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Abstract

Purpose Treatment effects of advanced gastric cancer

(AGC) are unsatisfactory, and novel therapeutic approa-

ches are much needed. The epidermal growth factor

receptor (EGFR) monoclonal antibody cetuximab inhibits

the growth of several human cancer cells but has been

tested rarely for the treatment of GC. The synergy between

cetuximab and irinotecan has been reported in colorectal

cancer, but the mechanisms are still not fully clarified.

Consequently, we hypothesized cetuximab/irinotecan

combination should enhance the antitumor activity of

irinotecan in GC cells.

Methods The in vitro antiproliferative, pro-apoptotic, cell

cycle arrest effects and induction of senescence were

examined in SGC-7901 and MKN-45 GC cell lines. The

effects of cetuximab or irinotecan as single agents or the

combination on the expression of p53, p16, and EGFR

signaling pathways were also studied.

Results The study revealed that cetuximab alone did not

show any antiproliferative, pro-apoptotic, cell cycle arrest

or cellular senescence effect on GC cells but when com-

bined with irinotecan synergistically inhibits GC cell pro-

liferation and induces apoptosis and G2/M phase arrest.

Irinotecan increases phosphorylation of EGFR, MAPK,

and AKT and decreases the expression of P27Kip1, which

could be all abrogated by its combination with cetuximab.

The combination could also inhibit the expression of

Cyclin D1 and phosphorylated mTOR while had no impact

on p53, p16, PTEN, and HIF-1alpha.

Conclusions Cetuximab enhances the activities of irino-

tecan on GC cells via the downregulation of the EGFR

pathway upregulated by irinotecan. Combination therapy

with cetuximab and irinotecan, a novel therapeutic approach,

warrants further study in GC.

Keywords Gastric cancer � Cetuximab � Irinotecan �
Synergy � Epidermal growth factor receptor

Background

Advanced gastric cancer (AGC), the fourth most common

and the second most deadly cancer worldwide, is highly

prevalent in developing nations with almost two-thirds of the

cases occur in developing countries and 42% in China alone

[1]. Despite the availability of chemotherapeutic agents that

may improve survival or quality of life, including anthra-

cyclines, taxanes, fluoropyrimidines, platinum derivatives,

and topoisomerase I inhibitor (irinotecan), used either as

single agent or in combination, there is no established stan-

dard regimen for AGC and the median overall survival

remains less than 1 year [2]. Thus, agents with new mecha-

nism of action and regimens deserve further investigation.

Cetuximab is one of the very promising candidates.

Cetuximab, an anti-EGFR chimeric monoclonal anti-

body, has been used in combination with chemotherapy for

treating colorectal cancer, squamous cell carcinoma of the

head and neck, and non-small cell lung cancer (NSCLC)

X. Liu � W.-J. Guo � X.-W. Zhang � S. Tian � J. Li (&)

Department of Medical Oncology, Fudan University Shanghai

Cancer Center, 270 Dong-An Road, Shanghai 200032, China

e-mail: fudanlijin@163.com

X. Cai

Department of Pathology, Fudan University Shanghai Cancer

Center, 270 Dong-An Road, Shanghai 200032, China

X. Liu � W.-J. Guo � X.-W. Zhang � X. Cai � S. Tian � J. Li

Department of Oncology, Shanghai Medical College,

Fudan University, Shanghai 200032, China

123

Cancer Chemother Pharmacol (2011) 68:871–878

DOI 10.1007/s00280-011-1559-2



[3]. In reported data, cetuximab had synergistic effects with

chemotherapeutic agents especially irinotecan. When

combined with irinotecan, it remained activity for patients

with irinotecan-refractory colorectal cancer [4]. The syn-

ergistic activities of cetuximab with irinotecan in colorectal

cancer make it possible to investigate the application of

this strategy to gastric cancer (GC). The combination of

lapatinib (dual EGFR/HER-2 tyrosine kinase inhibitor) and

SN-38 (the active metabolite of irinotecan) revealed

interactive synergism in the inhibition of GC cell prolif-

eration [5]. Inhibition of the EGFR pathway and its synergy

with irinotecan as reported previously present a novel

approach of therapeutic modality for AGC. Several clinical

trials are ongoing to investigate the possibility of the

application of cetuximab to GC with different chemother-

apeutic agents [6, 7]. In a phase II trial, Pinto C et al. found

that cetuximab was active for first-line treatment to GC

patients when combined with irinotecan [8].

