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Abstract. We have previously shown that growth of the oral 
squamous cell carcinoma cell line SAS, is resistant to cetux-
imab in monolayer culture conditions, even though epidermal 
growth factor receptor (EGFR) was phosphorylated, but the 
growth of SAS aggregates was sensitive to cetuximab. In 
the present study, we demonstrate differences in the EGFR 
signaling pathways utilized by SAS cells in monolayer 
and suspension cultures at the molecular level. Cetuximab 
treatment of SAS cells in monolayer cultures inhibits the phos-
phorylation of EGFR and ERK, and reduces the cell migratory 
potency, but not cell proliferation. AG1478 treatment reduces 
the phosphorylation of EGFR, ERK and AKT, and affects 
cell growth in monolayer cultures. The phosphorylation 
levels of EGFR and AKT are significantly higher in SAS cell 
aggregates compared to monolayer cultures. Treatment with 
cetuximab and AG1478 reduces the growth of SAS aggre-
gates and eliminates the phosphorylation of EGFR and AKT. 
Furthermore, proliferation of SAS aggregates is also inhibited 
by LY294002 and MK2206, which are inhibitors of PI3K 
and AKT, respectively. In addition, treatment with the lipid 
raft disruptor filipin III reduced the phosphorylation levels of 
EGFR and Akt in SAS aggregates, but not in SAS monolayer 
culture. These results suggest the possibility that ligands in 
the serum stimulate the phosphorylation of EGFR localized in 
lipid rafts leading to PI3K-AKT activation, which results in the 
growth of SAS aggregates, therefore resulting in the sensitivity 
of SAS aggregates to cetuximab.

Introduction

Head-and-neck squamous cell carcinoma (HNSCC) is the 
most common cancer in the head and neck region, and affects 
~550,000 patients worldwide (1). The overall 5-year survival 
rate of HNSCC including oral squamous cell carcinoma 
(OSCC) is ~50%, which has not improved markedly during the 
last decade (2,3). Thus, new effective therapeutic modalities 
are needed to improve survival of HNSCC patients.

The epidermal growth factor receptor (EGFR) is a member 
of the receptor tyrosine kinase (TK) or HER family, which 
consists of EGFR (HER1/ErbB1), HER2/Neu (ErbB2), HER3 
(ErbB3), and HER4 (ErbB4). Stimulation of the receptors 
through ligand binding activates the receptor tyrosine kinase 
and promotes its homodimerization or heterodimerization 
with another HER. EGFR activation stimulates a number of 
downstream signaling cascades, such as the RAS/RAF/ERK/
MAPK, phosphatidylinositol 3-kinase (PI3K)/AKT pathway, 
and the phospholipase C-γ/protein kinase C (PLCγ/PKC) 
pathway, and including the Src family kinases (SFKs), and 
the signal transducers and activators of transcription (STATs). 
These pathways affect various cellular responses, including 
proliferation, survival, migration, angiogenesis and metastasis 
(4-10).

EGFR is constitutively distributed in normal epithelial 
cells, but it is highly expressed in various cancers, including 
those of the breast, prostate, and lung cancers, as well as 
gliomas (11). EGFR is expressed at higher levels in >95% 
of HNSCCs compared to normal mucosa (12). Furthermore, 
upregulation of EGFR expression in HNSCC has been reported 
to be associated with an unfavorable prognosis and is a useful 
prognostic biomarker of low survival rate (13,14). Therefore, 
EGFR is considered to be one of the most promising molecular 
targets in oncology, and EGFR-targeted therapies have been 
developed using monoclonal antibodies (mAbs) to the extra-
cellular ligand-binding domain of the EGFR.

Cetuximab is a chimeric mAb consisting of a Fv region of 
mouse anti EGFR antibody and human IgG1 heavy and κ light-
chain constant regions, which binds with high affinity to the 
extracellular domain of EGFR (15) and subsequently blocks 
EGFR activation by preventing TK-mediated phosphorylation 
of the protein (16). As a result, cetuximab promotes apoptosis, 
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and inhibits cell cycle progression, tumor cell invasion and 
angiogenesis.

