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ABSTRACT
Purpose: The epidermal growth factor receptor

(EGFR) is expressed in the majority of human epithelial
cancers and has been implicated in the development of
cancer cell resistance to cyotoxic drugs and to ionizing ra-
diation.

Experimental Design: We used ZD1839, a selective
small molecule EGFR tyrosine kinase inhibitor currently in
clinical development. We tested the antiproliferative and the
proapoptotic activity of ZD1839 in combination with ioniz-
ing radiation in human colon (GEO), ovarian (OVCAR-3),
non-small cell lung (A549 and Calu-6), and breast (MCF-7
ADR) cancer cell lines. The antitumor activity of this com-
bination was also tested in nude mice bearing established
GEO colon cancer xenografts.

Results: With ionizing radiation or ZD1839, a dose-
dependent growth inhibition was observed in all of the

cancer cell lines growing in soft agar. A cooperative anti-
proliferative and proapoptotic effect was obtained when
cancer cells were treated with ionizing radiation followed by
ZD1839. This effect was accompanied by inhibition in the
expression of the antiapoptotic proteins bcl-xL and bcl-2,
and by a suppression of the activated (phosphorylated) form
of akt protein. Treatment of mice bearing established hu-
man GEO colon cancer xenografts with radiotherapy (RT)
resulted in a dose-dependent tumor growth inhibition that
was reversible upon treatment cessation. Long term GEO
tumor growth regressions were obtained after RT in com-
bination with ZD1839. This resulted in a significant im-
provement in survival of these mice as compared with the
control group (P < 0.001), the RT-treated group (P <
0.001), or the ZD1839-treated group (P < 0.001). The only
mice alive 10 weeks after tumor cell injection were in the
RT-plus-ZD1839 group. Furthermore, 10% of mice in this
group were alive and tumor-free after 26 weeks. Similar
results were obtained in mice bearing established human
A549 lung adenocarcinoma xenografts. Finally, the com-
bined treatment with RT plus ZD1839 was accompanied by
a significant potentiation in the inhibition of transforming
growth factor �, vascular epidermal growth factor, and
basic fibroblast growth factor expression in cancer cells,
which resulted in significant antiangiogenic effects as deter-
mined by immunohistochemical count of neovessels within
the GEO tumors.

Conclusion: This study provides a rationale for evalu-
ating in cancer patients the combination of ionizing radia-
tion and selective EGFR tyrosine kinase inhibitors such as
ZD1839.

INTRODUCTION
Growth factors control cellular proliferation and differen-

tiation and are important in initiating and maintaining neoplastic
transformation. Cancer cells exhibit a decreased requirement for
exogenous growth factors as compared with normal cells. This
is attributable in part to the ability of tumor cells to overexpress
growth factors and/or their specific cell membrane receptors
resulting in the autonomous activation of autocrine and para-
crine growth pathways.

TGF�3 and its specific receptor, the EGFRs, have been
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implicated in the development and progression of the majority
of human epithelial cancer types (1). TGF� and/or EGFR are
expressed at high levels in different human cancers in which
there is generally an association with advanced disease and poor
prognosis (1). EGFR activation is not only critical for cell
proliferation but EGFR-mediated signals also contribute to other
processes that are crucial to cancer progression, including an-
giogenesis, metastatic spread, and the inhibition of apoptosis
(2). High expression of EGFR is also associated with resistance
to hormonal therapy, cytotoxic drugs, or radiotherapy (2–4).
More specifically, high EGFR expression has been associated
with reduced sensitivity or with resistance to ionizing radiation
in several preclinical models (5). In this respect, Akimoto et al.
(4) have found an inverse relationship between EGFR levels and
radiocurability in several murine carcinomas of different histol-
ogy. Treatment with ionizing radiation can induce the EGFR/
ras/raf/mitogen-activated protein kinase (MAPK) proliferative
pathway through the release of TGF� and the activation of the
EGFR tyrosine kinase (6–7). EGFR activation could be a cell
survival response to block apoptotic signals in cancer cells
exposed to cytotoxic damage. This may have clinical relevance
because it could represent a mechanism by which cancer cells
escape radiation-induced cell death.

