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Abstract

Background Trastuzumab (Tmab) resistance is a major
clinical problem to be resolved in patients with HER2-
positive gastric cancers. However, in contrast to the situ-
ation for HER2-positive breast cancer lines, the Tmab-
resistant gastric cancer preclinical models that are needed
to develop a new therapy to overcome this problem are not
yet available.

Methods We developed three new cell lines from HER?2
gene-amplified gastric cancer cell lines (GLM-1, GLM-4,
NCI N-87) by a new in vivo selection method consisting of
the repeated culture of small residual peritoneal metastasis
but not subcutaneous tumor after Tmab treatment. We then
evaluated the anti-tumor efficacy of lapatinib for these
Tmab-resistant cells.

Results We successfully isolated two Tmab-resistant cell
lines (GLM1-HerR2(3), GLM4-HerR2) among the three
tested cell lines. These resistant cells differed from the
parental cells in their flat morphology and rapid growth
in vitro, but HER2, POSHER?2 expression, and Tmab binding
were essentially the same for the parental and resistant cells.
MUCH4 expression was up- or downregulated depending on
the cell line. These resistant cells were still sensitive to
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lapatinib, similar to the parental cells, in vitro. This growth
inhibition of the Tmab-resistant cells by lapatinib was due to
both G1 cell-cycle arrest and apoptosis induction via
effective blockade of the PI3K/Akt and MAPK pathways. A
preclinical study confirmed that the Tmab-resistant tumors
are significantly susceptible to lapatinib.

Conclusion These results suggest that lapatinib has anti-
tumor activity against the Tmab-resistant gastric cancer
cell lines, and that these cell lines are useful for under-
standing the mechanism of Tmab resistance and for
developing a new molecular therapy for Tmab-resistant
HER2-positive gastric cancers.

Keywords HER2-positive gastric cancer - Cell
lines - Trastuzumab resistance - Lapatinib - HER2
gene amplification

Introduction

In 2008, gastric cancer was the second and fifth most
commonly diagnosed cancer in Japan and Europe,
respectively [1]. Despite progress in therapeutic modalities,
the survival rate of gastric cancer patients is still relatively
poor when compared with those for other common cancers,
such as colorectal and breast cancers. In gastric and gas-
troesophageal junction cancer patients, HER2 overexpres-
sion was observed in approximately 20 and 30 % of the
cases, respectively, most of which were of the histologi-
cally intestinal type. In gastric cancers, the major histo-
logical subtype is diffuse rather than intestinal, so HER2-
positive gastric cancers account for important members of
intestinal type gastric cancer [2-5].

Trastuzumab is the first clinically approved therapeutic
antibody against human epidermal growth factor receptor 2
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(HER2). It is now used worldwide as a standard therapy in
HER2-positive metastatic breast cancer patients and as an
adjuvant therapy in postoperative breast cancer patients [6—
8]. Ouchi et al. [9] reported significant antitumor activity of
trastuzumab in combination with chemotherapy in human
HER2-positive gastric cancer cell xenograft models. More
recently, an international randomized phase III trial (the
TOGA study) demonstrated significantly prolonged overall
survival with chemotherapy plus trastuzumab treatment
compared with chemotherapy alone in HER2-positive
gastric cancer patients, in a similar manner to breast cancer
cases [10]. However, the response rate of trastuzumab was
reportedly 47 %, and the median overall survival in
patients with trastuzumab + chemotherapy was only
2.7 months longer than that in patients with chemotherapy
alone, suggesting that primary trastuzumab resistance is
prevalent and secondary (acquired) trastuzumab resistance
is unavoidable. Thus, a potential strategy for overcoming
such resistance is now urgently required. Reports are
accumulating on mechanisms that can account for trast-
uzumab resistance in breast cancer cases, including auto-
crine production of EGF-like ligands, overexpression of the
alternative IGF-IR pathway, and the production of
P9SHER?2 and overexpression of MUC4 membrane-asso-
ciated mucin glycoprotein [11-15]. To date, however, the
molecular mechanism of trastuzumab-resistance in HER2-
positive gastric cancers is essentially unknown. This is
largely because there are few HE2-positive gastric cancer
cell lines [16, 17] and an absence of available trastuzumab-
resistant gastric cancer cell lines, in contrast to the situation
for breast cancers.

