosine kinases (RTKs), S-1

Correspondence

Masahiko Watanabe, Department of Surgery, Kitasato
University School of Medicine, Kitasato 1-15-1, Minami-
ku, Sagamihara, Kanagawa 252-0374, Japan.
Tel: (+81) 42-778-8735; Fax: (+81) 42-778-8735;
E-mail: gekaw@med.kitasato-u.ac.jp

Funding information

None.

Received June 24, 2014; Revised September 27, 2014;
Accepted October 6, 2014

Cancer Sci 105 (2014) 1591–1600

doi: 10.1111/cas.12556

Standard treatment in Japan for the 13th Japanese Gastric Cancer Association

stage II ⁄ III advanced gastric cancer is postoperative adjuvant S-1 administration

after curative surgery. High expression of receptor type tyrosine kinases (RTKs)

has repeatedly represented poor prognosis for cancers. However it has not been

demonstrated whether RTKs have prognostic relevance for stage II ⁄ III gastric can-

cer with standard treatment. Tumor tissues were obtained from 167 stage II ⁄ III
advanced gastric cancer patients who underwent curative surgery and received

postoperative S-1 chemotherapy from 2000 to 2010. Expression of the RTKs

including EGFR, HER2, HER3, IGF-1R, and EphA2 was analyzed using immunohis-

tochemistry (IHC). Analysis using a multivariate proportional hazard model identi-

fied the most significant RTKs that represented independent prognostic

relevance. When tumor HER3 expression was classified into IHC 1+ ⁄ 2+ (n = 98)

and IHC 0 (n = 69), the cumulative 5-year Relapse Free Survival (5y-RFS) was 56.5

and 82.9%, respectively (P = 0.0034). Significant prognostic relevance was simi-

larly confirmed for IGF-1R (P = 0.014), and EGFR (P = 0.030), but not for EphA2 or

HER2 expression. Intriguingly, HER3 expression was closely correlated with IGF-

1R (P < 0.0001, R = 0.41), and EphA2 (P < 0.0001, R = 0.34) expression. Multivari-

ate proportional hazard model analysis identified HER3 (IHC 1+ ⁄ 2+) (HR; 1.53,

95% CI, 1.11–2.16, P = 0.0078) as the sole RTK that was a poor prognostic factor

independent of stage. Of the 53 patients who recurred, 40 patients (75.5%) were

HER3-positive. Thus, of the RTKs studied, HER3 was the only RTK identified as an

independent prognostic indicator of stage II ⁄ III advanced gastric cancer with stan-

dard treatment.

G astric cancer is the leading cause of cancer death in
Japan as well as worldwide.(1) Advanced gastric cancer

exhibits poor prognosis, and even optimal combination modali-
ties of both surgery and chemotherapy cannot attain satisfac-
tory survival outcomes.
S-1 is a fluoropyrimidine preparation consisting of a combi-

nation of tegafur, gimeracil, and oteracil potassium. A random-
ized phase III trial of S-1 (The Adjuvant Chemotherapy Trial
of S-1 for Gastric Cancer (ACTS-GC)) was carried out in
patients with the 13th Japanese Gastric Cancer Association
(JGCA) stage II ⁄ III advanced gastric cancer. We participated
in that trial and have contributed to standard treatment estab-
lishment in Japan.(2) S-1 adjuvant chemotherapy was more
effective than surgery alone for stage II ⁄ III gastric cancer.(2,3)

However, in S-1 subgroup analysis the 5-year overall survival
(OS) rate of patients with stage III disease was 50.2%, leaving
room for improvement with regard to prognosis.(3)

Molecular targeted therapy is an alternative therapeutic tool
for advanced cancer, and the receptor tyrosine kinase (RTK)
family is one such promising candidate target. The human epi-
dermal growth factor receptor family including ErbB-1

(HER1; EGFR), ErbB-2 (HER2), and ErbB-3 (HER3) is a
group of cell surface RTKs that plays an important role in the
pathogenesis of solid tumors.(4,5) In this study, we performed
both clinicopathological and prognostic analysis of these RTKs
in gastric cancer in order to identify the most promising target
for therapy of stage II ⁄ III gastric cancer along with standard
treatment.

Materials and Methods

Registration of patients. Between January 1, 2000, and
December 31, 2010, 172 patients with the 13th JGCA stage II
⁄ III advanced gastric cancer underwent adjuvant S-1 chemo-
therapy after curative surgery in the gastrointestinal surgery
division, Kitasato University Hospital. Among the 172 patients
who underwent standard treatment, informed consent to use
specimens was provided from 167 patients, for whom the med-
ian follow up term was 55 months (range 11–122 months).

Operation. Gastrectomy with D1 or D1+ lymph node dissec-
tion was performed for clinical early gastric cancer with preop-
erative diagnosis (n = 25) (D1; No. 7 lymph node dissection
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performed regardless of the tumor location; D1+; No. 7, No.
8a and No. 9 lymph node dissections performed according to
the guideline).(6) Typical surgery with D2 lymph node dissec-
tion was performed for clinical advanced gastric cancer with
preoperative diagnosis (n = 142).

Postoperative chemotherapy of S-1. The dose of S-1 was
administered on the basis of body-surface area: <1.25 m2

(80 mg daily); ≥1.25 m2 but <1.50 m2 (100 mg daily);
≥1.50 m2 (120 mg daily). The adjuvant S-1 chemotherapy reg-
imen was administered for 4 weeks followed by 2 weeks rest.
This 6-week cycle was repeated principally during the first
year after surgery. Details were described recently.(7)

Clinicopathologic factors. Clinicopathological factors included
sex, age, tumor location, microscopic Lauren’s histology, path-
ological T factor (the 13th JGCA), pathological N factor (the
13th JGCA), pathological stage factor (the 13th JGCA), infil-
tration pattern, lymphatic permeation, vascular permeation,
operating method, expression of RTKs such as EGFR, HER2,
HER3, Insulin-like growth factor receptor (IGF-1R) and eryth-
ropoietin-producing hepatocellular receptor (EphA2).

