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Molecularly targeted therapy has enabled outstanding advances in cancer treatment.

Whereas various anti-human epidermal growth factor receptor 2 (HER2) drugs have

been developed, trastuzumab is still the only anti-HER2 drug presently available for

gastric cancer. In this study, we propose novel treatment options for patients with

HER2-positive gastric cancer. First, we determined the molecular profiles of 12 gas-

tric cancer cell lines, and examined the antitumor effect of the pan-HER inhibitors

afatinib and neratinib in those cell lines. Additionally, we analyzed HER2 alteration

in 123 primary gastric cancers resected from Japanese patients to clarify possible

candidates with the potential to respond to these drugs. In the drug sensitivity anal-

ysis, both afatinib and neratinib produced an antitumor effect in most of the HER2-

amplified cell lines. However, some cells were not sensitive to the drugs. When the

molecular profiles of the cells were compared based on the drug sensitivities, we

found that cancer cells with lower mRNA expression levels of IGFBP7, a tumor sup-

pressor gene that inhibits the activation of insulin-like growth factor-1 receptor

(IGF-1R), were less sensitive to pan-HER inhibitors. A combination therapy consist-

ing of pan-HER inhibitors and an IGF-1R inhibitor, picropodophyllin, showed a nota-

ble synergistic effect. Among 123 clinical samples, we found 19 cases of HER2

amplification and three cases of oncogenic mutations. In conclusion, afatinib and

neratinib are promising therapeutic options for the treatment of HER2-amplified

gastric cancer. In addition to HER2 amplification, IGFBP7 might be a biomarker of

sensitivity to these drugs, and IGF-1R-targeting therapy can overcome drug insensi-

tiveness in HER2-amplified gastric cancer.
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1 | INTRODUCTION

Significant advancements have been achieved in the development of

novel anti-HER2 drugs, resulting in increased therapeutic opportuni-

ties for patients with HER2-positive malignant tumors, especially

breast cancer. However, trastuzumab remains the only anti-HER2 drug

with established clinical evidence for the treatment of HER2-positive

gastric cancer.1 Regarding HER2-targeting small molecular drugs,

phase III clinical trials have not been carried out, other than those for

lapatinib, and the superiority of lapatinib against HER2-positive gastric

cancer was not established in either the Tytan trial or the LoGic trial.

Moreover, little is known about HER2 mutation in gastric cancer.2,3

Afatinib and neratinib are irreversible human EGFR TKIs that also bind

to the kinase domains of HER2 and HER4. Both drugs are called pan-

HER inhibitors. Afatinib has already been approved and clinically used as

a treatment option for EGFR-mutant non-small-cell lung cancers, and it

has also been reported to be effective against HER2-mutant or HER2-

amplified non-small-cell lung cancers.4,5 Neratinib has been approved for

the treatment of breast cancer by the US FDA, and an improvement in

the overall survival of post-operative HER2-positive breast cancer

patients after trastuzumab treatment has been reported.6 Because these

two drugs are promising candidates as anti-HER2 small molecular drugs

for HER2-positive gastric cancer, we examined the antitumor effects of

afatinib and neratinib against gastric cancer. We also analyzed HER2

alterations, including the mutation status, in primary gastric cancer from

123 Japanese patients who underwent a gastrectomy at our institution.

2 | MATERIALS AND METHODS

2.1 | Cell lines and reagents

Twelve gastric cancer cell lines (ECC10, GCIY, KATO-III, MKN7,

MKN74, NCI-N87, NUGC3, NUGC4, OCUM-1, SH-10-TC, SNU-16,

and SNU-216) were used in this study. ECC10, GCIY, and MKN7 were

provided by Riken BRC through the National Bio-Resource Project of

Ministry of Education, Culture, Sports, Science and Technology (MEXT),

Japan. NUGC3, MKN74, and OCUM-1 were provided by Japanese Col-

lection of Research Bioresources/Health Science Research Resources

Bank (JCRB/HSRRB), Osaka, Japan. KATO-III, NCI-N87, NUGC4, SNU-

16, SH-10-TC were purchased from ATCC (Manassas, VA, USA), and

SNU-216 was obtained from the Korean Cell Line Bank. All the cells,

other than GCIY and OCUM-1, were cultured in RPMI-1640 media sup-

plemented with 10% FBS. GCIY and OCUM-1 were cultured in mini-

mum essential media (Sigma-Aldrich) with 15% FBS and DMEM with

0.5 mmol/L sodium pyruvate and 10% FBS, respectively. Afatinib, nera-

tinib, and PPP were purchased from Selleckchem and MedChem

Express. Gefitinib was purchased from Sykkinase. Trastuzumab and per-

tuzumab were obtained from Chugai Pharmaceutical Co.

