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Mechanisms underlying resistance to cetuximab in the HNSCC
cell line: Role of AKT inhibition in bypassing this resistance
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Abstract. EGFR is frequently overexpressed in head and neck
squamous cell cancer (HNSCC). Cetuximab is a monoclonal
antibody designed to interact with EGFR, block its activation,
reduce the downstream signaling pathways and induce EGFR
internalization. This study aims to investigate the role of the
EGFR signaling pathway and EGFR internalization in a
cetuximab-resistant cell line and to propose a new therapeutic
strategy to optimize treatment of HNSCC. The HNSCC
cell line, CAL33 was sensitive to gefitinib but resistant to
cetuximab. Cetuximab induces an unexpected EGFR phospho-
rylation in CAL33 cells similarly to EGF but this EGFR
activation does not trigger EGFR internalization/degradation,
the process currently implicated in the response to cetuximab.
Cetuximab inhibits ERK and AKT phosphorylation in
cetuximab-sensitive A431 cells, whereas the level of AKT
phosphorylation is unmodified in cetuximab-resistant cells.
Interestingly, CAL33 cells harbor a PIK3CA mutation. The
treatment of CAL33 cells with PI3K inhibitor and cetuximab
restores the inhibition of AKT phosphorylation and induces
growth inhibition. Our results indicate that EGFR inter-
nalization is impaired by cetuximab treatment in CAL33 cells
and that the AKT pathway is a central element in cetuximab
resistance. The combination of cetuximab with a PI3K inhibitor
could be a good therapeutic option in PIK3CA-mutated
HNSCC.
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Introduction

The epidermal growth factor receptor (EGFR) is a member of
the ErbB family of tyrosine kinase receptors (1). This receptor,
which is implicated in carcinogenesis, is overexpressed in
90% of head and neck squamous cell cancer (HNSCC),
correlating with poor prognosis (2,3). The binding of ligand
(i.e., EGF, TGFa) to EGFR induces the receptor dimerization
and autophosphorylation of the intracellular tyrosine kinase
domain. EGFR phosphorylation mediates the activation of
intracellular signaling pathways such as Ras/Raf/MAPK
(mitogen-activated protein kinase) and PI3K/AKT (phos-
phatidylinositol 3-kinase), which regulate cell proliferation
and cell survival respectively (4,5). EGFR is therefore a
therapeutic target for cancer treatment (6) and two strategies
have been developed to inhibit the EGFR signaling pathway:
tyrosine kinase inhibitors (TKIs) and monoclonal antibodies
(mAbs) (7). TKI such as gefitinib (Iressa®, ZD1839) targets
the intracellular tyrosine kinase domain of EGFR, inhibiting
autophosphorylation of the receptor and activation. Among
anti-EGFR monoclonal antibodies, cetuximab (Erbitux®) is a
chimeric mAb which targets the extracellular domain, blocks
ligand binding and thus prevents EGFR activation. Cetuximab
inhibits cell proliferation primarily by cell cycle control (8,9)
but also modifications of EGFR internalization and degradation
(10). Cetuximab is approved in combination with chemo-
therapy or ionizing radiations in the treatment of metastatic
colorectal cancer (mCRC) and HNSCC (11,12). Despite the
overexpression of EGFR in HNSCC and its important role in
HNSCC pathogenesis, EGFR inhibitors (gefitinib, cetuximab)
have had limited success in monotherapy (13,14). Many
patients are refractory to anti-EGFR treatment, showing that
EGFR expression is not the only determining factor in response
to treatment. Primary resistance could occur in patients who
do not achieve stable disease or who progress within months
after an initial clinical response, whereas acquired resistance
could occur after prolonged treatment (15). Mechanisms that
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mediate resistance to anti-EGFR therapies include autocrine
and paracrine production of ligands, secondary mutations, a
constitutive activation of downstream pathways, and an
activation of alternative pathways such as angiogenesis (16-18).
To date, most studies evaluating acquired resistance
mechanisms to anti-EGFR have been particularly focused on
tyrosine kinase inhibitor treatment in lung cancers and tumoral
EGFR mutational status (18). However, it has been widely
confirmed that some tumors with wild-type EGFR status also
derive significant clinical benefit from anti-EGFR agents,
especially in HNSCC, but there have been few investigations
in this field. The mechanisms implicated in cetuximab
resistance could also be due to the expression of an alternative
downstream signaling pathway and/or alterations in EGFR
internalization/degradation. It has been demonstrated that
endocytic trafficking of EGFR is important in EGFR signaling
pathways (19,20) and that internalized EGFR is able to
interact with signaling proteins which allow full activation of
ERK and PI3K/AKT pathways (21,22). In NSCLC cell lines,
the efficiency of cetuximab has been shown to depend on the
inhibition of EGFR downstream signaling mediated by ERK
and AKT, rather than the inhibition of EGFR itself (19).
Scarce data are currently available on the EGFR downstream
signaling pathway and EGFR internalization/degradation
implicated in resistance to cetuximab in HNSCC.

