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gastric cancer are being elucidated. Several tyrosine kinase
receptors (RTKs), such as the human epidermal growth
factor receptor 2 (HER?2), epidermal growth factor receptor
1 (EGFR), MET and fibroblast growth factor receptor 2
(FGFR2), are overexpressed in gastric cancer, and targeted
therapies involving these molecules have been developed.
The ToGA (Trastuzumab for Gastric Cancer) trial has
shown that trastuzumab improves the survival of patients
with HER2 protein-overexpressing and/or HER2 gene-
amplifying advanced gastric cancer [5]. Although the
addition of cetuximab or panitumumab to chemotherapy in
non-molecularly selected gastric cancer patients did not
improve survival [6, 7], a phase 2 study has shown a
possible improvement in the survival of the patient subset
with high EGFR expression who were treated with nim-
otuzumab, a humanized monoclonal antibody to EGFR [8].
At present, a phase 3 nimotuzumab trial (ENRICH study)
in patients with EGFR-overexpressing advanced gastric
and gastroesophageal junction cancer is ongoing. Ril-
otumumab is a humanized monoclonal antibody to hepa-
tocyte growth factor that inhibits signaling through the
MET receptor. A phase 2 study of rilotumumab in
advanced gastric cancer patients showed that treatment
with rilotumumab in combination with chemotherapy
improved the survival of the patient subset with high MET
protein-expressing tumors [9]. A following phase 3 ril-
otumumab trial (RILOMET-1) in patients with advanced
MET-positive gastric or gastroesophageal junction adeno-
carcinoma is ongoing [10]. Some new agents inhibiting
FGFR2 signaling have been developed for solid tumors,
including gastric cancer [11]. Several reports have exam-
ined the relation between clinical factors, pathological
features, and prognosis and the protein overexpression or
gene amplification of these RTKs. However, the expression
and gene amplification profiles of these promising RTKs
for gastric cancer treatment have not been simultaneously
evaluated in a large cohort.

In the present study, we evaluated the expressions of
HER2, EGFR, MET and FGFR2 proteins and the gene
amplification of HER2, EGFR and MET in a large number
of gastric cancers using tissue microarrays (TMAS),
including expression ratios and distributions of all four
RTKs with analyses in association with clinical outcomes
were examined.

Materials and methods
Patients and data collection
There were 1,001 consecutive patients with gastric ade-

nocarcinoma (GAC) who underwent surgery at the
National Cancer Center Hospital East between January

@ Springer

No cancer cell N=4
Other histology N=7
Other region N=15
Metastatic case N=3
Recurrent case N=2

Neoadjuvanttherapy
N=51

Residual cases
N=51

All cases
N=1032
Evaluatedcases
N=1001

|
Completelyresected cases 1
N=899 )‘

Recurrent cases
N=136

No evidence of recurrence
N=763

Fig. 1 Study schema

2003 and July 2007. A total of 950 patients with GAC with
no systemic chemotherapy before surgery were enrolled in
this study (Fig. 1). The medical records were reviewed to
obtain the clinical parameters of the patients, including age,
sex, stage, recurrence and survival outcomes. A patholog-
ical report and hematoxylin and eosin (H&E)-stained slides
were reviewed for the tumor parameters, including tumor
localization, histopathology, depth of tumor invasion and
capillary invasion status, such as lymphatic and venous
invasion and lymph node metastasis. The staging was
conducted according to the Japanese classification of gas-
tric carcinoma, third English edition [12]. The study pro-
tocol was approved by the institutional review board at the
National Cancer Center.

Tissue microarray construction

Representative tumor areas were selected and marked on
H&E-stained slides for the construction of the tissue
microarrays. A couple of 2.0-mm-diameter tumor cores
were obtained from the same tissue block in each case
using a manual tissue arrayer (Azumaya Ika Kikai, Tokyo,
Japan). These cores were assembled in a tissue microarray
format. Each tissue array block contained 48 cores,
including two positioning cores of liver tissue.

Immunohistochemical staining

The primary antibodies used for immunohistochemistry
(IHC) were the Ventana PATHWAY anti-HER2/neu (4B5)
rabbit monoclonal antibody (Ventana, Tucson, AZ),
CONFIRM anti-EGFR (3C6) mouse monoclonal antibody
(Ventana), CONFIRM anti-Total ¢-MET (SP44) rabbit
monoclonal antibody (Ventana) and rabbit polyclonal anti-
FGFR?2 antibody (C-17, SC-122, Santa Cruz Biotechnol-
ogy, CA).