HER2, a member of the HER family, can strongly
interact with other HER receptors to form EGFR/HER2
and HER2/HER3 (HER4) heterodimers [18]. Therefore,
HER2 is capable of constitutively transducing signals
downstream to such as the Ras/mitogen-activated protein
kinase (MAPK) and phosphatidylinositol-3-kinase (PI3K)/
protein kinase B pathways by upregulating HER2. Conse-
quently, HER2 overexpression mediates multiple patho-
logical responses, including a chemokine receptor,
CXCR4-associated metastasis, and multidrug resistance
due to activation of the PI3K/Akt pathway [19, 20].
Therefore, HER2-overexpressing gastric cancers are ideal
targets for tyrosine kinase inhibitor (TKI) of HER2. La-
patinib is one such dual TKI that inhibits the phosphory-
lation of both EGFR and HER?2, thereby interrupting the
downstream MAPK and PI3K/Akt signaling pathways.
Lapatinib was found to be clinically effective in patients
with HER2-positive metastatic breast cancer that pro-
gressed after trastuzumab-based therapy [21, 22]. Recently,
Kim et al. [23, 24] demonstrated that HER2 gene-amplified
gastric cancer cell lines are also significantly sensitive to
lapatinib. To date, however, no one has reported the

lapatinib sensitivity of trastuzumab-resistant gastric cancer
cell lines.

We previously established two HER2 gene-amplified
gastric cancer cell lines (GLM-1 and GLM-4) from Japa-
nese patients with liver metastasis and demonstrated the
sensitivity of these cell lines to gefitinib [25, 26]. In the
present study, we established trastuzumab-resistant gastric
cancer cell lines from HER2 gene-amplified gastric cancer
cell lines for the first time and demonstrated the lapatinib
sensitivity of trastuzumab-resistant gastric cancer cells,
implying the possibility that lapatinib may be a clinically
useful agent against trastuzumab-resistant HER2-over-
expressing gastric cancers.

Materials and methods
Compounds

Lapatinib (lapatinib ditossylate) for in vitro use was
purchased from Santa Cruz Biotech (Santa Cruz, CA,
USA). Trastuzumab (Herceptin, Genentech, South San
Francisco, CA, USA), a humanized anti-HER2 mono-
clonal antibody, was purchased from Chugai Pharma-
ceuticals (Tokyo, Japan), and Ilapatinib (Tykerb) for
preclinical study was obtained from GlaxoSmithKline
(Philadelphia, PA, USA). Antibodies used were as fol-
lows. For western blotting analysis, mouse monoclonal
antibodies to total human FErkl/2, phospho-Erkl/2
(Thr202/Tyr204), HER2 (Cell Signaling Technology,
Danvers, MA, USA), MUC4 (Invitrogen, Carlsbad, CA,
USA), and B-actin (Sigma-—Aldrich, St. Louis, MO, USA)
were used. Rabbit polyclonal antibodies to total Akt and
phospho-Akt (Serd73) (Cell Signaling Technology) were
used. Rabbit polyclonal antibody to HER2 (DAKO Cy-