A large body of experimental and clinical work supports
the view that the EGFR is a relevant target for cancer therapy.
Different pharmacological and biological approaches have been
developed for blocking EGFR activation and/or function in
cancer cells. Several anti-EGFR blocking MAbs have been
developed. C225 (cetuximab), a chimeric human-mouse IgG1
MAb, has recently entered Phase II and Phase III clinical eval-
uation in cancer patients (8). A promising approach for the
therapeutic blockade of EGFR signaling has been recently de-
veloped with the discovery of low-molecular-weight com-
pounds that inhibit ligand-induced activation of the EGFR
tyrosine kinase activity necessary for all receptor-activated in-
tracellular signaling (2, 9). Among various quinazoline-derived
agents that have been tested as anticancer drugs in preclinical
models, ZD1839 (Iressa) is an orally active, selective EGFR-
TKI, which is currently in Phase III clinical trials in patients
with non-small cell lung cancer (9–13).

Previous preclinical data has demonstrated the enhance-
ment of the antitumor activity of ionizing radiation by treatment
with the anti-EGFR MAb C225 (14–17). In this study, we
evaluated the antiproliferative and the proapoptotic activity of
ZD1839 in combination with ionizing radiation in human colon
(GEO), ovarian (OVCAR-3), non-small cell lung (A549 and
Calu-6), and breast (MCF-7 ADR) cancer cell lines, that express
both TGF� and EGFR (12). Furthermore, the antitumor activity,
the effects on mice survival, and the potential effects on tumor-
induced neovascularization of this combination were also tested
in nude mice bearing established GEO colon cancer xenografts.

MATERIALS AND METHODS
Materials. Clinical grade ZD1839 (Iressa) was kindly

provided by AstraZeneca (Macclesfield, United Kingdom).
Cell Lines. Human GEO colon cancer, A549 and Calu-6

non-small cell lung cancer, and OVCAR-3 ovarian cancer cell
lines were obtained from the American Type Culture Collection

(Rockville, MD). MCF-7 ADR breast cancer cells were a gen-
erous gift of Dr. D. Del Bufalo, Istituto Nazionale Tumori
“Regina Elena,” Rome, Italy. The cell lines were maintained in
complete culture media consisting of DMEM (pH 7.4) supple-
mented with 10% heat-inactivated fetal bovine serum, 20 mM

HEPES, penicillin (100 UI/ml), streptomycin (100 �g/ml), and
4 mM glutamine (ICN, Irvine, United Kingdom) in a humidified
atmosphere of 95% air and 5% CO2 at 37°C.

Ionizing Radiation Treatment and Growth in Soft
Agar. Exponentially growing cancer cells were irradiated in
100-mm tissue-culture dishes (Becton Dickinson, Lincoln Park,
NJ) using a 6-MV photon linear accelerator (General Electric).
After irradiation, cells were trypsinized, and 104 cells/well were
suspended in 0.5 ml of 0.3% Difco Noble agar (Difco, Detroit,
MI) supplemented with complete culture medium. This suspen-
sion was layered over 0.5 ml of 0.8% agar-medium base layer in
24-multiwell cluster dishes (Becton Dickinson) and treated (in
the combination treatment experiments) every day for a total of
4 days with different concentrations of ZD1839. In the experi-
ments in which cancer cells were treated with ZD1839 alone,
treatment was performed every day for a total of 4 days with
different concentrations of ZD1839. After 10–14 days, the cells
were stained with nitro blue tetrazolium (Sigma, St. Louis, MO),
and colonies larger than 0.05 mm were counted as described
previously (17).

Flow Cytometric Analysis of Cell Cycle Distribution
and of Induction of Apoptosis. To evaluate the induction of
apoptosis, 105 cells (GEO and OVCAR-3) were plated in com-
plete medium in 60-mm tissue culture dishes (Becton Dickin-
son) and treated every day for a total of 3 days with different
concentrations of ZD1839 or on day 1 with ionizing radiation.
For the combined treatment, cells were treated on day one with
the indicated concentration of ionizing radiation and every day
for 3 days with the indicated concentration of ZD1839. After 4
days, both adherent and detached cells were harvested. Flow
cytometric analysis of apoptotic cell death was performed on
cell pellet that had been fixed in 70% ethanol, washed in PBS,
and mixed with RNase (Sigma) and propidium iodide (Sigma)
solution as reported previously(18). DNA content was analyzed
by a FACScan flow-cytometer (Becton Dickinson, San Jose,
CA) coupled with a Hewlett Packard computer, and the percent-
age of apoptotic cells was calculated by gating the hypodiploid
region on the DNA content histogram using the LYSYS soft-
ware (Becton Dickinson) as reported previously (18). Cell cycle

Table 1 Effect of ionizing radiation or of ZD1839 treatment on the
growth of human cancer cell lines in soft agar

IC50 values were calculated by performing dose-response experi-
ments. Cancer cells were exposed to different doses of ionizing radiation
(range, 10–250 cGy) or to different concentrations of ZD1839 (range,
0.01–5 �M) as described in “Materials and Methods.”

