
Abstract. Background/Aim: The aim of the present study was
to suggest potential mechanisms of epidermal growth factor
(EGF)-induced cell death and radiosensitization in EGF
receptor (EGFR)-overexpressing cancer cell lines. Materials
and Methods: Two EGFR-overexpressing cancer cell lines
(AMC-HN3, and A431), one EGFR-null cancer cell line (H520)
and normal fibroblasts were cultured with 0.01-1000 nM of
recombinant human EGF (rhEGF), and a clonogenic assay was
performed. After culturing serum-starved cells with 10 nM
rhEGF, the expression patterns of two apoptosis-associated
proteins (cleaved caspase-3 and cleaved poly(ADP-ribose)
polymerase (PARP)) and the phosphoinositide 3-kinase/protein
kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR)
signaling pathway were measured using immunoblotting. The
radiosensitizing effect of EGF was also evaluated with a
clonogenic assay and phosphorylated H2AX (γH2AX)
immunofluorescence. Results: In the clonogenic assay, the
number of colonies was decreased in a dose-dependent manner
in EGFR-overexpressing cancer cell lines. The expression of
cleaved caspase-3 and cleaved PARP was significantly induced
in EGFR-overexpressing cancer cell lines. As for the
PI3K/AKT/mTOR signaling pathway, EGF paradoxically
suppressed the expression of PI3K, AKT and mTOR in a time-
dependent manner. As for the radiosensitizing effect, EGF
enhanced the radiosensitivity of AMC-HN3 and A431 cells.
Conclusion: rhEGF treatment induced cell death in the two
EGFR-overexpressing cancer cell lines, and the mode of cell
death was apoptosis. Moreover, cell death might be associated

with the paradoxical suppression of PI3K/AKT/mTOR signaling
pathway. rhEGF in combination with radiation augmented the
radiation effect in EGFR-overexpressing cancer cell lines via
inhibition of DNA damage repair.

Epidermal growth factor (EGF) was isolated in the early
1960s, and was named as such because it stimulates the
proliferation of epithelial cells (1). It is produced by
platelets, macrophages, and monocytes (2), and is detected
in various normal tissues and body fluids such as skin,
mucosa, tears, and saliva. EGF is well-known to interact with
EGF receptor (EGFR) on epidermal cells and fibroblast, and
to induce epithelial proliferation, modification of migration
and differentiation processes (3, 4).

EGF-induced cancer cell death was reported in several
EGFR-overexpressing cancer cell lines as early as the 1980s
(5, 6); the mode of cell death was known to be apoptosis. We
also confirmed EGF-induced apoptosis in EGFR-
overexpressing cancer cell lines. When combined with
radiation, EGF does not inhibit the cell-killing effect of
radiation and even enhances radiation-induced cell death in
EGFR-overexpressing cancer cell lines (7, 8). However, the
exact mechanism of EGF-induced cancer cell death and
radiosensitization has not yet been elucidated.

The main pathways downstream of EGFR activation
include the phosphoinositide 3-kinase/protein kinase
B/mammalian target of rapamycin (PI3K/AKT/mTOR),
Ras/mitogen-activated protein kinase (RAS/MAPK),
phospholipase C, gamma/protein kinase C (PLCγ/PKC), and
signal transducers and activators of transcription (STAT)
pathways (9). Among these, the STAT pathway is the most
intensively investigated mechanism involving EGF-induced
cancer cell death (10). However, the consequences of other
signal pathway activations are still unclear. Moreover,
PI3K/AKT/mTOR pathway activation is generally considered
to enhance tumor growth, therefore, the EGF-induced cancer
cell death is difficult to explain in relation to this pathway.
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In this study, we evaluated the changes of expression of
the EGF–EGFR signaling pathway after EGF treatment in
EGFR-overexpressing cancer cell lines to suggest the
potential mechanisms of EGF-induced cancer cell death. In
addition, we also evaluated the radiosensitizing effect of
EGF and its mechanism.

Materials and Methods

Study drug. recombinant human EGF (rhEGF) used in this study
was provided by Daewoong Parmaceutical Co. Ltd. (Seoul, Korea).
A spray form of this product is commercially available and
indicated for diabetic foot in Korea.

