
Abstract. The epidermal growth factor receptor (EGFR)
network has rich targets for prostate cancer killing. Herein
we evaluated the effects of combining the EGFR inhibition
and radiation on DU145 prostate cancer. We treated DU145
prostate cancer cells with various doses of anti-EGFR antibody
(C225) and γ-irradiation (RAD). The effects of the treatment
on cell viability and growth were assessed with cell counting,
XTT and clonogenic assays. In vivo treatment effects were
assessed using a subcutaneous tumor xenograft in mice. Cell
cycle distribution and progression were assessed with flow
cytometry. The apoptotic components of cell death were
quantified using Annexin-V binding assays. The results
demonstrated that when combined with radiation, C225
augmented the inhibition of cell viability and growth in the
DU145 cell line and EGFR inhibition appeared to have some
interaction with RAD. C225 inhibited the growth of implanted
DU145 tumors and increased the efficacy of radiation
treatment. Flow cytometric analysis suggested that mostly
necrotic cell death resulted from the EGFR inhibition or
irradiation, although there may be some apoptosis. We drew
the conclusion that the inhibition of EGFR augments the
radiation killing of DU145 prostate cancer via a combination
of cytostatic, necrotic and apoptotic mechanisms.

Introduction

Prostate cancer is a common malignancy that is expected to
afflict ~230,000 new patients in 2004 with an estimated

mortality of 29,900 deaths (1). In the era of PSA screening,
most of the prostate cancer patients are diagnosed at a localized
stage (2). Radiotherapy is an accepted treatment modality for
prostate cancer (3) while advances in anatomical imaging have
allowed for a better target definition and dose escalation to
improve treatment outcome (4,5). However, there is concern
that further dose increase may lead to more toxicity. In a
combined treatment, a long-term androgen deprivation of 2-3
years has been shown to improve the outcome without a dose
escalation beyond the conventional 70 Gy (6). However,
long-term hormone treatment has been shown to have
significant side effects (7). A short-term 6-month androgen
suppression has recently been advocated (8), but its side
effects may also be substantial (9). An alternative to radiation
dose escalation or hormone supplementation would be to use
molecularly-targeted prostate cancer killing. The epidermal
growth factor receptor (EGFR) pathway is emerging as a
promising target for prostate cancer killing and potential
radiation sensitization (10,11). However, the interactions
between EGFR and radiation sensitivity in prostate cancer
cells are not well characterized. The main goal here was to
investigate the potential of using the C225 inhibition of EGFR
to augment the radiation killing of prostate cancer. We were
also interested in finding out if a synergistic interaction
existed between EGFR inhibition and radiation.

Materials and methods

Cell culture and reagents. The prostate cell lines DU145 were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA). The cells were maintained in a humidified
incubator at 37˚C with 5% CO2 in Roswell Park Memorial
Institute (RPMI)-1640 medium supplemented with 10% heat-
inactivated fetal bovine serum, 1% glutamine and 1%
antibiotics. The monoclonal antibody C225 (MW 152 kDa)
was purchased from ImClone Systems, Inc. Recombinant
human EGF (MW 6.215) was purchased from Sigma
Chemical Co. (St. Louis, MO).

In vitro treatments and proliferation assays. The inhibition of
tumor cell growth by combination treatments with EGFR
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inhibition and radiation were analyzed quantitatively by cell
counting and XTT (Roche Molecular Biochemicals,
Indianapolis, IN) assays. Cell counts were measured from
samples prepared for flow cytometry studies as described
below. For XTT viability assays, an appropriate number of
cells was plated in 96-well micro-liter plates (BD Falcon)
plated in 100 μl medium and incubated overnight. The media
were removed and replaced with 100 μl media containing
different concentrations of EGF and C225 up to 100 nM for a
few hours. The cells were irradiated with various doses of
γ-radiation in an external 137Cs source unit at room temperature.
The treated cells were incubated for 2-4 days. The media
were replaced with fresh media (100 μl). XTT reagents were
mixed and 50 μl of XTT was added to each well. Cells were
then incubated at 37˚C in a humidified atmosphere with 5%
CO2. From our exploratory studies, we found that incubating
2000 DU145 cells for 2 h gave a reasonable signal to the noise
ratio. The optical absorption was measured by a plate reader
(Perkin Elmer, Wallac Victor3 1420 multi-label counter) at
490 nm around the absorption peak of XTT (12). The XTT
measure-ments were normalized to those of the untreated
cells of each experiment. Experiments were repeated at least
twice.