Cell line
Ionizing radiation

IC50 (cGy)
ZD1839

IC50 (�M)

GEO 100 0.1
Calu-6 125 0.15
A549 150 0.8
OVCAR-3 85 0.15
MCF-7 ADR 110 0.05
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data analysis was performed using the CELL-FIT software
(Becton Dickinson) as reported previously (19).

Immunoprecipitation and Western Blotting. Total cell
protein extracts were obtained as previously described (10).
Protein extracts were immunoprecipitated with 528 anti-EGFR
MAb (kindly provided by Dr. J. Mendelsohn, University of
Texas M. D. Anderson Cancer Center, Houston, TX), as re-
ported previously (10). For Western blot analysis, immunopre-
cipitates (50 �g/lane) were resolved by 7.5% SDS-PAGE and
were probed with either an anti-human EGFR MAb (Transduc-
tion Laboratories, Lexington, KY) or the PY20 anti-P-tyrosine
MAb (Transduction Laboratories). Immunoreactive proteins
were visualized by enhanced chemiluminescence (Amersham
International, Little Chalfont, Buckinghamshire, United King-
dom), as described previously (10). For Western blot analysis of
bcl-2, bcl-xL, phospho-akt, or akt expression, 50 �g/lane were
resolved by 12.5% SDS-PAGE and probed with an anti-human
bcl-2 MAb, an anti-human bcl-xL MAb, an anti-human phos-
pho-akt MAb, and an anti-human akt MAb.

GEO and A549 Xenografts in Nude Mice. Five- to-6-
week-old female BALB/c athymic (nu�/nu�) mice were pur-
chased from Charles River Laboratories, Milan, Italy. The re-
search protocol was approved and mice were maintained in
accordance with institutional guidelines of the University of
Naples Animal Care and Use Committee. Mice were acclima-

tized to the University of Naples Medical School Animal Facil-
ity for 1 week before injection with cancer cells. Mice were
given injections s.c. into their dorsal flank with 107 GEO or
A549 cells that had been resuspended in 200 �l of Matrigel
(Collaborative Biomedical Products, Bedford, MA). For each
cancer cell line, after 7 days, when established tumors of �0.1–
0.3 cm3 in volume were palpable, 10 mice/group were treated
i.p. with ZD1839 (100 mg/kg/dose, days 1 to 5 each week for 4
weeks) and/or received RT treatment (10 Gy/dose daily, days
1–4). Tumor size was measured using the formula (�/6) �
(larger diameter) � (smaller diameter)2.

Immunohistochemical Analysis. Immunocytochemistry
was performed on formalin-fixed, paraffin-embedded tissue sec-
tions (5 �m) of GEO xenografts as previously reported (12).
After overnight incubation with the appropriate primary anti-
body at 4°C, sections were washed and treated with an appro-
priate secondary biotinylated goat antibody (1:200 dilution,
Vectastain ABC kit; Vector Laboratory, Burlingame, CA),
washed again, reacted with avidin-conjugated horseradish per-
oxidase H complex, and incubated in diaminobenzidine and
hydrogen peroxide, as described previously (12). The slides
were then rinsed in distilled water, counterstained with hema-
toxylin and mounted. The following antibodies were used: an
anti-Ki67 MAb (clone MIB1; DBA, Milan, Italy) used at 1:100
dilution; an anti-VEGF rabbit polyclonal antibody (Santa Cruz

Fig. 1 Growth inhibitory effects of the combined treatment with ZD1839 and ionizing radiation on the soft agar growth of A549, GEO, Calu-6,
MCF-7 ADR, and OVCAR-3 cancer cell lines. Cells were plated in soft agar and treated with the indicated doses of ionizing radiation on day 1 and
with the indicated concentrations of ZD1839 on days 1 to 5, or with each agent alone. Colonies were counted after 10–14 days. Data are expressed
as percentage growth inhibition as compared with the growth of untreated control cells. Data represent the average (�SD) of three different
experiments, each performed in duplicate.
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Biotechnologies, Santa Cruz, CA) used at 1:50 dilution; an
anti-bFGF rabbit polyclonal antibody (Santa Cruz) used at 1:200
dilution; and an anti-human TGF� mouse MAb (Ab-2; Onco-
gene Science, Manhasset, NY) used at 1:100 dilution. To deter-
mine the percentage of positive cells, at least 1000 cancer cells
per slide were counted and scored (12). New blood vessels were
detected using a MAb raised against human Factor VIII-related
antigen (Dako, Milan, Italy) at a dilution of 1:50 and were
stained with a standard immunoperoxidase method (Vectastain
ABC kit). Each slide was scanned at low power (�10–100), and
the area with the higher number of new vessels was identified
(hot spot). This region was then scanned at �250 microscope
magnification (0.37 mm2). Five fields were analyzed, and for
each of them, the number of stained blood vessels was counted.
For individual tumors, microvessel count was scored by aver-
aging the five field counts (12).