Cell lines. A431 (human epidermoid carcinoma) and H520 (human
lung squamous cell carcinoma) were purchased from the American
Type Culture Collection (Manassas, VA, USA). AMC-HN3 (human
head and neck squamous cell carcinoma) was a generous gift from
Professor Sang-wook Lee at University of Ulsan, Seoul, Korea. We
selected AMC-HN3 and A431 as EGFR-overexpressing cancer cell
lines because AMC-HN3 is the cell line with the highest expression
of EGFR among tested in our previous experiment (7), and A431 is
well-known as a cell line highly expressing EGFR (5). Normal
primary human cervix fibroblast was also used, and this was a kind
gift from Professor Yong-Sang Song at Seoul National University,
Seoul, Korea. Fibroblast was selected as a normal cell control, and
we also confirmed the EGF-induced proliferation of fibroblast in
previous work (7).

Cells were maintained at 37˚C and 5% CO2 and cultured in
RPMI-1640 (Gibco BRL, Gaithersburg, MD, USA), Dulbecco’s
Modified Eagle’s Medium (DMEM) (Gibco BRL, Grand Island,
NY, USA), and Minimum Essential Medium (MEM) (Gibco BRL,
Grand Island, NY, USA). All media were supplemented with 10%
fetal bovine serum (FBS) (Sigma, St. Louis, MO, USA). Serum-free
media (0.05% FBS) were also used in order to exclude the effects of
other growth factors present in the FBS.

In vitro clonogenic assay. Mid log-phase cells from monolayer
cultures were trypsinized and plated in six-well culture plates at cell
densities that were optimized for the experimental conditions
indicated: 2×102 cells were plated for AMC-HN3 cells, and 1×102

cells for other cell lines according to treatment conditions.
The cells were then incubated for 24 h prior to treatment. To

measure the effect of rhEGF, 0, 0.01, 0.1, 1, 10, 100, and 1000 nM
rhEGF were added to the medium. Cells were incubated for
additional 10 days at 37˚C without changing the medium, resulting
in the formation of colonies.

The cells were then fixed with 100% methanol and stained with
0.5% crystal violet in methanol. The numbers of colonies (defined
as more than 50 cells) were counted. The surviving fraction (SF)
was defined as the ratio of the numbers of colonies to the numbers
of initially plated cells corrected by plating efficiency (PE), where
PE was the SF of untreated cells. Each experiment was
independently repeated three times.

Western blot analysis. Cells were harvested using cold lysis buffer
(iNtRON Biotechnology, Seoul, Korea). The lysates were sonicated,
clarified by centrifugation at 30,285 × g for 20 min at 4˚C, and the
supernatants were utilized for analysis. Protein concentrations of the

samples were determined with a BCA protein assay kit (PIERCE,
Rockford, IL, USA). The protein was mixed with 5X sample buffer
(2% SDS, 5% β-mercaptoethanol, 20% glycerol, 0.001%
bromophenol-blue, 0.1 M Tris-HCl, pH 6.8) and boiled for 10
minutes. Equal amounts of protein were separated by 8-12% and
transferred to membranes (Millipore Corp., Bedford, MA, USA).
Membranes were blocked for 1 h at room temperature with TBST
[10 nM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Tween 20]
containing 5% dry milk, and then washed three times with TBST.
Membranes were probed at 4˚C overnight with polyclonal rabbit
anti-EGFR (Cell Signaling Technology, Beverly, MA, USA),
pEGFR (Cell Signaling Technology), cleaved caspase-3 (Cell
Signaling Technology), cleaved poly(ADP-ribose) polymerase
(PARP) (Cell Signaling Technology), AKT (Cell Signaling
Technology), PI3K (Cell Signaling Technology), mTOR (Cell
Signaling Technology), and β-actin (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The dilutions were 1:500 for anti-EGFR,
and 1:1000 for other antibodies. The blots were then incubated with
peroxidase-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) at a 1:1000
dilution for 2 h at room temperature and washed three times with
TBST. As a loading control, the same membranes were stripped and
probed with monoclonal anti-α-tubulin (Sigma) at a 1:3,000 dilution
at 4˚C overnight, followed by an incubation with the goat anti-
mouse IgG used above at a 1:1000 dilution for 1 hour at room
temperature and three washes with TBST. Immunoreactive proteins
were visualized with WEST-ONE™ chemiluminescent substrate
(iNtRON Biotechnology) and signals were detected with LAS-3000
(FujiFilm, Tokyo, Japan).