Four RTK expressions in gastric cancer

229

Formalin-fixed, paraffin-embedded array blocks were
cut into 4-pum serial sections. HER2, EGFR and MET IHC
were stained using a fully automated Ventana Benchmark
ULTRA automated slide processing system (Ventana)
according to the manufacturer’s instructions.

For FGFR?2 staining, the sections were deparaffinized in
xylene, dehydrated with graded ethanol and then immersed
in methanol with 0.3 % hydrogen peroxidase for 20 min to
block endogenous peroxidase. After being washed in tap
water, the sections were placed in a 10 mmol/l citrate
buffer solution. For antigen retrieval, the sections were
heated at 125 °C for 30 s followed by 90 °C for 10 s in a
pressure cooker (Pascal Pressurized Heating Chamber) and
then cooled for 30 min at room temperature. After being
washed three times with PBS, the sections were immersed
in 2 % normal swine serum in PBS to block nonspecific
binding for 30 min at room temperature. Individual slides
were then incubated overnight at 4 °C with anti-FGFR2
antibody. After being washed at least five times with PBS,
the slides were incubated with a peroxidase-labeled poly-
mer conjugated to goat anti-rabbit immunoglobulin (Dako
EnVision+ System-HRP labelled polymer anti-rabbit,
code K4002; Dako) for 30 min at room temperature. After
extensive washing with PBS, the color reaction was
developed in 2 % 3,3’-diaminobenzidine in 50 mmol/l
Tris-buffer (pH7.6) containing 0.3 % hydrogen peroxide
for 3 min. The sections were then counterstained with
Meyer’s hematoxylin. All the stained sections were dehy-
drated and mounted.

Dual-color in situ hybridization

The gene amplification of HER2, EGFR and MET was
detected using the double-color ISH (DISH) technique
using the Ventana Benchmark ULTRA automated slide
processing system according to the manufacturer’s
instructions. HER2 DISH was performed using a fully
automated INFORM HER?2 Dual ISH DNA Probe Cocktail
assay (Ventana). EGFR DNA, MET DNA and chromo-
some 7 were detected using the INFORM EGFR DNA
Probe (Ventana), INFORM MET DNA Probe (Ventana)
and INFORM CHROMOSOME 7 Probe (Ventana),
respectively. To detect the HER2, EGFR and MET DNA
probes, the ultraView SISH DNP kit (Ventana) was used.
After the SISH signals had been developed, the RED ul-
traView ISH DIG detection kit (Ventana) was used to
detect the chromosome 17 or 7 probes.

Evaluation
The staining intensity was graded on a scale of 0-3 (0, no

staining; 1, faint staining; 2, weak or moderate staining; 3,
strong staining). Evaluation and scoring of the HER2, EGFR

and MET IHC expressions were performed according to
Hofmann’s criteria [13]. This scoring system has been vali-
dated for use in gastric cancer: 0 = staining or membrane
reactivity in <10 % of cancer cells; 14 = membrane reac-
tivity with an intensity score of 1in>10 % of cancer cells or
cancer cells with reactivity only in a part of their cell mem-
brane; 24 = complete or basolateral membrane with an
intensity score of 2 in >10 % of cancer cells; 3+ = com-
plete or basolateral membrane with an intensity score of 3 in
>10 % of cancer cells. For FGFR2, we examined the nuclear
and cytoplasmic staining patterns. We defined the scores for
FGFR2 as follows: 0 = staining reactivity in <50 % of
cancer cells; 14 = cytoplasm and/or nuclear reactivity with
an intensity score of 1 in more than 50 % of the cancer cells;
2+ = cytoplasm and/or nuclear reactivity with an intensity
score of 2 in more than 50 % of the cancer cells;
3+ = cytoplasm and/or nuclear reactivity with an intensity
score of 3 in more than 50 % of the cancer cells. Represen-
tative images of corresponding IHC staining scores for each
RTK are shown in the supplementary Fig. 1.

We evaluated the gene amplifications of HER2, EGFR
and MET by counting at least 20 tumor nuclei within a hot
spot using IHC staining. We defined HER2 gene amplifi-
cation if the HER2/Chrl7 ratio was >2.0 or if the HER2
signals formed a cluster. The evaluation of EGFR and MET
gene amplification was performed according to the Uni-
versity of Colorado Cancer Center criteria [14]. We iden-
tified gene amplification according to the presence of tight
EGFR/MET gene clusters and a ratio of EGFR gene to
chromosome of >2 or >15 copies of EGFR/MET per cell
in >10 % of analyzed cells.