Statistical Analysis. The Student’s t test and the Mantel-
Cox log-rank test were used to evaluate the statistical signif-
icance of the results. All of the Ps represent two-sided tests
of statistical significance. All of the analyses were performed
with the BMDP New System statistical package version 1.0
for Microsoft Windows (BMDP Statistical Software, Los
Angeles, CA).

RESULTS
Inhibition of Cell Growth in Soft Agar. As shown in

Table 1, we first evaluated the effects of ionizing radiation or
ZD1839 treatment on the cloning efficiency in soft agar of four
human epithelial cancer cell lines. We selected human cancer
cell lines of different histology with variable degrees of EGFR
expression, ranging from �40,000 (GEO and Calu-6) to 80,000
(A549) to 150,000 (OVCAR-3) to 250,000 (MCF-7 ADR) EGF
binding sites/cell (10, 19). Ionizing radiation treatment caused a
dose-dependent inhibition in soft agar growth in all of the cell
lines with an IC50 ranging from 85 to 125 cGy. Treatment with
the EGFR-selective TKI ZD1839 resulted in a dose-dependent

inhibition of colony formation with an IC50 of �0.05–0.15 �M

in all of the cancer cell lines tested.
We next determined whether the combined treatment with

ionizing radiation and ZD1839 could enhance the antiprolifera-
tive effect of single treatment. A supra-additive inhibitory effect
on growth was observed in all of the cells at all of the doses of
ZD1839 and ionizing radiation tested in combination. As an
example, in GEO cells, single treatment with ionizing radiation,
50 cGy, or with ZD1839, 0.05 �M, each caused �20–25%
growth inhibition, whereas the combined treatment caused
�75% inhibition of colony formation in soft agar (Fig. 1A). A
similar degree of potentiation of growth inhibition was observed
with the other three cancer cell lines (Fig. 1, B, C, and D).

Cell Cycle Disruption and Induction of Apoptosis. To
evaluate whether ionizing radiation and/or ZD1839 treatment
could cause any specific perturbation of the cell cycle, an
analysis of GEO and OVCAR-3 cells treated with different
doses of ionizing radiation and/or ZD1839 was performed (Ta-
ble 2). Compared with control untreated cells, ZD1839 alone
caused an accumulation of cells in the G0-G1 phases in both of
the cell lines. For example, in GEO cells the percentage of
G0-G1 cells increased from 61.4 to 81.2% after treatment with 1
�M ZD1839 (Table 2). In both of the cell lines, treatment with
ionizing radiation induced an increase in G2-M phases and a
slight reduction in S phase, compared with controls. As an
example, in OVCAR-3 cells, the percentage of G2-M cells
increased from 10.8 to 18.1% after exposure to 250 cGy of
ionizing radiation (Table 2). A more complex cell cycle pertur-
bation was caused in both of the cell lines by the combined
treatment with ionizing radiation and ZD1839, with an accumu-
lation of cancer cells in both G0-G1 and G2-M and an accom-
panying reduction in S phase (Table 2). We next tested whether
the combined treatment with ZD1839 and ionizing radiation was
accompanied also by increased programmed cell death. Treat-
ment with ionizing radiation increased apoptotic cell death in
a dose-dependent manner in both GEO and OVCAR-3 cells

Table 2 Effects of ionizing radiation and ZD1839 on cell cycle distribution
Cancer cells were treated with the indicated doses of ionizing radiation and/or ZD1839 as described in “Materials and Methods.”

Treatment

GEO colon cancer cells OVCAR-3 ovarian cancer cells

G0-G1 (%) S phase (%) G2-M (%) G0-G1 (%) S phase (%) G2-M (%)

Control 61.4 33.4 5.2 55.6 33.6 10.8

RT (50 cGy) 60.5 33.8 6.7 53.2 33.6 13.2
RT (100 cGy) 60.7 30.3 9 51.7 32.6 15.7
RT (250 cGy) 62.0 27.3 10.7 52.4 29.5 18.1

ZD1839 (0.1 �M) 72.8 17.3 9.9 62.4 28.2 9.4
ZD1839 (0.5 �M) 78.1 14.7 7.2 73.1 18.1 8.8
ZD1839 (1 �M) 81.2 12.8 5.9 82.6 10 7.4