Our study aims to investigate the role of these mechanisms
in a cetuximab-resistant cell line and to propose a new
therapeutic strategy to optimize treatment of HNSCC. Our
results show that the inhibition of PI3K/AKT pathway restores
sensitivity to cetuximab in HNSCC.

Materials and methods

Cell lines. CAL33, an epidermoid head and neck squamous
cell carcinoma cell line derived from an oral squamous cell
carcinoma (23), was kindly provided by Dr J.L. Fischel (Centre
Antoine Lacassagne, Nice, France). SQ20B, an epidermoid
HNSCC cell line, was kindly provided by Professor E. Deutsch
(Institut Gustave Roussy, Villejuif, France) and A431, a
squamous epidermoid carcinoma cell line, was obtained from
ATCC. Cell lines were maintained as monolayer culture in
a humidified incubator at 37°C and 5% CO, in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10%
fetal calf serum (FCS), 1000 U/ml penicillin and 100 pg/ml
streptomycin. In the case of CAL33, 2 mM glutamine was
added. All the products for cell culture were from Invitrogen
(Cergy-Pontoise, France).

Compounds. Cetuximab monoclonal antibody (Erbitux®) was
provided by Merck KgaA (Germany) at 2 mg/ml solution,
stored at 4°C, and EGFR tyrosine kinase inhibitor gefitinib
(ZD1839; Iressa®) was obtained from Institut de Chimie
Pharmaceutique Albert Lespagnol (France). Gefitinib was
stored in a 10 mM stock solution in pure dimethylsulfoxide
(DMSO) and dilutions were made daily in growth medium.
EGF (epidermal growth factor) human recombinant was
purchased from Sigma Aldrich (France) and stored at 50 pg/ml
in 10 mM acetic acid containing 0.1% BSA (bovine serum
albumin). PI3K inhibitor, LY294002, was purchased from
Calbiochem (Merck, France) and stored in a 50 mM stock
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solution in DMSO. In experiments, the final concentration
of DMSO and acetic acid were low enough not to alter cell
growth.

DNA extraction and mutation analysis of EGFR, KRAS,
BRAF and PIK3CA. Total genomic DNA was extracted from
cell lines using QIAamp DNA mini kit (Qiagen, France)
according to the manufacturer's instructions. Exons 18 through
21 of EGFR, exon 2 of KRAS and exon 15 of BRAF were
PCR amplified using the HotStarTaq Master Mix kit (Qiagen)
following the manufacturer's instructions. Primer sequences
are available on request. PCR products for EGFR exons 18-21
were purified and submitted to direct sequencing using
BigDye™ Terminator version 3.1 and analyzed with a 3130XL
automated sequencer (Applied Biosystems, France). KRAS
codons 12 and 13 and BRAF codon 600 were analysed by
pyrosequencing. PCR products were purified and submitted
to pyrosequencing on the PyroMark™ MD system (Biotage,
Qiagen) according to the specifications of the manufacturer.

Exons 1, 2,9 and 20 of PIK3CA gene were amplified using
the following intron-exon junction PCR primers (forward and
reverse, respectively): exon 1 (5'-CTG CTT TGG GAC AAC
CAT AC-3'and 5'-CCA ATT TCT CGA TTG AGG ATC-3"),
exon 2 (5-CTA CAG AGT TCC CTG TTT GC-3' and 5'-GAC
ACA GGT AGA AGA CTG CAC-3'),exon 9 (5'-CAG AGT
AAC AGA CTA GCT AG-3' and 5-GCT GAG ATC AGC
CAA ATT CAG-3'") and exon 20 (5'-GCT TGG CTC TGG
AAT GCC AG-3' and 5-GTG TGG AAT CCA GAG TGA
GC-3"). All PCRs were carried out in a final volume of 50 ul
containing 50 ng of genomic DNA using AmpliTaq Gold
DNA polymerase (Applied Biosystems). Touchdown thermo-
cycling conditions were as follows: 94°C (10 min) for 1 cycle,
94°C (1 min), 64-58°C (30-50 sec, with annealing temperature
decreasing of 2°C every 4 cycles), 72°C (1 min 30 sec) for
16 cycles, 94°C (1 min), 55°C (50 sec), 72°C (1 min 30 sec)
for 19 additional cycles and a final extension step at 72°C for
10 min. PCR products were purified using Amicon Ultra-0.5
Centrifugal Filter Unit with Ultracel-30 membrane (Millipore,
France). Both DNA strands were sequenced using forward
and reverse amplification primers as sequencing primers and
BigDye Terminator V1.1 Cycle Sequencing Kit reagents
according to manufacturer's instructions (Applied Biosystems).
EDTA-ethanol purified sequencing fragments were separated
by capillary electrophoresis and detected via laser-induced
fluorescence on an ABI PRISM 3130x1l Genetic Analyzer
(Applied Biosystems). Exonic sequences were compared with
the PIK3CA GenBank reference sequence (accession number
NM_006218.2) using SeqScape software V2.5 (Applied
Biosystems).