An IHC score of 3+ or a score of 2+ plus HER2 gene
amplification was defined as HER2 positive. In EGFR,
MET and FGFR2, we defined an IHC score of 24 and 3+
as positive. In multiple RTK-expressing cases, we classi-
fied the “predominant” RTK according to the following
rules: the RTK with the strongest intensity of IHC staining,
or the broadest positive area if multiple RTK expressing
intensities were equal. We also classified overlapping sit-
uations into concurrently co-existing (overexpression of
multiple RTKs in the same area) and exclusively exist-
ing (overexpression of multiple RTKs in mutually exclu-
sive areas) patterns.

Statistical analysis

The statistical analysis was performed using SPSS 19.0
statistical software (SPSS Inc., Chicago, IL). Comparisons
of categorical variables were tested using the chi-square
test or Fisher’s exact test. Overall survival (OS) was cal-
culated from the date of surgery until death from any cause
that was scored as an event. Patients who were alive were
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Table 1 Intratumoral heterogeneity of IHC strong staining

HER2 EGFR MET FGFR2
IHC strong staining area
<10 % 11 (10.6) 26 (27.4) 93 (60.0)
>10 %, <30 % 28 (26.9) 35(36.8) 42 (27.1) 120" (81.1)
>30 %, <80 % 29 (27.9) 28 (29.5) 15 (9.7) 26 (17.6)
>80 % 36 (34.6) 6 (6.3) 51(3.2) 2 (1.4)

IHC immunohistochemistry
# Under 30 % of FGFR2 IHC staining area

censored at the last follow-up date. The survival curves
were derived from Kaplan-Meier estimates, and the curves
were compared using log-rank tests and the Cox propor-
tional hazard regression model. All the tests were two-
sided, and P values of <0.05 were considered significant.

Results
Overexpression and gene amplification of four RTKs

The HER2 ITHC score was 0 in 483 cases, 1+ in 297 cases,
2+ in 77 cases and 3+ in 93 cases. The EGFR IHC score
was 0 in 350 cases, 14 in 377 cases, 24 in 154 cases and
3+ in 69 cases. The MET IHC score was 0 in 291 cases,
1+ in 422 cases, 24 in 176 cases and 3+ in 61 cases. The
FGFR2 IHC score was O in 84 cases, 1+ in 571 cases, 2+
in 268 cases and 3+ in 27 cases. Among the 77 cases with
a HER2 IHC intensity score of 24, 19 cases had gene
amplification when examined using DISH. Only 23 (2.4 %)
and 12 (1.3 %) patients exhibited EGFR and MET gene
amplification, respectively.

Table 1 shows the intratumoral expression ratio of each
RTK in cases with an intensity score 3 staining area. One-
third of the samples with strong staining for HER2 were
homogeneously stained; however, the samples with strong
staining for EGFR, MET and FGFR2 exhibited highly
heterogeneous staining. Table 2 shows the correlation
between gene amplification and the intratumoral hetero-
geneity of areas with strong IHC staining. Patients with
gene amplification tended to have strongly staining tumors
with a homogeneous staining pattern. In patients with
tumors not amplified EGFR or MET gene, the gene status
of strongly staining areas with a homogeneous pattern was
polysomic.

Correlation between the positivity of each RTK
and clinicopathological factors

Table 3 shows the clinicopathological data for each RTK-
positive case. The patients with HER2-positive tumors
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Table 2 Correlation with gene amplification and intratumoral het-
erogeneity of IHC strong staining

HER?2 gene
amplification

EGFR gene
amplification

MET gene
amplification

Number of 90 23 12
patients (%)

IHC strong staining area

<10 % 6 (54.5) 3 (11.5) 5(5.4)
>10 %, <30 % 19 (67.9) 5(14.3) 1(2.4)
>30 %, <80 % 29 (100) 10 (35.7) 4 (26.7)
>80 % 36 (100) 5(83.3) 2 (40.0)

The number in parentheses is the percentage of gene amplifying cases
in each IHC strong staining area category (Table 1)

IHC immunohistochemistry

were elderly and predominantly male. The HER2-positive
GACs were a more differentiated tumor type (papillary and
tubular adenocarcinoma) and were more frequently asso-
ciated with venous invasion and regional lymph node
metastasis than the HER2-negative ones. The EGFR-posi-
tive GACs were of more poorly differentiated adenocar-
cinoma solid-type (porl) histopathology and an advanced
tumor stage, and were more frequently associated with
vascular invasion than the EGFR-negative ones. MET-
positive GACs were a more differentiated tumor type
(tubular adenocarcinoma) and had an earlier tumor stage
than the MET-negative ones. The FGFR2-positive GACs
were more frequently associated with vascular invasion
and had a more advanced tumor stage than the FGFR2-
negative ones. Table 4 shows the sites of recurrence and
metastasis in patients for each RTK-positive case. HER2-
positive tumors were significantly associated with the
recurrence of liver and intrathoracic organ metastases
(lung, mediastinal lymph node, pleura and lymphangiosis).
Patients with FGFR2-positive tumors had a greater chance
of peritoneal recurrence and a smaller chance of abdominal
lymph node metastasis.