2.2 | Clinical tumor samples

Primary gastric cancer tumor samples were obtained from 123

patients who underwent a gastrectomy at Okayama University

Hospital (Okayama, Japan). The median patient age was 68 years

(range, 36-90 years), and all the patients were Japanese. Institutional

Review Board permission and informed consent were obtained at

our institution.

2.3 | DNA and RNA extraction

The genomic DNA and RNA of 12 cell lines were extracted using

the DNeasy Blood and Tissue Kit and the RNeasy mini Kit (Qiagen),

respectively, according to the manufacturer’s instructions. RNA was

reversed into cDNA using the High Capacity cDNA Reverse Tran-

scription Kit (Thermo Fisher Scientific). Genomic DNA was extracted

from clinical samples using overnight digestion with SDS and pro-

teinase K (Life Technologies) and then obtained using standard phe-

nol-chloroform extraction and ethanol precipitation.

2.4 | Copy number, gene expression assay, and
FISH

Copy number variations and the gene expression of HER2 were

determined by the DDCT method of qPCR (StepOnePlus real-time

PCR system; Applied Biosystems). All the samples were analyzed in

triplicate. Based on the results of our previous study, we defined the

copy number of control human genomic DNA (Thermo Fisher Scien-

tific) as 2 and amplification as values >4 in cell lines and those >5 in

clinical samples.7-10 The expression level of HER2 in NCI-N87, which

showed the highest level of HER2 expression among the 12 cell

lines, was defined as 1. A dual-color FISH assay was carried out

using the LSI HER2 SpectrumOrange/CEP17 SpectrumGreen probe

(Abbott Molecular).

2.5 | Western blot analysis and IHC

The detailed protocols of the total cell lysate extraction, Western

blot analysis, and IHC have been described previously.11,12 The pri-

mary antibodies were as follows: p-HER2 (Tyr1221/1222), HER2, p-

EGFR (Tyr1068), EGFR, p-MAPK (Erk1/2) (Thr202/Tyr204), MAPK

(Erk1/2), p-AKT (Ser473), AKT, cleaved PARP (Asp214), IGF-I recep-

tor b (IGF-1R), p-IGF-I receptor b (phospho-IGF-1R) (Tyr1135/1136)

(Cell Signaling Technology), and actin (Santa Cruz Biotechnology).

The following secondary antibodies were used in the Western blot-

ting: anti-rabbit, anti-mouse (Santa Cruz Biotechnology). To detect

specific proteins, the membranes were examined using the ECL

Prime Western Blotting Detection System (GE Healthcare) and LAS-

3000 (Fuji-film). As for IHC staining, the clinical tumors were stained

using anti-HER2 primary antibody purchased from Roche Diagnos-

tics.

2.6 | Cell growth inhibition assay

The cell growth inhibition rate was determined using a modified

MTS assay with CellTiter 96 AQueous bromide One Solution

Reagent (Promega) or an MTT assay with Thiazolyl Blue Terazolium
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(Sigma-Aldrich). In the MTS and MTT assays, cells were seeded in

96-well tissue culture plates (2000 cells/well) and a 10-cm dish

(2.0 9 105 cells/dish), respectively, and drug dilutions were added to

each well at 12 hours after seeding. Cell growth was measured at

3 days after drug treatment. The inhibitory effects against cell

growth are shown as the IC50. In the MTT assay, after the drug-con-

taining medium was completely removed after 3 days of treatment,

the cells were incubated with MTT solution (600 lL MTT and

2400 lL RPMI-1640) for 2 hours; DMSO was then added for purple

formazan solubilization. In the MTT assay, the concentrations of

drugs were fixed at 500 nmol/L. For the combination treatments,

the concentration of each drug was 500 nmol/L. The combination

effect of the two drugs was evaluated by CI. The CI was calculated

from the results of MTS assays performed for both single agent and

dual medication, using Calcusyn software (Biosoft). The combination

effect with CI < 1 was defined as synergistic.