Immunohistochemical analysis. Tumor specimens used in this
study were derived from routine formalin-fixed, paraffin-
embedded tissue samples obtained from resected gastric cancer
specimens. Sections (3-lm thick) were cut from the paraffin
blocks and mounted on silanized slides. Staining for EGFR
and HER2 was performed using the EGFR and HER2 antibod-
ies that were included in the EGFR pharm Dx kit (Clone 2-
18C9, mouse monoclonal antibodies; Dako) and the Hercep
Test kit (rabbit polyclonal antibodies; Dako) respectively,
according to the manufacturer’s protocols.
For immunohistochemical staining of the other RTKs, tumor

tissue sections were deparaffinized in xylene and dehydrated
with graded ethanol. After washing with distilled water, tissue
peroxidase was blocked with 3.0% hydrogen peroxide in meth-
anol for 15 min at room temperature. For antigen retrieval
using citric acid buffer, the slides were heated at 120°C for
20 min and then cooled for 20 min at room temperature. After
washing, the slides were incubated with primary mouse mono-
clonal antibodies against HER3 (Ab-8, Clone SGP1, 1:35 dilu-
tion; Lab Vision Corporation, Fremont, USA) or against IGF-
1R (a-Subunit Ab-1, Clone 24-31, 1:35 dilution; Lab Vision
Corporation, Fremont, USA) or with rat monoclonal antibodies
against EphA2 (RM-0051-8F21, 1:200 dilution; Abcam, Cam-
bridge, UK) overnight at 4°C. The slides were washed with
PBS. HER3 and IGF-1R stained slides were incubated with bio-
tinylated anti-mouse IgG (Histofine Simplestain Max PO; Nic-
hirei, Tokyo, Japan) as second antibody for 10 min at room
temperature. The slides were washed with PBS again and then
incubated with horseradish peroxidase-conjugated streptavidin
(Histofine SAB-PO; Nichirei, Tokyo, Japan) for 5 min at room
temperature. EphA2 stained slides were incubated with biotiny-
lated anti-rat IgG (Vectastain Elite ABC Kit; Vector Labora-
tories, Cambridgeshire, UK) as second antibody for 30 min at
room temperature. These slides were washed with PBS again
and then incubated with third antibody (Vectastain Elite ABC
Reagent) for 30 min at room temperature. For all slides, the
immune reaction was demonstrated with DAB. The sections
were then counterstained with Meyer’s hematoxylin, dehy-
drated, and mounted. We used a thing dyed from a specimen
well every time as positive control.

Scoring system of immunohistochemical staining. To assess
RTK cell-membrane staining, all slides were observed under a
microscope. Investigators were blinded to the prognostic analy-
sis data. Immunohistochemical staining expression was graded

using a 4-point scale, where 0 = No staining is observed in
invasive tumor cells, 1+ = Weak, incomplete membrane stain-
ing in any proportion of invasive tumor cells, or weak, com-
plete membrane staining in less than 10% of cells,
2+ = Complete membrane staining that is non-uniform or
weak but with obvious circumferential distribution in at least
10% of cells, or intense complete membrane staining in 30%
or less of tumor cells, 3+ = Uniform intense membrane stain-
ing of more than 30% of invasive tumor cells. This grading
was determined based on the diagnostic criteria of American
Society of Clinical Oncology ⁄College of American Pathology
2007 guidelines.(8)

Quantitative HER3 genomic amplification. We analyzed HER3
genomic status in 30 cases. Tissue sections from tumor and
the corresponding normal mucosa, obtained at least 5 cm from
the tumor edge, were sharply dissected on hematoxylin and
eosin-stained slides, and genomic DNA was subsequently
extracted using of a QIAamp DNA FFPE Kit (QIAGEN Sci-
ences, Hilden, Germany). Quantitative genomic real-time poly-
merase chain reaction (PCR) was performed to quantify HER3
gene copy numbers using iQTM Supermix (Bio-Rad Laborato-
ries, Hercules, CA, USA) in triplicate on the iCycler iQTM

Real-Time PCR Detection system (Bio-Rad). We used DNA
of MKN74 of gastric cancer cell line as positive control. ⊿Ct
values were calculated as Ct (HER3)-Ct (beta-actin) for each
sample. Relative copy number was determined as 2-⊿⊿Ct,
where ⊿⊿Ct = ⊿Ct (tumor)-⊿Ct (corresponding normal).(9)

The increases of more than 2-fold relative to the corresponding
normal were considered as genomic amplification.

Statistical analysis. Cumulative 5-year Relapse Free Survival
(5y-RFS) was estimated by the Kaplan-Meier method, and statis-
tical differences were tested by the log rank test. RFS was mea-
sured from the date of surgery to the date of recurrence or the
last follow-up. Variables whose prognostic potential was sug-
gested by univariate analysis (P < 0.05) were subjected to multi-
variate analysis using the Cox proportional hazards regression
model. A value of P < 0.05 was considered statistically signifi-
cant. All statistical analyses were performed with SAS software
package JMP, version 10.0 (SAS Institute, Tokyo, Japan).