Clinical outcomes according to each RTK

We performed survival analyses in the 899 patients who
had undergone a complete resection. The median follow-up
time was 5.01 years (range, 3 days to 10.5 years), and 169
deaths were observed. The Kaplan-Meier curves for OS are
shown in Fig. 2. Patients with EGFR- and FGFR2-over-
expressing tumors had shorter survival times than those
with non-overexpressing tumors (log rank P < 0.001 and
0.019, respectively). Conversely, patients with MET-
overexpressing tumors had longer survival times than those
with non-overexpressing tumors (log rank P = 0.006). For
HER2, no significant differences in survival between
overexpressing and non-overexpressing cases were seen.



Table 3 Clinicopathological characteristics of each RTKs overexpression

MET

HER2 EGFR FGFR2
Negative Positive p value Negative Positive p value Negative Positive p value Negative Positive p value
Number of patients, (%) 838 (88)  112(12) 727 (717) 223 (23) 713 (75) 237 (25) 655 (69) 295 (31)
Age, median (range) 63 (18-92) 66 (34-84)  0.003 63 (27-88) 65 (18-92) 0.153 64 (26-92) 64 (18-88) 0.777 64 (26-92) 64 (18-86)  0.782
Sex 0.001 0.497 0.614 0.642
Male 544 (65) 90 (80) 481 (66) 153 (69) 479 (67) 155 (65) 434 (66) 200 (68)
Female 294 (35) 22 (20) 246 (34) 70 (31) 234 (33) 82 (35) 221 (34) 95 (32)
Tumor location 0.057 0.041 0.524 0.117
EGJ 30 (4) 3(3) 21 (3) 12 (5) 25 (4) 8(3) 17 (3) 16 (5)
Upper third 157 (19) 30 27) 147 20) 40 (18) 148 (21) 39 (16) 124 (19) 63 (21)
Middle third 397 (47) 39 (35) 348 (48) 88 (39) 327 (46) 109 (46) 311 (47) 125 (42)
Lower third 236 (28) 39 (35) 198 (27) 77 (35) 198 (28) 77 (32) 188 (29) 87 (29)
Remnant 18 (2) 1) 13 () 6 (3) 152 4 (2) 15 2) 4 (1)
Macroscopic type 0.004 <0.001 0.006 . <0.001
type0 453 (54) 56 (50) 436 (60) 73 (33) 362 (51) 147 (62) 383 (58) 126 (43)
typel 17 (2) 8 (7) 18 (2) 73) 22 (3) 3 14 (2) 11 (4)
type2 94 (11) 21 (19) 74 (10) 41 (18) 88 (12) 27 (11) 65 (10) 50 (17)
type3 217 (26) 22 (20) 154 (21) 85 (38) 184 (26) 55 (23) 161 (25) 78 (26)
typed 45 (5) 4 (4) 36 (5) 13 (6) 45 (6) 4 (2) 21 (3) 28 (9)
type5 12 (1) 1) 9 (1) 4(2) 12 (2) 10 11 (2) 2 (1)
Histological classification® <0.001 0.001 ' <0.001 0.160
pap 9 (1) 13 (12) 15 (2) 73) 15 @) 73) 17 (3) 5(2)
tubl 120 (14) 36 (32) 130 (18) 26 (12) 94 (13) 62 (26) 115 (18) 41 (14)
tub2 254 (30) 46 (41) 216 (30) 84 (38) - 212 30) 88 (37) 208 (32) 92 (31)
porl 67 (8) 7 (6) 47 (6) 27 (12) 58 (8) 16 (7) 50 (8) 24 (8)
por2 237 (28) 9 (®) 188 (26) 58 (26) 200 (28) 46 (19) 154 (24) 92 (31)
sig 132 (16) 1M 114 (16) 19 9) 116 (16) 17 (7) 99 (15) 34 (12)
muc 19 (2) 0 ) 17 (2) 2(1) 18 (3) 1(0) 12 (2) 7Q2)
Lymphatic invasion 0.127 <0.001 0.253 0.003
Absent 490 (58) 57 (51) 455 (63) 92 (41) 403 (57) 144 (61) 398 (61) 149 (51)
Present 348 (42) 55 (49) 272 (37) 131 (59) 310 (43) 93 (39 257 (39) 146 (49)
Venous invasion 0.006 <0.001 0.083 <0.001
Absent 468 (56) 47 (42) 443 (61) 72 (32) 375 (53) 140 (59) 381 (58) 134 (45)
I Present 370 (44) 65 (58) 284 (39) 151 (68) 338 (47) 97 (41) 274 (42) 161 (55)
k% Depth of tumor invasion 0.060 <0.001 0.029 <0.001
0%- T1 437 (52) 57 (51) 431 (59) 63 (28) 352 (49) 142 (60) 376 (57) 118 (40)
i1 T2 107 (13) 10 (9) 92 (13) 25 (11) 93 (13) 24 (10) 72 (11) 45 (15)
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Positive p value