It is not fully understood about the mechanism of the

synergy between cetuximab and irinotecan. Irinotecan

(CPT-11), an S-phase-specific semisynthetic derivative of

camptothecin, interferes with DNA replication and cell

division by inhibiting the enzyme topoisomerase I. Ce-

tuximab, an anti-EGFR monoclonal antibody, binds to

EGFR and blocks ligand-induced activation of EGFR. The

inhibition of EGFR downregulates phosphoinositol-3-

kinase (PI3 K)/AKT and RAS/mitogen-activated protein

kinase (MAPK), which are the major intracellular path-

ways implicated following phosphorylation of EGFR,

leading to a pro-apoptotic, cell cycle arrest or cellular

senescent effect, which may sensitize the cancer cells to be

more responsive to chemotherapeutic agents [9–11]. The

aim of the present study was to investigate the combination

effect of cetuximab and irinotecan on GC cells and to

elucidate the biochemical mechanism of the synergistic

interaction.

Methods

Reagents

Cetuximab (C225; Erbitux; kindly provided by Merck

KGaA, Darmstadt, Germany) was given undiluted at con-

centration of 2 mg/mL. Irinotecan (Pharmacia and Upjohn

Co., Kalamazoo, MI) was provided in a stock sterile saline

solution of 20 mg/mL. For in vitro experiments, the two

agents were combined in fixed drug ratio of 1:1.

Cell lines and culture conditions

Human GC cell lines SGC-7901 and MKN-45, previously

shown to express EGFR[12], were obtained from Shanghai

Institute of Digestive Surgery. SGC-7901 is moderately

differentiated human gastric adenocarcinoma cell line with

mutated P53 gene [13], and MKN-45 is poorly differenti-

ated adenocarcinoma cell line with wild-type P53 [14]. The

cells were maintained in RPMI 1640 medium supple-

mented with 10% fetal bovine serum (FBS).

Sequencing of K-Ras

DNA were extracted from SGC-7901 and MKN-45 cells and

screened for K-Ras gene mutations in codons 12 and 13 of

exon 2 with the use of a polymerase chain reaction method.

Primers used were F, AGGCCTGCTGAAAATGACTG and

R, TCAAAGAATGGTCCTGCACC.

Measurement of antiproliferative effects

SGC-7901 and MKN-45 cell lines were plated in 96-well

tissue culture plates and treated with various concentrations

of cetuximab or irinotecan or the combination of both

agents in RPMI 1640 medium supplemented with 2% FBS

for 72 h. Cell Counting Kit-8 (CCK-8) assay (Dojindo

Laboratories, Kumamoto, Japan) was used to measure the

number of metabolically active cells. The IC50 value of

each drug was defined as the concentration needed for a

50% reduction in the proliferation. The combined effects

were analyzed with the Calcusyn software (Biosoft, Cam-

bridge, United Kingdom) that is based on the median effect

principle developed by Chou and Talalay. Combination

index (CI) is the ratio of the combined dose to the sum of

the single-drug doses at an isoeffective level, and a CI [ 1

was considered antagonism,\1 was considered synergism,

and CI = 1 was considered additive interactions.

Measurement of apoptosis and cell cycle distribution

SGC-7901 and MKN-45 cells were treated with various

concentrations of cetuximab or irinotecan or the combi-

nation of both agents. After 72 h, apoptosis was detected

using an Annexin V-FITC Apoptosis Detection Kit

(Merck). Cells were stained with annexin V-FITC and

propidium iodide (PI) and analyzed by fluorescence-acti-

vated cell sorting scan flow cytometry (Becton–Dickinson,

Mountain View, CA, USA). The results were expressed as

the ratio of apoptotic to total cells. Cell cycle phase dis-

tribution was analyzed by flow cytometry using PI staining.