Clonogenic survival assay. Cells were cultured in 10-cm
dishes or T25 flasks in normal culture medium overnight. Cells
were then treated with up to 20 nM C225 or EGF for at least a
few hours and up to 24 h. Cells treated with phosphate-buffered
saline (PBS, obtained from ATCC) alone, or no treatment,
were used as a control. The cells were irradiated with various
doses of radiation in a 137Cs unit at room temperature and
removed by trypsin and counted (Beckman Coulter Cell and
Particle Counter). Cells (100-1000) were plated depending
on the strength of the treatment conditions in 10 ml of media
in triplicate. The cells were incubated in a 37˚C, 5% CO2

incubator without disturbance for 12-14 days, and then fixed
and stained with ethanol with 10% crystal violet. Colonies
with >50 cells/colony for DU145 cells were counted.

Cell cycle analysis by flow cytometry. Cells (1-2 million) were
plated in 10-cm dishes and were incubated overnight and
then treated with C225 or EGF at various concentrations. Cells
treated with PBS alone, or no treatment, were used as a
control. After a few hours to 1 day of exposure to C225 or
EGF, the cells in the 10-cm dishes were irradiated with
various doses of radiation at room temperature. The cells were
incubated for 2-4 days, removed by trypsinization and counted,
fixed with either 70 or 100% ethanol and stored at 4˚C, and
then stained with Propidium iodide (PI, Sigma). The
distribution of DNA content was measured by flow cytometry
at UTMDACC Flow Cytometry Core Laboratories.

Assessment of the treatment using subcutaneous implanted
tumors in mice. This study was approved by the UT MDACC
Institutional Animal Care and Use Committee. Human
DU145 tumor cells (2x106) were injected subcutaneously
into the right hind thighs of 6-8 week old, male Swiss mice.
Treatment of the xenograft tumors started at ~5 mm diameter.
C225 (1 mg/mouse) was injected intraperitoneally. Radiation,
using a Cesium-137 source, was given 6 h after the drug

treatments (13). Mice were immobilized with surgical tape and
localized radiation was delivered to the leg that bore the tumor
only. The rest of the body was shielded with lead block.
Nembutal was used for anesthesia. The short (r) and long (R)
axes of the tumors were measured three times a week. The
tumor volumes were estimated using the ellipsoid formula
[volume = (πR*r*r)/6] (14).

Assessment of the degree of apoptosis. Cells were plated in
10-cm dishes at 1 million cells and incubated overnight. The
media was removed and replaced with media (10 ml)
containing different concentrations of C225 or EGF. After a
few hours of treatment, the dishes were irradiated with various
doses of radiation in a 137Cs unit at room temperature. The cells
were incubated for 2-4 days. The treated cells were trypsinized,
removed and counted (Coulter Counter) according to the
manufacturer's instructions. The cells were dually stained by
Annexin V:FITC (15) (Annexin V:FITC Apoptosis Detection
Kit I, BD Pharmigen) and PI according to the manufacturer's
instructions. Flow cytometry was performed at the
UTMDACC flow cytometry core. The total Annexin-V
binding was used as a measure of the degree of apoptosis in
this study. Cells were also counted to assess treatment effects.
The cell counts were normalized to those of the untreated
controls.