Results

Immunohistochemical staining of RTK family members in stage

II ⁄ III advanced gastric cancer. Immunohistochemical staining of
the RTK family members EGFR, HER2, HER3, IGF-1R, and
EphA2 in stage II ⁄ III advanced gastric cancer was performed.
This analysis indicated that these RTKs were predominantly
expressed by cancer cells in the gastric cancer tissues. Very
strong immunohistochemical staining (IHC 3+) of EGFR and
HER2 was observed in some tissues, while 3+ staining of
HER3, IGF-1R, or EphA2 was not detected. The breakdown of
immunohistochemical grade of RTK expression in the total 167
patients was as follows: EGFR; IHC 1+ (n = 62; 37.1%), IHC
2+ (n = 57; 34.1%), and IHC 3+ (n = 48; 28.8%) (Fig. 1a).
HER2; IHC 0 (n = 96; 57.5%), IHC 1+ (n = 52; 31.1%), IHC
2+ (n = 8; 4.8%), and IHC 3+ (n = 11; 6.6%) (Fig. 1b). HER3;
IHC 0 (n = 69; 41.3%), IHC 1+ (n = 68; 40.7%), and IHC 2+
(n = 30; 18.0%) (Fig. 1c). IGF-1R; IHC 0 (n = 79; 47.3%),
IHC 1+ (n = 65; 38.9%), and IHC 2+ (n = 23; 13.8%)
(Fig. 1d). EphA2; IHC 0 (n = 101; 60.5%), IHC 1+ (n = 54;
32.3%), and IHC 2+ (n = 12; 7.2%) (Fig. 1e).

The clinical significance of immunohistochemical staining of

RTK family members in stage II ⁄ III advanced gastric cancer. We
then investigated the clinical significance of expression of each
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RTK by analysis of the correlation of RTK overexpression
with each of 11 clinicopathological factors in stage II ⁄ III
advanced gastric cancer. The clinical significance of HER3 is
shown in Table 1, while the clinical significance of the other
RTKs (EGFR, HER2, IGF-1R, EphA2) is shown in Table S1.
Of the 11 clinicopathological factors, HER3 overexpression
correlated only with the 13th pT factor (P = 0.024). Although
EGFR overexpression correlated with the 13th pN factor
(P = 0.036), a much higher correlation of EGFR overexpres-
sion was found with open surgery patients than with laparo-
scopic surgery patients (P = 0.0063), where laparoscopic
surgery was indicative of patients with lower clinical T (defi-
nitely clinical T1 or T2). IGF-1R expression correlated with
infiltration pattern (P = 0.0004), suggesting that IGF-1R over-
expression (IHC 1+ ⁄2+) was correlated the invasive growth
pattern of the gastric cancer nest. EphA2 overexpression, simi-
lar to HER3 overexpression, correlated with the 13th pT factor
(P = 0.0096).
We also investigated the correlation of each RTK expres-

sion with the expression of other RTKs, as judged by

immunohistochemical staining (Fig. 2a). Intriguingly, HER3
overexpression was closely correlated with overexpressed
IGF-1R (P < 0.0001, R = 0.41) and EphA2 (P < 0.0001,
R = 0.34) (Table 1 and Fig. 2a). On the other hand, HER3
overexpression showed no correlation with EGFR and HER2
overexpression.

Univariate prognostic analysis of clinicopathological factors in

stage II ⁄ III advanced gastric cancer treated with standard treat-

ment. We next performed univariate prognostic analysis by
log rank test for the 11 clinicopathological factors that are
shown in Table 1. Significant prognostic factors representing
poor survival were male sex (P = 0.019), age ≥67 years
(P = 0.0017), the 13th JGCA pT factor (P = 0.029), and the
13th JGCA pN factor (P = 0.0049), as well as the 13th JGCA
stage (P < 0.0001).
Univariate prognostic analysis by log rank test was also per-

formed for the RTKs such as EGFR, HER2, HER3, IGF-1R,
and EphA2 that are shown in Table 1. The significant prognos-
tic RTKs representing poor survival were EGFR (P = 0.030),
HER3 (P = 0.0034), and IGFR (P = 0.014).

(a) (b)

(c) (d)

(e)

Fig. 1. Immunohistochemical staining of receptor tyrosine kinase (RTK) expression in the 13th JGCA stage II ⁄ III gastric cancer (9400). (a) EGFR
immunohistochemical staining included very strong staining (IHC 3+). Other lower staining levels detected were IHC 2+ and IHC 1+. (b) HER2
immunohistochemical staining included very strong staining (IHC 3+). Other lower staining levels detected were IHC 2+, IHC 1+, and IHC 0. (c)
HER3 immunohistochemical staining included strong staining (IHC 2+). Other lower staining levels detected were IHC 1+, and IHC 0. (d) IGF-1R
immunohistochemical staining did not include strong staining (IHC 3+), but did include IHC 2+, IHC 1+, and IHC 0 staining levels. (d) EphA2
immunohistochemical staining did not include strong staining (IHC 3+), but did include IHC 2+, IHC 1+, and IHC 0 staining levels.
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Multivariate prognostic analysis of RTK family members in

stage II ⁄ III gastric cancer treated with standard treatment. The
six significant variables including RTK family IHC expression
(sex, age, the 13th JGCA stage, HER3, EGFR, and IGF-1R)
that displayed prognostic potential in the above-described uni-
variate analysis (P < 0.05) were next subjected to multivariate
analysis. The 13th JGCA pT factor and the pN factor were not
included, because they are thought to be critical confounding
factors for 13th JGCA stage factor. This multivariate propor-
tional hazard model identified HER3 IHC 1+ ⁄2+ (HR; 1.53,
95% CI; 1.11–2.16, P = 0.0078), male sex (HR; 1.51, 95% CI;
1.08–2.22, P = 0.016), and age (≥67) (HR; 1.39, 95% CI;
1.05–1.84, P = 0.020) as independent poor prognostic factors
in addition to the 13th JGCA stage of gastric cancer (Table 2).
EGFR and IGF-1R were eliminated as prognostic factors by
this analysis.

Quantitative real-time PCR to explore genomic status of HER3

gene. The DNA increases of more than 2-fold relative to the
corresponding normal were considered as genomic amplifica-
tion by ⊿⊿Ct calculation methods. HER3 gene amplification
was detected 6.7% (2 ⁄30 cases). The relative copy number
was 2.19 and 3.45 in the two cases.

