ONCOLOGY REPORTS 23: 1735-1745, 2010

Cetuximab enhances the effect of oxaliplatin
on hypoxic gastric cancer cell lines
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Abstract. Hypoxia is recognized as an important factor
contributing to cancer development and drug resistance.
Cetuximab, a chimeric monoclonal antibody to EGFR, is
known to inhibit HIF-1a expression levels and to enhance the
cytotoxicity of chemotherapeutic agents. We demonstrated
that hypoxia induced drug resistance in gastric cancer cells.
Cetuximab enhanced oxaliplatin-induced cytotoxicity and
apoptosis in normoxia and caused a reversal of drug resistance
in hypoxia. Normoxic and hypoxic gastric cancer cells were
treated with cetuximab, oxaliplatin or the combination and
assessed for cell growth, proliferation, and apoptosis. Com-
bination treatment resulted in a marked inhibition of HIF-1a
expression levels in hypoxic cells and caused a significant
reduction in the expression of activated phosphorylated
AKT, ERK1/2, p-BAD and VEGF in both normoxia and
hypoxia with greater levels of inhibition in hypoxia. In
summary, cetuximab inhibits HIF-1a expression via the
MAPK/ERK and PI3K/AKT signaling pathways and functions
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to overcome drug resistance induced by hypoxia. Cetuximab-
oxaliplatin combination therapy may therefore emerge as an
attractive treatment strategy for advanced gastric cancer.

Introduction

Gastric cancer is the fourth most common cancer worldwide
and the second leading cause of cancer-related death in the
world (1) with the highest incidence reported in Japan, Korea
and China (2). The only potentially curative treatment for
local gastric cancer is surgery. However, most cases of gastric
cancer present at an advanced stage where the only possible
management of the disease is via chemotherapy. The rapid
development of new chemotherapeutic agents have done little
to improve the prognosis of advanced and recurrent gastric
cancer, with response rates ranging from 20 to 50% and the
overall 5-year survival rates range from 5 to 15% (3). It is
evident that new treatment options are urgently needed.
Hypoxia has been recognized as a common environmental
stress contributing to the development of various malignancies.
Hypoxia-inducible factor-1 (HIF-1) is the main regulatory
protein in the cellular response to decreased oxygen levels
(4,5). HIF-1 is a heterodimeric transcription factor (consisting
of o and 6 subunits) that regulates the expression of genes
involved in angiogenesis, cell proliferation and metabolism
and drug sensitivity (6-8). The inducible o subunit is up-
regulated in hypoxia and plays an integral role in the body's
response to hypoxia by increasing vascularization in hypoxic
areas and promoting homeostasis. The B subunit is consti-
tutively expressed (9). In normoxia, HIF-1a is hydroxylated
by prolyl hydroxylase 2 (PHD2) and ubiquitinated by the von
Hippel Lindau protein (VHL) thereby being targeted to the
proteosomes for degradation. However, prolyl hydroxylation
is inhibited in a hypoxic microenvironment, resulting in
stabilization of the HIF-1a subunit which then translocates
to the nucleus. HIF-1a subsequently dimerizes with the
3 subunit and transcriptionally activates a number of genes
by binding to hypoxia-responsive elements (HREs) in their
promoters (10-13). HIF-1a expression correlates with a poor



1736

prognosis and an inefficient response to treatment in a
number of cancers including gastric cancer (14,15).

HIF-1a is also regulated by several non-oxygen-dependent
mechanisms such as the activation of different oncogenes
and the inactivation of tumor suppressor genes such as PAS,
MYC, PTEN and VHL (11,16). Cytokines, epidermal growth
factor (EGF) and insulin-like growth factor (IGF) are also
known to play a role in the synthesis and functioning of HIF-1a
via the activation of phosphatidylinositol 3-kinase (PI3-K)/
AKT or mitogen-activated protein kinase (MAPK) pathways
(17-19). The activation of PI3-K/AKT resulted in elevated
HIF-1a protein levels while activation of the MAPK pathway
resulted in increased transactivation by HIF-1a.