Statistical analysis. Statistical routines from SAS 9.1 (Cary,
NC) and SPSS 11.5 (Chicago, IL) were used for analysis.
The relationship between the cellular outcome and treatments
were estimated with regression models as implemented in
PROC GLM and MIXED in SAS. The data cell viability tests
were first normalized to the observed values of the controls
for the particular experimental date. The surviving fraction
(SF) was then modeled using the standard parameterization:
SF = exp(-b1* RAD – b2* C225 – b3* EGF – b4*RAD*C225
– b5*RAD*EGF), where exp was the exponential function,
RAD was the radiation dose in Gy, C225 was the nanomolar
concentration of C255, EGF was the nanomolar concentration
of EGF and b1, b2, b3, b4 and b5 were the estimated regression
coefficients. We sought to quantify the effect of C225 on the
radiation-induced DU145 growth delay of the xenograft
tumor. To this end, the analysis of mice tumor growth was
generated using PROC MIXED in SAS (16). Annexin-V
binding data were fitted with a regression equation in linear
form with the date of the experiment modeled as a random
effect. Statistical significance for the main effects and
interactions was set at p<0.05 for all analyses. The data for
the cell cycle were modeled using the generalized linear
model in SPSS.

Results

Fig. 1 shows the effects and interaction between C225, EGF
and RAD on DU145 cell viability and growth. The signal to
noise ratio when 200 DU145 cells were incubated in XTT for
2 h was ~5:1. We considered this a reasonable signal to noise
separation to perform our experiments. Fig. 1a shows a dose-
dependent inhibition of DU145 cell viability with C225. For
C225 and RAD, the p-value for the main effect was 0.001 for
C225, 0.001 for RAD and 0.102 for the C225-by-RAD
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interaction. Fig. 1b shows an inhibitory effect of EGF on the
DU145 cells with or without 2 Gy irradiation. The p-value
for the main effect was 0.035 for EGF, 0.001 for RAD and
0.098 for the interaction term EGF-by-RAD.

Fig. 2 shows the effects of EGF, C225 and RAD on the
clonogenic assays of DU145. For C225 and RAD, the p-value
for the main effect was 0.001 for C225, 0.001 for RAD and
0.061 for the interaction C225-by-RAD (Fig. 2a). For the
DU145 cells, the p-value for the main effect was 0.005 for
EGF, 0.001 for RAD and 0.784 for the EGF-by-RAD
interaction (Fig. 2b).

EGFR inhibition decreased DU145 cell proliferation as
assessed by cell counting (Fig. 3). Fig 3a shows that C225,
but not EGF, decreased the cell counts of the Du145 cells in
a dose-dependent manner with or without radiation (Fig. 3a).
The p-value for the main effect was 0.006 for RAD, 0.001 for
C225 and 0.867 for the C225-by-RAD interaction (Fig. 3a).

Fig. 4 shows data of the growth of the tumor volume for 25
mice. An average of 14 measurements of the tumor volume
were taken per mouse for up to 32 days post-treatment. The
treatment consisted of three combinations of radiation dose in
0, 2, or 5 Gy, with or without 1 mg of C225. These level-two
variables in the hierarchical model (radiation dose, C225)
were modeled as continuous and indicator variables
respectively, with the level-one variable (day) modeled as a
continuous variable. A statistically significant daily growth
rate of -0.029 was estimated for the administration of 1 mg of
C225 (p<0.0001) by the likelihood ratio Chi-square test. The
estimate effect on the growth rate of an additional 1 Gy was
estimated to be -0.003 (p=0.056), also by the likelihood ratio
Chi-square test.

Fig. 5 shows the effects of C225 on the cell cycle
distribution of DU145 cells. C225 increased the percentage
of DU145 cells in G1 and decreased the percentage of cells
in the S phase without (Fig. 5a) or with irradiation (Fig. 5b).
However, these differences were not statistically significant.
The regression lines were fitted to the mean values to illustrate
the trends (Fig. 5). EGF did not have consistent effects on the
cell cycle progression of DU145 cells. EGFR inhibition also
led to a small increase in the sub-G fraction of DU145 cells
(Fig. 5).

Fig. 6 shows the effects of C225, EGF and RAD on the
levels of the Annexin-V:FITC binding of DU145 cells. C225
increased the Annexin-V binding and labeling further
increased when these cells were irradiated with 2 Gy,
suggesting an enhancement in apoptosis.
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Figure 1. The effect of a) C225 and b) EGF with or without RAD on cellular
viability and growth using XTT assays for DU145 cells. The error bars
represent the 95% confidence intervals.