Growth inhibition assay. Growth inhibition was assessed
using MTS assay with CellTiter 96 Aqueous One Solution
Cell Proliferation Assay Kit (Promega, France). Cells (1,500-
3,000 cells) were seeded into a 96-well plate. Twenty-four
hours later, cetuximab, gefitinib or LY294002 were added
in varying concentrations and incubated for 72 h at 37°C.
CellTiter 96 Aqueous One Solution (20 x1) was then added to
each well and the plate was incubated for a further 1-2 h at
37°C. Absorbance was measured at 492 nm with a 96-well
plate reader. Three independent experiments were performed
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Table I. Technical conditions of Western blot analysis: the primary antibodies.
Antibody MW (kDa) Source Dilution Supplier
P-EGFR Tyrl1173 175 Rabbit 1/1000 TBST 1% milk Santa Cruz
P-EGFR Tyrl1045 175 Rabbit 1/1000 TBST 1% BSA Cell Signaling
P-EGFR Tyr1068 175 Rabbit 1/1000 TBST 1% BSA Cell Signaling
EGFR 170 Rabbit 1/1000 TBST 1% milk Santa Cruz
P-ERK1/2 Thr202/Tyr204 42-44 Mouse 1/2000 TBST 1% milk Cell Signaling
ERK 1/2 42-44 Rabbit 1/1000 TBST 1% milk Cell Signaling
P-AKT Ser473 60 Rabbit 1/2000 TBST 5% BSA Cell Signaling
AKT 60 Mouse 1/2000 TBST 5% milk Cell Signaling
PARP 116-86 Rabbit 1/1000 TBST 1% milk Santa Cruz
HSC-70 70 Mouse 1/3000 TBST 1% milk Santa Cruz

Cell Signaling Inc. (Ozyme, France), Santa Cruz (TebuBio, France).

in three replicate wells for each drug concentration. The ICs,
(inhibition concentration 50) value was defined as the concen-
tration needed for 50% reduction in absorbance calculated
from the survival curves by ShortCut for SoftMax Pro
software.

Cell cycle analysis. Cells (2.5-4x10°) were seeded into a
6-well plate for 24 h incubation and then treated with 30 nM
cetuximab, 5 yM gefitinib or 10 uM LY294002 for 72 h.
Supernatants and cells were collected and fixed with cold
70% ethanol for 24 h. The cells were then stained with
propidium iodide (50 pg/ml, Interchim, France) and RNase
solution (100 pg/ml, Sigma Aldrich) in PBS for 30 min in
the dark at room temperature. Cell cycle distribution was
determined on a Becton-Dickinson FACScan flow cytometer
using the Cell QuestPro software and analyzed by WinMDI
software.

Western blot analysis. Cells were grown in 100 mm dishes
until subconfluence and then exposed to different treatments.
After removal media, the cells were washed once with ice-
cold PBS and scraped into 300 p1 ice-cold lysis buffer [SO mM
Tris-HCI, pH 7.9, 120 mM NaCl, 1% Nonidet P40, 1 mM
EDTA, 5 mM NaF, 1 mM Na,;VO,, 0.04 mM AEBSF and a
commercial protease inhibitor mixture (Roche Applied Science,
France)] and incubated for 2 h at 4°C. Thereafter, insoluble
debris was pelleted by centrifugation at 12,000 g for 30 min
at 4°C, supernatants were collected and the protein concen-
tration was determined by Lowry assay (DC Protein assay,
Bio-Rad, France). Lysate samples containing equal amounts
of protein were then added to SDS-PAGE loading buffer
(100 mM Tris-HCI, pH 6.8, 200 mM DTT, 4% SDS, 0.2%
bromophenol blue and 20% glycerol) and heated for 3 min at
90°C. Proteins (30 pg) were resolved on a reducing 10%
SDS polyacrylamide gel and transferred onto a nitrocellulose
membrane (GE Healthcare, France). After gel transfer, the
membrane was incubated with blocking solution for 1 h
and then probed with the primary antibody (Table I). The
membrane was washed three times with TBS-0.2% Tween
for 5 min and finally hybridized with the HRP-conjugated

donkey anti-rabbit IgG or HRP-conjugated sheep anti-mouse
(GE Healthcare) for 1 h at room temperature followed by
three washes with TBS-0.2% Tween. Bands were detected by
autoradiography on X-ray film using the enhanced chemilu-
minescence (ECL) detection system (GE Healthcare).

Flow cytometry analysis. The cells were incubated with 30 nM
cetuximab or EGF (50 ng/ml) for 30 min - 6-24 h at 37°C.
Cells were isolated by exposure to trypsin, and 5x10° cells
were incubated for 1 h at 4°C either with phycoerythrin
(PE)-conjugated mouse mAb to EGFR (dilution 1/5, BD
Pharmingen, France) or with a PE-conjugated isotype-
matched control mAb (dilution 1/5) in 100 1 PBS. The cells
were washed twice with PBS and then analyzed by flow
cytometry (FACScalibur, Becton-Dickinson) to detect the
intensity of EGFR staining at the cell surface.