2.7 | Direct sequencing assay

The direct sequencing of exon 8, the transmembrane domain (exon

17), and the kinase domain (exons 18-24) of HER2 was carried out

for each of the 12 cell lines and 123 primary gastric cancer samples.

The sequences of the primers were the same as previously

reported.13,14 The detailed PCR protocol has been previously

reported, and all the PCR products were incubated using exonucle-

ase I and shrimp alkaline phosphatase (Amersham Biosciences). DNA

sequence alterations were evaluated using MutationTaster2.15

2.8 | Xenograft mouse model

All the experimental mice were provided with food and water and

were handled in accordance with the Policy on the Care and Use of

Laboratory Animals, Okayama University. BALB/c-nu/nu female mice

were purchased from Charles River Laboratories. Approximately

1.0 9 106 cells of the HER2-amplified cell lines (NCI-N87, NUGC4,

and SNU-216) suspended in 100 lL RPMI-1640 media and Matrigel

Basement Membrane Matrix (Corning, Corning, NY, USA) were s.c.

transplanted into two places on the back side of each mouse. Because

the tumor growth of SNU-216 was extremely slow, we carried out the

in vivo assay using NCI-N87 and NUGC4 only. Mice were randomly

divided into three groups that received a placebo, 20 mg/kg afatinib,

or 40 mg/kg neratinib. Drugs were diluted in 0.5 w/v (%) methyl cellu-

lose (Wako Pure Chemical Industries) and were given orally five times

per week for 3 weeks. The size of the tumors was measured three

times a week, and tumor volume was calculated using the following

formula: volume (mm3) = length (longest diameter) 9 width (shortest

diameter)2 9 0.5. Drug treatment was generally started once the

tumor volume exceeded 50 mm3.

2.9 | Statistical analysis

In this study, the statistical analysis was mainly carried out using R,

and numerical data were expressed as the mean � SD. The difference

between two groups was considered statistically significant at

P < 0.05.

2.10 | Bioinformatics analysis

We used the microarray data (Affymetrix U133+2 arrays), genetic

alterations, and drug sensitivities of the cell lines shown in the CCLE.

In the clinical bioinformatics analysis, we investigated the HER2

alterations listed in the TCGA, MSK-IMPACT, and METABRIC data-

bases, in addition to our original data.16-18 Bioinformatics data on

HER2 alterations from these datasets are available through cBiopor-

tal for the Cancer Genomics website and are available to the pub-

lic.19,20

3 | RESULTS

3.1 | Gene alterations and activation of HER2 in
gastric cancer cell lines

We examined the copy number and gene expression of HER2 in 12

gastric cancer cell lines (Figure 1A). Five of the 12 cell lines (NCI-

N87, MKN7, SNU-216, GCIY, and NUGC4) showed the amplification

of HER2, and NCI-N87 showed a remarkably high copy number of

HER2. Among these cell lines, only ECC10 showed a HER2 mutation

(L755S) (Figure 1B). Regarding other HER family members, the

amplifications of EGFR in MKN74 and NUGC4 and of a HER3 muta-

tion in NUGC3 (G1273R) were reported in the CCLE database

(Table 1). The activation of downstream pathway molecules of HER2

and phosphorylated HER2 were analyzed using Western blotting

(Figure 1C). Three (MKN7, NCI-N87, and SNU-216) of the five

HER2-amplified gastric cancer cell lines showed overexpression of p-

HER2. In the HER2 mutant ECC10 cell line, p-HER2 was not

detected. Because total-HER2 and phospho-HER2 in GCIY and

NUGC4, which had been diagnosed as HER2-amplified from the

copy number variation of HER2 examined by qPCR, were barely

detectable in Western blot analyses, we analyzed these cell lines

using FISH (Figure 1D). Based on the results, GCIY and NUGC4

were confirmed as HER2-amplified cell lines.

3.2 | Effects of afatinib and neratinib in HER2-
amplified cell lines

We examined the effects of pan-HER inhibitors (afatinib and nera-

tinib), anti-HER2 antibody (trastuzumab and pertuzumab), and EGFR

inhibitor (gefitinib) in 12 gastric cancer cell lines (Table 1, Figure S1).