Figure 2. The effect of a) C225 and b) EGF with or without RAD on the
clonogenic potential of DU145 cells. The error bars represent the 95%
confidence intervals.

Figure 3. The effect of a) C225 and b) EGF with or without RAD on the
proliferation potential of DU145 cells as quantified by cell counting. The
error bars represent the 95% confidence intervals.
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Figure 4. The anti-tumor effect of 1 mg/mouse C225 with or without RAD on the growth rate of DU145 tumor cells implanted subcutaneously in the hind
thighs of Swiss mice. The error bars represent the 95% confidence intervals.

Figure 5. The effect of C225 on the cell cycle distribution of DU145 cells a) without radiation and b) with 2 Gy irradiation. The sub-G percentages were those
of the total number of cells. The percentages of cells in the G1, G2 and S phases were those of the live cells.
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Discussion

EGFR is a 1186 amino acid transmembrane glycoprotein
with a 23 amino acid transmembrane domain separating the
extracellular EGF binding domain and the intracellular
tyrosine kinase domain (17). The physiology of EGF binding
to EGFR expressing cells has been extensively studied (18).
The binding of the 53 amino acid EGF to the extracellular
domain of EGFR has been resolved to 3.3 Å (19). The EGF
binding to EGFR leads to the dimerization of EGFR and
phosphorylation of its carboxyl activation loop (20). This
causes a conformation change of EGFR that activates its
tyrosine kinase domain. A stimulated EFGR activates a
network of downstream signal transduction kinases. This
network includes the Ras/Mitogen-Activated Protein Kinase
(MAPK), phosphatidylinositol-3-kinase/protein kinase B
(Akt) and phospholipase-C/protein kinase C pathways (20).
EGFR activation promotes cell cycle progression and cellular
proliferation in many, but not all, cell lines (18). In tumor cells,
EGFR activation was also EGF-independent. For example,
EGFR was activated by mutations (21,22) or by EGF-related
peptides that shared a common structural motif of triple intra-
molecular cysteine bonds (18). Recently, some of the activating
mutations have been found to be related to an increased
sensitivity to EGFR tyrosine kinase inhibitors in non-small
lung cancer (23,24). For prostate cancer, EGFR has been
found to be over-expressed in human prostate cancer and may
play a role in the progression to more malignant phenotypes
(25-28).

In relation to radiation sensitivity, EGFR activation
appears to increase the radiation resistance of cancer cells.
For example, the activating mutation in EGFR has been linked
to the radioresistance of malignant gliomas (29,30). The EGFR
overexpression has also been linked to the radioresistance of
head and neck epidermoid cancer and the inhibition of EGFR
improves the radiosensitivity of the cancer (13,31). Preliminary
data have suggested radiation sensitization effects of Iressa,
an EGFR inhibitor, in prostate cancer cell lines (32). It has
also been suggested that an adenovirus vector-mediated

enhancement of the EGFR expression increased the radiation
sensitizing effects of anti-EGFR treatments in prostate cancer
cells (33). However, much more research is needed to clearly
define the potential of using EGFR inhibition in radiation
sensitization of prostate cancer cells, especially in prostate
cancer cells without a genetically-enhanced EGFR expression.
Specifically, we characterized the radiation sensitization
effects of C225 (Cetuximab, ErbituxTM) in this study. C225 is
a 152 kDa chimeric human/murine monoclonal anti-EGFR
antibody that specifically binds to the extracellular domain of
EGFR. C225 competitively inhibits EGFR and causes tumor
regression (20). The toxicity profile of C225 has been reported
and appears to be relatively acceptable with mostly skin
toxicities (34,35). This may prove to be a relative advantage
over other strategies, such as dose escalation and androgen
suppression, in improving prostate cancer radiotherapy
outcome.