Cetuximab has already been used in the clinic, however, 
intrinsic or acquired resistance to EGFR therapy remains a 
major obstacle to achieving positive clinical outcomes with 
cetuximab (17,18). In order to resolve these problems, it is 
important to understand both the mechanisms of action and 
resistance to cetuximab.

The OSCC cell line SAS, exhibits proliferation that is 
not sensitive to cetuximab treatment, although SAS cells do 
express EGFR and also undergo phosphorylation. However, 
SAS growth has been reported to be inhibited by cetuximab 
under aggregation culture conditions (19). In this study, we 
investigated the molecular basis of changes in cetuximab 
sensitivity facilitated by growth signals provided by culture 
conditions in SAS cells.

Materials and methods

Cell culture and reagents. Three OSCC cell lines, HSC3, 
HSC4, and SAS, were purchased from RIKEN Bioresource 
Center (Ibaraki, Japan). Cells were cultured in dulbecco's 
modified Eagle's medium (dMEM) supplemented with 
10% (v/v) fetal bovine serum (FBS) at 37˚C in a humidified 
atmosphere of 5% CO2. dMEM and FBS were purchased 
from Gibco (Life Technologies, Tokyo, Japan). Antibodies 
used included anti-EGFR (Cell Signaling Technology, 
Tokyo, Japan), anti-phospho-EGFR (Tyr1068, Cell Signaling 
Technology), anti-ERK1 (Santa Cruz Biotechnology, CA, 
USA), anti-phospho-ERK (Santa Cruz Biotechnology), 
anti-AKT (Cell Signaling Technology), anti-phospho-AKT 
(Ser473, Cell Signaling Technology), anti-caveolin-1 (Santa 
Cruz Biotechnology), anti-phospho-caveolin-1 (Tyr14, Cell 
Signaling Technology), and anti-α-tubulin (Sigma-Aldrich, 
Tokyo, Japan). Cetuximab (Erbitux®) was purchased from 
Merck Serono (Tokyo, Japan). AG1478, TAPI-2, LY294002 
and MK2206 were from Calbiochem (Merk Millipore, Tokyo, 
Japan).

Cell proliferation assay. Human OSCC cells (2x103/well) were 
plated in 96-well plates. After 24 h of growth, various reagents 
were added at the indicated concentrations and growth 
continued for an additional 2, 4, or 6 days. All experiments 
were performed in triplicate. Cell proliferation was assessed 
using the CellTiter 96® Non-Radioactive Cell Proliferation 
assay (Promega, Tokyo, Japan).

Aggregation cultures. When aggregation culture conditions 
were utilized, 1-5x103 cells were seeded into each well of low-
adhesive 96-well plates (Sumitomo Bakelite, Tokyo, Japan) 
and cultured in dMEM supplemented with 10% (v/v) FBS at 
37˚C under 5% CO2.

Western blotting. Cells were washed with phosphate-buffered 
saline (PBS) and then lysed with RIPA buffer consisting 
of 150 mM NaCl, 10 mM Tris-HCl, pH 8.0, 1% (v/v) 
Nonidate P-40, 0.5% (W/v) deoxycholic acid, 0.1% (W/v) 
SdS, 5 mM EdTA, 1x Halt™ protease inhibitor cocktail 
(Thermo Fisher Scientific, Yokohama, Japan), and 1X Halt™ 
Protein phosphatase inhibitor (Thermo Fisher Scientific). The 

protein concentration of the lysates was determined using a 
BCATM Protein assay kit (Thermo Fisher Scientific) and equal 
amounts of protein were subjected to SdS-polyacrylamide 
gel electrophoresis. The separated proteins were electropho-
retically transferred onto PvdF membranes (GE Healthcare, 
UK). Non-specific binding was blocked by incubation in 
5% (W/v) bovine serum albumin (BSA) in TBS/Tween-20 
(TBS-T) for 1 h at room temperature. Membranes were probed 
with antibodies in TBS-T overnight at 4˚C and then incubated 
with HRP-conjugated secondary antibody. Antibody-antigen 
complexes were detected by ECL plus western blotting detec-
tion reagent (GE Healthcare).