Survival curves of stage II ⁄ III advanced gastric cancer treated

with standard treatment according to RTK expression. Kaplan-
Meier curves of the survival of patients with different levels of
HER3 expression are shown in Fig. 3a. Significantly higher
survival of patients with HER3 IHC 0 was found compared
with patients with HER3 IHC 1+ (P = 0.0083), or HER3 IHC
2+ (P = 0.0059). The 5y-RFS was 82.9%, 58.0% and 52.3%
respectively. When HER3 expression was classified into IHC 0
(n = 69; 41.3%) and IHC 1+ ⁄2+ (n = 98; 58.7%), the 5y-RFS
was 82.9% and 56.5% respectively, and the difference was
again statistically significant (P = 0.0034) (Fig. 3b). Thus,
HER3 overexpression (IHC 1+ ⁄2+) exhibited poor prognosis.
We similarly constructed Kaplan Meier survival curves for

analysis of the survival of patients according to the levels of
expression of other RTKs. When EGFR expression was classi-
fied into IHC 1+ (n = 62; 37.1%) and IHC 2+ ⁄3+ (n = 105;
62.9%), the 5y-RFS was 78.7% and 59.6% respectively. This
difference was statistically significant, and EGFR overexpres-
sion (IHC 2+ ⁄3+) also showed poor prognosis (P = 0.030)
(Fig. 4a). HER2 expression was classified as follows; IHC 0
(n = 96; 57.5%), IHC 1+ (n = 52; 31.1%), IHC 2+ (n = 8;
4.8%) and IHC 3+ (n = 11; 6.6%). Unexpectedly, HER2
expression of IHC 3+ was not a prognostic factor. There was
no significant difference between the survival of patients with
IHC 3+ and that of patients with other HER2 IHC expression
(Fig. 4b). When IGF-1R expression was classified into IHC 0
(n = 79; 47.3%) and IHC 1+ ⁄2+ (n = 88; 52.7%), the 5y-RFS
was 79.9% and 56.6% respectively, and this difference was
statistically significant (P = 0.014). IGF-1R overexpression
(IHC 1+ ⁄ 2+) showed poor prognosis (Fig. 4c). EphA2 expres-
sion was also classified into IHC 0 (n = 101; 60.5%) and IHC
1+ ⁄2+ (n = 66; 39.5%), which showed a 5y-RFS of 73.7%
and 57.7% respectively. This difference was not statistically
significant (P = 0.054). Patients with EphA2 overexpression
(IHC 1+ ⁄2+) tended to have a poor prognosis (Fig. 4d).
We also immunohistochemically analyzed RTK expression

in patients who recurred. The most intriguing result was that,
of the 53 patients who recurred, 40 of these patients (75.5%)
were HER3-positive (Fig. 2b). We showed the initial recur-
rence patterns (including overlap cases) of the HER3 expres-
sion in the 53 patients in Table 3. As a result, the most
frequent recurrent sites of HER3 overexpression (IHC 1+ ⁄2+)

Table 1. Distribution of clinical and pathological factors of

correlation with HER3 and univariate prognostic analysis in 167

pStage II ⁄ III gastric cancer with gastrectomy and subsequent S-1

treatment

Variable
HER3

IHC 0

HER3

IHC

1+ ⁄ 2+

Chi-square

test

P value

5-year

RFS

log rank

test

P value

Sex 0.36 0.019

Male 51 66 60.7

Female 18 32 81.1

Age (year) 0.46 0.0017

<67 42 54 78.0

≥67 27 44 52.3

Tumor location 0.37 0.16

Upper 19 34 57.2

Middle 29 43 67.5

Lower 21 21 79.4

Lauren’s histology 0.61 0.22

Diffuse type 47 63 70.5

Intestinal type 22 35 60.3

pT factor (13th JGCA) 0.024 0.029

T2 33 29 79.3

T3 36 67 60.6

T4 0 2 50.0

pN factor (13th JGCA) 0.11 0.0049

N0 6 18 83.6

N1 38 41 74.2

N2 25 39 52.8

pStage (13th JGCA) 0.46 <0.0001

II 26 30 88.5

IIIA 31 44 63.1

IIIB 12 24 43.0

Operating method 0.63 0.17

Laparoscopic 11 13 76.1

Open 58 85 65.5

Infiltration

pattern

0.45 0.88

a 7 5 75.0

b 30 43 67.7

c 32 50 65.4

Lymphatic

permeation

0.61 0.059

Yes 66 92 65.2

No 3 6 100.0

Vascular permeation 0.91 0.088

Yes 63 89 65.1

No 6 9 86.2

EGFR expression 0.65 0.030

IHC 1+ 27 35 78.7

IHC 2+ ⁄ 3+ 42 63 59.6

HER2 expression 0.77 0.46

IHC 0 ⁄ 1+ ⁄ 2+ 64 92 66.2

IHC 3+ 5 6 81.8

HER3 expression 0.0034

IHC 0 82.9

IHC 1+ ⁄ 2+ 56.5

IGF-1R expression <0.0001 0.014

IHC 0 52 27 79.9

IHC 1+ ⁄ 2+ 17 71 56.6

EphA2 expression <0.0001 0.054

IHC 0 57 44 73.7

IHC 1+ ⁄ 2+ 12 54 57.7
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cases were extra lymph node metastasis and ⁄or peritoneal dis-
semination.
Recurrent cases included two cases in which the recurrence

occurred over 5 years. The recurrent sites of the two cases
were both peritoneal dissemination.