We classified drug sensitivity into three groups based on the IC50

values determined using an MTS assay. The IC50 values <100 nmol/

L, 100-1000 nmol/L, and >1000 nmol/L were defined as highly sen-

sitive, moderately sensitive, and insensitive to TKI, respectively. Four

(GCIY, NCI-N87, NUGC4, and SNU-216) of the five HER2-amplified

cell lines and NUGC3 were highly sensitive to both pan-HER inhibi-

tors. The IC50 value of afatinib and neratinib in these cells ranged

from 0.7 to 39.5 nmol/L and from <0.15 to 63.8 nmol/L,
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respectively. NUGC4, the most afatinib-sensitive cell line, also

showed EGFR amplification. Interestingly, the HER2-amplified MKN7

cell line was not highly sensitive to either of the pan-HER inhibitors,

compared with other HER2-amplified cell lines; nevertheless, the

activation of HER2 was revealed using Western blotting. In addition,

MKN7 cells were also insensitive to lapatinib, which inhibits both

EGFR and HER2 according to the CCLE database (IC50 >8 lM). In

most cell lines, the sensitivity of afatinib and neratinib showed the

same tendency, except in the ECC10 and KATO-III cell lines, which

were insensitive to afatinib and moderately sensitive to neratinib. All

12 cell lines were insensitive to trastuzumab and pertuzumab at a

concentration of 1000 lg/mL.

Next, we evaluated the effect of afatinib and neratinib on the

HER2 pathway in TKI highly sensitive HER2-amplified cell lines

(NCI-N87, NUGC4, and SNU-216), a moderately sensitive HER2-

amplified cell line (MKN7), and an insensitive cell line (MKN74). To

analyze HER2 and downstream pathway proteins, cell lysate was

collected after 12 hours of treatment. The phosphorylation of

HER2 was inhibited by both afatinib and neratinib in all four HER2-

amplified cell lines, including MKN7 (Figure 2). In addition to p-

HER2, total HER2 was also downregulated by the pan-HER inhibi-

tors in all four HER2-amplified cell lines. Regarding downstream

pathway molecules, the phosphorylation of ERK and AKT was

inhibited in all four HER2-amplified cell lines. By contrast, p-ERK

and p-AKT were not downregulated in an insensitive cell line

(MKN74). Phosphorylation of EGFR was suppressed in all five cell

lines.

3.3 | Antitumor effect of afatinib or neratinib on a
xenograft mouse model

Based on the in vitro experiment results, we undertook an in vivo

experiment to test the effect of afatinib or neratinib against HER2-

amplified gastric cancer cell lines (Figure 3A,B). HER2-amplified NCI-

N87 and NUGC4 cells were used in this experiment, and the doses

of both drugs were decided based on the results of previous

F IGURE 1 Genetic alteration of HER2
and activation of human epidermal growth
factor receptor 2 (HER2) and downsignal
pathway proteins in gastric cancer cell
lines. A, Copy number variation and
relative gene expression of HER2 were
analyzed using quantitative real-time PCR.
Five cell lines (NCI-N87, MKN7, SNU-216,
GCIY, and NUGC4) showed HER2
amplification. B, Direct Sanger sequencing
of ECC10 shows a HER2 mutation, L755S,
in a kinase domain. C, Activation of HER2
and downsignal pathway proteins are
shown. Total-HER2 was upregulated in the
HER2-amplified MKN7, NCI-N87, NUGC4,
and SNU-216 cell lines. *HER2-amplified
cell line. D, FISH analysis shows that HER2
is amplified in NUGC4 and GCIY. Blue,
nucleus; green, CEP17; red, HER2. p-,
phosphorylated. Scale bar, 10 lm
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studies.4,21 Both afatinib and neratinib showed significant antitumor

effects against NCI-N87 and NUGC4. In particular, both drugs

showed remarkable effects against NCI-N87 (P < 0.0001).

