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Abstract. Advanced gastric cancer (GC) is one of the most
lethal malignancies. Although many anticancer agents exist for
the treatment of GC, its prognosis remains extremely poor.
Therefore, further development of targeted therapies is required
for patients with GC. To assess the role of heparin-binding
epidermal growth factor-like growth factor (HB-EGF) as a target
for GC therapy, the expression of EGF receptor ligands in GC
cell lines, and the antitumor effects of an HB-EGF inhibitor
(CRM197) as a single agent and in combination with other
anticancer agents was assessed in GC cells. HB-EGF was the
predominantly expressed ligand among EGF receptor ligands in
all the cells. CRM197 induced significant cell apoptosis.
Anticancer agents augmented the secretion of HB-EGF into the
medium and simultaneously induced cell apoptosis. Combination
of CRM197 with other anticancer agents significantly enhanced
cell apoptosis. Additionally, co-administration of CRM197 and
paclitaxel resulted in synergistic antitumor effects. These results
suggested that HB-EGF is a rational target for GC therapy.
Gastric cancer is one of the most common types of cancer
worldwide, with a particularly high incidence in East Asia,
Eastern Europe, Central and South America (1). This disease
is also associated with high mortality because many patients
present with locally advanced or metastatic disease.
Chemotherapy is the main treatment option for patients
with advanced gastric cancer. Fluorouracil (5-FU), cisplatin,
docetaxel, paclitaxel, epirubicin and irinotecan are the major
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constituents of conventional regimens. To date, although
many clinical trials have been performed, there is no
standard treatment for the advanced disease. A number of
different classes of targeted agents, such as epidermal growth
factor receptor (EGFR) and human epidermal growth factor
receptor 2 (HER2)-targeted monoclonal antibodies
(cetuximab and trastuzumab) have shown promising activity
in advanced gastric cancer (2, 3). However, it remains
unclear how conventional anticancer agents and novel
molecularly targeted agents should be optimally combined
to effectively treat patients with advanced gastric cancer. On
the basis of the existing evidence, rapid development of
molecularly targeted therapies is required to improve the
prognosis of patients with gastric cancer.
Heparin-binding epidermal growth factor-like growth factor
(HB-EGF) is an EGFR ligand (4). HB-EGF is initially
synthesized as a transmembrane protein, similar to other
members of the EGF family of growth factors (5). The
membrane-anchored form of HB-EGF (proHB-EGF) is
cleaved at the cell surface by a protease to yield the soluble
form of HB-EGF (sHB-EGF) via a mechanism known as
ectodomain shedding (6). Members of the A disintegrin and
metalloprotease (ADAM) family, such as ADAM9, ADAM10,
ADAM12 and ADAM17, and other metalloproteases are
involved in this process (7). Ectodomain shedding of proHBEGF is induced by stimuli including phorbol ester 12-Otetradecanoylphorbor-13-acetate (TPA), calcium ionophore,
various growth factors, cytokines and anticancer agents (811). We previously reported the validation of HB-EGF as a
target for therapy in ovarian, breast, bladder and gastric
cancer (12). In addition, it has also been reported that an
abundance of HB-EGF expression is involved in resistance
developed by cancer cells to conventional chemotherapeutic
agents (13).
Cross-reacting material 197 (CRM197) is a non-toxic
mutant of diphtheria toxin that shares immunological
properties with the native molecule. CRM197 binds to human
HB-EGF and blocks its mitogenic activity by prohibiting
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Figure 1. Cell characteristics in gastric cancer. A and B: Differences in the expressions of EGFR ligands (A) or ErbB family and ErbB-related
signaling molecules (B) in gastric cancer cell lines. A: Amount of EGFR ligands in culture media from cancer cells incubated for 48 h. The
concentrations of heparin-binding epidermal growth factor-like growth factor (HB-EGF), amphiregulin (AR), transforming growth factor (TGF)-α
and EGF are presented as the concentrations per 1×106 cells. EGF level was below the limit of detection. Each value represents the mean and SD
(n=3). *p<0.05, versus AR, TGF-α or EGF. B: Protein expressions of EGFR, HER2, HER3, HER4, Akt, ERK and β-actin in gastric cancer cells as
shown by Western blotting.

Figure 2. Alterations in the tyrosine phosphorylation of EGFR, ERK and AKT. siRNA for HB-EGF, amphiregulin and EGFR were individually
transfected into NUGC3 (A) and MKN28 (B) cells. In addition, CRM197 (1 μg/ml) or inhibitory antibody against amphiregulin (AR;10 μg/ml) or
EGFR (10 μg/ml) was incubated with NUGC3 (A) and MKN28 (B) cells for 72 h.