Immunofluorescence analysis. Cells (8x10°) were seeded
in 8-well Lab-Tec Chamber Slides (Nunc) and fixed with
methanol for 10 min at -20°C, permeabilized with 0.2%
Triton X-100 for 10 min at room temperature, washed three
times with PBS and exposed to 3% BSA for 1 h at room
temperature. The cells were incubated with EGFR antibody
for 1 h at room temperature. The cells were washed three
times with PBS and then incubated for 1 h with Alexa 488-
labeled goat antibody to rabbit IgG (dilution 1/1600, Molecular
Probe). The chamber slides were mounted in fluorescence
mounting medium Vectashield with DAPI (Vector Labora-
tories) and fluorescence signals were visualized with a
fluorescence microscope (Leica) with X63 oil objective.

Results

EGFR expression and EGFR, KRAS and BRAF status of
HNSCC and A431 cell lines. In order to explore the effects of
EGFR inhibitors, gefitinib and cetuximab, we measured
EGFR expression by flow cytometry using two epidermoid
head and neck cancer cell lines (CAL33, SQ20B) and one
human epidermoid cancer cell line (A431) described as over-
expressing EGFR (24,25). The flow cytometric analysis
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Table II. EGFR expression and EGFR, KRAS, BRAF status of HNSCC and A431 cell lines.?

Cell line Type EGFR expression EGFR status KRAS status BRAF status
MFI (= SD) (exons 18-21) (codons 12-13) (codon 600)
A431 Epidermoid 362 (19) Wild-type Wild-type Wild-type
CAL33 HNSCC 84 (4) Wild-type Wild-type Wild-type
SQ20B HNSCC 223 (11) Wild-type Wild-type Wild-type

*The MFIs (median fluorescence intensity) were standardized for comparison using the following formula: [(MFI-EGFR) - (MFI-isotype
control)/(MFI-isotype control)]. MFI represents the mean of three independent experiments (n=3) with standard deviation (SD). Sequencing
methods are detailed in Materials and methods. EGFR, epidermal growth factor receptor; HNSCC, head and neck squamous cell cancer.

showed that all cells of these three cell lines overexpressed
EGEFR at various levels on the cell surface (Table II). The
three cell lines harbored wild-type EGFR status on exons
18-21. Moreover, cell lines presented wild-type KRAS and
BRAF status.

Differential effects of gefitinib or cetuximab in HNSCC and
A431 cell lines. To compare the two different EGFR inhibition
strategies, we used cetuximab and gefitinib. Cell growth was
measured by MTS assay. After gefitinib treatment, CAL33,
SQ20B and A431 cells showed a relevant maximal growth
inhibition which is comparable in the three cell lines [55%,
47.8% and 45% respectively (Fig. 1A)]. In accordance with
these results, the efficient dose of 5 uM gefitinib was used in
subsequent experiments. The cetuximab effect was not
comparable in any of the cell lines. In A431 cells, we found
40% maximal growth inhibition in response to cetuximab. In
contrast, the growth inhibition in both HNSCC cells was
minor with maximum growth inhibition of 16.8% and 6.2%
for CAL33 and SQ20B respectively after 72 h of incubation,
and increasing concentration of cetuximab until 240 nM
had no effect on growth inhibition. Accordingly, the efficient
dose of 30 nM cetuximab was used in subsequent experi-
ments. To explore the different effects of these EGFR
inhibitors on cell growth, we conducted a cell cycle analysis
by flow cytometry (Fig. 1B). Cells were treated with 30 nM
cetuximab or 5 yM gefitinib for 72 h. Flow cytometric
analysis after gefitinib treatment revealed an increase in the
G,/G, phase and a strong decrease in the S phase for three
cell lines. No increase in the sub-G, phase corresponding to
an apoptotic process was observed after gefitinib treatment in
any cell line. In the HNSCC cell lines, cetuximab treatment
induced a slight accumulation of cells in the G,/G, phase
compared to the control (63.3-68.2% for CAL33 and 44.8-
48.1% for SQ20B) and a slight decrease in the S phase (13.8-
10% for CAL33 and 9.3-6.5% for SQ20B). In contrast,
cetuximab strongly increased the G,/G, population in A431
cells compared to the control (52.9-79.8%) and decreased the
S population (27.2-8.7%). We observed an increase in the
sub-G, population (0.8-3.1%) only in A431 cells in response
to cetuximab. To confirm the implication of an apoptotic
process in A431 cells, we studied PARP cleavage by Western
blot analysis after treatment with 30 nM cetuximab or 5 M
gefitinib for 72 h (Fig. 1C). According to previous cell cycle
results, PARP cleavage was detected in A431 cells whereas

cetuximab had no apoptotic effect in CAL33 and SQ20B. No
PARP cleavage was observed in response to gefitinib
treatment in all three cell lines in agreement with the absence
of sub-G, population in cell cycle analysis.

These results show that HNSCC cell lines present different
sensitivity to cetuximab and gefitinib treatment in contrast to
the A431 cell line, which is sensitive to both anti-EGFR
agents. These data suggest that EGFR expression does not
correlate with sensitivity to anti-EGFR agents. Therefore, we
chose CAL33 and A431 as cetuximab-resistant and -sensitive
cells respectively, for the following experiments.