The epidermal growth factor receptor (EGFR), a member
of the ErbB receptor family, is often overexpressed in a
variety of human tumors with epithelial origin, including
breast, gastric, colorectal, and non-small cell lung cancer (20).
EGFR, a 170-kDa transmembrane glycoprotein with intrinsic
tyrosine kinase activity, consists of an extracellular ligand
binding domain, a transmembrane region, and an intracellular
tyrosine protein kinase domain (21). Overexpression of EGFR
was associated with resistance to cytotoxic drugs and poor
prognosis in cancer patients. The two major downstream
signaling pathways of EGFR are 1) the Ras-Raf-MAPK
pathway, which contributes to cell proliferation, survival, and
transformation, and 2) the phosphatidylinositol 3-kinase
(PI3-K) and the downstream protein-serine/threonine kinase
AKT. Activation of AKT triggers a cascade of responses from
cell growth and proliferation to survival and motility (22).
These two signaling pathways lead to elevated HIF-1a levels
(18,19).

Two recent strategies to target EGFR are 1) monoclonal
antibodies directed at the ligand-binding extracellular domain
which block ligand binding and receptor activation; and 2)
small molecule tyrosine kinase inhibitors that compete with
ATP for binding to the tyrosine kinase domain of the receptor
(8,23). Cetuximab (C225, Erbitux) is a chimeric monoclonal
antibody directed to the extracellular domain of EGFR.
Numerous studies have shown that cetuximab inhibited the
production of vascular endothelial growth factor (VEGF)
in vitro and in vivo by inhibiting HIF-1a expression levels
(24-28).

Oxaliplatin, a third generation platinum analog which has
been extensively used to treat colorectal cancer, works by
generating bulky platinum-DNA adducts that are poorly
recognized by the mismatch repair system (29). A major
drawback to using oxaliplatin-based therapy is the develop-
ment of drug resistance similar to other platinum-based
therapies. Cetuximab was shown to enhance the cytotoxicity
of chemotherapeutic agents such as oxaliplatin, doxorubicin,
paclitaxel, cisplatin, and topotecan on tumor xenografts derived
from a variety of human cancer cells (30,31). In colorectal
cancer, cetuximab potentiated DNA damage caused by oxali-
platin and combination treatment resulted in an enhanced
anti-tumor effect (29).

Based on the above findings, we investigated the effect
of cetuximab-oxaliplatin combination treatment on drug
resistance and apoptosis in hypoxic gastric cancer cell lines and
interrogated the molecular mechanisms of cetuximab-mediated
inhibition of the EGFR signaling pathway leading to inhibition
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of HIF-1a levels and enhanced apoptosis. We demonstrated a
significant downregulation in the levels of HIF-1a, pERK1/2,
pAKT and pBAD (important survival signals) in oxaliplatin-
cetuximab-treated gastric cancer cells, especially under hypoxic
conditions. Cetuximab, which enhances the chemotherapeutic
potential of oxaliplatin, thus emerges as an attractive new
candidate in the treatment of gastric cancer and functions to
circumvent drug resistance and increase apoptosis in these
cells.

Materials and methods

Chemicals and reagents. Monoclonal antibody to EGFR
(cetuximab C225) (2 mg/ml) was purchased from Merck
(Darmstadt, Germany). Oxaliplatin (5 mg/ml) was purchased
from Sanofi Synthelabo (Gentilly, France). Mouse monoclonal
phospho-ERK1/2 antibody (Thr?*?/Tyr?*#), rabbit polyclonal
ERK1/2 antibody, rabbit polyclonal phosphor-AKT antibody
(Ser*”), and rabbit polyclonal AKT antibody were all from
Cell Signaling Technology Inc. (Beverly, MA, USA). Mouse
monoclonal BAX antibody, rabbit polyclonal BAD antibody
and rabbit polyclonal phospho-BAD (Ser!!?) antibody were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Mouse monoclonal antibody against human HIF-1a was from
BD Biosciences (San Jose, CA, USA).

Cell culture. Human gastric cell lines MGS-803 and SGC-7901
(kindly provided by the State Key Laboratory of Oncology
in southern China and Department of Laboratory, China)
were routinely cultured in RPMI-1640 medium (Invitrogen,
CA, USA) supplemented with 10% new born calf serum
(Invitrogen), 100 U/ml of penicillin and 100 ug/ml strepto-
mycin (ICN, Irvine, UK) at 37°C in humidified air with 5%
CO,. Hypoxia was achieved by incubating cells in a sealed
modular incubator chamber (Billups-Rothenberg, Del Mar,
CA) flushed with 1% O,, 4% CO, and 95% N,.