The expression level of p-HER2 in tumors obtained from mice

xenografts after treatment was examined using IHC. In both NCI-

N87 and NUGC4 cells treated with afatinib and neratinib, the

TABLE 1 Genomic alterations of HER family members in gastric cancer cell lines

Cell line Sex HER family status

Afatinib Neratinib
Gefitinib Pertuzumab Trastuzumab

IC50 (nmol/L) Sensitivity IC50 (nmol/L) Sensitivity IC50 (nmol/L) IC50 (lg/mL) IC50 (lg/mL)

NUGC4 F HER2 amp (CNV, 6.95)

EGFR amp

0.7 High 0.8 High 168.2 >103 >103

NCI-N87 M HER2 amp (CNV, 62.41) 3.1 High <0.16 High 1110.3 >103 >103

NUGC3 M HER3 mut (G1273R) 21.3 High 30.7 High 447.2 >103 >103

SNU-216 F HER2 amp (CNV, 13.40) 29.0 High 47.7 High 6391.9 >103 >103

GCIY F HER2 amp (CNV, 7.28) 39.5 High 63.8 High 449.4 >103 >103

MKN7 M HER2 amp (CNV, 16.30) 798.4 Moderate 757.3 Moderate >104 >103 >103

KATO-III M N/A 1398.6 Insensitive 320.1 Moderate 7640.9 >103 >103

SNU-16 F N/A 1754.2 Insensitive 1055.7 Insensitive >104 >103 >103

SH-10-TC N/A N/A 2524.1 Insensitive 3417.1 Insensitive >104 >103 >103

ECC10 M HER2 mut (L755S) 4461.7 Insensitive 519.2 Moderate >104 >103 >103

MKN74 M N/A 6758.1 Insensitive >104 Insensitive >104 >103 >103

OCUM-1 F N/A >104 Insensitive 5000 Insensitive >104 >103 >103

EGFR, HER3, and HER4 status provided by cBioPortal for Cancer Genomics.19,20 amp, amplification; CNV, copy number variation; F, Female; M, male;

mut, mutation; N/A, not available.

F IGURE 2 Influence of afatinib or neratinib on human epidermal growth factor receptor 2 (HER2) and the downsignal pathway in gastric
cancer cell lines. Both afatinib and neratinib downregulate the phosphorylation (p-) of HER2 and epidermal growth factor receptor (EGFR) in
tyrosine kinase inhibitor (TKI) highly and moderately sensitive cells. In addition to p-HER2, total-HER2 was also downregulated by pan-HER
inhibitors in HER2-amplified cells. In NCI-N87, NUGC4, SNU-216, and MKN7 cells, p-ERK and p-AKT were downregulated in a dose-
dependent manner
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F IGURE 3 Both afatinib and neratinib exerted an antitumor effect against HER2-amplified gastric cancer cells in vivo. A, In HER2-amplified
NCI-N87 and NUGC4 xenografts, afatinib and neratinib inhibited cell growth in a nude mouse xenograft model. In particular, both drugs
showed remarkable effects in NCI-N87 cells (P < 0.0001). The effects of afatinib and neratinib did not differ significantly in either cell line
(NCI-N87, P = 0.6095; NUGC4, P = 0.2780). B, Photographs of the xenograft model taken on day 21. C, Representative images of
immunohistochemical staining in tumors resected from xenograft model mice. In the pan-human epidermal growth factor receptor (HER)
inhibitor-treated mice, the expression level of phosphorylated (p-)HER2 in tumors were not completely suppressed (positive weak p-HER2
expression), compared with the level in placebo-treated mice. Scale bar, 100 mm
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expression of p-HER2 was suppressed, compared with the expres-

sion level in tumors treated with the placebo (Figure 3C). However,

p-HER2 in mice xenografts was not completely suppressed, despite

strong antitumor effects with pan-HER inhibitors. The reason for this

phenomenon may be that the cells maintaining weak p-HER2

expression even with pan-HER inhibitor treatment could barely sur-

vive.

3.4 | IGFBP7 is a possible novel biomarker of
afatinib or neratinib sensitivity in HER2-amplified
gastric cancer

As HER2-amplified gastric cancer did not always show a high sensi-

tivity to afatinib or neratinib, we further searched for a novel gene

associated with afatinib or neratinib sensitivity. We divided the 12

cell lines into two groups: a TKI highly sensitive group (GCIY, NCI-

N87, NUGC3, NUGC4, and SNU-216), in which the IC50 values of

afatinib and neratinib were both <100 nmol/L; and a TKI moderately

sensitive or insensitive group (ECC10, KATO-III, MKN7, MKN74,

OCUM-1, and SH-10-TC), in which the IC50 value of at least one

drug was >100 nmol/L. Then we compared microarray data obtained

from the CCLE database between the two groups. The ratios of the

mean expression values (approximately 54 000 mRNA) in the TKI

highly sensitive group to the values in the moderately sensitive or

insensitive group were then calculated. Thirty probes with the high-

est ratios and 30 probes with the lowest ratios were selected as can-

didate gene markers for sensitivity to pan-HER inhibitors (Tables S1

and S2). Among these probes, 201163_s_at corresponded to IGFBP7,

and we focused on IGFBP7 and IGF-1R to determine their abilities to

predict and overcome resistance to pan-HER inhibitors in HER2-

amplified gastric cancer.