Cetuximab induces EGFR phosphorylation but fails to trigger
the activation of ERK and AKT pathways in cetuximab-
resistant cell line. To explore the molecular mechanisms
underlying the difference in cellular response to cetuximab
and gefitinib treatment, we examined the effects on EGFR,
ERK and AKT phosphorylation in cetuximab-resistant and
-sensitive cells by Western blot analysis. Cells were incubated
for 24 h with 3-30-300 nM cetuximab or 1-5-10 yM gefitinib
(Fig. 2). Gefitinib, which decreases cell proliferation in A431
cells (Fig. 1A), produced a strong decrease in phosphorylated
EGFR on tyrosine 1173, 1045 and 1068. A strong abolition
of ERK and AKT phosphorylation was also visualized. In
CAL33 cell line, EGFR is not constitutively phosphorylated.
However, gefitinib induced a strong decrease in ERK and
AKT phosphorylation in relation to growth inhibition.
According to the decrease in cell proliferation in both cell
lines, gefitinib inhibits the EGFR downstream signaling path-
ways. Cetuximab decreased cell proliferation in A431 cells
but not in HNSCC cells (Fig. 1A). Surprisingly, cetuximab
produced no change in EGFR phosphorylation after 24 h of
treatment, but induced a strong decrease in phosphorylated
ERK and AKT in cetuximab-sensitive cell line (Fig. 2).
Interestingly, ERK phosphorylation declined, but AKT
phosphorylation was unmodified (at the expected dose of
30 nM) in the cetuximab-resistant cell line despite an
increase in EGFR phosphorylation on tyrosine 1173 and
1068 after cetuximab treatment. Taken together, these data
suggest that sensitivity to anti-EGFR agents is correlated
with inhibition of ERK and AKT phosphorylation.

Cetuximab does not induce EGFR internalization/degradation
or modify AKT phosphorylation in cetuximab-resistant cell
line. To understand the EGFR activation and non-modification
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Figure 1. Differential effects of anti-EGFR agents on proliferation (A), cell cycle (B) and PARP cleavage (C) in A431 and HNSCC cell lines. (A), Dose-dependent
response curves of CAL33, SQ20B and A431 cell lines to gefitinib and cetuximab treatment. The inhibition of cell proliferation after gefitinib or cetuximab
treatment at different concentrations for 72 h was measured by MTS assay and shown as a percentage of the optical density value of control cells (untreated) for
each tested concentration. Data represent the mean of three independent experiments (n=3) performed in triplicate with standard deviation (SD). (B), Effect of
cetuximab (30 nM) or gefitinib (5 M) for 72 h on cell cycle distribution analyzed by flow cytometry. Cell distribution was analyzed by WinMDI software.
Data represent the mean of three independent experiments (n=3). (C), PARP cleavage was visualized by the formation of the 89 kDa PARP cleavage fragment
by Western blot analysis. After 72 h of cetuximab (30 nM) or gefitinib (5 M) treatment, proteins were lysated before Western blot analysis.

of AKT phosphorylation in cetuximab-resistant cells by
cetuximab, we compared the kinetics of EGFR phos-
phorylation after EGF or cetuximab treatment in cetuximab-
resistant vs. sensitive cell lines.

In cetuximab-sensitive cells (A431), EGF stimulation
induced a rapid EGFR phosphorylation (5 min) until 8 h with
a decrease in intensity in a time-dependent manner on the
three sites of phosphorylation studied (Fig. 3A). Interestingly,
we noted that EGFR expression was slightly increased after 5
and 30 min. Treatment with cetuximab induced a strong and
rapid decrease in EGFR phosphorylation after 5 min until 8 h.
This inhibition disappeared after 24 h. A weak decrease in
total EGFR expression was observed at 8 and 24 h. In contrast,
EGF stimulation also induced EGFR phosphorylation after
5-30 min in cetuximab-resistant CAL33 cells but we
observed a strong, early (2 h) and prolonged (24 h) decrease
in EGFR expression corresponding to EGFR degradation

(Fig. 3B). Cetuximab induced slight EGFR phosphorylation on
tyrosine 1173 and 1068 (from 5 min to 24 h) and not on
tyrosine 1045, which is involved in EGFR internalization/
degradation. Interestingly, cetuximab had no effect on the
total EGFR expression contrary to EGF stimulation in this
cell line. Western blot analysis showed that EGF and cetuximab
treatments induced a slow EGFR turnover (internalization/
degradation) in cetuximab-sensitive cells. In cetuximab-
resistant cells, despite the induction of EGFR phosphorylation
by both treatments, we observed a rapid EGFR turnover
induced by EGF, but an absence of EGFR degradation after
cetuximab treatment.