RT (50 cGy) � ZD1839 (0.1 �M) 72.4 16.9 10.7 62.4 21.9 15.7
RT (100 cGy) � ZD1839 (0.1 �M) 77.5 10.5 12.0 67.8 16.2 16.0
RT (250 cGy) � ZD1839 (0.1 �M) 77.3 10.5 12.2 76.3 6.5 17.2

RT (50 cGy) � ZD1839 (0.5 �M) 73.8 14.3 11.9 70.8 12.3 16.9
RT (100 cGy) � ZD1839 (0.5 �M) 78.2 11.6 10.2 72.2 9.6 17.2
RT (250 cGy) � ZD1839 (0.5 �M) 76.3 7.2 16.5 76.7 5.8 17.5
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(Fig. 2). The addition of ZD1839 at low doses (0.05–1.0 �M),
which induce little or no apoptosis-potentiated ionizing radia-
tion, induced programmed cell death in both of the cell lines by
�2- to 3-fold (Fig. 2).

We next evaluated whether the combination of radiother-
apy and EGFR blockade could affect the expression and/or the
activation of intracellular proteins that are involved in antiapo-
ptotic signaling. As shown in Fig. 3A, ZD1839 (1 �M) alone, or
in combination with ionizing radiation (100 cGy) for 6 or 24 h,
induced a significant suppression of EGFR autophosphorylation
in GEO cells, whereas no change was induced by radiotherapy
alone. Although ionizing radiation (100 cGy) did not signifi-
cantly affect the expression of bcl-2 and bcl-xL and did not
change the content of the active, phosphorylated form of akt,

ZD1839 (1 �M) treatment caused inhibition in the expression of
the antiapoptotic proteins bcl-xL and bcl-2, and the suppression
of phosphorylated akt (Fig. 3C–F). These changes were even
more pronounced when GEO cells were treated with the com-
bination of ionizing radiation and ZD1839.

Inhibition of Xenograft Growth in Nude Mice. We
also evaluated the effects of ZD1839 and ionizing radiation in
vivo. We have previously tested the effect of different novel
therapeutic agents in nude mice bearing GEO colon cancer
xenografts (10, 17–18). GEO cells form moderately differenti-
ated adenocarcinomas that express both the EGFR and TGF�,
when injected s.c. in immunodeficient mice (12). When GEO
colon cancer cell xenografts were established in nude mice, the
mice were given RT or were treated i.p. with ZD1839. As
illustrated in Fig. 4, treatment with ZD1839 (100 mg/kg/dose/
daily for 4 weeks) and with ionizing radiation (10 Gy/dose daily,
days 1–4 of the 1st week) caused a suppression of tumor growth
in all of the mice. In mice that received ZD1839 plus RT, GEO

Fig. 2 Induction of apoptosis by treatment with ZD1839 and/or ioniz-
ing radiation in GEO (A) or OVCAR-3 (B) cancer cells. Cells were
treated with the indicated doses of ionizing radiation on day 1; or with
the indicated doses of ZD1839 each day for 3 days; or with a combi-
nation of the two treatments. C, untreated control cells. Flow cytometric
analysis of DNA fragmentation was performed after 4 days after the
beginning of treatment. Data represent the average (�SD) of triplicate
determinations.

Fig. 3 A–B, effects of ZD1839 and/or ionizing radiation on EGFR
autophosphorylation. GEO cells were treated with 100 cGy of ionizing
radiation, 1 �M with ZD1839, or with a combination of the two treat-
ments. Protein extracts were immunoprecipitated with the 528 anti-
EGFR MAb, resolved by a 7.5% SDS-PAGE, and probed with either an
anti-human EGFR MAb (A) or the PY20 anti-phospho-tyrosine MAb
(B). Immunoreactive proteins were visualized by enhanced chemilumi-
nescence. Lane 1, control untreated cells; Lane 2, ionizing radiation, 100
cGy (6 h); Lane 3, ionizing radiation, 100 cGy (24 h); Lane 4, ZD1839,
1 �M (6 h); Lane 5, ZD1839, 1 �M (24 h); Lane 6, ionizing radiation
plus ZD1839 (6 h); Lane 7, ionizing radiation plus ZD1839 (24 h). C–F,
effects of ZD1839 and/or ionizing radiation on bcl-2 expression, on
bcl-xL expression, and on akt phosphorylation. GEO cells were treated
with ionizing radiation, 100 cGy, with ZD1839, 1 �M, or with a
combination of the two treatments. After 24 h, cells were collected and
protein extracts were probed with: C, an anti-human bcl-2 MAb; D, an
anti-human bcl-xL MAb; E, an anti-human phospho-akt MAb; F, an
anti-human akt antibody. Immunoreactive proteins were visualized by
enhanced chemiluminescence. Lane 1, control untreated cells; Lane 2,
ionizing radiation, 100 cGy; Lane 3, ZD1839, 1 �M; Lane 4, ionizing
radiation plus ZD1839. kDa, Mr in thousands.
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tumors grew very slowly for �45–50 days after the end of
treatment, when they resumed a growth rate similar to controls
(Fig. 4A). The delayed GEO tumor growth in the ZD1839-plus-
RT-treated group was accompanied by a prolonged life span of
mice that was significantly different compared with controls
(P 	 0.001), ZD1839-treated group (P 	 0.001), or RT-treated