In vitro clonogenic assay: combination of rhEGF and radiation. In
the experiments using radiation with and without rhEGF, 1×102 cells
were plated for dose of 2 Gy, 3×102 cells for 5 Gy, and 1×103 cells
for 10 Gy, for all cancer cell lines (AMC-HN3, A431, and H520)
as well as fibroblasts. The cells were then incubated for 24 hours
prior to treatment. To compare the combined effect of rhEGF and
radiation with that of radiation alone, cells were irradiated with 6
MV X-rays generated by a linear accelerator (Clinac 6EX; Varian,
Palo Alto, CA, USA), at doses of 0, 2, 5, and 10 Gy. Where
indicated, rhEGF was added to the medium at the concentration of
10 nM for 24 h, after which cells were irradiated in the presence of
rhEGF. After 24 h, the medium was removed, and cells were
incubated in drug-free media for 10 days to form colonies. Each
experiment was independently repeated three times.

Immunofluorescent detection of γH2AX. Cells were grown and
treated in tissue culture chamber slides (Nalge Nunc International,
Naperville, IL, USA). At specified times, medium was aspirated and
cells were fixed in 4% paraformaldehyde for 10 minutes at room
temperature. Paraformaldehyde was aspirated, and the cells were
treated with a 0.2% NP40/PBS solution for 15 min. Cells were then
washed in PBS twice, and antibody to phosphorylated H2AX
(γH2AX) (Cell Signaling Technology) was added at a dilution of
1:200 in 1% bovine serum albumin and incubated overnight at 4˚C.
Cells were again washed twice in PBS before incubating in the dark
with a fluorescein isothiocyanate (FITC)-labeled secondary antibody
(Invitrogen, Camarillo, CA, USA) at a dilution of 1:50 in 1% bovine
serum albumin for 1 h. The secondary antibody solution was then
aspirated and the cells were washed twice in PBS. Cells were then
incubated in the dark with 4,6-diamindino-2-phenylindole (1 μg/ml)
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in PBS for 30 minutes and washed twice, and coverslips were
mounted with an antifade solution (Vector Laboratories, Burlingame,
CA, USA). Slides were examined on a Leica DMRXA fluorescent
microscope (Leica, Wetzlar, Germany). Images were captured by a
Photometrics Sensys CCD camera (Leica, Wetzlar, Germany).

Results
Cell proliferation. AMC-HN3, A431, H520 and normal
fibroblasts were cultured under different concentrations of
rhEGF (0.01-1000nM) for 10 days, and clonogenic assays
were performed. For AMC-HN3 and A431, the number of
colonies decreased in a dose-dependent manner, whereas the
number of colonies of normal fibroblasts increased. For
H520, which is the EGFR-null cell line, there was no change
in the number of colonies (Figure 1).
Apoptosis-associated proteins. After culturing serum-starved
cells with 10 nM rhEGF for different time periods (5 min,
and 4 , 8, 24, 48, and 72 h), we measured expression levels

of two apoptosis-associated proteins, cleaved caspase-3 and
cleaved PARP using immunoblotting.

Treatment with rhEGF induced a significant temporal
increase of cleaved caspase-3 and cleaved PARP expression
in the EGFR-overexpressing cell lines (AMC-HN3 and
A431), whereas there was no expression in normal
fibroblasts. For H520, there was no expression of cleaved
caspase-3 and no significant temporal increase in the
expression of cleaved PARP (Figure 2).