Measurement of cellular senescence

SGC-7901 and MKN-45 cells were exposed to cetuximab

or irinotecan or the combination of both agents. After 24 h,

cellular senescence was determined using senescence-

associated beta galactosidase assay (Genmed, U.S.A), the
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activity of which can be visualized by means of a cyto-

chemical reaction resulting in blue precipitate. The results

were expressed as the ratio of senescent to total cells.

Antibodies and Western blot analysis

SGC-7901 and MKN-45 cells were exposed to cetuximab or

irinotecan or the combination of both agents for 16 h and

stimulated with 10 ng/mL EGF for 15 min. Then, the cells

were lysed with PhosphoSafe Extraction Reagent (Merck).

Samples containing equal amounts of protein were electro-

phoretically separated on a SDS–polyacrylamide gel and

transferred to a polyvinylidene difluoride membrane (Mil-

lipore, Bedford, MA), which was probed with primary

antibodies and hybridized with the appropriate horseradish

peroxidase-conjugated secondary antibody (Cell Signaling

Technology, Beverly, MA) and detected via chemilumi-

nescence with the SuperSignal West Dura Extended Dura-

tion Substrate (Pierce, Rockford, IL).

Primary antibodies used were as follows: rabbit mono-

clonal phospho-EGFR (Tyr1068), EGFR, phospho-p44/42

MAPK (Thr202/Tyr204), p44/42 MAPK, phospho-AKT

(Ser473), AKT and b-Actin antibody (from Cell Signaling

Technology, Beverly, MA); and rabbit monoclonal

P27Kip1, phosphatase and tensin homologue deleted on

chromosome 10 (PTEN) antibody, mouse monoclonal

hypoxia inducible factor-1alpha (HIF-1alpha), Cyclin D1,

P53 antibody, rabbit polyclonal phospho-mTOR (Ser2448)

antibody (from Millipore, Bedford, MA).

Results

K-Ras mutation status

First, we studied the mutation status of K-Ras since acti-

vating mutations in the K-Ras gene could result in EGFR-

independent activation of the MAPK pathway and impair the

response to cetuximab [15]. The results showed both SGC-

7901 and MKN-45 cell lines have wild-type K-Ras gene.

Cetuximab combined with irinotecan synergistically

inhibits GC cell proliferation

The dose–response curves are presented in Fig. 1A, B. The

CCK-8 assay revealed that irinotecan exhibited dose-

Fig. 1 Effect of the different

concentrations of cetuximab,

irinotecan, and combination of

cetuximab and irinotecan on

growth inhibition ratio of gastric

cancer cells by CCK-8 assay.

a, b Dose-dependent growth-

inhibitory curves of SGC-7901

(a) and MKN-45 (b) cells

treated with increasing doses of

cetuximab and irinotecan alone

or the combination. Data were

expressed as the percentage of

growth inhibition when

compared with the growth of

untreated control cells. The data

shown represent the median

values of triplicate

experiments ± SD.

c, d Fractional effect-

combination index (Fa-CI) plots

of interactions between

cetuximab and irinotecan in

SGC-7901 (c) and MKN-45

(d) cells. CI values were

interpreted as follows: \1,

synergism; = 1, additive;

and [1, antagonism
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dependent growth-inhibitory activities while cetuximab

exerted few effects, on cell proliferation, for both cell lines.

However, it was observed that the addition of cetuximab

enhances the inhibition effect of irinotecan to both cell

lines, and the addition of cetuximab reduced the IC50 value

of irinotecan from 7.35 to 3.61 lg/mL (51% reduction) and

5.83 to 2.97 lg/mL (49% reduction), in SGC-7901 and

MKN-45 cells, respectively. Moreover, the fractional

effect-combination index (Fa-CI) plots of interactions

between cetuximab and irinotecan revealed synergistic

interactions (as judged by calculated CI values of less than

1) in both cell lines as shown in Fig. 1C, D, suggesting

cetuximab and irinotecan have a synergistic effect on GC

cell proliferation.