tomation,  Glostrup, = Denmark) was used for
immunohistochemistry.
Cell lines

GLM-1 and GLM-4 cell lines were established in our
laboratory from the liver metastasis of Japanese gastric
cancer patients, as reported previously [25]. Trastuzumab-
resistant GLM-1 HerR2, GLM-1 HerR3, and GLM-4
HerR2 cells were isolated after 2 or 3 cycles of in vivo
selection, which consisted of twice-weekly intraperitoneal
trastuzumab treatment for 4 weeks and subsequent culture
of residual small peritoneal metastatic tumor (Fig. lc).
GLM-1 HerR2 and GLM-1 HerR3 cells show essentially
the same characteristics. These cell lines were maintained
in DMEM (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan)
supplemented with 10 % fetal bovine serum (FBS) (GIB-
CO, Grand Island, NY, USA), 100 U/ml penicillin, and
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Fig. 1 Isolation of trastuzumab-resistant HER2-positive gastric can-
cer cell lines by in vivo selection. a Comparison of growth inhibition
of GLM-1 and BT474 cells by trastuzumab in vitro. b Effect of
trastuzumab on the growth of subcutaneous (sc) tumor and intraperi-
toneal metastasis in nude mice. Trastuzumab was intraperitoneally
(ip) injected into nude mice twice weekly for 4 weeks. (P < 0.05 vs

100 pg/ml streptomycin in plastic dishes (Falcon, Franklin
Lakes, NJ, USA), and incubated at 37 °C in 5 % CO.,.

In vitro cell growth assay

Cells were harvested with trypsin/EDTA, plated at
1 x 10* cells/96-well plastic plate in DMEM supplemented
with 10 % FBS, and then treated with increasing doses of
trastuzumab (0, 1, 10, and 100 pg/ml) or lapatinib (0.1, 1.0,
and 10 uM) on day 1. The number of viable tumor cells was
counted on day 3 with a hemocytometer in triplicate.

Cell cycle analysis by flow cytometer
To determine the percentage of cells at various phases of
the cell cycle, exponentially growing cells were treated for

24 h with trastuzumab or lapatinib at a concentration of
100 pg/ml or 10 pM, respectively, and cells were analyzed

@ Springer

control). ¢ Schematic representation of the procedure for isolating
trastuzumab-resistant cells from parental cells. Trastuzumab-resistant
cells were isolated after 2 or 3 cycles of in vivo selection, which
consisted of trastuzumab treatment for 4 weeks and subsequent
culture of residual small metastatic tumor in the peritoneal cavity
in vitro

for nuclear DNA after propidium iodide staining using
Cycletest Plus kit (Becton Dickinson, San Jose, CA, USA)
according to the manufacturer’s instructions. Flow cyto-
metric analysis was done in FACSCalibur (Becton Dick-
inson Biosciences, San Diego, CA, USA). Data collected
from 10,000 cells for each experiment were analyzed by
the ModFit software package (Verity Software House,
Topsham, ME, USA).

Apoptosis assay

Apoptosis induced by trastuzumab and lapatinib was quan-
titated using an Annexin V-FITC apoptosis detection kit
(Biovision, Mountain View, CA, USA). Cells were plated at
1 x 10’ cells/6 cm plastic plate in DMEM + 10 %FBS and
treated with trastuzumab (100 pg/ml) or lapatinib (10 uM)
for 42 h. Cell-surface annexin V binding and propidium
iodide (PI) uptake were detected by a flow cytometer.
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Western blot analysis

The monolayer culture cells were maintained on 60 mm
dishes in medium supplemented with 10 % FBS. Cells
were exposed to trastuzumab (10, 100 pg/ml) and lapatinib
(1.0 and 10 uM) for 24 h at 37 °C. Cells were then lysed at
4 °C in lysis buffer (10 mM Tris—HCI, pH 7.5, 150 mM
NaCl, 1 % Triton X-100, 1 mM EDTA, and complete
Protease Inhibitor Cocktail). The protein concentration was
determined by Lowry assay (DC Protein Assay; Bio-Rad,
Hercules, CA, USA), and 50-pg cell aliquots were directly
lysed in Laemmli sample buffer and separated by SDS-
PAGE under reducing conditions, before being transferred
to a PVDF membrane (Bio-Rad) and immunoblotted with
antibodies. Bound antibodies were visualized using Su-
perSignal West Pico (or Dura) chemiluminescence sub-
strate (Thermo Scientific, Waltham, MA, USA).