Western blot analysis was used to determine the expression

levels of IGFBP7 and IGF-1R in the TKI highly sensitive group and

the moderately sensitive or insensitive group using the NCI-N87,

NUGC4, and SNU-216 and the MKN7 and MKN74 cell lines, respec-

tively (Figure 4A). The results showed that IGFBP7 was upregulated

in the TKI highly sensitive group only, and the expression of total

IGF-1R itself was less strongly correlated with TKI sensitivity. Subse-

quently, to determine whether IGF-1R had any impact on sensitivity

to afatinib or neratinib, we undertook an MTT assay using the

HER2-amplified MKN7 cell line, which had high levels of HER2

expression in both a gene expression assay and Western blot analy-

sis (Figure 4B). To downregulate the activation of IGF-1R, we used

PPP, an IGF-1R-targeting small molecule drug. Picropodophyllin inhi-

bits phosphorylation of IGF-1R without interfering with insulin

receptor activity and is reported to decrease IGF-1-stimulated phos-

phorylation of AKT.22,23 The cell proliferation ratios of the cells trea-

ted with afatinib, neratinib, or PPP compared with a control were

62.3%, 45.9%, and 54.1%, respectively. In contrast, the cell prolifera-

tion ratios when combinations of PPP plus afatinib or PPP plus nera-

tinib were used were 26.9% and 12.9%, respectively, which were

significantly lower than the single-use results (P < 0.0001). To reveal

the synergistic effect of pan-HER inhibitors and PPP, we also

undertook MTS assays and calculated the CI (Figure 4C). The effect

of afatinib, neratinib, or PPP alone were compared to the effect of

combination therapy (afatinib and PPP, or neratinib and PPP). The

F IGURE 4 Relation between the effect of pan-human epidermal
growth factor receptor (HER) inhibitors and insulin-like growth factor-
binding protein 7 (IGFBP7) and insulin-like growth factor 1 receptor
(IGF-1R) in gastric cancer cell lines. A, IGFBP7 was upregulated in
tyrosine kinase inhibitor (TKI) highly sensitive (TKI-High) cells.
Phosphorylated (p-)IGF-1R was upregulated in MKN74 cells, which
were insensitive to both afatinib and neratinib. TKI- Insens, TKI
insensitive; TKI-Mod, TKI moderately sensitive. B, In an MTT assay, a
combined treatment co-targeting HER2 and IGF-1R produced a
synergistic effect in MKN7 cells. In this assay, the concentrations of
afatinib, neratinib, and picropodophyllin (PPP) were all 500 nmol/L,
and the cells were exposed to the drugs for 3 days. MKN7 cells,
cultured under the same conditions as in the MTT assay, were stained
using crystal violet (photographs). C, Combination index (CI) and
fraction affected (Fa) were calculated from the results of 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay. The calculated CI was <1 at all
concentrations of combinations of afatinib and PPP, and neratinib and
PPP), and the effects were shown to be synergistic
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combination therapy was effective in MKN7 cells, in which the

expression of IGFBP7 was downregulated, and the effect was

proved to be synergistic by the CI. In a Western blot analysis, PPP

downregulated IGF-1R as well as the total and phospho-HER2 levels

in the MKN7 cell line (Figure S2).

3.5 | HER2 alteration in primary gastric cancers

To clarify possible candidates likely to benefit from pan-HER inhibi-

tors, we analyzed 123 DNA samples obtained from primary gastric

cancer patients. All the patients were Japanese, and 82 (66.7%) were

men. The pathological stage and histology of the specimens are

shown in Figure 5A,B. We analyzed the HER2 copy number variation

and mutations in exons 8 and 17-24. The HER2 copy number ranged

from 1.27 to 192.04, and HER2 was amplified in 19 cases (15.4%)

(Figure 5C). HER2 amplification was detected in both early and

advanced cancer and in both diffuse and intestinal type (Table S3).