PI3K/AKT/mTOR signaling pathway. PI3K/AKT/mTOR
pathway proteins including AKT, PI3K, and mTOR were
evaluated in a similar manner to the above.

rhEGF was not associated with a significant increase in
the expression of PI3K, AKT, and mTOR in EGFR-
overexpressing cell lines (AMC-HN3 and A431), whereas
AKT and mTOR expression was substantially enhanced in
H520 and normal fibroblasts (Figure 3).
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Figure 1. Clonogenic assays of recombinant human epidermal growth factor (rhEGF)-treated cells. Cells were cultured with different concentrations
of rhEGF (0, 0.01, 0.1, 1, 10, 100, and 1000 nM) for 10 days, and clonogenic assays were performed. Data shown are mean values in three
independent experiments. 



Effect on EGFR phosphorylation. To further elucidate the
mechanism of EGF-induced cancer cell death, we measured
EGFR phosphorylation after culturing serum-starved cells
with 10 nM rhEGF for different time periods (5, 10, 30 and
60 minutes) in the two EGFR-overexpressing cancer cell
lines (AMC-HN3 and A431) and normal fibroblasts.

rhEGF treatment induced phosphorylation of EGFR residue
Tyr845 in normal fibroblasts, whereas EGFR was
phosphorylated at Tyr845, Tyr992, Tyr1045 and Tyr1068 in
AMC-HN3 and A431 cell lines treated with rhEGF (Figure 4).

Combination of rhEGF and radiation. We subjected two
EGFR-overexpressing cell lines (AMC-HN3 and A431) to
ionizing radiation, followed by a 10-day culture with either
an unsupplemented medium or a medium containing 10 nM
of rhEGF. In the clonogenic assays, we observed that rhEGF
had a radio-sensitizing effect on both cell lines (Figure 5).

PI3K/AKT/mTOR pathways were also evaluated in the
experiment combining rhEGF and radiation. There was no
significant increase in the expression of PI3K, AKT, or
mTOR in either of the cell lines (Figure 6).

Immunofluorescent detection of γH2AX. The radiosensitizing
effect of EGF was assessed by γH2AX immunofluorescence
(Figure 7). Radiation-induced γH2AX foci formation in AMC-
HN3, A431, and normal fibroblast cells was observed. For
comparison, cells treated with 5-Gy alone, and cells exposed to
10 nM rhEGF prior to 5-Gy irradiation are shown. Cells were
fixed and stained for γH2AX analysis 2 h after irradiation.

In both AMC-HN3 and A431 cells, immunofluorescence
visualization of nuclei and γH2AX foci were detected. Cells
treated with 5-Gy alone and cells exposed to 10 nM rhEGF
prior to 5 Gy irradiation were compared and an increased
radiation-induced γH2AX foci formation was found.
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Figure 2. Recombinant human epidermal growth factor (rhEGF)-induced changes in expression of epidermal growth factor receptor (EGFR),
poly(ADP-ribose) polymerase (PARP), and caspase-3 with respect to duration of treatment. After cells were treated with 10 nM rhEGF for different
time periods (5 min and, 4, 8, 24, 48 and 72 h), expression levels of cleaved caspase-3 and cleaved PARP were measured by immunoblotting.
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Figure 3. Recombinant human epidermal growth factor (rhEGF)-induced changes in expression of phosphoinositide 3-kinase/protein kinase
B/mammalian target of rapamycin (PI3K/AKT/mTOR) signaling pathway with respect to duration of treatment. After cells were treated with 10 nM
rhEGF for different time periods (5 min and, 4, 8, 24, 48 and 72 h), expression levels of PI3K, AKT, and mTOR were measured using immunoblotting.

Figure 4. Patterns of epidermal growth factor receptor (EGFR) phosphorylation. After cells were treated with 10 nM recombinant human epidermal
growth factor (rhEGF) for different time periods (5, 10, 30 and 60 min), EGFR phosphorylation was measured using immunoblotting.