FISH analysis

Amplification of the c-erbB-2 gene was determined by a
dual-color FISH method using a Passvision HER-2 DNA
probe kit (Vysis Inc., Downers Grove, IL, USA) according
to the manufacturer’s protocol. The HER-2/neu-Spectrum
Orange probe contains a DNA sequence specific for the
c-erbB-2 human gene locus and hybridizes to region
17q11.2-q12 of the human chromosome. The CEP 17 green
probe that hybridizes to the D17Z1 locus (centromere
region of chromosome 17) was used as a control. The
nucleus was counterstained with 4’,6-diamidino-2-pheny-
lindole (DAPI). The slides were observed under a BX60
fluorescence microscope equipped with a digital camera
(DP50, Olympus, Tokyo, Japan). A cell was considered to
show amplification when a definite cluster of more than 4
signals for HER2 was present.

Immunohistochemical analysis

Subcutaneous tumors in nude mice were removed and fixed
in 10 % buffered formalin for 24 h. Formalin-fixed and
paraffin-embedded sections (4 pum) were used for immu-
nohistochemistry. For antigen retrieval, the sections were
treated with microwaves at 98 °C for 10 min. After blocking
nonspecific reactions, the sections were incubated at 4 °C
overnight with antibodies to HER2 and MUC4 with optimal
dilution. After washing with PBS, the sections were incu-
bated with biotinylated second antibodies for 30 min. The
sections were washed again with PBS, then incubated with
streptavidin—peroxidase complex (Vectastain ABC Kkit,
Vector Laboratories, Burlingame, CA, USA) for 60 min.
The chromogen was developed with 0.01 % diam-
inobenzidine (DAB), and the sections were counterstained
with Meyer’s hematoxylin. Immunohistochemistry for

HER?2 as described above is similar to HercepTest (Dako
Cytomation) in that they use the same polyclonal antibody
and estimation system. Tumors with membrane staining
scores of 24 and 3+ according to the HercepTest criteria
were evaluated as positive.

Tumor xenograft studies

Growing cultured cells were harvested with trypsin—-EDTA
and washed with PBS, and then 5 x 10° cells in 0.2 ml
PBS were injected subcutaneously into the left abdominal
flanks of 6- to 8-week-old male nude mice of the KSN
strain (Shizuoka Laboratory Animal Center, Hamamatsu,
Japan). Mice (n = 5) were intraperitoneally injected with
trastuzumab (20 mg/kg/day, twice weekly for 4 weeks)
and orally administered lapatinib (150 mg/kg/day 5 times
per week for 4 weeks). In the control groups, mice were
administered the vehicle. The maximum tumor diameter
(L) and the diameter perpendicular to that axis (W) were
measured every 5 days. Tumor volume was estimated by
the following formula: L x W x W x 1/2. All experi-
ments were carried out with the approval of the Institu-
tional Ethical Committee for Animal Experiments of the
Aichi Cancer Center Research Institute, and met the stan-
dard as defined by the UKCCR guidelines [27].

Statistical analysis

The statistical significance of any difference in corre-
sponding data between treatment groups was determined
by applying Student’s 7 test. A P value of <0.05 was
considered significant.

Results

We first compared growth inhibition by trastuzumab
between the HER2 gene-amplified gastric and breast can-
cer cell lines. An in vitro study showed that GLM-1 cells
were less sensitive to trastuzumab than the breast cancer
cell line (BT474) was (Fig. 1a). In the GLM-1 sc tumor
model in nude mice, trastuzumab significantly suppressed
sc tumor growth, but the residual tumor after therapy was
still large in size (Fig. 1b left). In contrast, the growth of
peritoneal metastasis was markedly inhibited by trast-
uzumab, and the remaining tumor was very small in size
(2-3 mm in diameter) (Fig. 1b right), indicating higher
trastuzumab sensitivity of the peritoneal metastasis than the
sc tumor. Based on these findings, to isolate the trast-
uzumab-resistant variant cell line, we adopted an in vivo
selection method using a peritoneal metastasis model. We
first injected three HER2 gene-amplified gastric cancer cell
lines (GLM-1, GLM-4, and NCI-N87) intraperitoneally

@ Springer
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and started weekly intraperitoneal trastuzumab treatment
on day 4 for 4 weeks. After treatment, we sacrificed the
mice and removed residual small peritoneal metastases and
cultured them. By repeating this procedure for 2 or 3
cycles, we isolated trastuzumab-resistant variant cell lines
(GLM-1 HerR2, GLM-1 HerR3, GLM-4 HerR2, and NCI-
N87 HerR2) (Fig. lc).