Assays of cell growth and cytotoxicity. Cell growth inhibition
was determined by directly counting the cells 24,48 and 72 h
after they were treated with cetuximab alone, oxaliplatin alone,
or the combination. For combination treatment, cells were
treated with cetuximab for 12 h prior to the addition of
oxaliplatin. We found no significant difference between this
regimen and simultaneous treatment with both drugs. Cell
cytotoxicity was determined using the 3-(4,5-dimethylthiazol-
2-yl)-2 5-diphenyltetrazolium (MTT) bromide assay. Briefly,
cells were seeded onto 96-well plates at a density of 4000
cells per well, incubated for 12 h to ensure attachment and then
treated with cetuximab (0.25-100 pg/ml) and/or oxaliplatin
(0.5-200 uM). After 72 h of treatment, the cells were treated
with 5 mg/ml (20 ul/well) of MTT reagent and incubated
for 4 h. The supernatant was removed and cell pellets were
dissolved in 200 1 DMSO. Absorbance was determined using
a MultiSkan plate reader (LabSystems, Helsinki, Finland) at
a wavelength of 540 nm.

Apoptosis assays. Apoptosis was quantified by flow cytometry
using the Annexin V-FITC and propidium iodide (PI)
Apoptosis kit (Keygen Biotech, Nanjing, China) as follows:
Cells that were treated with the different combinations of
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cetuximab and oxaliplatin were collected, washed with cold
PBS, and then suspended in Annexin-V-binding buffer
solution. The cells were stained with Annexin V-FITC for 15
min at room temperature and then stained with PI. The
samples were analyzed using a FACSCalibur flow cytometer
equipped with Cell Quest-Pro software (Becton-Dickinson,
San Jose, CA, USA). Each experiment was performed thrice
with consistent results.

Drug interaction analysis

Combination index (CI) calculations. Cells were treated with
oxaliplatin and cetuximab as described above. The cytotoxic
effects obtained with oxaliplatin and cetuximab combinations
were analyzed as described (32). Briefly, we determined the
median inhibitory concentration (ICs,) for each drug in a
fixed-ratio combination of the two drugs. For two drugs acting
by mechanisms that are not mutually exclusive, the CI
(combination index value) was calculated using the following
formula: CI = D,/(ICs),+D,/(ICs,),+(D,xD,)/[(IC5,),x(ICs),].
D, and D, are calculated from the ICs, for the combination
and the ratio (P/Q) of the two drugs as follows: D, = (ICs)
comb x P/(P+Q) and D, = (ICs,) comb x Q/(P+Q). The third
(interaction) term is absent when the drug actions are mutually
exclusive. For each drug combination in our study we used
the Calcusyn software (Biosoft, Ferguson, MO) to calculate
the CI for 4 concentrations (2:1 ratio) of the two drugs and
averaged the CIs. A CI of 1 indicates additive effects, whereas
a CI <1 indicates synergy.

Immunoblotting. In order to assess the expression of HIF-1a,
ERK, phosphorylated ERK1/2, AKT and phosphorylated
AKT proteins, cells were solubilized in lysis buffer (50 mM
Tris-HCI, pH 6.8, 10% glycerol, 2% SDS, 0.1% bromophenol
blue, 2.5% B-mercaptoethanol). Total protein concentration of
whole cell lysates was determined using BioRad BCA method
(Pierce, Rockford, IL, USA). Equal amounts of protein were
electrophoresed on 7.5-10% sodium dodecyl sulfate (SDS)-
polyacrylamide gels and electroblotted onto nitrocellulose
membranes (Hybond ECL, Amersham Pharmacia). After
blocking with Tris-buffered saline (TBS)/5% skim milk or
5% BSA, the membranes were incubated overnight at 4°C
with mouse monoclonal antibodies against human HIF-1a,
BAX, or phosphorylated ERK /2 or rabbit antibodies against
total ERK, AKT, BAD, phosphorylated ERK1/2, AKT (Ser*’?)
and BAD (Ser!'?). The membranes were washed, incubated
with a horseradish peroxidase (HRP) conjugated goat anti-
mouse IgG (1:5000) or goat anti-rabbit (1:2000) (Cell Signaling
Technology Inc.) for 1 h at room temperature, and visualized
using enhanced chemiluminescence (ECL). Equal loading was
verified by immunoblotting with a GAPDH antibody (Santa
Cruz Biotechnology).

ELISA assay for VEGF. VEGF protein levels in the con-
ditioned media were assayed using the Quantikine/Human
VEGF ELISA kit (R&D Systems Inc., Minneapolis, MN)
according to the manufacturer's protocol. Briefly, cells were
seeded onto 12-well plates at a density of 2x10° per well and
incubated 12 h to ensure attachment. The cells were treated
with cetuximab (50 pg/ml), oxaliplatin (100 xM, 200 yM) or
a combination of the two drugs for 24 or 48 h as described
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Table I. Sensitivity of human gastric cancer cells to oxaliplatin
and cetuximab under normoxic and hypoxic conditions deter-
mined by the MTT assay.