Discussion

In the present study, we reaffirmed that EGF induces
apoptosis in several EGFR-overexpressing cancer cell lines,
but not in EGFR-null cell line or normal fibroblasts. Given
that the growth-inhibitory effect of EGF has been known to
be associated with the concentration of EGF, we tested
different concentrations of rhEGF, and demonstrated that
concentrations as low as 0.01 nM can cause significant cell

death, especially in AMC-HN3 cells. This finding was
somewhat contradictory to that of Gulli et al.'s study, in
which they demonstrated that 10 nM EGF inhibited
proliferation of A431 cells, but 0.01 nM EGF increased cell
proliferation compared to untreated cells (11). Given these
observations, we used a 10-nM dose of rhEGF in the
subsequent experiments, which is a supra-physiological level
because the physiologic concentration of EGF is known to
be 0.1-1 nM (12). In immunoblotting, the expression of
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Figure 5. Effects of recombinant human epidermal growth factor
(rhEGF) on cell killing by ionizing radiation. Cells were irradiated at
doses of 0, 2, 5, and 10 Gy. The cell numbers used were 1×102 for dose
of 2 Gy, 3×102 cells for 5 Gy, and 1×103 cells for 10 Gy. Where
indicated, 10 nM rhEGF was added to the medium for 24 h, after which
cells were irradiated in the presence of rhEGF. After 24 h, the medium
was removed, and cells were incubated in drug-free media for 10 days
to form colonies.



cleaved caspase-3 and cleaved PARP was increased with
time after rhEGF treatment, suggesting that the mechanism
of EGF-induced cell death is apoptosis. Furthermore, the
radiosensitizing effect of EGF in EGFR-overexpressing cell
lines was also demonstrated.

As for the mechanism of EGF-induced cancer cell death,
Chin et al. reported that STAT1 was activated by EGF, and
then activation of STAT1 signaling pathway resulted in the
expression of caspase 1 and apoptosis (13). Later, Grudinkin
et al. also reported that EGF-induced apoptosis in A431 is
dependent on STAT1, but not on STAT3 (14). More recently,

Tikhomirov et al. suggested p38 MAPK-dependent apoptosis
as the mechanism (15). However, it was the
PI3K/AKT/mTOR signaling pathway that was associated
with cancer cell survival among the major pathways
downstream of EGFR activation (16).

In the present study, we evaluated the changes of expression
of the EGF–EGFR signaling pathway after EGF treatment in
EGFR-overexpressing cancer cell lines, and the paradoxical
suppression of PI3K/AKT/mTOR signaling pathway was
observed, which was contradictory to the expected observation
with the activation of EGFR by EGF. This phenomenon was
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Figure 6. Recombinant human epidermal growth factor (rhEGF) and radiation-induced changes in expression of phosphoinositide 3-kinase/protein
kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR) signaling pathway with respect  to duration of treatment. A: A431 cell line, B: HN3
cell line. After cells were irradiated at doses of 2 and 5 Gy in the presence of 10 nM rhEGF for different time periods (5 min and, 4, 8, 24, 48 and
72 h), expression levels of PI3K, AKT, and mTOR were measured using immunoblotting.



also observed when the two EGFR-overexpressing cell lines
(AMC-HN3 and A431) were treated with rhEGF in
combination with radiation. However, the exact mechanism of
the paradoxical suppression of PI3K/AKT/mTOR signaling
pathway was not evaluated in our experiment. The initial
activation of the pathway and the subsequent suppression could
be interpreted as  feedback inhibition of the signaling pathway.
However, the different patterns of EGFR phosphorylation
between cancer cell lines and normal cervix fibroblasts might
suggest that the initial step of the EGF–EGFR signaling
pathway is responsible for the deferential effect of EGF. One
possible hypothesis is that specific phospho-tyrosines serve to
recruit specific effector molecules to activate several signaling
pathways and subsequent feedback inhibition. Further studies
are required for the elucidation of the exact mechanisms. 

In conclusion, rhEGF treatment induced cell death in the
two EGFR-overexpressing cancer cell lines, and the mode of

cell death was apoptosis. Moreover, this cell death might be
associated with the paradoxical suppression of PI3K/
AKT/mTOR signaling pathway. rhEGF in combination with
radiation augmented the radiation effect in EGFR-
overexpressing cancer cell lines via inhibition of DNA
damage repair.
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Figure 7. Immunofluorescent detection of phosphorylated H2AX (γH2AX). Cells were irradiated at a dose of 5 Gy. Where indicated, cells were
exposed to 10 nM recombinant human epidermal growth factor (rhEGF) prior to 5-Gy irradiation. Cells were fixed and stained for γH2AX analysis
2 h after irradiation.
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