Trastuzumab-resistant cell lines showed a more flattened
morphology and faster growth than parental cells with a
multilayered growth pattern in vitro (Fig. 2a, b). Further-
more, parental cells expressed more sucrose—isomaltase
than trastuzumab-resistant cells (data not shown), sug-
gesting that differences in the growth and morphology may
be related to a difference in the intestinal differentiation of
HER2-gene-amplified gastric cancer cells. However, the
histology of sc tumors in nude mice was tubular or papil-
lary adenocarcinoma, and was essentially the same for
GLM-1 and GLM-4 parental and trastuzumab-resistant

Fig. 4 HER?2 protein expression and gene amplification in GLM-1,»
GLM-4, and NCI-N87 parental and trastuzumab-resistant cells.
a HER2 expression as determined by immunohistochemistry of
subcutaneous tumor xenografted in nude mice. Note the strong
membranous staining in all of the cells. b HER2 gene amplification
determined by dual-color FISH of cultured cells. Cluster pattern (red)
gene amplification was observed in all cell types. ¢ Flow cytometric
analysis of HER2 expression of cultured cells. d Flow cytometric
analysis of the binding of FITC-labeled trastuzumab to cultured cells.
In this experiment, we used GLM-1 HerR3 cells as trastuzumab-
resistant GLM-1 cells

tumors at the HE level (data not shown). GLM-1 and
GLM-4 cells were modestly but significantly sensitive to
trastuzumab, whereas trastuzumab-resistant cells were
refractory to trastuzumab in vitro, except for NCI-N87 cells
(Fig. 2¢). Subcutaneous tumor growth in nude mice of
parental GLM-1, GLM-4 and NCI-N87 cells was signifi-
cantly suppressed by the trastuzumab treatment, whereas
GLM-1HerR3 and GLM-4HerR2 tumor growth was not
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Fig. 3 Trastuzumab sensitivities of GLM-1, GLM-4, and NCI-N87
parental and trastuzumab-resistant cells in subcutaneous tumor
xenografted into nude mice. a Parental tumor cells and b trast-
uzumab-resistant cells were injected subcutaneously into nude mice,

and intraperitoneal treatment with trastuzumab was done at a dose of
20 mg/kg/day, twice weekly, for 4 weeks. *P < 0.05 (vs control). NS
not significant. Bars SE
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(Fig. 3a, b), confirming the trastuzumab resistance of
GLM-1HerR2, 3 and GLM-4HerR2 cells both in vitro and
in vivo. In contrast, NCI-N87 HerR2 cells were still found
to be sensitive to trastuzumab both in vitro and in vivo.

Immunohistochemical analysis of the HER2 expression
of xenografted tumor demonstrated similar strong HER2
protein expression on the cell surface in both the parental
and resistant cells (Fig. 4a). FISH analysis also showed that
both parental and resistant cells had similar levels of
cluster-type HER2 gene amplification (Fig. 4b). Flow
cytometric analysis revealed that HER?2 expression of these
trastuzumab-resistant cells was not significantly different
from that of parental cells (Fig. 4c). Furthermore, the
binding of trastuzumab to the tumor cell surface, as
determined by the binding of Alexa488-labeled trast-
uzumab, was similar for the parental and resistant cells
(Fig. 4d), suggesting that trastuzumab resistance was not
due to the downregulation of HER2 expression and
decreased HER2 binding to the cells.
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Fig. 5 p95SHER2 and MUC4 expression in GLM-1 and GLM-4
parental and trastuzumab-resistant cells. a Western blot analysis of
p9SHER2 expression in cultured cells. b Western blot and