To confirm the incapacity of cetuximab to induce EGFR
internalization/degradation in cetuximab-resistant cells, we
determined EGFR expression by flow cytometry and EGFR
localization by immunofluorescence after EGF or cetuximab
treatment (Fig. 4). In A431 cells, EGF induced a rightward
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antibodies (Materials and methods). P-EGFR Tyr/173, Tyr1045, Tyr1068 represent phosphorylated EGFR at these different phosphorylation sites. The level
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Figure 3. Kinetic of activation and degradation of EGFR, and effect on AKT activation after EGF or cetuximab treatment in A431 (A) and CAL33 (B) cell lines.
Cells were incubated at the indicated times in the presence of EGF (50 ng/ml) or cetuximab (30 nM). Cells were lysed and immunoblotted with indicated anti-
bodies. The level of HSC-70 was used as a protein-loading reference control in each cell line. In A431 blots, exposure time is shorter for EGF treatment than
for cetuximab treatment, explaining the absence of EGFR phosphorylation in control cells.
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Figure 5. Effects of the combination of cetuximab and L'Y294002 on cell proliferation (A) and cell cycle distribution (B) in A431 and CAL33 cell lines. Cells were
incubated with increasing concentrations of cetuximab with or without 10 M LY294002 for 72 h. (A), Cell proliferation was measured by MTS assay and shown
as a percentage of the optical density value of control cells (untreated) for each concentration tested. Data are representative and correspond to the mean of three
independent experiments (n=3) with standard deviation (SD). Asterisk indicates statistical significance (‘p<0.01, “p<0.001 compared to each dose). (B), Effect of
cetuximab (30 nM) alone or combined with LY294002 (10 #M) for 72 h on cell cycle distribution by flow cytometric analysis. Cell distribution was analyzed by
WinMDI software. Data are representative and correspond to the mean of three independent experiments (n=3).

shift of the cytometric peak at 5 min (data not shown) and
30 min (Fig. 4A), indicating an increase in EGFR on cell
surface membrane in relation to the increase of EGFR
expression observed by Western blot analysis (Fig. 3A). In
A431 untreated cells, EGFR was localized in a predominant
plasma membrane staining, whereas a weak shift in cellular
distribution of EGFR was detected upon EGF incubation
(30 min and 6 h) with minor punctuated intracellular staining
(Fig. 4A). In addition, cetuximab also induces slight EGFR
internalization/localization, which is maximal at 6 h with
cell-to-cell localization. In CAL33 cells, EGF induced a strong
leftward shift of the EGFR peak in a time-dependent manner
(Fig. 4B), according to the results observed by Western blot
analysis (Fig. 3B). In CAL33 untreated cells, EGFR presented
diffuse plasma membrane staining, whereas a strong shift
in cellular distribution of EGFR was detected upon 30 min
of EGF incubation with punctuated intracellular staining,
corresponding to EGFR internalization (Fig. 4B). At 6 and
24 h, we observed a disappearance of the punctuated intra-
cellular staining in relation to the strong decrease in total
EGFR expression observed by Western blot analysis, cor-
responding to EGFR degradation (Fig. 3B). In CAL33,
cetuximab induced only a slight shift of the cytometric peak
(compared to EGF stimulation) in relation to the constant
total EGFR expression visualized in Western blot analysis
(Fig. 3B). These results were in agreement with the EGFR
cellular distribution and cetuximab induced no modification

in cellular EGFR distribution/localization in microscopy
(Fig. 4B). These results showed that cetuximab did not induce
the EGFR internalization/degradation in cetuximab-resistant
cell line, in contrast to EGF treatment. This phenomenon
could play a role in the absence of modification in the AKT
pathway after cetuximab treatment in these cells. Then we
analyzed the kinetic relation between EGFR and AKT
phosphorylation in both cell lines (Fig. 3). EGF stimulation
activated the AKT pathway after 5 min until 8 h in relation to
the EGFR phosphorylation in A431 cells (Fig. 3A). Cetuximab
inhibited AKT phosphorylation in relation to the inhibition of
EGFR phosphorylation observed in the same time. In
cetuximab-resistant CAL33 cells, no effect was observed on the
kinetic of AKT activation despite the EGFR phosphorylation
induced by EGF and cetuximab treatment (Fig. 3B).

Taken together, cetuximab inhibited AKT phosphorylation
in cetuximab-sensitive cells but not in cetuximab-resistant
cells. These data suggest that the persistence of AKT phospho-
rylation could play an important role in cetuximab-resistant
cells.

Inhibition of PI3K/AKT pathway restores cetuximab sensitivity
in cetuximab-resistant cell line. The possible mechanism of
persistence of AKT activation could be alterations in PI3K/
AKT pathway. In order to investigate this mechanism, we
sequenced the PIK3CA gene on exons 1, 2,9, and 20, which
is known to be mutated in cancer cells. We have shown that