Survival curves of advanced stage gastric cancer according to

RTK family expression. We analyzed the prognostic significance
of expression of each RTK in advanced gastric cancer, focus-
ing on the 13th JGCA pathological stage IIIB of gastric can-
cer, using the log-rank test (Fig. 5). When HER3 expression of
these tumors was classified into IHC 0 (n = 12) and IHC
1+ ⁄2+ (n = 24), the 5y-RFS was 75.0% and 28.6% respec-
tively, and this difference was statistically significant
(P = 0.019). EphA2 expression was also classified into IHC 0
(n = 17) and IHC 1+ ⁄ 2+ (n = 19), the 5y-RFS was 54.8% and
31.6% respectively. This difference was also statistically sig-
nificant (P = 0.042).
There were 36 stage IIIB cases, which was included 20

recurrences. In the 20 recurrent cases of stage IIIB, HER3
overexpression (IHC 1+ ⁄2+) and EphA2 overexpression (IHC
1+ ⁄2+) was recognized in 17 and 13 patients, respectively.
Lymph node was the most dominant in the initial recurrent
sites in stage IIIB gastric cancer with HER3 or EphA2 overex-
pression (IHC 1+ ⁄2+). On the other hand, HER3 expression
(IHC 0) was recognized in three cases, and the recurrent sites
were all peritoneal dissemination.

(a) (b)

Fig. 2. Correlation of the immunostained expression of each RTK with other RTKs, and RTK expression pattern of recurrent tumors. (a) Individ-
ual RTKs were immunohistochemically stained and their staining level in the same tumor was correlated with that of the other RTKs. HER3
expression was closely correlated with that of IGF-1R (P < 0.0001, R = 0.41), and EphA2 (P < 0.0001, R = 0.34). (b) The tumors of the 53 patients
who recurred were immunohistochemically analyzed for RTK expression; 40 patients (75.5%) were HER3-positive, 39 patients (73.6%) were EGFR-
positive, two patients (3.8%) were HER2-positive, 36 patients (67.9%) were IGF-1R-positive, and 27 patients (50.9%) were EphA2-receptor posi-
tive. Of the RTKs expressed, HER3 overexpression showed the highest association with recurrence.

Table 2. Multivariate analysis of factors associated with relapse free

survival of the 13th JGCA pStage II ⁄ III gastric cancer treated with

standard treatment

Variable HR 95% CI P value

pStage (13th JGCA) <0.0001

II Reference

IIIA 1.71 1.13–2.68

IIIB 1.99 1.28–3.17

HER3 (IHC 1+ ⁄ 2+) 1.53 1.11–2.16 0.0078

Sex (male) 1.51 1.08–2.22 0.016

Age (≥67) 1.39 1.05–1.84 0.020

EGFR (IHC 2+ ⁄ 3+) 1.32 0.96–1.86 0.085

IGF-1R (IHC 1+ ⁄ 2+) 1.16 0.86–1.59 0.35
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Survival curves of combination both EGFR and HER3 according

to individual stages of advanced gastric cancer. EGFR was not
significant, but marginally significant independent prognostic
factor instead of HER3 (Table 2). Combination of both EGFR
and HER3 was significant poor prognostic factor in all the gas-
tric cancer cases (n = 167) (Fig. 6a). Interestingly, 5-year RFS
was excellent in stage II cases other than combination of both
EGFR IHC 2+ ⁄3+ and HER3 1+ ⁄2+ (Fig. 6b). On the other
hand, 5-years RFS was dismal in stage IIIA (34.5%) and stage
IIIB (25.0%) in cases with combination of both EGFR IHC
2+ ⁄3+ and HER3 1+ ⁄2+ (Fig. 6c, and 6d).

Discussion

There have been many reports that RTKs are prognostic fac-
tors for gastric cancer. Overexpression of EGFR,(10–19)

HER2(11,15,17,20,21) or HER3(12,20–23) has been demonstrated to
be a prognostic factor and these RTKs are novel molecular tar-
gets for gastric cancer. Other RTKs such as IGF-1R(13,24,25)

and EphA2(26–29) have also been reported to be prognostic fac-
tors for gastric cancer.

In the present study, since we examined RTK expression in
pathological stage II ⁄ III advanced gastric cancer treated with
curative surgery and adjuvant S-1 chemotherapy (standard
treatment), the background of the examined patients is unique
compared to previous reports. In particular, there have been
many reports regarding EGFR and HER2 as prognostic factors
for gastric cancer.(10–21) It was reported that the EGFR is more
frequently over-expressed with advancing stage of gastric can-
cer.(17) However multivariate prognostic analysis has shown
that EGFR could be a prognostic factor at any stage of gastric
cancer, because this analysis identified EGFR as a prognostic
factor independent of stage. Moreover, in stage II ⁄ III gastric
cancer patients of the ACTS-GC biomarker study, in which
patient background was considered to be similar to that in our
study, EGFR positive cases exhibited poor prognosis and it
was thought that EGFR expression may explain one aspect of
the molecular characteristics of high malignancy.(16) In con-
trast, HER2 expression was also examined in the ACTS-GC
biomarker study, and, as shown in the present study, it was
concluded that HER2 overexpression is not a prognostic factor
for gastric cancer with standard treatment.

(a) (b)

Fig. 3. The 5y-RFS of patients with different levels
of HER3 expression, as detected using IHC, was
analyzed using Kaplan Meier survival curves. (a)
HER3 expression of IHC 1+ and IHC 2+ displayed a
poor prognosis compared with HER3 IHC 0. (b)
HER3 overexpression (IHC 1+ ⁄ 2+) displayed poor
prognosis (P = 0.0034).