Scratch wound healing assay. Cell migration was determined 
by a scratch wound healing assay as described (20), with 
slight modifications. Briefly, cells at a semi-confluence in 
12-well plates were treated with 10 µg/ml of mitomycin C for 
4 h to block proliferation and subsequently wounded with a 
sterile 200-µl pipette tip to generate a cell-free gap ~1 mm in 
width. Cells were then washed with PBS and photographed to 
record the wound width at 0 h. Next, one group of cells was 
cultured in dMEM with 10% FBS for 24 h as a control. Other 
groups were treated with various concentrations of cetuximab. 
Twenty-four hours later, photographs were taken to evaluate 
migration.

Immunofluorescence staining. Cultured cells were fixed in 3.5% 
(w/v) formaldehyde, permeabilized in 0.2% (v/v) Triton x-100, 
and blocked in 2% (w/v) BSA. The primary antibodies were 
incubated at 4˚C overnight. Alexa fluor 488-conjugated 
IgG (Life Technologies) was used as the secondary anti-
body. After incubation with the antibodies, SlowFade Gold 
Antifade reagent with 4',6-diamidino-2-phenylindole (dAPI; 
Invitrogen/Life Technologies) was added. The specimens were 
observed using fluorescence microscopy.

Results

Cetuximab inhibits EGFR phosphorylation, resulting in 
reduced cell migratory activity, but not growth, of SAS, an 
OSCC cell line. We previously reported that SAS cell growth 
is poorly sensitive to cetuximab or AG1478 treatment in 
a monolayer culture, even though EGFR is expressed and 
phosphorylated (19), indicating that EGFR phosphorylation is 
minimally involved in SAS cell proliferation.

To evaluate the concentration and time-dependency of 
cetuximab or AG1478 on oral squamous cell carcinoma 
(OSCC) cell proliferation, we exposed HSC3, HSC4, and 
SAS cells to various concentrations of cetuximab or AG1478 
for 2-6 days and measured cell activity by MTT assays. The 
growth rate of SAS cells was not affected by each concentra-
tion of cetuximab in 6 days of culture; however, proliferation of 
HSC3 and HSC4 cells were reduced after 2-4 days in culture 
(Fig. 1A). Proliferation of HSC3 and HSC4 cells ceased after 
2 days in culture in the presence of >5 µM AG1478; however, 
growth of SAS cells was maintained until day 4 of culture and 
then inhibited after 6 days in 10 µM AG1478 (Fig. 1A).

Next, we examined whether cetuximab inhibits phosphor-
ylation of EGFR in SAS monolayer cultures by performing 
western blotting using an anti-phospho-EGFR antibody. 
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Cetuximab treatment clearly reduced the phosphorylation 
level of EGFR, although the inhibition by cetuximab was less 
effective than that observed by AG1478 (Fig. 1B). AG1478 
treatment almost eliminated EGFR phosphorylation in all 
cells examined (Fig. 1B). Furthermore, EGFR phosphorylation 
levels were increased by serum stimulation (Fig. 1B), although 
SAS cells actively proliferate in serum-free culture conditions 
as described previously (19). These results indicate that the 
inhibitory effects of cetuximab on EGFR phosphorylation 
are weaker than those of AG1478, and EGFR phosphorylation 
signals are not the main factor inducing proliferation of SAS 
cells in monolayer cultures.