Cetuximab enhances the pro-apoptotic, cell cycle arrest

effects of irinotecan in GC cells

We next determined whether the synergistic growth-

inhibitory effect of cetuximab and irinotecan could induce

apoptosis and cell cycle arrest in GC cells. No significant

apoptotic effect of cetuximab was observed in either cell

line while irinotecan induced apoptotic cell death in a dose-

dependent manner in both cell lines. The addition of ce-

tuximab to irinotecan, however, increased the pro-apopto-

tic effect of irinotecan in all combinations tested in both

cell lines (Fig. 2A, B). Treatment with cetuximab does not

alter the cell cycle distribution compared to the untreated

control in either cell line, while treatment with irinotecan

was characterized by significant G2/M phase arrest in a

dose-dependent manner. The combination of cetuximab

and irinotecan resulted in a significant increase in cells

arresting in G2/M phase when compared to either single

agent alone (Fig. 2C, D).

Cetuximab does not enhance irinotecan-induced

senescence in GC cells

Cetuximab had no effect on senescence for either cell line

while irinotecan induced significant senescence in both cell

lines compared to the untreated control cells. No significant

synergy on senescence was noted with the addition of ce-

tuximab to irinotecan at all dose level in both cell lines

(Fig. 3).

Fig. 2 Effect of the different

concentrations of cetuximab,

irinotecan, and combination of

cetuximab and irinotecan on

apoptosis and cell cycle arrest in

gastric cancer cells. a, b Dose-

dependent pro-apoptotic curves

of SGC-7901 (a) and MKN-45

(b) cells treated with increasing

doses of cetuximab and

irinotecan alone or the

combination. The results were

expressed as the ratio of

apoptotic to total cells. c, d The

proportion of cells in G2/M

phase after treatment with

cetuximab and irinotecan alone

or the combination in SGC-

7901 c and MKN-45 d cells.

The data shown represent the

median values of triplicate

experiments ± SD (*P \ 0.05

for the comparison between

combination therapy and

irinotecan monodrug)
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Effects of cetuximab and irinotecan on p53, p16,

and EGFR phosphorylation in GC cells

We examined the effect of cetuximab and irinotecan as

single agent or combination on p53 and p16 expression, and

EGFR phosphorylation level. The results indicate that either

drug alone or in combination does not interfere the expres-

sion level of p53 and p16 in both cell lines (Fig. 4 and 5). In

contrast, irinotecan significantly enhanced the phosphory-

lation levels of EGFR, which is the activated status of EGFR,

in a dose-dependent manner, while cetuximab significantly

decreases the phosphorylation levels of EGFR and abrogates

the upregulation of phosphorylated EGFR induced by iri-

notecan in both cell lines (Fig. 4 and 5).

Effects of cetuximab and irinotecan on EGFR signaling

in GC cells

Next, we analyzed the effects of cetuximab and irinotecan

on the downstream signaling pathways of EGFR in the two

GC cell lines. Cetuximab significantly inhibited the phos-

phorylation levels of AKT and MAPK at two different

doses. On the contrary, irinotecan significantly enhanced

these phosphorylations in a dose-dependent manner.

However, these upregulations were abrogated when ce-

tuximab was combined with irinotecan at both dose com-

binations. There were no significant changes in the total

levels of EGFR, AKT, and MAPK noted with cetuximab or

irinotecan as single agent or in combination, indicative of

the exclusive influence on the activated proteins. There

were also no significant changes in the level of PTEN, the

inhibitor of AKT phosphorylation, with either drug alone

or in combination (Fig. 4 and 5). These findings indicated

cetuximab could inhibit the irinotecan-induced EGFR sig-

naling pathway activation in GC cells.

Effects of cetuximab and irinotecan on downstream

molecules of AKT signaling pathway in GC cells

Downstream molecules of AKT were investigated since the

activation of AKT results in phosphorylation of a wide

Fig. 3 Effect of the different

concentrations of cetuximab,

irinotecan and combination of

cetuximab and irinotecan on

senescence in SGC-7901

(a) and MKN-45 (b) cells. The

results were expressed as the

ratio of senescent to total cells.

The data shown represent the

median values of triplicate

experiments ± SD (**P [ 0.05

for the comparison between

combination therapy and

irinotecan monodrug which

shows no significant difference)

Fig. 4 Expression level of p53, p16, and EGFR phosphorylation and

its downstream proteins by Western blot analysis for the effects of

cetuximab or irinotecan as single agents or in combination in SGC-

7901 cells. b-Actin was used as a loading control
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range of protein substrates. As shown in Fig. 4 and 5, the

expression of P27Kip1 was increased by treatment with

cetuximab and decreased by treatment with irinotecan.