(a) (b)

(c) (d)

Fig. 4. The 5y-RFS of patients with different levels
of the indicated receptor tyrosine kinase
expression, as detected using IHC, was analyzed
using Kaplan Meier survival curves. (a) EGFR
overexpression (IHC 2+ ⁄ 3+) indicated poor
prognosis (P = 0.030). (b) HER 2 overexpression (IHC
3+) did not indicate poor prognosis. (c) IGF-1R
overexpression (IHC 1+ ⁄ 2+) indicated poor
prognosis and difference was statistically significant
(P = 0.014). (d) EphA2 overexpression (IHC 1+ ⁄ 2+)
tend to indicate poor prognosis (P = 0.054).
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The rate of tumor EGFR positive expression varied in the
previous reports. In our study, when an EGFR expression of
IHC 3+ was judged as EGFR positive, 28.8% of the patients

were included. On the other hand, when EGFR expression of
IHC 2+ ⁄3+ was judged as positive, 62.9% of the patients were
included. According to the latest report of the National Cancer

Table 3. Initial recurrence patterns (including overlap cases) of the HER3 expressionin in 167 pStage II ⁄ III gastric cancer with gastrectomy and

subsequent S-1 treatment

Recurrence patterns

Local

recurrence

Lymph node

(regional)

Lymph

node (extra)

Peritoneal

dissemination
Distant metastasis

Recurrence cases with

HER3 positive

(IHC 1+ ⁄ 2+; n = 40)

2 8 13 16 Liver 7, Lung 1, Adrenal gland 1

Recurrence cases with

HER3 negative

(IHC 0; n = 13)

0 4 3 8 Liver 2, Lung 1, Bone 1, Adrenal gland 1

Total recurrence

cases (n = 53)

2 12 16 24 Liver 9, Lung 2, Bone 1, Adrenal gland 2

Fig. 5. The 5y-RFS of patients with 13th JGCA pathological stage IIIB tumors with the indicated RTK expression, as detected using IHC, was ana-
lyzed using Kaplan Meier survival curves. The 5y-RFS of patients with HER3 and EphA2 overexpression was statistically significantly different from
that of patients with no HER3 or EphA2 expression respectively (HER3; P = 0.019, EphA2; P = 0.042). EGFR, HER2 and IGF-1R overexpression also
tended to indicate poor prognosis in 13th JGCA stage IIIB tumors.
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Center of Japan, the rate of positive EGFR expression was
35.3% in stage II ⁄ III gastric cancer and this was considered to
be equivalent to the IHC 3+ stained cases in our study.(19) In
the present study, we analyzed prognosis using a cut-off line
between EGFR 1+ and 2+ ⁄3+ staining. This cut-off line was
used because staining of EGFR associated with massive lymph
node metastasis was one of the strongest prognostic factors of
gastric cancer that differed between 1+ and 2+ ⁄3+.(30) Even if
we raised the cut-off line to EGFR 1+ ⁄ 2+ expression, and
compared EGFR 1+ ⁄2+ with 3+, the EGFR positive cases
showed significantly poorer prognosis as compared to the
EGFR negative cases (P = 0.042) (data not shown). On the
other hand, an EGFR expression of 3+ was only detected in
9% of patients in the ACTS-GC Biomarker Study,(16) and the
positive rate of EGFR expression was only 14.4% in the
patients in the Osaka University.(18) Thus, in those studies
EGFR positive cases were infrequent in comparison with the
cases of the present study (28.8%) or those reported by the
National Cancer Institute (35.3%). The prognostic analysis of
EGFR may thus be influenced by the cut-off line of EGFR
staining level, and therefore further validation in terms of this
point is required. At least in the present study, EGFR expres-
sion failed to be an independent prognostic factor for stage II
⁄ III gastric cancer, and only HER3 was finally remnant after
multivariate analysis.
The HER3 receptor is a key member of the ErbB family

and preferentially signals through the phosphatidylinositol 3-
kinase pathway.(31,32) Because of amino acid substitutions in
the intracellular domain compared to other ErbB, the HER3
receptor lacks intrinsic tyrosine kinase activity. HER3 hetero-
dimerizes with other HER family members to initiate signal
transduction. Inappropriate signaling can occur as a result of
receptor overexpression leading to cell proliferation, inhibi-
tion of apoptosis, cancer cell motility, angiogenesis and
metastasis formation. Interdependence between the different
members of the HER family including HER3, as well as
complementary functions have been reported. The role of

HER3 in cancer has been a particular focus of attention in
recent years. In our current study, combination of both EGFR
2+ ⁄3+ and HER3 1+ ⁄2+ exhibited the poorest prognosis in
stage II ⁄ III advanced gastric cancer. Hence, concurrent
expression of HER3 together with EGFR plays a critical role
in gastric cancer progression.
Hayashi et al. were the first to report that HER3 is a prog-

nostic factor for gastric cancer.(12) They performed immunohis-
tochemical staining of HER1-4, and proved that HER3 is an
independent prognostic factor. HER3 was also reported to be a
prognostic factor in a later analysis of a Brazilian case of gas-
tric cancer.(21) HER3 expression by solid tumors including gas-
tric cancer was considered a strong prognostic factor in the
latest meta-analysis.(22) Hence, there is strong interest in HER3
as a prognostic factor for gastric cancer. In the present study,
if tumor HER3 expression was divided into 0 (negative) and
1+ ⁄2+ (positive), then the positive rate was 58.7%. This posi-
tive rate of tumor HER3 expression is similar to that of past
reports.(12,20,21) Furthermore and importantly, 75.5% of recur-
rent patients that were treated with standard therapy were
HER3 positive. We therefore consider that clinical studies
explore the therapeutic efficacy of HER3 antibody inhibition
for recurrent cases should be a promising approach for
improvement of prognosis of a large portion of stage II ⁄ III
gastric cancer with recurrence.
In addition, high tumor HER3 expression was closely related

to high expression of either IGF-1R or EphA2, both of which
also showed poor prognosis. Inter-relationships between these
three molecules have not been previously reported and there-
fore the underlying mechanism of these relationships is
unclear. However, it will be necessary to perform basic
research to determine which molecule is the most important
target for gastric cancer therapy in the near future. Further-
more, since high expression of these molecules was largely
detected in recurrent cases, combination therapy targeted
towards these molecules might be promising for clinical appli-
cation against gastric cancer.