ICs, (95% confidence intervals)

Enhance
Cell Status Oxal C225 + Oxal index
MGC803 N 5.76 (4.09-8.12) 320 (2.48-4.14) 1.80
H 20.55(12.93-32.65) 7.87(5.24-11.82) 2.61
SGC7901 N 498 (349-7.11) 3.08(2.35-4.02) 1.61
H 10.79 (8.63-13.50) 3.81(2.54-5.73) 2.83

Comparison of ICy, (#M) of oxaliplatin alone and oxaliplatin combined
with cetuximab, on MGC803 cells and SGC7901 cells under normoxic
(N) and hypoxic (H) conditions. Data are expressed as mean + SEM
and represent the average of four different experiments. Combination
index of oxaliplatin and cetuximab in MGC803 and SGC7901 cells
under normoxic and hypoxic conditions were calculated using the
Median Dose-Effect program by Chou and Hayball.

above. The supernatants were collected and cells were counted
in each well. The concentration of VEGF in the supernatant
(100 p1) was determined and normalized by the cell numbers.
A serial dilution of human recombinant VEGF was included
in each assay to obtain a standard curve.

Results

Cetuximab-oxaliplatin combination treatment inhibited cell
growth in hypoxic gastric cancer cells. We evaluated the effect
of cetuximab alone, oxaliplatin alone and combination
treatment on growth of gastric cancer cell lines. Normoxic
and hypoxic MGC803 and SGC7901 gastric cancer cells
were treated with cetuximab (50 ug/ml), oxaliplatin (100 xM),
or the combination and the number of cells were counted
directly. We showed that hypoxia caused a mild inhibition of
cell growth (Fig. 1). Treatment of these cells with oxaliplatin
alone had a more potent inhibitory effect on normoxic cells
than on hypoxic cells. Cetuximab, by itself, did not inhibit
cell growth. However, oxaliplatin-cetuximab combination
treatment resulted in a more efficient inhibition of cell
growth than either agent used alone. This effect was more
potent in hypoxic cells than in normoxic cells.

Additionally, we used the MTT assay to evaluate the
cytotoxic activity of cetuximab and oxaliplatin administrated
alone or in combination on normoxic and hypoxic gastric
cancer cell lines. Cetuximab alone was neither cytotoxic nor
cytostatic even at 1000 xg/ml (data not shown). Oxaliplatin
had an ICs, of 5.76 uM in normoxic MGC803 cells and
4.98 uM in normoxic SGC7901 cells. However, the ICs, of
oxaliplatin decreased by 44.4% in MGC803 cells and 38.2%
in SGC7901 cells (Table I) when combined with cetuximab.
Oxaliplatin had an ICy, of 20.55 yM in hypoxic MGC803 cells
and 10.79 uM in hypoxic SGC7901 cells. However, the ICy,
of oxaliplatin decreased by 61.7% in MGC803 cells and
64.7% in SGC7901 cells (Table I) when combined with
cetuximab. We tested the combination of cetuximab and
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Figure 1. Growth inhibition by C225 and oxaliplatin in MGC-803 and SGC-7901 cells under normoxic and hypoxic conditions. (a) MGC803 cell in normoxia,
(b) MGCB803 cell in hypoxia, (¢) SGC7901 cell in normoxia, (d) SGC7901 cell in hypoxia. Data are mean + SD from four independent experiments. Cells
were directly counted to determine total numbers at the indicated time points, 0, 24, 48, and 72 h. In normoxic MGC803 cells, the control group had
significantly higher cell numbers than the oxaliplatin-treated group (p=0.001). Cell numbers in the C225-treated group were significantly higher than in the
combination group (p<0.001); in the hypoxic group, C225-treated cells exhibited significantly higher cell numbers than the combination group (p=0.001). The
control group had significantly higher cell numbers than the oxaliplatin-treated group (p=0.014), but lower numbers than the C225-treated group (p=0.021). In
normoxic SGC7901 cells, the control group had significantly higher cell numbers than the oxaliplatin-treated group (p=0.001), but less than C225-treated
group (p=0.003) while the C225-treated group had significantly higher cell numbers than the combination group (p<0.001); hypoxic SGC7901 cells showed
similar results with significantly higher cell numbers in the control group than in the oxaliplatin-treated group (p=0.006). However, control cells had lower cell
numbers than than the C225-treated group (p=0.010). The C225-treated group had significantly higher cell numbers than the combination group (p<0.001).

irinotecan in normoxic and hypoxic gastric cancer cells and
found similar results (data not shown).