EGFR binding (14). In addition, CRM197 and paclitaxel
exhibited synergistic antitumor effects in ovarian cancer cells
harboring HB-EGF expression (11). As such, combining
chemotherapy with an HB-EGF inhibitor would potentially
be efficacious in the treatment of patients with gastric cancer.
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The objective of this study was to investigate the in vitro
synergistic antitumor effect between CRM197 and conventional
chemotherapeutic agents for the treatment of gastric cancer. We
examined HB-EGF expression and apoptosis of gastric cancer
cells incubated with anticancer agents.
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Figure 3. Flow cytometric analysis of apoptotic cells. A: Apoptotic gastric cancer cells. Left panel, NUGC3 cells, mAb EGFR: inhibitory antibody
against EGFR. Each histogram is representative of three independent experiments. Right panel, MKN28 cells. Each histogram is representative of three
independent experiments. B: Differences in the cell apoptotic rate after treatment with control IgG (10 μg/ml), CRM197 (1 μg/ml) or inhibitory antibody
against EGFR (10 μg/ml) in gastric cancer cell lines. Each value represents the mean and SD (n=4). * and **p<0.05 versus the value for the cell
apoptotic rate after treatment with control IgG and an inhibitory antibody against EGFR (10 μg/ml), respectively.

Materials and Methods
Reagents and antibodies. CRM197 and trastuzumab was kindly
provided by Professor Eisuke Mekada of the Department of Cell
Biology, Osaka University, Osaka, Japan, and by Chugai
Pharmaceutical Co. (Tokyo, Japan), respectively. 5-FU, cisplatin and
paclitaxel were obtained from Calbiochem (San Diego, CA, USA).
EGFR, HB-EGF and amphiregulin (AR) siRNAs were purchased from
TaKaRa Bio Inc. (Shiga, Japan). Primary antibodies utilized included
rabbit polyclonal anti-EGFR (sc-03), mouse monoclonal anti-ErbB-4
(sc-8050) and anti-Neu (sc-284) (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), mouse monoclonal anti-HER3, rabbit polyclonal
anti-ERK, mouse monoclonal anti-phosphotyrosine (Millipore-Upstate
Biotechnology Inc., Lake Placid, NY, USA), rabbit polyclonal antiAkt, mouse monoclonal anti-phospho-Akt (Ser473), rabbit monoclonal
phospho-p44/42 mitogen-activated protein kinase (MAPK) (Erk1/2)
(Thr202/Tyr204) (Cell Signaling Technology Inc., Beverly, MA, USA)
and mouse monoclonal anti-β-actin (Sigma, St. Louis, MO, USA).
Peroxidase-conjugated anti-mouse IgG and peroxidase-conjugated
anti-rabbit IgG were obtained from Amersham Corp. (Arlington
Heights, IL, USA) and Zymed (San Francisco, CA, USA),
respectively. FITC-conjugated anti-goat IgG was obtained from Sigma.
Anti-EGFR neutralizing antibody was purchased from MilliporeUpstate Biotechnology Inc. Anti-human AR neutralizing antibody was
purchased from R&D Systems Inc. (Minneapolis, MN, USA).

Cells and cell culture. The following cell lines were obtained
commercially: MKN28 cells from the Japanese Collection of
Research Bioresources (Osaka, Japan); MKN45, MKN74, NUGC3
and KatoIII cells from the American Type Culture Collection
(Manassas, VA, USA). All cells were maintained in RPMI-1640
medium supplemented with 10% fetal bovine serum (ICN
Biomedicals, Irvine, CA, USA), 100 U/ml of penicillin G and 100
μg/ml of streptomycin (Invitrogen Corp., Carlsbad, CA, USA) in a
humidified atmosphere of 5% CO2 at 37˚C.
Soluble HB-EGF, AR and transforming growth factor (TGF)-α in
cell culture medium. Cells were incubated for 48 h. The levels of
HB-EGF, AR, TGF-α and EGF in culture medium (CM) were
determined using a commercially available sandwich ELISA
(DuoSet Kit; R&D Systems Inc.) according to the manufacturer’s
instructions. All samples were assayed in triplicate. Each mean
value was considered to be representative of the CM.
Transfections of siRNAs for EGFR ligands and EGFR. Cells (4×105)
were seeded on poly-lysine-coated 10-cm dishes (50-60% confluence).
The siRNAs for the EGFR ligands and EGFR were individually
transfected into cells using TransIT-TKO (Mirus, Madison, WI, USA)
according to the manufacturer’s instructions. The final concentration
of each siRNA for transfection was 25 nM. After incubation for 72 h,
the cells were subjected to apoptosis assays and immunoblot analyses.
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Figure 4. Alterations in the concentration of HB-EGF (A) and cell apoptotic rate (B) after treatment of CRM197 with 5-fluorouracil (5-FU), cisplatin,
or paclitaxel. A: Concentration of HB-EGF in the culture medium after treatment with different concentrations (0-10 μM) of 5-FU, cisplatin or
paclitaxel in NUGC3 (upper panel) and MKN28 (lower panel) cells. *p<0.05 versus control (0 nM). ND: Below the limit of detection. B: Cell
apoptotic rate after treatment of cells with CRM197 (1 μg/ml) with different concentration (0-10 μM) of 5-FU, cisplatin or paclitaxel in NUGC3
(upper panel) and MKN28 (lower panel) cells. Each value represents the mean and SD (n=4). * and **p<0.05 versus the value for cell apoptotic
rate after treatment with control (0 nM) and with 5-FU, cisplatin or paclitaxel alone at the concentration shown, respectively.