(a) (b)

(c) (d)
Fig. 6. The 5y-RFS of patients with combination
both EGFR and HER3 expression, as detected using
IHC, was analyzed using Kaplan Meier survival
curves. (a) The 5y-RFS of combination both EGFR
and HER3 overexpression was 44.4%, and indicated
poor prognosis (P = 0.0003). (b) The 5y-RFS of
combination both EGFR and HER3 overexpression
was 74.3% in pStage II. (c) The 5y-RFS of
combination both EGFR and HER3 overexpression
was 34.5% and indicated poor prognosis comparing
other combinations in pStage IIIA. (d) The 5y-RFS of
combination both EGFR and HER3 overexpression
was 25.0% and indicated poor prognosis comparing
other combinations in pStage IIIB.
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HER3 activation of the phosphatidylinositol 3-kinase path-
way is common in the diffuse type of gastric cancer, and it is
known that downregulation of HER3 is promising as a targeted
therapy for diffuse type gastric cancer.(33–35) Moreover, HER3
is downstream of FGFR2 signaling. FGFR2 is a critical onco-
gene of diffuse type of gastric cancer, and has also been
reported as an important molecular target.(36,37) We therefore
consider that inhibition of HER3 could be a promising molecu-
lar target for gastric cancer therapy in the future. Recently,
gene mutation of HER3 has been reported in carcinoma
including gastric cancer, and control of HER3 mutant activity
by the HER2 inhibitor has also been proposed as a possible
anti-cancer therapy.(38) On the other hand, HER3 gene amplifi-
cation has not been elucidated in gastric cancer. We for the
first time reported HER3 genomic amplification in gastric can-
cer in the current study.
There have recently been reports of the relationship of the

expression of other RTKs to the prognosis of gastric cancer.
In a very recent report, c-kit expression was proved to be
an important prognostic factor.(18) Our study did not include

any information regarding FGFR2, which is an alternate, but
well known, critical RTK in diffuse type of gastric can-
cer.(19,39,40) So we are still investigating whether we can
conclude that the prognostic significance of the specific
RTKs we examined in the current study are sufficient, or
whether other RTKs need to be examined. However, in the
current study we were at least able to dissect the unique
importance of HER3 expression for gastric cancer, and we
plan to determine the most optimal molecular targets for
gastric cancer therapy by comparing other RTKs with HER3
in the future.

Acknowledgments

We thank the FORTE Science Communications, Tokyo, Japan, for edi-
torial assistance.

Disclosure Statement

The authors have no conflict of interest to declare.

References

1 Ferlay J, Shin HR, Bray F et al. Estimates of worldwide burden of cancer in
2008: GLOBOCAN 2008. Int J Cancer 2010; 127: 2893–917.

2 Sakuramoto S, Sasako M, Yamaguchi T et al. Adjuvant chemotherapy for
gastric cancer with S-1, an oral fluoropyrimidine. N Engl J Med 2007; 357:
1810–20.

3 Sasako M, Sakuramoto S, Katai H et al. Five-year outcomes of a random-
ized phase III trial comparing adjuvant chemotherapy with S-1 versus sur-
gery alone in stage II or III gastric cancer. J Clin Oncol 2011; 29: 4387–93.

4 Maurer CA, Friess H, Kretschmann B et al. Increased expression of erbB3
in colorectal cancer is associated with concomitant increase in the level of
erbB2. Hum Pathol 1998; 29: 771–7.

5 Lee JC, Wang ST, Chow NH et al. Investigation of the prognostic value of
coexpressed erbB family members for the survival of colorectal cancer
patients after curative surgery. Eur J Cancer 2002; 38: 1065–71.

6 Japanese Gastric Cancer Association. Japanese gastric cancer treatment
guidelines 2010 (ver. 3). Gastric Cancer 2011; 14: 113–23.

7 Ema A, Yamashita K, Sakuramoto S et al. Lymph node ratio is a critical
prognostic predictor in gastric cancer treated with S-1 chemotherapy. Gastric
Cancer 2014a; 17: 67–75.

8 Vergara-Lluri ME, Moatamed NA, Hong E et al. High concordance between
HercepTest immunohistochemistry and ERBB2 fluorescence in situ hybrid-
ization before and after implementation of American Society of Clinical
Oncology ⁄College of American Pathology 2007 guidelines. Mod Pathol
2012; 25: 1326–32.

9 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitaitve PCR and the 2(-Delta Delata C(T)) Method. Methods
2001; 25: 402–8.

10 Yasui W, Hata J, Yokozaki H et al. Interaction between epidermal growth
factor and its receptor in progression of human gastric carcinoma. Int J
Cancer 1988; 41: 211–7.

11 Garcia I, Vizoso F, Martin A et al. Clinical significance of the epidermal
growth factor receptor and HER2 receptor in resectable gastric cancer. Ann
Surg Oncol 2003; 10: 234–41.

12 Hayashi M, Inokuchi M, Takagi Y et al. High expression of HER3 is associ-
ated with a decreased survival in gastric cancer. Clin Cancer Res 2008; 14:
7843–9.

13 Matsubara J, Yamada Y, Nakajima TE et al. Clinical significance of insulin-
like growth factor type 1 receptor and epidermal growth factor receptor in
patients with advanced gastric cancer. Oncology 2008a; 74: 76–83.

14 Kim MA, Lee HS, Lee HE et al. EGFR in gastric carcinomas: prognostic
significance of protein overexpression and high gene copy number. Histopa-
thology 2008; 52: 738–46.

15 Okines A, Cunningham D, Chau I. Targeting the human EGFR family in
esophagogastric cancer. Nat Rev Clin Oncol 2011; 8: 492–503.

16 Terashima M, Kitada K, Ochiai A et al. Impact of expression of human epi-
dermal growth factor receptors EGFR and ERBB2 on survival in stage II ⁄ III
gastric cancer. Clin Cancer Res 2012; 18: 5992–6000.

17 Oh HS, Eom DW, Kang GH et al. Prognostic implications of EGFR and
HER-2 alteration assessed by immunohistochemistry and silver in situ

hybridization in gastric cancer patients following curative resection. Gastric
Cancer 2014; 17: 402–11.