group (P 	 0.001). Furthermore, 10% of mice in this group
were still alive without any histological evidence of tumor 26
weeks after GEO cancer cell injection (Fig. 4B and data not
shown). Similarly, in nude mice bearing established human
A549 lung adenocarcinoma xenografts, a cooperative antitumor
effect was observed when ZD1839 was used in combination
with ionizing radiation, with a significant reduction of tumor
growth at the end of the treatment in all of the mice as compared
with untreated mice or with single agent-treated mice (Fig. 5).
Immunohistochemical evaluation of GEO tumor cell prolifera-
tion, as assessed by Ki67 nuclear staining, revealed a marked
inhibition with both ZD1839 and RT treatment (Table 3; Fig. 6).
Furthermore, only �10% of the cancer cells were Ki67 positive
in GEO tumors from the group treated with ZD1839 plus RT
(Table 3). Furthermore, expression of angiogenic growth fac-
tors, such as TGF�, bFGF, and VEGF was significantly reduced
in tumors from this group of mice (Table 3). Tumor-induced
vascularization was quantified by immunohistochemistry as mi-
crovessel counts in the areas of most intense neovascularization,
using an anti-Factor VIII-related-antigen MAb. ZD1839 treat-
ment reduced the number of microvessels (from 18 to 10 mi-
crovessels/field as compared with control mice), whereas RT
determined only a slight reduction (Table 3). An almost com-
plete suppression of tumor microvessels was observed after
combined treatment with ZD1839 and RT (Table 3; Fig. 6).

DISCUSSION
In the past 10 years, increasing experimental and clinical

evidence has been accumulated on the possibility of combining
conventional cancer therapies, such as cytotoxic drugs, hormo-
nal therapy, or radiotherapy, with agents that selectively block

Fig. 4 A, antitumor activity of ionizing radiation and ZD1839 on
established GEO human colon carcinoma xenografts. Mice were given
injections s.c. in the dorsal flank with 107 GEO cells suspended in 200
�l of Matrigel. After 7 days (average tumor size, 0.2–0.3 cm3), mice
were treated with ionizing radiation (10 Gy/dose daily, days 1–4 for a
total of 40 Gy) alone, or with ZD1839 (2.5 mg/dose i.p. daily, on days
1–5 for 4 weeks) alone, or with a combination of both. Each group
consisted of 10 mice. Data represent the average (�SD). Student’s t test
was used to compare tumor sizes among different treatment groups at
day 28 after GEO cell injection. ZD1839 versus control (P 	 0.001); RT
versus control (P 	 0.001); RT plus ZD1839 versus control (P 	
0.001). B, effects of ionizing radiation and/or ZD1839 treatment on the
survival of GEO tumor-bearing mice. Ten mice/group were monitored
for survival. Differences in animal survival among groups were evalu-
ated using the Mantel-Cox log-rank test. Mice survival was significantly
different between the ZD1839-treated group and the control group (P 	
0.01); the RT-treated group and the control group (P 	 0.01); the
RT-plus-ZD1839-treated group and the control group (P 	 0.001); the
RT-plus-ZD1839-treated group and the ZD1839-treated group (P 	
0.001); and the RT-plus-ZD1839-treated group and the RT-treated
group (P 	 0.001).