INTERNATIONAL JOURNAL OF ONCOLOGY 38: 189-200, 2011

CAL33 cells present a mutation on exon 20 (c.3140A>G;
p-H1047R). Depletion of the tumor suppressor PTEN can
also increase growth factor-independent activity of the
PI3K/AKT pathway. None of the cell lines harbored loss of
PTEN. Therefore, we hypothesized that the inhibition of the
PI3K pathway could restore the sensitivity of resistant cells
to cetuximab and used LY294002, a synthetic PI3K inhibitor.
Firstly, we confirmed that LY294002 inhibited specifically
the AKT phosphorylation in CAL33 cell line (data not
shown). We performed a cell growth assay and analyzed the
cell cycle after cetuximab and LY294002 combination
treatment (Fig. 5). Cells were treated with increasing doses of
cetuximab with or without 10 yM LY294002 for 72 h. In
A431 cells, we found 42% maximal growth inhibition in
response to cetuximab treatment and 57% maximal growth
inhibition in response to the cetuximab and LY294002
combination as early as 30 nM (Fig. 5A). Interestingly,
whereas we observed a weak effect of cetuximab on cell
growth (11.6% inhibition) in CAL33 cells, the addition of
LY294002 to cetuximab induced a significant growth
inhibition (49% inhibition, p<0.001). This combination of
treatment in CAL33 cells induced a comparable sensitivity to
A431 cells. Cell cycle results confirmed that the effect of the
LY294002-cetuximab combination on A431 cells was minor
(Fig. 5B). In contrast, the strong growth inhibition observed
in CAL33 cells is confirmed by a relevant decrease in S
phase after cetuximab and L'Y294002 combination (5.5% vs.
13.8%, combination vs. cetuximab).

These results show that the inhibition of AKT phospho-
rylation by a PI3K inhibitor restores sensitivity to cetuximab
in cell line mutated for PIK3CA and suggests that persistent
AKT activation contributes to cetuximab resistance.

Discussion

Our study was conducted to elucidate the importance of
EGFR signaling pathways in resistant HNSCC cells, which
could lead to the optimization of EGFR-directed therapy. We
focused our project on an HNSCC cell line (CAL33),
described by several authors, which presents high EGFR
expression and a wild-type EGFR, KRAS and BRAF status
(23,26,27). This is representative of the clinical situation in
which EGFR and KRAS mutations seem to be rare events in
HNSCC, compared to NSCLC. This is all the more interesting
given that some cancers with wild-type EGFR status can also
derive significant clinical benefit from anti-EGFR agents and
develop resistance to anti-EGFR agents. Moreover, our study
describes the presence of a PIK3CA activating mutation which
encodes for the pl10a catalytic subunit of PI3K. Mutation of
PIK3CA occurs in 8-11% in HNSCC (28,29) and has been
shown to activate the AKT signaling pathway (30). Whereas
in mCRC mutations in the PI3K catalytic subunit have been
reported to correlate with EGFR mAbs clinical resistance,
scarce data on HNSCC are available (31-33).

We have shown that treatment of CAL33 cell line (as
described in SQ20B) with different anti-EGFR agents induces
differential antiproliferative effects. In these cells, cetuximab
induces a weak antiproliferative effect and no modification
of the cell cycle whereas gefitinib induces a high anti-
proliferative effect in relation to cell cycle modifications
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(Gy/G;, arrest). Similar weak effects on cell cycle distribution
after cetuximab treatment on potential resistant cell lines
were previously reported in NSCLC (34) or HNSCC cells
(35,36). Interestingly, these data indicate that HNSCC cell
lines present resistance to cetuximab and sensitivity to gefitinib
independently to their EGFR expression. Indeed, there are
controversial data on this relationship between EGFR
expression and antiproliferative effect of anti-EGFR agents
(34,35). In agreement with our results, some authors have
demonstrated that EGFR expression alone is not the only
determinant influencing the antiproliferative activity of
cetuximab or gefitinib treatments (37,38). A number of other
factors may determine the sensitivity/resistance of cells to
EGFR inhibitors. We have hypothesized that EGFR down-
stream signaling pathways (ERK and AKT) and EGFR
internalization/degradation could be some of these factors.

We investigated the EGFR signaling pathways after anti-
EGFR treatments in cetuximab-resistant cell line compared
to cetuximab-sensitive cell line. Surprisingly, we found that
cetuximab induces the EGFR phosphorylation at sites Y1068
and Y1173, respectively, implicated as a MAP kinase
activation (34,39) and the major phosphorylation site in
resistant cell lines (40). These results are consistent with
previous data showing that cetuximab is able to induce EGFR
activation in NSCLC (19,34) and HNSCC (40). EGFR
phosphorylation is well described by authors but the underlying
mechanisms remain unknown. Despite EGFR activation,
we found a decrease in ERK phosphorylation and persistence
of the AKT phosphorylation in cetuximab-resistant cells
whereas sensitivity to cetuximab correlated with efficient
blocking of ERK and AKT pathways in A431 cells. It has
already been shown that resistance to cetuximab or gefitinib
implicates a persistent activation of ERK and AKT pathways
in breast cancers, NSCLC and HNSCC (24,35.41). Unusually,
this phenomenon occurs after cetuximab treatment in a cell
line presenting a mutated PIK3CA in our study. However,
we have shown that gefitinib is able to decrease the AKT
phosphorylation despite the presence of PIK3CA mutation, in
agreement with the literature (42). This persistent activation
of signaling pathway in resistant cells could explain the
limited efficacy of cetuximab and the minor effect on cell
cycle progression after cetuximab exposure (35).