18 Kurokawa Y, Matsuura N, Kawabata R et al. Prognostic impact of major
receptor tyrosine kinase expression in gastric cancer. Ann Surg Oncol 2014.
doi: 10.1245/s10434-014-3690-x

19 Nagatsuma AK, Aizawa M, Kuwata T et al. Expression profiles of HER2,
EGFR, MET and FGFR2 in a large cohort of patients with gastric adenocar-
cinoma. Gastric Cancer 2014. doi: 10.1007/s10120-014-0360-4

20 Zhang XL, Yang YS, Xu DP et al. Comparative study on overexpression
of HER2 ⁄ neu and HER3 in gastric cancer. World J Surg 2009; 33:
2112–8.

21 Begnami MD, Fukuda E, Fregnani JH et al. Prognostic implications of
altered human epidermal growth factor receptors (HERs) in gastric carcino-
mas: HER2 and HER3 are predictors of poor outcome. J Clin Oncol 2011;
29: 3030–6.

22 Ocana A, Vera-Badillo F, Seruga B et al. HER3 overexpression and sur-
vival in solid tumors: a meta-analysis. J Natl Cancer Inst 2013; 105:
266–73.

23 Wu X, Chen Y, Li G et al. Her3 is associated with poor survival of gastric
adenocarcinoma: Her3 promotes proliferation, survival and migration of
human gastric cancer mediated by PI3K ⁄AKT signaling pathway. Med On-
col 2014; 31: 903.

24 Matsubara J, Yamada Y, Hirashima Y et al. Impact of insulin-like growth
factor type 1 receptor, epidermal growth factor receptor, and HER2 expres-
sions on outcomes of patients with gastric cancer. Clin Cancer Res 2008b;
14: 3022–9.

25 Ge J, Chen Z, Wu S et al. Expression levels of insulin-like growth factor-1
and multidrug resistance-associated protein-1 indicate poor prognosis in
patients with gastric cancer. Digestion 2009; 80: 148–58.

26 Yuan WJ, Ge J, Chen ZK et al. Over-expression of EphA2 and EphrinA-1
in human gastric adenocarcinoma and its prognostic value for postoperative
patients. Dig Dis Sci 2008; 54: 2410–7.

27 Yuan W, Chen Z, Chen Z et al. Silencing of EphA2 inhibits invasion of
human gastric cancer SGC-7901 cells in vitro and in vivo. Neoplasma 2012;
59: 105–13.

28 Hou F, Yuan W, Huang J et al. Overexpression of EphA2 correlates with
epithelial-mesenchymal transition-related proteins in gastric cancer and their
prognostic importance for postoperative patients. Med Oncol 2012; 29:
2691–700.

29 Miyazaki K, Inokuchi M, Takagi Y et al. EphA4 is a prognostic factor in
gastric cancer. BMC Clin Pathol 2013; 13: 19.

30 Ema A, Waraya M, Yamashita K et al. Identification of EGFR expression
status association with metastatic lymph node density (ND) by expression
microarray analysis of advanced gastric cancer. Cancer Med 2014b. doi: 10.
1002/cam4.311

31 Sithanandam G, Anderson LM. The ERBB3 receptor in cancer and cancer
gene therapy. Cancer Gene Ther 2008; 15: 413–48.

32 Yoshioka T, Nishikawa Y, Ito R et al. Significance of integrin alphavbeta5
and erbB3 in enhanced cell migration and liver metastasis of colon carcino-
mas stimulated by hepatocyte-derived heregulin. Cancer Sci 2010; 101:
2011–8.

Cancer Sci | December 2014 | vol. 105 | no. 12 | 1599 © 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Ema et al.



33 Kobayashi M, Nagata S, Iwasaki T et al. Dedifferentiation of adenocarcino-
mas by activation of phosphatidylinositol 3-kinase. Proc Natl Acad Sci USA
1999; 96: 4874–9.

34 Kobayashi M, Iwamatsu A, Shinohara-Kanda A et al. Activation of ErbB3-
PI3-kinase pathway is correlated with malignant phenotypes of adenocarci-
nomas. Oncogene 2003; 22: 1294–301.

35 Yamashita K, Sakuramoto S, Watanabe M. Genomic and epigenetic profiles
of gastric cancer: potential diagnostic and therapeutic applications. Surg
Today 2011; 41: 24–38.

36 Kunii K, Davis L, Gorenstein J et al. FGFR2-amplified gastric cancer cell
lines require FGFR2 and Erbb3 signaling for growth and survival. Cancer
Res 2008; 68: 2340–8.

37 Yashiro M, Shinto O, Nakamura K et al. Synergistic antitumor effects of
FGFR2 inhibitor with 5-fluorouracil on scirrhous gastric carcinoma. Int J
Cancer 2010; 126: 1004–16.

38 Jaiswal BS, Kljavin NM, Stawiski EW et al. Oncogenic ERBB3 mutations
in human cancers. Cancer Cell 2013; 23: 603–17.

39 Jung EJ, Jung EJ, Min SY et al. Fibroblast growth factor receptor 2 gene
amplification status and its clinicopathologic significance in gastric carci-
noma. Hum Pathol 2012; 43: 1559–66.

40 Su X, Zhan P, Gavine PR et al. FGFR2 amplification has prognostic signifi-
cance in gastric cancer: results from a large international multicentre study.
Br J Cancer 2014; 110: 967–75.

Supporting Information

Additional supporting information may be found in the online version of this article:

Table S1. Distribution of clinical and pathological factors of correlation with EGFR, HER2, IGF-1R, and EphA2 in 167 pStage II ⁄ III gastric can-
cer with gastrectomy and subsequent S-1 treatment.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | December 2014 | vol. 105 | no. 12 | 1600

Original Article
RTKs expression in gastric cancer www.wileyonlinelibrary.com/journal/cas