Western blotting. To examine the ErbB expression-related signaling
molecules, cells were rinsed in phosphate-buffered saline (PBS)
containing 1 mM sodium orthovanadate, then lysed in
immunoprecipitation assay buffer (1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM Tris (pH 8.0), 0.2
unit/ml aprotinin, 2 μg/ml leupeptin, 1 μg/ml pepstatin A, 2 mM
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phenylmethylsulfonyl fluoride and 1 mM sodium orthovanadate).
Extracts and immunoprecipitants were then subjected to SDS-PAGE
and immunoblotting analysis as described previously (11).
Cell apoptosis assay. Cells were harvested, pooled, and fixed with
4% paraformaldehyde at 4˚C for 30 min and re-suspended in 70%
ethanol at 20˚C for 30 min. After washing in PBS, the cells were
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Figure 5. Synergistic antitumor effect of CRM197 with paclitaxel in NUGC3 and MKN28 cells. Ten or seven days after injection of NUGC3 (A) or
MKN28 (B) cells, control saline, CRM197 or paclitaxel, or their combination was injected intraperitoneally each week for 6 weeks into mice bearing
NUGC3 or MKN28 tumors (arrows). Tumor volume was calculated as described in the Materials and Methods section. Each tumor volume represents
the mean±SD (N=6). Statistical analysis was performed using Tukey HSD test: *p<0.05 versus the value for tumor-bearing control mice injected with
saline and **p<0.05 versus the values for tumor-bearing mice administered CRM197 alone.

incubated with TdT reaction reagent (MEBSTAIN Apoptosis Kit
Direct; MBL Co. Ltd., Nagoya, Japan) for 1 h at 37˚C, according
to the manufacturer’s instructions. Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL)-positive cells were
quantified as apoptotic cells by flow cytometric analysis using a
FACSCalibur (Becton–Dickinson, Franklin Lakes, NJ, USA).
Tumor growth in nude mice. Using subconfluent cell cultures, a total
volume of 250 μl containing 5×106 cells in serum-free RPMI1640
was injected subcutaneously into female BALB/c nu/nu mice at 5
weeks of age (Charles River Laboratories, Japan). Injected mice
were examined weekly for tumor. Weekly intraperitoneal injection
was administered to tumor-bearing mice. Tumor volume was
calculated as described previously (15). All experimental use of
animals complied with the animal care guidelines published by
Kyushu and Fukuoka Universities.
Statistical analysis. Data obtained in the two experiments were
analyzed using the Mann-Whitney U-test; a value of p<0.05 was
considered statistically significant. Data obtained from the
experiments were analyzed using the Tukey HSD test; a value of
p<0.05 was considered to be statistically significant.

Results
Characterization of gastric cancer cells. The protein
expression of HB-EGF was highly elevated, compared with
other EGFR ligands in the five gastric cancer cell lines
studied (Figure 1A). Reportedly, mRNA of HB-EGF was