To investigate the effects of cetuximab treatment on 
downstream EGFR signaling events, western blotting was 
performed using anti-phospho-ERK and -AKT antibodies. 
ERK and AKT protein levels were not altered in any of the 
tested cell lines following cetuximab treatment. However, 
phosphorylated ERK levels were reduced in all cells, but 
phosphorylated AKT levels were unchanged (Fig. 1B), even 
though phosphorylated AKT was faintly detected in SAS cells. 
In response to AG1478 treatment, ERK phosphorylation levels 
were further reduced compared to cetuximab treatment, and 
AKT phosphorylation levels were markedly suppressed by 
AG1478 treatment. These results suggest that cetuximab and 

Figure 1. Cetuximab reduces the phosphorylation levels of EGFR, but does not affect the growth of SAS cells. (A) Each cell line was cultured in cetuximab or 
AG1478 at the indicated concentration. MTT activity was measured on each day of culture. (B) Cells were treated with cetuximab, AG1478, or serum and the 
phosphorylation levels of EGFR, ERK, and AKT were determined by immunoblotting for EGFR, pEGFR Y1068, ERK, pERK Y209, AKT and pAkt S473, 
respectively. α-tubulin was used as loading control.
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AG1478 treatments exert different inhibitory effects on EGFR 
signaling. Inhibition of EGFR phosphorylation by cetuximab 
affects the ERK pathway, while AG1478-induced inhibition 
of EGFR phosphorylation affects both the ERK and AKT 
pathways.

In addition to cell proliferation, EGFR signaling impacts 
other important physiological properties, including migration, 
differentiation, and apoptosis (21,22). To determine if cell 
migration was inhibited in response to the cetuximab-induced 
reduction in EGFR phosphorylation, a wound healing assay in 
the presence of cetuximab was performed. Cultured cells that 
formed a confluent sheet were treated with mitomycin C, and 
scratched with a plastic tip. After 24-h culture, the distance 
of migration of non-treated and treated cells was measured. 
Cetuximab treatment markedly inhibited the migratory 
activity of SAS cells (Fig. 2A). Inhibitory effects of cetuximab 
were moderate in HSC3 cells, and almost absent in HSC4 
cells (Figs. 2B and C). These results suggest that alterations in 
EGFR signaling induced by cetuximab play an important role 
in SAS cell migration.

Growth of SAS aggregates is induced by EGFR signaling 
through serum stimulation and cetuximab sensitivity. SAS 
cell growth was actively maintained in serum-free culture 
conditions (19). In order to determine whether the serum-
independent growth of SAS cells is induced by autocrine/
paracrine regulation, the effects of the sheddase inhibitor 
TAPI-2 on SAS cell proliferation were examined. HSC4 cells, 
which proliferate weakly in serum-free culture conditions, 
ceased to undergo proliferation in response to TAPI-2 treat-

ment, but SAS cell growth was maintained throughout 6 days 
of culture with TAPI-2 (Fig. 3A), indicating that the serum-
independent growth of SAS cells is not induced through the 
release of factors by AdAM17, as observed in HSC4. These 
data suggest that SAS cell growth in monolayer culture condi-
tions is independent of ligand stimulation.

SAS cells become aggregates in floating culture in low-
adhesive U-shaped 96-well plates. Growth of SAS aggregates 
ceased in serum-free culture conditions, and when treated 
with cetuximab or AG1478 treatment (Fig. 3B), consistent 
with a previous report (19). These data indicate that EGFR 
stimulation is involved in the growth of SAS aggregates. To 
investigate the level of EGFR phosphorylation in aggregates 
treated with cetuximab, we performed western blotting using 
phospho-EGFR specific antibodies. Phosphorylation levels of 
EGFR were increased in aggregates compared to cells cultured 
in a monolayer and were slightly upregulated by the addition 
of serum (Fig. 3C). Furthermore, cetuximab treatment of 
SAS aggregates almost inhibited the EGFR phosphorylation 
(Fig. 3C). These results suggest that EGFR phosphorylation 
of SAS aggregates is induced in response to serum stimula-
tion, and facilitates the transition of SAS aggregate growth to 
become sensitive to cetuximab.