Fig. 5 Antitumor activity of ionizing radiation and ZD1839 on estab-
lished A549 human NSCLC xenografts. Mice were injected s.c. in the
dorsal flank with 107 A549 cells suspended in 200 �l of Matrigel. After
7 days (average tumor size, 0.1 cm3), mice were treated with ionizing
radiation (10 Gy/dose daily, days 1–4 for a total of 40 Gy) alone, or with
ZD1839 (2.5 mg/dose i.p. daily, on days 1–5 for 4 weeks) alone, or with
a combination of both. Each group consisted of 10 mice. Data represent
the average (�SD). Student’s t test was used to compare tumor sizes
among different treatment groups at day 42 after a A549-cell injection.
ZD1839 versus control (P 	 0.01); RT plus ZD1839 versus control
(P 	 0.001).
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key proteins, such as the EGFR, which control cancer cell
survival, proliferation, invasion, and metastasis (20–22). This
seems a promising therapeutic approach for various reasons.
First, because the targets for these drugs and their mechanism(s)
of action are different from those of cytotoxic drugs and of
ionizing radiation, it is conceivable that they can be combined
without potential cross-resistance. Second, alterations in the
expression and/or the activity of genes that regulate mitogenic
signals not only can directly cause dysregulation of cell growth
but also may affect the sensitivity of cancer cells to chemother-
apy, hormonal therapy, or radiotherapy (20–22). High EGFR
expression has also been found in cancer cells that are resistant
to cytotoxic drugs and to ionizing radiation (4, 23). In human
squamous A431 cancer cells that have an amplified EGFR gene
and high EGFR protein expression, treatment with ionizing
radiation induces the release of TGF� and the activation of the
EGFR tyrosine kinase (7). A recent report by Lammering et al.
(24) has shown that overexpression of a functionally inactive,

dominant-negative EGFR mutant gene in MDA-MB-231 cells
causes down-regulation of EGFR phosphorylation with subse-
quent tumor cell radiosensitization. Taken together, these stud-
ies suggest that high EGFR expression and activation could be
a survival response to counteract apoptotic signals in cancer
cells exposed to ionizing radiation or to cytotoxic drugs (5).

In the present study, we have shown that treatment with the
selective EGFR-TKI ZD1839 significantly potentiates the cyto-
toxic effects of ionizing radiation in human cancer cell lines that
express functional EGFRs. The growth-inhibitory effect of the
combined treatment with ZD1839 and ionizing radiation is
accompanied by a perturbation of the cell cycle with a marked
reduction of cells in S phase and an accumulation in both G0-G1

and G2-M phases. Moreover, ZD1839 treatment enhances radi-
ation-induced apoptosis in these cells. These events are paral-
leled by inhibition in the expression and/or the function of
intracellular signaling proteins that mediate antiapoptotic path-
ways such as bcl-2, bcl-xL and akt. Treatment of mice bearing

Fig. 6 Immunohistochemistry
of GEO tumors. Mice bearing
GEO tumor xenografts were
treated as described in “Materi-
als and Methods” and in the
legend to Fig. 4. A, Ki67 nu-
clear staining in GEO control
tumor; B, Ki67 nuclear staining
in GEO tumor treated with the
combination of ZD1839 plus
RT; C, microvessel staining in
GEO control tumor; D, mi-
crovessel staining in GEO tu-
mor treated with the combina-
tion of ZD1839 plus RT. �25.

Table 3 Immunohistochemical evaluation of GEO xenografts
Mice bearing GEO tumor xenografts were treated as described in “Materials and Methods” and in the legend to Fig. 4. Treatment was started

on day 7 after tumor cell injection, when tumor volume was �0.2–0.3 cm3. Mice were treated i.p. daily from day 1 to day 5 with ZD1839
(2.5-mg/dose) and/or received RT treatment (10 Gy/dose daily, days 1 to 4 of the first week). Analysis was performed on day 21 after tumor cell
injection. The percent (�SD) of specifically stained GEO cancer cells for Ki67, TGF�, bFGF, or VEGF was recorded. To determine the percentage
of positive cells, �1000 cancer cells were scored. The number of microvessels for field (�SD) was measured using a mAb raised against the human
Factor VIII-related antigen and was scored by averaging five field counts of three individual tumors for each group.

Treatment
Tumor size

cm3
Proliferative

activity (Ki67) TGF� bFGF VEGF
Microvessel

counts

Control 1.7 (�0.2) 70 (�5)% 65 (�7)% 55 (�5)% 60 (�4)% 18 (�3)
RT 0.26 (�0.08) 45 (�5)% 65 (�10)% 50 (�5)% 55 (�7)% 15 (�2)
ZD1839 0.24 (�0.05) 25 (�5)% 30 (�5)% 15 (�4)% 20 (�5)% 10 (�1)
Combination 0.05 (�0.01) 10 (�3)% 8 (�2)% 6 (�2)% 5 (�1)% 1 (�1)
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established human GEO colon cancer xenografts with radiother-
apy in combination with ZD1839 causes long-term GEO tumor
growth regression with a significant improvement in mice sur-
vival and an �10% cure. Finally, the combined treatment with
RT plus ZD1839 was accompanied by a significant potentiation
in the inhibition of TGF�, VEGF, and bFGF expression in
cancer cells, which resulted in significant antiangiogenic effects
as determined by immunohistochemical count of neovessels
within the GEO tumors.