We found that C225 inhibits cell proliferation of DU145
cells (Figs. 1a, 2a and 3a). This is consistent with other
reports (32,36-39). We also found that EGF treatments
inhibited the DU145 prostate cell line in vitro (Figs. 1b, 2b and
3b). It has been reported that EGF inhibited cell proliferation
in non-prostate cell lines (40). For example, EGF was found
to stimulate cell growth of the A431 human epithelial tumor
cells at sub-nanomolar concentrations (41), but it was anti-
proliferative at nanomolar concentrations (40,42). These
apparently paradoxical effects of EGF are related to the
presence of high and low affinity binding sites of EGF in
EGFR (43-45). For prostate cancer cells, at low concentrations
(10 ng/ml, or ~2 nM), EGF was found to have ~10%
proliferative effects on the DU145 cells, but not on the LNCaP
or PC3 cells (46). At 5 ng/ml, EGF has been suggested to up-
regulate DNA repair genes in prostate cancer cells after
irradiation and has been suggested to enhance radiation
resistance (47). At the higher concentrations that we tested,
EGF inhibited the growth of DU145 cells. Taken together,
there appeared to be low and high affinity EGF binding sites in
the EGFR of DU145 cells. Furthermore, an autocrine/
paracrine stimulation by EGF-like transforming growth
factor α (TGF-α) (48) in androgen-independent prostate
cancer cells has been suggested. The inhibitory patterns that
we observed herein were consistent with an interruption of a
significant stimulatory autocrine loop in the two DU145 cells.
In addition, we found that the inhibition of EGFR pathways
augmented the radiation treatment effect on DU145 cells
(Figs. 1-3).

We sought to quantify the effect of C225 on the radiation-
induced growth delay of DU145 tumors. The anti-tumor
effects of C225 on the DU145 xenograft was analyzed using
a two-level hierarchical model, with the natural logarithm of
the tumor volume as the dependent variable (16). Thus, the
estimated parameters can be interpreted as a daily growth
rate. We found that a single dose of 1 mg/kg of C225 has
about twice the inhibitory effect of 1 Gy on the growth rate
of DU145 xenograft (Fig. 4). Furthermore, the addition of
C225 further enhances the antitumor efficacy of radiation
(Fig. 4). A typical course of prostate cancer radiotherapy is
75.6 Gy over 42 fractions, thus additional radiation
augmentation may be possible when the C225 is given in
repeated doses (13,31).
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Figure 6. The effect of C225 on Annexin-V:FITC labeling with and without
irradiation.
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We investigated the mechanisms of the radiation sensiti-
zation effects of EGF and C225. We found that a significant
aspect of the inhibitory effects of EGFR inhibition was
cytostatic (Fig. 3). We found that anti-EGFR treatment was
associated with a trend of an increased accumulation (albeit
statistically not significant) of G1 cells and a decrease in S
phase cells in DU145 cells (Fig. 5a). This is consistent with
the finding that C225 induced G1 arrest and up-regulated the
cell cycling inhibitor p27KIP1 in DU145 prostate cancer cells
by other investigators (49). Herein, we found that the EGFR
inhibition also caused cell cycle delay when the DU145 cells
were irradiated (Fig. 5b). The cell cycle analysis also
suggested an increase in the sub-G1 fraction (Fig. 5a and b)
associated with EGFR inhibition in the DU145 cells. We
investigated the relative importance of apoptosis as a mode
of cell death in these cells. Our data suggested that there was
a mild increase in the Annexin-V:FITC binding (Fig. 6).
Thus necrotic cell death is likely to be the dominant cellular
response to EGFR inhibition and irradiation, although there
is some component of apoptosis involved. Our data are in
line with other reports. For example, aromatic quinozoline
molecules ZD1839 and PD153035 and specific tyrosine kinase
inhibitors (36), have been found to have the mainly cytostatic
effects on the LNCaP, DU145 and PC3 prostate cancer cells
via G1 arrest with some mild apoptotic effects (32,37-39).

Taken together, our data suggest that the EGFR network
may play an important role in prostate cancer survival. C225
increased the treatment effects of radiation in vitro and in vivo.
We suggest that the anti-EGFR C225 antibody may be a
promising adjunct for prostate cancer radiotherapy. Our data
suggest that there may be some interaction between radiation
and C225 treatment. More research is clearly needed to fully
elucidate the interaction between the EGFR pathway and
radiation effect on prostate cancer cells in order to be able to
take full advantage of this rich area and its potential for
progress.
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