Cetuximab sensitivity of SAS aggregate growth is EGFR-
PI3K-AKT pathway-dependent. Signaling through the 
EGFR is transmitted to the nucleus through various routes. 
In the present study, we investigated the involvement of the 
MAPK/ERK and the PI3K-AKT pathways downstream of 
EGFR activation in SAS aggregates. ERK is phosphorylated 

Figure 2. Cetuximab inhibits SAS cell migration. Scratch wound healing assays were performed to compare the migration capability of SAS (A), HSC3 (B), 
and HSC4 (C) cells in the presence or absence of cetuximab treatment. The width of the scratches were measured at 0 h and after 24 h of culture using ImageJ 
software. The relative distance was calculated as the mean width of the cell scratch. The effect of cetuximab treatment on cell migration was investigated by 
comparing the width of treated and non-treated cells; the non-treated width was set at 1.0.
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in SAS monolayer cultures, whereas, AKT is weakly phos-
phorylated (Fig. 4A). The phosphorylation of Akt increased, 
but the phosphorylation of ERK decreased in SAS aggregates 
(Fig. 4A) compared to monolayer cultures. Moreover, AKT 
phosphorylation was suppressed by cetuximab treatment in 
aggregates, and the phosphorylation of ERK was not affected 
by cetuximab treatment in aggregates (Fig. 4A). These results 
indicate that AKT phosphorylation in SAS aggregates was 
suppressed by the inhibition of EGFR phosphorylation.

To assess whether the PI3K-AKT pathway is required for 
the growth of SAS aggregates, the effect of the PI3K inhibitor 
LY294002 or the AKT inhibitor MK2206 on SAS aggregate 
proliferation was investigated. Proliferation of SAS cells was 
not inhibited by either agent at 10 µM in a monolayer culture 
(Fig. 4B). However, proliferation of SAS aggregates nearly 
ceased following addition of 10 µM of both inhibitors (Fig. 4B). 
These results suggest that the EGFR-PI3K-AKT pathway plays 
a cruicial role in SAS growth under anchorage-independent 
conditions.

Figure 3. Growth of SAS aggregates is regulated by serum stimulation 
through EGFR activation. (A) HSC4 and SAS cells were cultured in 96-well 
tissue culture plates in dMEM with TAPI-2 (0, 5, 10 and 20 µM) for 2, 
4, or 6 days. MTT activities were measured at each time-point. (B) SAS 
aggregates were cultured in low-adhesive 96-well plates in dMEM with 
(Fd) or without 10% FBS (dMEM), AG1478, or cetuximab. The diameter 
of the aggregates was measured at days 1 and 7 of culture. Growth of the 
aggregates was determined by comparing the diameter of day-7 aggregates 
to day-1 aggregates; the day 1 value was set at 1. (C) EGFR phosphorylation 
levels in SAS aggregates were determined by western blotting, samples were 
extracted from SAS cells grown in monolayer (ML) or aggregates (Ag). SAS 
aggregates in dMEM with (+) or without (-) serum, and SAS aggregates in 
10 FCS-dMEM with (+) or without (-) cetuximab (cet).