Fig. 6 Lapatinib sensitivities of GLM-1 and GLM-4 parental and»
trastuzumab-resistant cells in vitro. a Comparison of growth inhibi-
tion of parental and trastuzumab-resistant cells by lapatinib in vitro.
NS not significant. Bars SE. b Cell cycle analysis by cycle test.
¢ Apoptosis analysis by annexin V assay. d Western blot analysis of
the effects of trastuzumab and lapatinib on the phosphorylation of
HER?2 and the downstream signaling pathway in GLM-1 parental and
trastuzumab-resistant cells. After treatment with trastuzumab and
lapatinib for 24 h, cells were lysed and subjected to western blot

We then examined the expression of p95SHER2 and
MUC4, which are reportedly involved in the trastuzumab
resistance of HER2-positive breast cancer cell lines, at the
protein and mRNA level. p9SHER2 consists of several
components with MWs ranging from 95 to 115 kDa, and
there was no substantial increase in p9SHER?2 protein
expression or their phosphorylation in GLM-1- and GLM-
4-resistant cells compared with parental cells (Fig. 5a).
MUC4 expression increased on the surfaces of GLM-1
trastuzumab-resistant cells at the protein and mRNA levels,
whereas it decreased in the GLM-4 and GLM-4HerR2 cells
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(Fig. 5b, c), indicating different expression in the different
cell lines.

NCI-N87 HerR2 cells were still found to be sensitive to
trastuzumab after in vivo selection. So, thereafter, we only
examined GLM-1 and GLM-4 trastuzumab-resistant cells
to further analyze their susceptibility to lapatinib. In vitro
and in vivo studies of the lapatinib sensitivities of these
trastuzumab-resistant cell lines demonstrated that, despite
trastuzumab-resistance, GLM-1HerR3 cells remained la-
patinib-sensitive to a degree comparable to parent cells
(Fig. 6a). Cell cycle analysis showed that the percentages
(%) of the S/G2/G1 phases of control GLM-1 cells, tast-
uzumab-treated GLM-1 cells, and lapatinib-treated GLM-1
cells were 28.5/8.0/63.5 %, 27.5/8.0/64.5 %, and 14.7/0/
85.3 %, respectively. On the other hand, the percentages
(%) of the S/G2/G1 phases of the control GLM-1HerR3,
trastuzumab-treated GLM-1HerR3, and lapatinib-treated
GLM-1HerR3 cells were 28.2/8.0/63.8 %, 29.7/8.0/
62.3 %, and 16.5/0/83.5 %, respectively, indicating that G1
cell-cycle arrest was induced in both cells to similar extents
(Fig. 6b). Annexin V assay revealed that apoptosis induc-
tion, as evaluated by determining the annexin+/PI— frac-
tions of control GLM-1, trastuzumab-treated GLM-1, and
lapatinib-treated GLM-1 cells were 3.93, 4.12, and 14.2 %,
respectively, whereas those of the GLM-1HerR3 cells were
6.36, 4.34, and 10.49 %, respectively (Fig. 6¢), implying
that apoptosis was induced by lapatinib to similar extents
for the two cells.

Effects of trastuzumab and lapatinib on the downstream
signaling pathways of GLM-1 cells and GLM-1HerR3 cells
were examined by western blotting. Trastuzumab had no
significant inhibitory effects on the phosphorylation of
HER2, Akt, and Erk, whereas lapatinib inhibited the PI3K/
Akt and MAPK signaling pathways in both parental and
trastuzumab-resistant cell lines to similar extents (Fig. 6d),
consistent with the above results obtained from cell cycle
analysis and apoptosis induction. Similar levels of growth
inhibition, induction of G1 cell-cycle arrest and apoptosis,
and inhibition of signal transduction by lapatinib were
observed in GLM-4 cells and GLM-4HerR2 cells (data not
shown).