These data showed that a) hypoxic gastric cancer cells
were more resistant to the drug than normoxic cells, b) that
cetuximab enhanced the cytotoxic effect of oxaliplatin in
normoxia and hypoxia and c) that cetuximab enhanced the
cytotoxic effect of oxaliplatin more efficiently in hypoxic cells
than in normoxic cells (Table I).

Oxaliplatin and cetuximab act synergistically on gastric
cancer cells. In order to quantitatively define the interaction
between cetuximab and oxaliplatin on normoxic and hypoxic
gastric cancer cells, we used a media-effect analysis program
(32) to calculate the drug combination index (CI). The method
uses mass action characteristics in order to quantitate the effect
of multiple drugs in a system. CI is obtained by determining
the fraction of cells affected and the concentration of drug

required to produce a 50% effect. An additive effect would
produce a CI value of 1, whereas synergistic and antagonistic
effects would produce CI values of <1 and >1, respectively.
Gastric cancer cells were treated with various concentrations
of oxaliplatin and cetuximab in a fixed ratio (2:1). The fraction-
effect versus CI plots curves are displayed in Fig. 2. All the
CI values were <1, demonstrating that the effects of the two
drugs are synergistic. Furthermore, the CI values of treated
hypoxic cells were lower than those of treated normoxic cells
indicating that oxaliplatin and cetuximab exhibited more
efficient synergy in hypoxia (Table II).

Hypoxic gastric cancer cells treated with cetuximab-oxaliplatin
combination exhibited higher levels of apoptosis than cells
treated with single agents. We investigated the effect of
oxaliplatin-cetuximab combination treatment on the induction
of programmed cell death in two different gastric cancer cell
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Figure 2. Sensitivity of human gastric cancer cells to oxaliplatin and cetuximab determined by Median Dos-effect analysis. Median Dos-effect analysis reveals
synergistic interactions in oxaliplatin-cetuximab-treated cells. Different concentrations of oxaliplatin and cetuximab were administered at a fixed ratio. Cell
proliferation was determined by MTT assays after 72 h. The Fa-CI curves were calculated using the Median Dos-Effect program by Chou and Hayball.
Results for normoxic and hypoxic MGC803 cells are shown (a and b). Results for normoxic and hypoxic SGC7901 cells are shown (c and d).Values <1

indicate synergy and values >1 indicate partial antagonism.

Table II. Synergistic activity of oxaliplatin and cetuximab in
human gastric cancer cells.

Oxaliplatin ~ Cetuximab Combination index

Cell uM) (ng/ml) Nomoxia Hypoxia
MGC 803 5 25 0.722 0.672
10 5 0.695 0.592
50 25 0.789 0.605
100 50 0.615 0.447
SGC 7901 5 25 0.881 0.605
10 5.0 0.837 0.673
50 25 0.705 0.540
100 50 0.522 0.362

The combination index (CI) values of oxaliplatin and cetuximab in
hypoxic or normoxic MGC803 and SGC7901 cells were calculated using
the Median Dose-Effect program by Chou and Hayball as described in
Materials and methods. CI values <1 indicate synergy.

lines. MGC803 and SGC7901 cells were treated with oxali-
platin (100 M, 200 M), cetuximab (50 pg/ml), or the com-
bination under normoxic or hypoxic conditions. After 24 or
48 h, the percentage of apoptotic cells was quantified by flow
cytometry analysis using annexin-V/PI double staining (Fig. 3).
In addition to the controls set up with single agents, normoxia
alone and hypoxia alone were also used as controls. Cetuximab
treatment alone did not induce apoptosis in gastric cancer cell
lines under either normoxic or hypoxic conditions. Oxaliplatin
induced apoptosis in a dose- and time-dependent manner in
both normoxic and hypoxic cells.