However, the expression of P27Kip1 could be restored when

cetuximab was added to irinotecan in both cell lines. Ce-

tuximab was found to inhibit the expression of Cyclin D1

in both cell lines, but the level of Cyclin D1 was noted to

decrease in SGC-7901 cells and increase in MKN-45 cells

after treatment with irinotecan. The phosphorylation levels

of mammalian target of rapamycin (mTOR) were inhibited

by cetuximab or irinotecan alone or the combination, and a

more pronounced decrease was observed after combination

treatment when compared to single agent treatment in both

cell lines. There was no change in the expression level of

HIF-1alpha.

Discussion

EGFR plays an important role in GC. Kim et al. reported

that a subgroup of GC cases with EGFR overexpression is

associated with the presence of lymph node metastasis, a

higher stage, lymphatic invasion, and unfavorable prog-

nosis [16]. Thus, EGFR inhibitors, especially combined

with cytotoxic agents, may have potential therapeutic use

in AGC. Our findings revealed minimal effect of cetuximab

alone on human GC cells in regard of proliferation,

apoptosis, and cell cycle distribution. It is consistent with

the studies in other tumor types such as colorectal cancer

and thyroid carcinoma which found that cetuximab alone

had very slight antiproliferative effect, but when given in

vivo as single-agent therapy, cetuximab was able to pro-

duce significant inhibition of tumor growth [17, 18]. A

possible explanation for this discordance between in vitro

and in vivo activities of cetuximab may be the potential for

cetuximab to induce antibody-dependent cellular cytotox-

icity and antiangiogenic property.

The combination index method was used to assess the

activity of cetuximab combined with irinotecan. The

results showed that the concurrent use of the two agents

interacted synergistically to produce their antiproliferative

effects in GC cells. Furthermore, a significant potentiation

of apoptosis and G2/M phase arrest was observed with the

addition of cetuximab to irinotecan in both cell lines, which

suggests that the enhanced antitumor effects of irinotecan

by cetuximab are attributable to apoptosis and cell cycle

arrest. A possible explanation for this may be that cetux-

imab-induced EGFR-mediated signaling blockade results

in the impairment of effective DNA repair and recovery

[19, 20], which amplified the effect of irinotecan on

apoptotic and cell cycle arrest. In addition, accumulation of

intracellular irinotecan through the inhibition of drug efflux

following the inhibition of EGFR signaling pathway [21,

22] may partially explain the observed increases in apop-

tosis and cell cycle arrest with combination therapy.

Emerging evidence suggests cellular senescence acts as

an in vivo tumor suppression mechanism by limiting

aberrant proliferation and has been shown to play a central

role in antitumor effect of anticancer agents and ionizing

radiation [23, 24]. Hotta K et al. reported cellular senes-

cence might be a major antitumor mechanism of gefitinib

in NSCLC cells [25]. To our knowledge, we are the first to

show that irinotecan could induce significant cellular

senescence in human GC cells in a dose-dependent manner

while cetuximab did not have a role in senescence, whether

as single agent or in combination with irinotecan, which

indicates that cellular senescence is not involved in the

synergy between two agents.

P53 and P16 are important tumor suppressor proteins

and important regulators of cell apoptosis, senescence, and

cell cycle progression. The Western blot analysis showed

both two agents did not exert their effects through these

two proteins. In the present study, cetuximab could inhibit

irinotecan-induced upregulation of the EGFR phosphory-

lation significantly. Kishida et al. also found EGF signaling

Fig. 5 Expression level of p53, p16, and EGFR phosphorylation and

its downstream proteins by Western blot analysis for the effects of

cetuximab or irinotecan as single agents or in combination in MKN-

45 cells. b-Actin was used as a loading control
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is enhanced by SN38 (the active metabolite of irinotecan)

in GC cells which could be abrogated by combined with

gefitinib (EGFR tyrosine kinase inhibitor). The SN38-

triggered mechanisms include the generation of reactive

oxygen species and the activation of protein kinase C,

followed by metalloproteinase activation and the sequential

ectodomain shedding of EGFR ligands [26].