Furthermore, we compared antitumor and antimetastatic
effects of trastuzumab and lapatinib in GLM-1 (GLM-4)
parental and trastuzumab-resistant cells. While there was
no apparent inhibition of sc tumor growth by trastuzumab
(Fig. 3b), lapatinib significantly inhibited sc tumor growth
in trastuzumab-resistant GLM-1 and GLM-4 cells
(Fig. 7a). In a peritoneal metastasis model, which was only
applicable for the GLM1-HeR2 (3) cells because of the low
metastatic potential of GLM-4 cells, trastuzumab and la-
patinib strongly inhibited peritoneal metastasis in parental
GLM-1 cells, whereas only lapatinib significantly inhibited
peritoneal metastasis of GLM-1HerR3 cells (Fig. 7b),
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indicating that lapatinib has antimetastatic potential for
trastuzumab-resistant cells.

Discussion

In the present study, we successfully isolated two novel
trastuzumab-resistant variant cell lines from HER2 gene-
amplified parental gastric cancer cell lines. These cell lines
are unique for the following reasons. (1) Although trast-
uzumab-resistant HER2-positive breast cancer cell lines
such as BT474 and SKBR-3 cells are now available [28,
29], no HER2-positive, trastuzumab-resistant gastric can-
cer cell lines have been reported. Our cell lines are thus the
first trastuzumab-resistant gastric cancer cell lines estab-
lished by the new in vivo selection method. (2) HER2
gene-amplified gastric cancer cell lines are only modestly
susceptible to trastuzumab in vitro, unlike the HER2-
positive breast cancer cell line, in which G1 cell-cycle
arrest is induced by trastuzumab via decreased phosphor-
ylation of Akt [11]. Therefore, the mechanisms of trast-
uzumab resistance in HER2-positive gastric and breast
cancer cell lines may differ; for instance, antibody-depen-
dent cellular cytotoxicity (ADCC) may be more important
than the blockade of signal transduction in the former. (3)
GLM-1 and GLM-4 cell lines derived from Japanese gas-
tric cancer patients acquired trastuzumab resistance more
markedly than NCI N-87 cells, which are derived from
Caucasian HER2-positive gastric cancer patients after
repetitive trastuzumab treatment. Consistent with these
preclinical findings, a subset analysis of the TOGA study in
which only Japanese patients were enrolled showed that the
survival of patients treated with trastuzumab therapy was
improved but the efficacy of trastuzumab was less than that
seen in the worldwide full-set analysis [30]. These findings
suggest the possibility of racial differences in the trast-
uzumab sensitivities of HER2-positive gastric cancers
derived from Japanese and Western patients. Therefore,
these HER2 gene-amplified, trastuzumab-resistant gastric
cancer cell lines would be very useful preclinical models
for understanding the detailed mechanism of acquired
trastuzumab resistance, as well as for developing a new
molecular targeting therapy to overcome the trastuzumab
resistance of HER2 gene-amplified gastric cancer patients.

Interestingly, these trastuzumab-resistant gastric cancer
cell lines were still sensitive to lapatinib to a similar extent
to the parental cells. Lapatinib is a dual TKI that inhibits
the phosphorylation of both HER2 and EGFR, thereby
interrupting the downstream signaling pathways such as the
MAPK and PI3K/Akt pathways. Lapatinib was reportedly
active in women with HER2-positive metastatic breast
cancer that progressed after trastuzumab therapy [21, 22].
Therefore, HER2 gene-amplified gastric cancer is also
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likely to respond to lapatinib. Although previous studies
demonstrated that HER2 gene-amplified gastric cancer cell
lines show significant sensitivity to lapatinib [23, 24], the
antitumor activity of lapatinib against trastuzumab-resis-
tant gastric cancer cell lines has remained unknown. In the
present study, we first demonstrated that lapatinib signifi-
cantly inhibits the growth of trastuzumab-resistant GLM-1
cells, just as it does for parental GLM-1 cells. This growth
inhibition of GLM-1HerR3 cells by lapatinib was achieved
through G1 cell-cycle arrest and apoptosis by inhibiting the
phosphorylation of HER2 and downstream Akt and Erk,
just as for the parental GLM-1 cells. Furthermore, signifi-
cant antitumor and antimetastatic effects of lapatinib on
GLM-1HerR3 cells were observed in the nude mouse
xenograft model. Similar levels of growth inhibition by
lapatinib was also observed in vitro and in vivo in GLM-4
HerR2 cells and parental GLM-4 lines. These results
strongly suggest that lapatinib alone or in combination with
trastuzumab (or chemotherapy) would be a potential new
targeted therapy for metastatic HER2 gene-amplified gas-
tric cancer patients with acquired trastuzumab resistance.
Several clinical trials of lapatinib in combination with
chemotherapy against HER2-positive gastric cancers are
now ongoing. Based on our present findings, improved
overall and progression-free survival rates would be
expected in HER2-positive, trastuzumab-resistant gastric
cancer patients treated with lapatinib, in addition to trast-
uzumab-sensitive patients.