Figure 4. Growth of SAS aggregates was regulated by AKT activation. 
(A) Phosphorylation levels of Akt and ERK in SAS cells grown in mono-
layer (ML) or aggregates (Ag), and cetuximab (cet)-treated SAS aggregates 
were determined by western blotting. (B) Monolayer cultures of SAS cells 
(ML) were treated with LY294002 (LY) or MK2206 (MK) for 0-6 days and 
MTT activity was measured at each time-point. SAS aggregates (Ag) were 
treated with LY and MK for 0-6 days and the aggregate diameter was mea-
sured at each time-point.
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EGFR is stimulated in lipid rafts in SAS aggregates. The 
finding that phosphorylation of EGFR and AKT was upregu-
lated by aggregation in floating cultures of SAS cells indicates 
that distinct EGFR signaling pathways are used in different 
culture conditions. EGFR is localized mainly at the plasma 
membrane and is activated by signals from the environment. 
The plasma membrane contains discrete heterogeneous micro-
domains (23), including lipid rafts that act as platforms for 
cellular signaling (24). EGFR has been reported to be local-
ized in the lipid rafts (25). To explore whether lipid rafts may 
also provide such a platform of EGFR phosphorylation in SAS 
aggregates, we sought to assess the effects of lipid raft disrup-
tion. We used the filipin III, which preferentially removes 
cholesterol from plasma membranes, to perturb the lipid rafts 
(26-28). Filipin III treatment inhibited the phophorylation of 
EGFR and AKT in SAS aggregates, but not in monolayer 
cultures (Fig. 5A), indicating that lipid rafts are involved in 
EGFR transactivation in SAS aggregates.

A previous report showed that caveolin-1 (cav1) phosphory-
lation is required for EGFR and AKT activation in a specific 
environment (29). Thus, we next examined cav1 expression and 
its phosphorylation in SAS aggregates. Cav1 was detected in 
equal amounts in both SAS cell aggregates and in monolayers. 
However, its phosphorylation levels were only downregulated 
in aggregates (Fig. 5A). Immunocytological staining demon-
strated that in SAS monolayer cultures, cav1 was localized on 
the cell surface and transloated into the cytoplasm in response 
to filipin III treatment (Fig. 5B, ML). However, cav1 was local-
ized in the cytoplasm in SAS aggregates and its localization 
was not affected by filipin III treatment (Fig. 5B, Ag). These 
results indicate that in SAS aggregates, non-phosphorylated 
cav1 was localized in the cytoplasm and not involved with 
lipid rafts.

Discussion

The mechanism of EGFR activation has been described as the 
ligand binding inducing the dimerization and activation of the 
cytoplasmic kinase domains, resulting in the phosphorylation 
of tyrosine residues in the C-terminus and the subsequent 
recruitment of downstream effectors (6,30). In addition, 
several reports have shown that EGFR can be activated 
without its ligand (29,31,32). Cetuximab binds to the EGFR 
with a high affinity comparable to that of its ligands (34), and 
prevents ligand binding and receptor activation. Thus, the 
effects of cetuximab are restricted to cellular physiology regu-
lated by ligand-dependent EGFR activation. Growth of SAS 
cells in monolayer cultures persists in serum-free medium 
and was inhibited by AG1478 treatment, but not by cetuximab 
treatment (Fig. 1). Wound repair by SAS cells was inhibited 
by cetuximab treatment (Fig. 2). These data show that dual 
systems of EGFR activation, including ligand-independent 
and ligand-dependent EGFR activation, play distinct roles in 
SAS monolayer cultures, in cell growth and in wound repair, 
respectively.

Cetuximab treatment reduced phosphorylation levels of 
EGFR and ERK in all cell lines examined, whereas phos-
phorylation of Akt was generally not affected by cetuximab 
treatment (Fig. 1). AG1478 treatment suppressed growth of 
SAS cells and the phosphorylation levels of ERK and Akt 

Figure 5. Filipin III reduced the phosphorylation levels of EGFR and Akt, 
but did not affect the cytoplasmic distribution of cav1 in SAS aggregates. 
(A) SAS aggregates (Ag) and monolayer cultures (ML) were treated with 
filipin III (2.5 µg/ml). Phosphorylation levels of EGFR, Akt, and cav1 were 
determined by western blotting. (B) Monolayer cultures (upper panel) and 
aggregates (lower panel) of SAS cells with (F+) or without (F-) filipin III 
were immunostained for cav1. Nuclei were stained with dAPI.
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in monolayer culture conditions (Fig. 1). However, the PI3K 
inhibitor LY294002 and the Akt inhibitor MK2204 did not 
prevent SAS cell growth in a monolayer culture (Fig. 3). Taken 
together, these data suggest that the EGFR-ERK pathway may 
play a role in the growth of SAS cells in monolayer cultures. 
In contrast, the phosphorylation levels of EGFR and Akt were 
upregulated in SAS aggregates (Fig. 3), growth of which is 
serum-dependent. Furthermore, growth was inhibited by 
cetuximab, AG1478, LY294002, and MK2206 (Figs. 3 and 4), 
indicating the growth of SAS aggregates was promoted by 
ligand-dependent EGFR activation through the PI3K-Akt 
pathway.