To understand the increase in EGFR phosphorylation after
cetuximab treatment in resistant cell line, we have compared
the changes in EGFR phosphorylation induced by cetuximab
and EGF. As some relationships have been established
between EGFR internalization processes and EGFR kinase
activity after cetuximab treatment (43,44) we hypothesized
that resistance induced by cetuximab could relate to EGFR
internalization/degradation and EGFR phosphorylation. Here
cetuximab treatment did not induce EGFR internalization/
degradation in resistant cells, which correlates with the
absence of phosphorylation at site Y1045 described as
essential for the EGFR degradation (45,46). In contrast, EGF
induces EGFR internalization followed by strong EGFR
degradation. In comparison, cetuximab and EGF induce
weak EGFR internalization in sensitive cells, followed by
weak EGFR degradation. The internalization process is
relatively slow in sensitive cell lines whereas this process
occurs predominantly at 6 h in resistant cells. These data are
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probably in relation with EGFR expression. Indeed, it has
been shown that EGFR turnover ranges between 6-10 h in
cells with low or moderate EGFR expression, whereas t;,
could be 24 h or longer in cells with EGFR overexpression
(47). However, cetuximab did not induce EGFR inter-
nalization/degradation in resistant cells independently of
EGFR expression. In consequence, we suggest that the
absence of EGFR internalization/degradation plays a role in
cetuximab resistance. Wheeler er al showed that EGFR
internalization was impaired in acquired resistant cetuximab
clones and may be responsible for cetuximab resistance
(48). EGFR internalization could have both ‘positive’ and
‘negative’ effects on the signaling pathway. The inter-
nalization/degradation of activated EGFR decreases EGFR
numbers on the cell surface and so induces a down-regulation
of the EGFR signaling pathway, whereas it has been
previously described that the EGF/EGFR complex remains
active in endosomes and activates the signaling pathways
after internalization (19,22.,47). However, it is uncertain
whether signals from internalized EGFR could be qualitatively
different from those induced at the cell surface (49). All
these results have shown that the mechanisms of EGFR
internalization/degradation remain uncertain. Our results
suggest that cetuximab prevents EGFR turnover and
degradation compared to EGF stimulation in resistant cells.

The analysis of the consequences on EGFR phospho-
rylation in resistant cells after cetuximab treatment has shown
that EGFR phosphorylation (Y1173, Y1068) is accompanied
by a persistence of AKT activation. In contrast, EGF and
cetuximab produce a strong and prolonged modification of
EGFR and AKT phosphorylation in sensitive cells. The
absence of AKT phosphorylation after EGF treatment on
resistant cell line can be explained by EGFR internalization/
degradation. Indeed, it has been demonstrated that signaling
PI3K/AKT pathway is restricted to the cell surface and
therefore is not activated by internalized EGFR in endosomes
(50,51). These results suggest that inhibition of EGFR turn-
over induced by cetuximab is unlikely to be responsible for
the non-modification of AKT phosphorylation.

We then examined the role of PIK3CA mutation in
resistance to cetuximab and found that the resistant cell line is
mutated on PI3K/AKT pathway. There is no relation between
PIK3CA status and EGFR internalization/degradation because
EGFR was internalized/degraded after EGF but not after
cetuximab. In contrast, cetuximab and EGF which act in the
EGFR extracellular domain are inefficient on AKT phospho-
rylation in these cells with PIK3CA activated mutation.
However, gefitinib which acts in the EGFR tyrosine kinase
domain is efficient in these cells. As recently shown, tumor
cells can lose their dependence on growth factors by
mutation-driven constitutive activation of signaling pathways
downstream of growth factor receptors, specifically the PI3K
and Ras/MAPK pathways (52). Our findings imply that
cancer cell lines acquiring mutations that result in constitutive
activation of the PI3K pathway have a diminished dependence
on canonical EGFR ligand-induced signaling for their growth
and are therefore more resistant to cetuximab treatment than
to gefitinib treatment. Similar results were obtained in
colorectal cancers (53). Therefore, the persistence of AKT
activation in PIK3CA mutated cells is probably the most
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important factor in cetuximab resistance. We chose
L'Y294002 because it inhibits preferentially in vitro the mutated
PIK3CA cells as compared with wild-type PI3K (52). These
results confirmed that this cell line could keep sensitivity
to a specific PI3K inhibitor despite PIK3CA mutation. The
combination of LY294002 with cetuximab restores cell
sensitivity in the resistant cell line. Similar effects were
observed in cetuximab-resistant NSCLC with PTEN
instability (54). Moreover, the blockage of the AKT pathway
by LY294002 has been shown to reduce tumor progression
(55).

All these results have shown that absence of EGFR inter-
nalization/degradation and persistent AKT activation are
partly responsible for cetuximab resistance in CAL33 cells.
Therefore, targeting EGFR by another mechanism may retain
effectiveness for cells manifesting cetuximab resistance.
These results are very encouraging and confirm the interest of
therapeutic combinations that are able to increase resistance
to anti-EGFR agents. Development of therapies that affect
only mutant forms of PIK3CA provides an additional way to
increase specificity and limit the toxicity of such inhibitors
(56). Together, our data suggest that treatment of HNSCC
cell lines mutated for PI3K pathway with combination of
cetuximab and a specific PI3K inhibitor is a good therapeutic
option.
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