We demonstrated that hypoxia protected gastric cancer
cells from oxaliplatin-induced apoptosis. Treatment of
normoxic MGC803 cells with 100 yM oxaliplatin resulted
in 28 and 53% apoptosis at 24 and 48 h respectively, while
cetuximab (50 ug/ml) and oxaliplatin (100 M) combination
treatment resulted in 35 and 61% apoptosis at 24 and 48 h,
respectively (Fig. 3a). Hypoxic MGCS803 cells treated with
100 uM oxaliplatin exhibited 14 and 32% apoptosis at 24 and
48 h respectively, while cetuximab (50 yg/ml) and oxaliplatin
(100 M) combination therapy resulted in 34 and 54%
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Figure 3. Synergistic effect of cetuximab and oxalibplatin on induction of apoptosis in human gastric cancer cells. Drug sensitivity of normoxic and hypoxic
MGCS803 cells (a and b) and normoxic and hypoxic SGC7901 cells (c and d) was compared. MGC803 cells were treated with oxaliplatin (100 and 200 yM),
cetuximab (50 pg/ml), or their combinations as indicated. The cells were double stained with annexin-V and propidium iodide (PI) and apoptosis was
measured by flow cytometry. Concentration-dependent loss of cell viability induced by oxaliplatin (100 and 200 #M) in the presence and absence of
cetuximab (50 pg/ml, 24 h, 48 h) was determined in MGC803 cells and SGC7901 cells. Viable cells (annexin-V and PI negative) were expressed as percent of
control. N denotes normoxia and H denotes hypoxia. Controls were set up in each group with either normoxia or hypoxia alone and treatment with single
agents at the two different time points. Data are shown as mean + SD for (b-1) MGC803 cell at 24 h, (b-2) MGC803 cell at 48 h, (d-1) SGC7901 cell at 24 h,
and (d-2) SGC7901 at 48 h. The asterisk (*) indicates that the mean number of viable cells (%) differed significantly between the group treated with
oxaliplatin alone and the group treated with the oxaliplatin-cetuximab combination (p<0.001).

apoptosis at 24 and 48 h, respectively (Fig. 3b). We also
showed that combination therapy enhanced oxaliplatin-induced
apoptosis in normoxic and hypoxic SGC7901 cell lines (Fig. 3¢
and d). In summary, we showed that cetuximab-oxaliplatin
combination treatment resulted in a higher percentage of
apoptosis in hypoxic cells when compared with oxaliplatin
treatment alone.

Effect of cetuximab and oxaliplatin on HIF-1a levels. In
order to investigate the mechanism of cetuximab-mediated
enhancement of apoptosis in oxaliplatin-treated hypoxic
cells, we looked at the effect of cetuximab on the expression
of HIF-1a. Gastric cancer cells were treated with cetuximab
alone, oxaliplatin alone or the combination and HIF-1a
expression was examined by immunoblotting. As expected,
we found increased levels of HIF-1a expression in hypoxic
cells (Fig. 4a) when compared with normoxic cells. Treatment
of hypoxic cells with either cetuximab or oxaliplatin alone
caused a moderate reduction in the expression levels of HIF-1a,
but combination treatment caused an efficient inhibition of
HIF-1a expression in these cells.

Effect of cetuximab and oxaliplatin on EGFR signaling
pathways. PI3-K/AKT/BAD and ERK/MAPK have been
reported to be the two major pathways that interact with HIF-1a
(17-19) and are also the major intracellular downstream
signaling pathways that are directly and indirectly activated in
response to ligand-dependent EGFR activation. We therefore
assessed the role of cetuximab and oxaliplatin on AKT and
ERK1/2 phosphorylation in MGC803 cells. We demonstrated
a slight reduction in the levels of phosphorylated AKT and
phosphorylated ERK1/2 in normoxic and hypoxic cells treated
with cetuximab. Treatment of these cells with oxaliplatin alone

did not affect the phosphorylation of AKT and ERK1/2.
Interestingly, oxaliplatin-cetuximab combination treatment
resulted in efficient inhibition of p-AKT levels in both
normoxic and hypoxic cells and of p-ERK1/2 levels in hypoxic
cells (Fig. 4b and c). We found no change in the levels of total
AKT and ERK1/2 in cetuximab-treated cells suggesting that
cetuximab did not inhibit ERK1/2 and AKT synthesis.