FGFR2

p value Negative

Positive

MET
p value Negative

Positive

EGFR
p value Negative

Positive

HER2
Negative

Table 3 continued
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76 (26)
56 (19)

129 (20)
78 (12)

47 (20)
24 (10)

158 (22)
110 (15)

83 (37)
52 (23)

122 (17)
82 (11)

34 (30)
11 (10)

171 (20)
123 (15)

T3

T4
Regional lymph node metastases

<0.001

0.302

<0.001

0.001

156 (53)
139 (47)

438 (67)
216 (33)

155 (65)

439 (62)
273 (38)

105 (47)
117 (52)

489 (67)
238 (33)

54 (48)
57 (51)
1(1)

540 (64)
298 (36)

Absent

82 (35)
0 (0)

Present

0 (0)

1(0)

10

10

00

0 (0)

No dissection
TNM stage

<0.001

0.067

<0.001

0.217

129 (44)
77 (26)
62 21)
27 (9)

400 (61)
122 (19)
93 (14)
40 (6)

149 (63)

380 (53)
158 (22)
120 (17)

72 (32)
68 (30)
57 (26)
26 (12)

457 (63)
131 (18)
98 (13)
41 (6)

52 (46)
28 (25)
22 (20)
10 (9)

477 (37)
171 (20)
133 (16)

41 (17)
35 (15)
12 (5)

11

I

55(8)

57 {7)

v

pap papillary adenocarcinoma, tubl tubular adenocarcinoma, well-differentiated, tub2 tubular adenocarcinoma, moderately differentiated, porl poorly differentiated adenocarcinoma, solid

type, por2 poorly differentiated adenocarcinoma, non-solid type, sig Signet-ring cell carcinoma, muc mucinous adenocarcinoma, RTK receptor tyrosine kinase, EGJ esophagogastric junction

# Histological classification is described according to the Japanese classification of gastric carcinoma: 3rd English edition

Only the patients with EGFR score 34 tumors had sig-
nificantly poorer outcomes than those with EGFR score 0
tumors (hazard ratio, 1.762; 95 % confidence interval,
1.076 to 2.887; P = 0.024) when examined using a mul-
tivariate proportional regression analysis that included sex,
age, vascular invasion status, histopathology, TNM stage
and adjuvant chemotherapy. The positivity of each RTK
except EGFR or multiple RTKs was not significantly
correlated with patient outcome in a multivariate Cox
regression model (data not shown).

Distributions of four RTKs

In 950 analyzed cases, no positivity for any of the four
RTKs was seen in 351 (36.9 %) samples. Three hundred
eighty-four (40.4 %) samples were positive for one RTK: 33
(3.5 %) samples overexpressed HER2 only, 84 (8.8 %)
overexpressed EGFR only, 102 (10.7 %) overexpressed
MET only and 165 (17.4 %) overexpressed FGFR2 only.
Furthermore, 164 (17.3 %) samples were positive for 2
RTKs, 50 (5.3 %) were positive for 3 RTKs, and 1 (0.1 %)
was positive for all 4 RTKs (Fig. 3a). The images of tumors
with all four RTKSs are shown in supplementary Fig. 2.