Remarkable elevations and abrogations of the level of

phosphorylated MAPK and AKT treated with irinotecan

with and without cetuximab, respectively, were observed in

our study. Cetuximab or irinotecan, alone or in combina-

tion, does not alter the expression level of PTEN, a tumor

suppressor and the inhibitor of AKT phosphorylation [27],

further suggesting that cetuximab and irinotecan might

influence AKT phosphorylation through the EGFR-PI3

K-AKT pathway, but not PTEN. These findings suggested

that upregulation of EGFR pathway might be an important

mechanism of irinotecan drug resistance in GC cells, which

could result in DNA repair, apoptosis blockage, cells sur-

vival and resistance to the inhibitory effect of irinotecan.

Inhibition of the EGFR pathway by cetuximab could

overcome this resistance by abrogating these effects and

therefore sensitizes GC cells to irinotecan.

The further study was done to investigate which down-

stream pathways of AKT were involved in the synergistic

response to cetuximab/irinotecan combination. It had been

reported in hepatocellular cancer [28] and oral squamous

carcinoma cells [29] that cetuximab could upregulate

P27Kip1, however, there is no study examined the influence of

irinotecan on P27Kip1, which is a cyclin-dependent kinase

inhibitor and inhibits cell cycle progression and induces cell

apoptosis [30]. Our data showed that downregulation of

P27Kip1 by irinotecan alone could be restored when cetux-

imab was added in GC cells. The downregulation of P27Kip1

by irinotecan could promote cancer cell proliferation, block

cancer cells apoptosis, and impair the effects of irinotecan.

We concluded that the recovery of P27Kip1 activity by the

addition of cetuximab to irinotecan contributes to the syn-

ergistic interactions between the two agents and P27Kip1

deserves further research as an attractive biomarker to pre-

dict the efficacy of cetuximab/irinotecan therapy.

The results from this study showed that the expression

of Cyclin D1, which could promote cell cycle progression

[31], decreased after treatment with cetuximab in both cell

lines, but downregulated in SGC-7901 cells, and upregu-

lated in MKN-45 cells after treatment with irinotecan. This

difference might originate from genetic disparity between

the two cell lines that were not explored in the present

study. However, cetuximab combined with irinotecan

produced a more pronounced decrease in Cyclin D1 in

SGC-7901 cells and abrogated the irinotecan-induced

upregulation of Cyclin D1 in MKN-45 cells, both result in

synergistic inhibition of cell proliferation.

The mTOR, located downstream of the PI3 K/AKT

signal, which plays a key role in cellular growth, is a target

for anticancer therapy [32]. Our results showed both ce-

tuximab and irinotecan could decrease the phosphorylation

levels of mTOR, which suggests irinotecan interferes

mTOR through diverse molecules besides AKT. And there

was a more enhanced inhibition with combination treat-

ment in both cell lines, which may also contribute to the

synergy between cetuximab and irinotecan. mTOR posi-

tively regulates HIF-1alpha, a transcriptional regulator of

VEGF expression. Although several studies showed ce-

tuximab downregulates HIF-1alpha levels [33, 34], no

remarkable changes in the HIF-1alpha levels was noted in

our study, indicative of the existence of multiple modu-

lating proteins other than mTOR for HIF-1alpha.

In conclusion, the present study showed that many

molecules are involved in the synergistic antiproliferative,

pro-apoptotic, cell cycle arrest effects between cetuximab

and irinotecan in GC cells, including phosphorylated

EGFR, MAPK, AKT, mTOR, P27Kip1, and Cyclin D1. To

date, there are no target agents that have been proved

effective in GC. These findings suggest the combination of

cetuximab with irinotecan may be a potential therapeutic

approach for this fatal disease. Further studies are much

needed, both basic and clinical. In our institute, a phase II

clinical trial based on the results of the present study to

evaluate the efficacy and safety of cetuximab plus irino-

tecan as second-line chemotherapy for AGC patients is

ongoing (NCT00699881) and the potential biomarkers

such as P27Kip1 and Cyclin D1 will be investigated.
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