The Bcl-2 family member BAD is an important pro-
apoptotic downstream target of EGFR in mammary cells
(33,34). Since EGF-induced phosphorylation of BAD is known
to occur via the MAPK and PI3-K pathway (35), we evaluated
the role of cetuximab and oxaliplatin on phosphorylation
of BAD in normoxic and hypoxic cells. We showed that
cetuximab treatment caused a decrease in phospho-BAD levels
in hypoxic cells, while the decrease was not as marked in
normoxic cells (Fig. 4c). These data suggest that EGF-induced
phosphorylation of BAD occurs mainly through the MAPK
and PI3-K pathways in these cells and agree with previous
work showing the effect of small molecule inhibitors of EGFR
on p-BAD (34). Treatment with oxaliplatin alone did not affect
phospho-BAD levels in either normoxic or hypoxic cells.
However, cetuximab-oxaliplatin combination therapy resulted
in significant inhibition of phospho-BAD levels in hypoxic
cells, which was consistent with the synergistic effect of
these two compounds. No changes were observed in the total
expression levels of BAD and BAX proteins. From these data,
we conclude that cetuximab-oxaliplatin combination treatment
causes 1) inhibition of MAPK and PI3-K/AKT signaling
downstream of EGFR 2) inhibition of HIF-1a expression and
ultimately 3) increased apoptosis in these cells.

Inhibition of hypoxia-induced expression of VEGF by
cetuximab. VEGF, which is a downstream target of HIF-1a,
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Figure 4. Effect of cetuximab-oxaliplatin treatment on expression levels of HIF-1a and EGFR downstream signaling targets. (a) Reduction of HIF-1a levels
in cetuximab-oxaliplatin-treated MGC803 cells. (b) Inhibition of MAPK phosphorylation in cetuximab-oxaliplatin-treated MGC803 cells. (c) Effect of
cetuximab and oxaliplatin on phosphorylation of AKT downstream targets and on the expression of BAX under nomoxic and hypoxic conditions. MGC803
cell were left untreated or treated with cetuximab (50 pg/ml), oxaliplatin (100 M, 200 M) or the combination for 24 h. Expression levels of HIF-1a, ERK,
phospho-ERK1/2, AKT, phosphor-AKT, BAD, phosphor-BAD and BAX were determined by Western blot analysis using appropriate antibodies. GAPDH

was also blotted as protein loading control.

plays an important role in tumorigenesis, tumor invasion,
metastasis and drug-resistance induced by hypoxia (6-8). We
used ELISA to assess expression levels of VEGF in hypoxic
cetuximab-treated MGC803 and SGC7901 cells. Cells were
treated with cetuximab (50 pg/ml), oxaliplatin (100 M,
200 M) or a combination of both agents for 24 or 48 h under
hypoxic or normoxic conditions as described above and VEGF
levels were assayed. We showed that cetuximab, oxaliplatin,
and different oxygen concentrations all influenced the
expression of VEGF in both cell lines (Fig. 5). We showed
that hypoxia resulted in a statistically significant increase in
VEGEF expression (p<0.001). Treatment with cetuximab alone
led to an inhibition of VEGF expression in hypoxia as well as
normoxia. Treatment with oxaliplatin alone also led to an
inhibition of VEGF in a dose-dependent manner. Combination
treatment had a synergistic effect on inhibition of VEGF

expression in normoxia as well as hypoxia, although the
inhibition was more pronounced in hypoxia.

Discussion

The HIF-1a pathway has impacted current treatment strategies
of solid tumors such as gastric cancer since hypoxia in tumors
is associated with poor prognosis and resistance to chemo-
therapy (14,15,36,37).

Our results were in accord with previous studies (38,39)
that hypoxia caused a significant upregulation in the
expression level of HIF-1a with a simultaneous increase in
drug resistance of gastric cancer cells. Expression levels of
HIF-1a are known to be upregulated by activation of EGFR
signaling via the PI3-K/AKT and MAPK/ERK pathways
(11,17-19,40). Our results were in accord with previous studies
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Figure 5. Cetuximab inhibits VEGF expression in normoxia as well as in hypoxia. Data are shown as the mean (SD) for (a-1) MGC803 cells at 24 h, (a-2)
MGCS803 cells at 48 h, (b-1) SGC7901 cells at 24 h, and (b-2) SGC7901 cells at 48 h. Using ANOVA, we found significant differences in the average overall
expression of VEGF between normoxic and hypoxic MG803 as well as SGC7901 cells, at 24 or 48 h follow-up after treatment (p<0.001 for MGC803 cells at

24 h, MGC803 cells at 48 h, SGC7901 cells at 24 h, and SGC7901 cells at 48 h).

showing that blockade of EGFR pathways by cetuximab
inhibited the expression of HIF-1a in hypoxia (25,29.41-45).
We showed that cetuximab-mediated down-regulation of
ERK1/2 and AKT phosphorylation, especially in hypoxic
gastric cancer cells, led to the downstream inhibition of HIF-1a.
Although our results are not direct evidence, they suggest
that cetuximab-oxaliplatin treatment results in decreased
expression of HIF-1a which leads to enhanced apoptosis of
hypoxic gastric cancer cells. We plan to use siRNA-mediated
HIF-1a silencing or generate HIF-1a null cell lines in order to
further support our conclusion.