also identified as the predominant EGFR ligand (12). The
expression of EGFR, HER3, phosphorylated ERK and
phosphorylated AKT was found in all cells (Figure 1B).
Distinct expression of HER2 was detected in KatoIII,
MKN28, MKN45 and MKN74 cells. Accordingly, NUGC3
and MKN28 cells were recognized as representatives of cells
harboring overexpression of EGFR and HB-EGF, and
overexpression of EGFR, HER2 and HB-EGF, respectively.
These cell lines were studied further.
In vitro antitumor effects of CRM197. To elucidate whether
HB-EGF plays a pivotal role in EGFR signaling, alterations
in EGFR, ERK and AKT activation were examined after
transfection of siRNA for HB-EGF, AR and EGFR, and after
incubation with CRM197 and inhibitory antibody against AR
and EGFR. The introduction of a siRNA for EGFR and HBEGF, but not for AR, attenuated the activation of EGFR,
ERK and AKT in NUGC3 and MKN28 cells (Figure 2A and
2B). The presence of CRM197 and inhibitory anti-EGFR
antibody also reduced phosphorylation of EGFR, ERK and
AKT, whereas inhibitory anti- AR antibody did not influence
the activation of EGFR, ERK and AKT (Figure 2A and 2B).
To validate HB-EGF as a rational target for gastric cancer
therapy, the in vitro antitumor effects were examined by
suppressing HB-EGF and EGFR. The presence of CRM197
and inhibitory anti-EGFR antibody significantly augmented
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the number of apoptotic cells in all five cell lines, compared
with the presence of control IgG (Figure 3A and 3B). These
results suggest that HB-EGF and EGFR are rational targets
for gastric cancer therapy.
Alterations in HB-EGF expression and cell apoptosis mediated
by anticancer agents. To investigate the relationship between
HB-EGF expression and cell apoptosis in the presence of
anticancer agents, we examined the soluble form of HB-EGF
in the medium, and cell apoptosis after incubation of cells with
5-FU, cisplatin and paclitaxel. At concentrations of 1 nM and
10 nM of paclitaxel, a marked increase of HB-EGF expression
in the medium was found (Figure 4A), while significant cell
apoptosis was detected in both cell lines (Figure 4B). At greater
than 100 nM of paclitaxel, most cells were detached from the
plate, and cell apoptosis and HB-EGF expression were not
measurable in either cell line (Figure 4A and 4B). No significant
increase in cell apoptotic rate or HB-EGF expression was found
with incubation of either cell line with less than 1 μM of 5-FU
or less than 10 nM of cisplatin (Figure 4A and 4B). Incubation
of cells with 10 μM of 5-FU or 10-100 nM of cisplatin caused
a minor increase in cell apoptotic rate and HB-EGF expression
in both cell lines (Figure 4A and 4B). At 10 μM of cisplatin,
most cells were detached from the plate; cell apoptosis but not
HB-EGF expression was measurable in NUGC3 cells (Figure
4A and 4B). These results suggest the presence of synergistic
in vitro antitumor effects between CRM197 and conventional
chemotherapeutic agents, accompanied by mediation of HBEGF expression by conventional chemotherapeutic agents.
Specifically, paclitaxel evokes abundant secretion of HB-EGF
compared with 5-FU and cisplatin.
Synergistic antitumor effects of CRM197 and paclitaxel in
xenografted mice. To elucidate the in vivo antitumor effects of
paclitaxel and CRM197, tumor formation in xenografted mice
was continuously monitored following injection of NUGC3 and
MKN28 cells. When 50 mg/kg of CRM197 were administered
alone, tumor growth from NUGC3 and MKN28 cells in mice
was significantly suppressed in (Figure 5A and 5B). Paclitaxel
(10 mg/kg) administration induced partial suppression of
NUGC3 cell tumor formation (Figure 5A), whereas MKN28
cell tumor formation was not suppressed by paclitaxel (10
mg/kg) administration (Figure 5B). Co-administration of
CRM197 (50 mg/kg) and paclitaxel (10 mg/kg) completely
suppressed both NUGC3 and MKN28 cell tumor formation.
These results indicate a synergistic in vivo antitumor effect
induced by CRM197 in combination with paclitaxel.

Discussion
In this study, HB-EGF was the predominant EGFR ligand in
the gastric cancer cell lines studied. The inhibition of HBEGF attenuated the activation of ERK as a cell proliferating
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signal as well as AKT as a cell survival signal, and induced
significant gastric cancer cell apoptosis. Conventional
chemotherapeutic agents evoked HB-EGF expression,
probably due to escape from cell death. CRM197 and
conventional chemotherapeutic agents, especially paclitaxel,
promoted both in vitro and in vivo antitumor effects.
Except for cetuximab and trastuzumab, molecularly
targeted agents, including vascular endothelial growth factor
(VEGF)-targeted bevacizumab, proteasome inhibitor
bortezomib, everolimus (an inhibitor of the mammalian
target of rapamycin) and COX2 inhibitor etodolac have been
investigated in patients with advanced gastric cancer (16-19).
Clinical trials involving the use of these agents have been
performed. A phase II study of bevacizumab in combination
with irinotecan and cisplatin produced some efficacy (20).
Promising efficacy in treatment of gastric cancer with some
of the above agents is expected (16-19). A phase I study on
the use of CRM197 has been performed in patients with
advanced ovarian cancer at Fukuoka University. Combining
chemotherapy with conventional chemotherapeutic agents
and cetuximab, trastuzumab and bevacizumab has been
shown to produce a statistically significant improvement in
survival, compared with conventional chemotherapy alone (2,
3, 20). However, the efficacy and safety profiles of these
agents appear to be limited in the treatment of gastric cancer
(21-23). Therefore, further clinical development of molecular
targeted therapies is required to improve the prognosis in
patients with advanced gastric cancer.
In conclusion, HB-EGF is recognized as a key molecule
involved in the pathogenesis and growth of gastric cancer
and a rational target for gastric cancer therapy. CRM197 in
combination with conventional chemotherapeutic agents may
lead to improved clinical outcomes in patients with advanced
gastric cancer.
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