Three mutations, S310F, D769_splice, and T862A, were detected in

this study (Figure 5D); all of these mutations were evaluated as “dis-

ease causing” by MutationTaster2. Duplications of the HER2 muta-

tion were not detected in this study, and HER2 amplification and

mutation were mutually exclusive. S310F and T862A have already

been reported as oncogenic mutations,24 and D769_splice was

detected as a novel mutation in HER2. Approximately half of the

HER2-amplified tumors were HER2-positive when examined using

IHC. The tumor with the S310F mutation was HER2-negative (1+)

when examined using IHC (Figure S3), although S310F is known to

be an oncogenic change.

4 | DISCUSSION

The molecularly targeted treatment of gastric cancer has lagged

behind that of lung cancer and breast cancer, considering the dra-

matic developments in genome analysis techniques and personalized

medicine. Until now, the effect of pan-HER inhibitors, afatinib and

neratinib, has been reported in some articles, using a limited number

of cell lines.25 In the present study, we determined the molecular

profiles of 12 gastric cancer cell lines and showed the potent antitu-

mor effects of afatinib and neratinib against HER2-amplified gastric

cancer cells in vitro and in vivo. Because the mechanism of pan-HER

inhibitors is completely different from that of anti-HER2 antibody

drugs, we believe that afatinib and neratinib could be promising ther-

apeutic options against HER2-positive gastric cancer.

Although the amplification of HER2 can be used as a biomarker

of drug sensitivity to pan-HER inhibitors, a few exceptions have

been noted. For instance, MKN7, which has a high copy number and

high gene expression of HER2, did not have a high sensitivity to

either drug, and NUGC3, which shows neither amplification nor a

mutation of EGFR or HER2, showed a high sensitivity. To find novel

biomarkers, we carried out a comprehensive gene expression analy-

sis of gastric cancer cell lines in silico. Among the candidates for a

novel biomarker gene, we focused on IGFBP7, as this gene report-

edly inhibits the activation of IGF-1R, which is known to mediate

anti-apoptotic signals and cell proliferation, by binding to unoccupied

IGF-1R and suppressing downstream signaling.26,27 Actually, IGFBP7

reportedly plays a role as a tumor suppressor gene in breast cancer,

colorectal cancer, and hepatocellular carcinoma.28-30 The association

of HER family protein and IGF-1R has also been well-documen-

ted,31,32 and low expression of IGFBP7 is correlated with poor prog-

nosis in high-grade serous ovarian carcinoma.33 The activation of

IGF-1R might influence the sensitivity of pan-HER inhibitors indi-

rectly, as IGF-1R reportedly forms a heterodimer with EGFR.32 The

effect of co-targeting HER2 and IGF-1R therapy has already been

reported in HER2 non-overexpressing breast cancer.34 Based on

these facts, we decided to undertake experiments to overcome the

resistance against afatinib or neratinib in HER2-amplified, but not

highly sensitive, cells using a combination therapy consisting of a

pan-HER inhibitor and an IGF-1R inhibitor. As a result, the combina-

tion of afatinib or neratinib with PPP produced a sufficient effect.

Although the detailed mechanisms remain unclear, PPP downregu-

lated total and phosphorylated HER2 in addition to IGF-1R, suggest-

ing that PPP might potentiate the anti-HER2 effect of pan-HER

inhibitors.

From these findings, we propose a novel indication criteria of

pan-HER inhibitors against primary gastric cancer, as shown in Fig-

ure S4A. Primary gastric cancers are divided into HER2-amplified or

non-amplified cases. HER2-amplified cases are stratified by IGFBP7

expression status. HER2-amplified/IGFBP7-positive cases are the

most appropriate cohort for treatment with pan-HER inhibitors. For

HER2-amplified/IGFBP7-negative cases, pan-HER inhibitor plus PPP

is considered to be a promising treatment. There is no indication for

pan-HER inhibitors among the HER2-non-amplified group. Because

there was no significant difference between mRNA expression level

of IGFBP7 in HER2-amplified gastric cancer and that of HER2-non-

amplified cases (Figure S4B), IGFBP7 would be an additional factor

that determines the effect of pan-HER inhibitors on HER2-amplified

gastric cancer.