Of the 215 tumors with positive expressions for two or
more RTKs, 100 (46.5 %) exhibited the strong (3+)
expression of one RTK and the moderate (2+4) expres-
sion(s) of the other RTK(s) (strongest intensive pattern).
Based on the predominant expression, 43 cases were
classified as predominantly HER?2-overexpressing, 29
cases were classified as predominantly EGFR-over-
expressing, 21 were classified as predominantly MET-
overexpressing, and 7 were classified as predominantly
FGFR2-overexpressing. Among the 115 (53.5 %) tumors
with expression patterns of equal intensity, 2 simulta-
neously exhibited the expressions of three RTKs with a
strong intensity (HER2/EGFR/FGFR2 and EGFR/MET/
FGFR2), 33 simultaneously exhibited the expressions of
two RTKs with a strong intensity (6 with HER2/EGFR, 19
with HER2/MET, 5 with EGFR/MET, and 1 each with
HER2/FGFR2, EGFR/FGFR2, and MET/FGFR2), and 80
simultaneously exhibited the expressions of all the RTKs
with a moderate intensity. Based on the predominant
expression in the broadest positive area, 20 cases were
categorized as predominantly HER2, 19 were categorized
as predominantly EGFR, 30 were categorized as predom-
inantly MET, and 46 were categorized as predominantly
FGFR2. The distribution of the overexpressions of multiple
RTKs with equal intensity patterns was identified as a
concurrently co-existing pattern in 76 (66.1 %) cases and
an exclusively existing pattern in 39 (33.9 %) cases
(Fig. 4a—d). Taken together, the positive cases were cate-
gorized as HER2-predominant tumors in 96 cases
(10.1 %), EGFR-predominant tumors in 132 (13.9 %)
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Table 4 Sites of recurrence or metastasis in patients

HER2 EGFR MET FGFR2
Negative Positive p value Negative Positive p value Negative Positive p value Negative Positive p value
Recurrence 114 (84) 22 (16) 81 (60) 55 (40) 113 (83) 23 (17) 81 (60) 55 (40)
cases, N (%)
Liver 0.043 0.819 0.067 0.203
Absent 82(72) 11 (50) 56 (69) 37 (67) 81(72) 12 (52) 52 (64) 41 (75)
Present 32(28) 11 (50) 25 (31) 18 (33) 32(28) 11 (48) 29 36) 14 (25)
Peritoniae 0.136 0.936 0.101 0.014
Absent 69 (61) 17 (77) 51(63) 35 (64) 68 (60) 18 (78) 58 (72) 28 (51)
Present 45 (39) 5(23) 30 (37) 20 (36) 45 (40) 5(22) 23 (28) 27 (49)
Abdominal 0.327 0.819 0.894 <0.001
lymph node
Absent 76 (67) 17 (77) 56 (69) 37 (67) 77 (68) 16 (70) 46 (57) 47 (85)
" Present 38 (33) 523) 25 (31) 18 (33) 36 (32) 7 (30) 35 (43) 8 (15)
Intrathoracic 0.006 0.531 0.470 0.270
organ®
Absent 110 96) 17 (77) 76 (94) 51 (93) 106 (94) 21 (91) 77 (95) 50 (91)
Present 4 (4) 51(23) 5(6) 4(7 7 (6) 209 4(5) 5(9)
Bone, bone 0234 0.300 0.217 0.585
marrow
Absent 106 (93) 22 (100) 75 (93) 53 (96) 105 (93) 23 (100) 76 (94) 52 (95)
Present 8 (7) 0 (0) 6 (7) 24 8(7) 0 5 (6) 30)
Local 0.496 0.626 0.146 0.374
Absent 105 (92) 21 (95) 75 (93) 51 (93) 103 (91) 23 (100) 76 (94) 50 (91)
Present 9(8) 1(5) 6 (7) 4 (7 10 (9) 0 5 (6) 50
Stage4 cases, 57 (85) 10 (15) 41(61) 26 (39 55(82) 12 (18) 40 (60) 27 (40)
N (%)
Liver 0.537 0.598 0.574 0.362
Absent 48 (84) 9 (90) 35(85) 22 (8%) 47 (85) 10 (83) 33(83) 2489
Present 9 (16) 1(10) 6 (15) 4 (15) 8(7) 209 7 (18) 3 (11)
Peritoniae 0.327 0.640 0.534 0.205
Absent 21 (37) 5 (50) 15 (37) 11(42) 21(19) 5(22) 18 (45) 8 (30)
Present 36 (63) 5 (50) 26 (63) 15 (58) 34 (30) 7 (30) 22 (55) 19 (70)
Abominal 0.540 0.382 0.408 0.481
lymph node
Absent 42 (74) 7 (70) 31(76) 18 (69) 41(36) 8 (35) 28 (70) 21 (78)
Present 15 (26) 3 (30) 10 (24) 8 (31 14 (12) 4 (17) 12 (30) 6 (22)

* TIntrathoracic organs include lung, mediastinal lymph node, pleura and lymphangiosis

N number of patients

cases, MET-predominant tumors in 153 (16.1 %) cases,
and FGFR2-predominant tumors in 218 (22.9 %) cases
(Fig. 3b).