Anchorage-mediating structures on the extracellular 
matrix of epithelial cells serve a mechanical function and 
provide important survival signals to the cell. detachment 
from the substrate, loss of cell anchorage, and concomitant 
loss of such survival signals leads to the induction of apop-
tosis, which is termed anoikis, in the majority of adherent 
cells (34-36). Acquisition of anoikis resistance of cancer cells 
constitutes an essential prerequisite for tumor progression 
and metastases in most cancers of epithelial origin (37,38). 
In addition, anchorage-independent growth is a hallmark of 
cell transformation and is connected to elevated tumorigenic 
potential (39). Herein, we demonstrated that activation of 
the ligand-dependent EGFR/PI3K/Akt pathway, other than 
anoikis resistance, is necessary for anchorage-independent 
growth during metastasis, consistent with a recent report (40).

Lipid rafts, a plasma membrane subdomain, facilitate the 
organization of the specific molecular distribution and regulate 
the activity of receptors and proximal effectors of signaling 
(41). Our results demonstrated that the high levels of EGFR 
and Akt phosphorylation observed in suspension cultures of 
SAS cells were decreased when lipid rafts were disrupted with 
filipin III (Fig. 5). Thus, we speculate that lipid rafts serve as 
a platform in which EGFR and PI3K co-localize in the plasma 
membrane of SAS aggregates, thereby transmitting growth 
signals to the PI3K-Akt pathway through EGFR activation by 
ligand binding.

Cav1, a major component of caveolae and the cav1 scaf-
fold in the plasma membrane subdomain (41), is involved in 
both tumor suppression and oncogenesis, depending on the 
tumor type and stage of progression (42,43). Cav1 interacts 
with EGFR and negatively regulates EGFR activity (44). In 
the present study, Cav1 protein was detected in the cytoplasm 
of SAS aggregates by immunostaining (Fig. 5), indicating 
that Cav1 was not involved with EGFR activity in the plasma 
membrane of aggregated cells.

Wound repair of non-dividing SAS cells was markedly 
inhibited by cetuximab treatment (Fig. 2), suggesting that 
ligand-dependent EGFR activation is associated with migra-
tion of SAS cells in monolayers, as cell migration has been 
shown to be a fundamental step in wound repair (45-49). 
Tyrosine 14 phosphorylation of Cav1 regulates its interaction 
with integrins, various signaling adaptors, and protein tyrosine 
phosphatases (50). A galectin-3/phosphorylated Cav1/Rho A 
signaling module that mediates integrin signaling downstream 
of growth factor activation, leading to actin and matrix remod-
eling and tumor-cell migration in metastatic cancer cells 
(51). Thus, phosphorylated Cav1 may promote cell migration 
through EGFR activation in SAS monolayer cultures and 

de-phosphorylated Cav1 moves into the cytoplasm in SAS 
aggregates. We demonstrate the possibility that cetuximab 
inhibits metastasis and cell growth, because cell migration is 
essential for cancer metastasis.

Cetuximab treatment in combination with chemotherapy 
and radiotherapy has shown a survival benefit (52,53). 
However, resistance to cetuximab caused by mutations in 
EGFR or downstream effectors have been reported (54-58). 
This study provides evidence that environmental stimuli alter 
the direction of EGFR signal transduction, resulting in a 
change in cetuximab sensitivity.
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