F IGURE 5 Analysis of HER2 alterations in clinical samples of gastric cancer. A, Samples were collected from all cancer stages. B,
Distribution of histological classifications. Muc, mucinous adenocarcinoma; Pap, papillary adenocarcinoma; Por, poorly differentiated
adenocarcinoma; Sig, signet-ring cell carcinoma; Tub, tubular adenocarcinoma. C, Copy number variation in HER2 as analyzed using
quantitative real-time PCR. D, The HER2 structure is composed of an extracellular domain, transmembrane domain, juxtamembrane domain,
kinase domain, and tail. We undertook Sanger direct sequencing for exon 8 and exons 17-24 and compared the results with the TCGA and
MSK-IMPACT databases.16,17 Chromatograms showing the three mutation sites that we identified are shown below
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The in vitro effects of trastuzumab and pertuzumab, which is

another anti-HER2 antibody drug, were poor in the present study,

and their effects in clinical medicine might mainly be the result of

antibody-dependent cell-mediated cytotoxicity.35

Heterogeneity in gastric cancer is well-documented and is one of

the most important causes of insufficient efficacy of molecularly tar-

geted therapy in gastric cancer patients.36-38 To overcome the resis-

tance caused by heterogeneity, we tried to narrow the gastric

cancer patient candidates who would receive benefit from treatment

with pan-HER inhibitors. In this study, we defined HER2 amplifica-

tion by qPCR and FISH analysis, and most of the HER2-amplified cell

lines showed high sensitivity to pan-HER inhibitors, including GCIY

and NUGC4, in which total-HER2 was barely detected by Western

blot analysis. However, HER2 is mainly evaluated by IHC, which

reflects the protein level of HER2 in tumor samples, in clinical medi-

cine. From the result of the present study, we recognize that HER2

amplification as a more appropriate biomarker for pan-HER inhibitors

than the protein level of HER2.

Although gastric cancer is still a leading cause of cancer deaths

in East Asia,39 the frequency and types of HER2 alterations in gas-

tric cancer, especially mutations, remain unknown. In the present

study, we analyzed 123 DNA samples extracted from primary gas-

tric cancers in Japanese patients and compared the results with the

TCGA and MSK-IMPACT datasets (Table S4).40 In terms of HER2

alterations other than amplification, S310F (exon 8) is the most fre-

quent oncogenic mutation of HER2 in gastric cancer, according to

the TCGA dataset, and some mutations in the transmembrane

domain or kinase domain have also been reported as oncogenic

HER2 alterations.14 Thus, we undertook the direct sequencing of

exons 8 and 17-24, which contain the transmembrane domain and

the kinase domain of HER2. Only information for esophagogastric

cancer was obtained from the MKS-IMPACT dataset and compared

with our data, and a certain number of HER2 alterations in esopha-

geal cancer were also included. The frequencies of HER2 amplifica-

tion in the TCGA and MSK-IMPACT databases and in our study

were 14.0%, 22.6%, and 15.4%, respectively, and the frequencies

of mutation were 4.8%, 3.8%, and 2.4%, respectively. Regarding

HER2 mutations, we cannot conclude whether the frequency of

gastric cancer in our series was higher or lower than those in the

TCGA or MSK-IMPACT datasets because we only analyzed nine of

the 27 exons of HER2. Among the three mutations identified in

this study, D769_splice might have a limited significance because

HER2 was hardly detected using IHC, although this mutation was

diagnosed as an oncogenic change by MutationTaster2.

Even though the relation between oncogenic HER2 mutations and

drug sensitivity to afatinib or neratinib in gastric cancer needs further

investigation, the antitumor effects of these drugs against HER2-

mutated lung cancer and breast cancer have already been reported.4,24

The amplification and mutation of HER2 were mutually exclusive, not

only in our study examining gastric cancer, but also in studies examin-

ing lung or breast cancer according to the TCGA, MSK-IMPACT, and

METABRIC databases.18 Considering the exclusiveness of HER2 alter-

ations, patients suffering from HER2-mutated gastric cancer might not

be currently receiving anti-HER2 drugs, and pan-HER inhibitors could

contribute to the treatment of these patients.

In conclusion, pan-HER inhibitors exert a strong antitumor effect

against HER2-amplified gastric cancer cells and could be a promising

treatment option for HER2-positive gastric cancer patients. Our find-

ings also suggest that IGFBP7 expression might be a useful biomar-

ker for the selection of patients who are likely to be sensitive to

pan-HER inhibitors.
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