On the other hand, five patients had multiple RTKs
amplified in their GAC cells (Fig. 4e-h). In two cases, both
the HER2 and EGFR genes were amplified in the same
cancer cells (concurrently co-existing pattern). In another
three cases, the HER2/EGFR or EGFR/MET genes were
amplified in discrete cancer cells obtained from the same
core (mutually exclusive pattern).

Discussion

Here, we reported that 63.1 % of resected GACs expressed at
least one of four RTKSs that are regarded as being potentially
druggable targets for the molecular targeting agents in
advanced GAC patients. Moreover, 22.7 % of the cases
expressed multiple RTKs simultaneously in the same sam-
ple. Drescher et al. [15] reported the expression patterns of
six RTKs, including EGFR, using IHC in GAC, and only 2 %
of the samples in their series did not exhibit RTK expression.
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Guo et al. [16] reported that 88 % of gastric cancer tissues  overexpressed all four proteins. Other reports using IHC
showed the upregulation of at least one of four proteins, = have shown the coexpression of MET/HER?2 in 7.8 % and
including MET and FGFR2, while 20 % of them  thecoexpression of EGFR/HER2in 15 % and7 % of gastric
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Fig. 3 a shows the profile of the number of positive RTK in gastric
adenocarcinoma. b shows the profile of predominant RTK in gastric
adenocarcinoma. The segment in bright gray, gray, bright gray and
black denotes the sample with positivity of one RTK, two RTKs,
three RTKs and all four RTKSs, respectively. The HER2-predominant
tumor is associated with a high frequency of overexpression of
multiple RTKs, whereas the other RTK (EGFR, MET and FGFR2)-
predominant tumors are associated with a high frequency of
overexpression of single RTK

cancers [17-19]. On the other hand, Lennerz et al. reported
that HER2, MET and EGFR amplifications assessed using
fluorescence in situ hybridization (FISH) were almost
mutually exclusive events in gastroesophageal cancer [20].
Deng et al. [21] also described that FGFR2, HER2, EGFR
and MET amplification as assessed using an SNP array were
mutually exclusive events. Other reports have shown that
FGFR2 amplification was found to be mutually exclusive
with HER2 or HER2/MET amplifications [22, 23]. In sum-
mary, although multiple proteins of RTKs were

overexpressed simultaneously, gene amplification or a gain
in the gene copy number of an RTK was an exclusive event.
Our high-volume study showed the parallel occurrence of
these phenomena. Previous reports also have shown that only
a portion of protein expression cases exhibit gene amplifi-
cation [24-26], so gastric cancers with RTK protein over-
expression might be derived not only from RTK gene
amplification, but also via other mechanisms.

Regarding treatment, since gastric cancers with strong
or moderate overexpression of HER2 protein plus gene
amplification are associated with the efficacy of trast-
uzumab, gene amplification does not necessarily surpass
protein expression with regard to predicting the effect of
targeted therapy with antibodies [5]. On the other hand,
lapatinib [a dual anti-EGFR and anti-HER2 tyrosine kinase
inhibitor (TKI)] did not improve the survival of patients
with HER2-positive gastric cancer [27, 28]. For optimal
targeted therapy, we might need to detect each optimal
target to each drug using simple techniques whenever
possible. Our results may help to identify candidates whose
outcome could be improved by treatment with appos'ite
antibody therapy.

Drug resistance in molecular targeted therapy has been
identified as playing a role in the alternative activations of
other RTKs. In MET-addicted gastric cancer, activation of
HER family members was poorly responsive to MET
inhibitor [29]. In HER2-overexpressing breast cancer, the
insulin-like growth factor receptor, other human epidermal
growth factor receptor family members (EGFR, HER3) and
MET overexpression might be critical for treatment-
acquired resistance to trastuzumab [30-32]. In lung cancer,
drug resistance to EGFR-TKI was associated with MET
amplification [33, 34]. Moreover, MET activation was
shown to lead to resistance to lapatinib in HER2-amplified
gastric cancer [35]. Tumors develop more aggressively
resulting in additional proliferation, invasion, metastasis
and drug resistance, and the activation of multiple RTK
pathways might be an effective means of promoting the
survival of cancer cells. Thus, multiple RTK-expressing
tumors may give us some suggestions for future strategies
involving targeted therapy for gastric cancer.