There are several possible mechanisms for the acquired
trastuzumab resistance of these gastric cancer cell lines,
based on reports of studies of HER2-positive breast cancer
cell lines. In the present study, we partially examined fol-
lowing three possibilities. First, the downregulation of
HER?2 expression and consequent decreased trastuzumab
binding to HER2. We found that these trastuzumab-resistant
cell lines showed phenotypic changes compared with
parental cells, such as in their morphology and growth
potential in vitro. However, detailed analysis clearly dem-
onstrated that HER2 gene amplification, HER2 protein
expression, and the binding of trastuzumab to HER2 remain
essentially unchanged in the resistant cells, thereby
excluding the first possibility. A second possibility is the
overexpression of the pP9SHER?2 fragments generated by the
proteolytic cleavage of the extracellular domain or alterna-
tive initiation of translation from the AUG codon. In breast
cancer, 20-40 % of HER2-positive tumors reportedly
express p9SHER?2, and patients with p9SHER2-positive
tumors have a worse prognosis due to trastuzumab resistance
[15]. Our two HER2-positive parental cell lines expressed
p95SHER2 with MWs ranging from 100 to 115 kDa, but no
substantial increase in either total p9SHER?2 or phosphory-
lated p9SHER?2 was observed in the resistant cells, indicat-
ing no possibility of pP9SHER?2 involvement in trastuzumab

resistance. A third possibility is the overexpression of
MUC4, a membrane-bound mucin glycoprotein, as reported
for breast cancers. A transmembrane subunit of MUC4 that
contains two EGF domains reportedly binds to the extra-
cellular domain of HER2 and triggers specific phosphory-
lation of HER2, leading to the activation of downstream
signaling pathways [14, 31]. Alternatively, MUC4 reduces
the binding of anti-ErbB2 antibodies to tumor cell surfaces
by masking the extracellular domain of HER2 with high
molecular weight sugar side chains. We found that MUC4
was upregulated at both the mRNA and protein levels in
GLM-1HerR3 cells compared with parental GLM-1 cells.
However, the binding of trastuzumab to the tumor cell sur-
face was unchanged in trastuzumab-resistant cells. No
apparent increase in the phosphorylation of HER2 or the
consequent activation of downstream signaling pathways
was observed in the resistant cells. In contast, MUC4 was
downregulated in GLM-4HerR2 cells compared with
parental GLM-4 cells. Therefore, the precise role of MUC4
in the trastuzumab resistance remains to be elucidated.
Furthermore, protein expression of PTEN was not signifi-
cantly reduced in trastuzumab-resistant cells compared with
parental cells in vitro (data not shown). Further detailed
studies, such as an in vivo analysis, are needed to clarify the
mechanism of trastuzumab resistance in HER2-positive
gastric cancer cell lines.

In conclusion, we developed new HER2 gene-amplified,
trastuzumab-resistant gastric cancer cell lines and demon-
strated the sensitivity of these trastuzumab-resistant cell
lines to lapatinib for the first time. Although the precise
mechanism of trastuzumab resistance is still unclear, these
cell lines would be excellent preclinical models for
understanding the mechanism of trastuzumab resistance
and developing a new molecular targeting therapy (or for
use in combination with chemotherapy) in patients with
trastuzumab-resistant gastric cancers.
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