Oxaliplatin-cetuximab combination therapy resulted in
more significantly cytotoxic effects in hypoxic gastric cancer
cells than in normoxic cells. We showed that hypoxia protected
gastric cancer cells from oxaliplatin-induced apoptosis.
Treatment of hypoxic cells with a cetuximab-oxaliplatin
combination treatment resulted in more intense induction of
apoptosis when compared with normoxic cells.

Recent studies showed that blocking EGFR and the down-
stream MAPK and PI3-K activity led to a decrease in Ser!!2
phosphorylation of BAD and subsequent induction of
apoptosis (36). Our data showed that decreased AKT and
ERK1/2 phosphorylation and decreased Ser!'? phosphory-
lation of BAD (Fig. 4c) were associated with enhanced
oxaliplatin-cetuximab induced apoptosis. Our data indicated
that phospho-BAD levels decreased more significantly in

oxaliplatin-cetuximab treated hypoxic cells, than in oxaliplatin-
cetuximab treated normoxic cells. pBAD is known to associate
with 14-3-3 leading to cell survival and is down-regulated in
a HIF-la-independent manner in several different hypoxic
cell lines (46). Inhibition of BAD phosphorylation leads to a
physical association of BAD with Bcl-x1 and results in
increased apoptosis (34,35). We propose that oxaliplatin-
cetuximab combination therapy acts via inhibition of BAD
phosphorylation in order to promote apoptosis in hypoxic
cells. Our results were in accord with previous studies (11,46)
that the inhibitory effect exerted by cetuximab on BAD phos-
phorylation was more significant in hypoxia than in normoxia.
In summary, our results lead us to speculate that cetuximab
enhances oxaliplatin-mediated apoptosis by reducing HIF-1a
expression and p-BAD levels via inhibition MAPK and PI3-K/
AKT signaling downstream of EGFR.

Angiogenesis in hypoxia is a critical step in the patho-
genesis of most cancers. VEGF has been identified as one of
the key growth factors mediating this process and is a primary
transcriptional target of HIF-1 (6-8). There is growing evidence
(27,47-49) that growth factors and hypoxia act by enhancing
the translation and stability of HIF-1a via activation of MAPK
or PI3K/AKT pathways which in turn regulate VEGF
expression. Our data showed that cetuximab-mediated
inhibition of AKT and ERK1/2 phosphorylation resulted in
decreased HIF-1a expression and a subsequent inhibition of
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VEGF expression. Combination treatment with cetuximab and
oxaliplatin resulted in an even greater inhibition of hypoxia-
induced expression of VEGF than oxaliplatin treatment alone.
Our data are in agreement with previous studies that inhibition
of EGFR by monoclonal antibodies led to reduced expression
of VEGF and inhibition of angiogenesis (7,8,24,27,49). It is
important to investigate if VEGF inhibition by cetuximab-
oxaliplatin combination therapy in our system translates to a
similar synergistic effect in clinical situations.

Cetuximab was recently used in a clinical trial in com-
bination with a modified version of FOLFOX®6 to treat gastric
cancer (50). Not surprisingly, this study showed that patients
with EGFR expression and low levels of competitive ligands
(EGF and TGFa) had a 100% response rate. Biomarkers such
as these, which can be used to optimize treatment strategies
make molecules like cetuximab especially attractive in the
treatment of aggressive diseases such as gastric cancer.

In conclusion, we showed that cetuximab played an
important role in overcoming hypoxia-mediated drug
resistance in gastric cancer cell lines. We propose a novel
mechanism whereby cetuximab-oxaliplatin combination
therapy results in a reduction of HIF-1a protein synthesis via
MAPK/ERK and PI3-K/AKT pathways leading to a sub-
sequent inhibition of VEGF expression. To our knowledge,
we are the first to demonstrate potentiation of oxaliplatin by
cetuximab via inhibition of BAD phosphorylation leading
to increased apoptosis in hypoxic gastric cancer cells. Our
findings also provide a molecular basis in using oxaliplatin-
cetuximab combination treatment to improve clinical outcomes
in gastric cancer. Our future goals include establishing xeno-
grafts of gastric cancer cells to assess the efficacy of the
cetuximab-oxaliplatin combination in vivo.
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