In this study, we demonstrated the clinicopathological
features and prognostic values associated with the over-
expression of four RTKs evaluated by experts in GAC.
Regarding HER2 and EGFR, our results were similar to
those of previous reports with regard to the clinicopatho-
logical features and prognosis of each RTK-overexpressing
tumor [26, 36-41]. However, contrary to previous reports,
MET-overexpressing GACs tended to be associated with a
rather favorable outcome in our study [25, 42, 43]. In
addition, while we did not detect a correlation between
FGFR2-overexpressing tumors and a specific histology, as
previously reported, our FGFR2 IHC assay was able to
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Fig. 4 Representative images of overexpressing or amplifying
pattern of multiple RTKs. A concurrently co-existing pattern using
immunohistochemical (IHC) assay of HER2 (a) and MET (b) is
shown (x100). An exclusively existing pattern using IHC assay of
EGFR (¢) and MET (d) is shown (x25). On lower half of area, this
tumor exhibits the strong expression of EGFR, but the weak
expression of MET. Conversely, this tumor exhibits the strong

identify aggressive tumors [44, 45]. Except for HER2,
some of the differences between previous reports and our
results were attributed to the lack of standardized IHC
protocols (antibody and staining protocol) and evaluations.
Differences in the sample size and candidates themselves
were also major reasons. Regarding MET, both the mem-
branous and cytoplasmic expressions of MET, and not the
membranous expression only, have been suggested to be
suitable predictors of outcome [43]. Not only cytoplasmic
expression, but also the nuclear expression of FGFR2 has
been previously investigated in breast cancer and lung
cancer [46, 47]. In breast cancer, Martin et al. suggested
that the nuclear localization of FGFR2 might have an effect
on the prevention of malignant changes. In lung squamous
cell carcinoma, whereas the cytoplasmic overexpression of
FGFR2 was correlated with a better outcome, the nuclear
overexpression was correlated with a poorer outcome.
Behrens et al. suggested that the nuclear localization of
FGFR2 from the cytoplasm might lead to aggressive cancer
changes. We hypothesized that not only the cytoplasmic
expression, but also the nuclear expression of FGFR2 in
gastric cancer may have an important role in cancer
malignancy. On the other hand, both the nuclear and
cytoplasmic overexpression of FGFR2 can be described as
features of “FGFR2-enriched gastric cancer,” but anti-
bodies targeting FGFR2 do not seem to attack nuclear
FGFR2. These findings suggest that tools for selecting
candidates for antibody therapy may differ from those used
to select specific tumors dominated by a specific oncogene.

@ Springer

expression of MET but the moderate expression of EGFR on upper
half of area. The EGFR (e) or MET (f) gene amplification is
coincident with the area which EGFR or MET protein has strongly
overexpressed (x200). A concurrently co-existing pattern using dual-
color in situ hybridization (DISH) assay of HER2 (g) and EGER (h) is
shown. Both HER2 and EGFR are co-amplified on upper half of area
(x400).

Although we used TMAs to investigate RTK expression
in this study, the percentage of IHC staining and the het-
erogeneity of each RTK expression might not have been
evaluated accurately. TMA is a very useful tool for ana-
lyzing a large number of cases, but the results cannot
escape the problems of sampling biases. One of the reasons
for the discrepancy between TMA and whole tissue sec-
tions is thought to be the heterogeneity of THC overex-
pression, and investigators have been recommended to
obtain more than one core in each case [37]. We obtained
two cores from different areas to evaluate the tissue het-
erogeneity, with one sample collected from the intramural
area and one from the invasive front area. Previously,
Aizawa reported the HER2-overexpression status using the
same sets [48]. The kappa statistic was determined to

_quantify the accordance of the HER2 IHC determination

(negative, score of 0 and 14 or positive, score of 2+ and
3+4) between Aizawa’s and our evaluation. The kappa
statistic for the HER2 determination was 0.923, indicating
an excellent accordance. Although the IHC staining status
is heterogeneous in gastric cancer, the TMA method can
provide meaningful information when used in a large
cohort.

In conclusion, our results showed that 63.1 % of GAC
patients expressed at least one RTK when examined using
an JHC assay and could be candidates for targeted therapies
blocking these RTK pathways. On the other hand, 22.7 %
of the GACs in these patients, one-third of at least one
RTK overexpressing cases, exhibited the simultaneous
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expression of multiple RTKs. This phenomenon may
influence the selection of targeted therapies to prevent the
development of drug resistance or primary treatment fail-
ure. Our results may be useful for selecting the most suit-
able patients for each targeted therapy.
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