The results of the present study are in agreement and
extend recent experimental work on the combination of the
anti-EGFR blocking antibody C225 and ionizing radiation. Sev-
eral groups including our own have reported studies demonstrat-
ing a potentiation of the antitumor activity in vitro and in vivo of
ionizing radiation by treatment with C225 in several xenograft
models of human vulvar squamous (A431), head and neck (SSC
cell lines), or colon (GEO) cancers (14–17). Similar to results of
the combined treatment with chemotherapy, the potentiation of
radiotherapy effects after treatment with C225 is accompanied
by an increase in apoptosis, a reduction in DNA repair mecha-
nisms in cancer cells and by inhibition of tumor-induced angio-
genesis in vivo (15–17). Recent data have been reported on the
combination of ZD1839 and radiotherapy. ZD1839 treatment
has an additive or synergistic effect when combined with ion-
izing radiation in several human non-small cell lung cancer cell
lines and in the LoVo human colon carcinoma xenograft model
(25–27).

The results of this study are of potential clinical interest. In
fact, they provide a rationale for combining ZD1839 and radio-
therapy in the treatment of human epithelial cancers expressing
EGFR. ZD1839 is in advanced clinical development alone and
in combination with cytotoxic drugs and can be safely admin-
istered as long-term oral treatment with very mild toxicity and
without affecting the pharmacokinetics and the side effects of
chemotherapy (28–30). Furthermore, preliminary clinical data
suggest that the combination of ionizing radiation and other
EGFR-targeted approaches, such as the anti-EGFR MAb C225
is feasible and has antitumor activity. In fact, a pilot study
evaluating C225 in combination with radiotherapy has shown
that, of 15 patients with locally advanced head and neck cancer,
13 patients experienced long-lasting complete responses and 2
had a partial response when treated with C225 and radiotherapy
(median duration of response for all patients of 28 months;
Ref. 31).

ACKNOWLEDGMENTS
We thank Gaetano Borriello for his excellent technical assistance.

REFERENCES
1. Salomon, D. S., Brandt, R., Ciardiello, F., and Normanno, N. Epi-
dermal growth factor-related peptides and their receptors in human
malignancies. Crit. Rev. Oncol. Hematol., 19: 183–232, 1995.
2. Woodburn, J. R. The epidermal growth factor receptor and its inhi-
bition in cancer therapy. Pharmacol. Ther., 82: 241–250, 1999.
3. Wosikowski, K., Schuurhuis, D., Kops, G. J. P. L., Saceda, M., and
Bates, S. E. Altered gene expression in drug-resistant human breast
cancer cells. Clin. Cancer Res., 2: 2405–2414, 1997.
4. Akimoto, T., Hunter, N. R., Buchmiller, L., Mason, K. A., Ang,
K. K., and Milas, L. Inverse relationship between epidermal growth

factor receptor expression and radiocurability of murine carcinomas.
Clin. Cancer Res., 5: 2884–2890, 1999.

5. Harari, P. M., and Huang, S-M. Radiation response modification
following molecular inhibition of epidermal growth factor receptor
signaling. Semin. Radiat. Oncol., 11: 281–289, 2001.

6. Schmidt-Ullrich, R. K., Mikkelsen, R. B., Dent, P., Todd, D. G.,
Valerie, K., Kavanagh, B. D., Contessa, J. N., Rorrer, W. K., and Chen,
P. B. Radiation-induced proliferation of the human A431 squamous
carcinoma cells is dependent on EGFR tyrosine phosphorylation. On-
cogene, 15: 1191–1197, 1997.

7. Dent, P., Reardon, D. B., Park, J. S., Bowers, G., Logsdon, C.,
Valerie, K., and Schmidt-Ullrich. Radiation-induced release of trans-
forming growth factor � activates the epidermal growth factor receptor
and mitogen-activated protein kinase pathway in carcinoma cells, lead-
ing to increased proliferation and protection from radiation-induced cell
death. Mol. Biol. Cell., 10: 2493–2506, 1999.

8. Mendelsohn, J., and Baselga, J. The EGF receptor family as targets
for cancer therapy. Oncogene, 19: 6550–6565, 2000.

9. Ciardiello, F., and Tortora, G. A novel approach in the treatment of
cancer: targeting the epidermal growth factor receptor. Clin. Cancer
Res., 7: 2958–2970, 2001.

10. Ciardiello, F., Caputo, R., Bianco, R., Damianco, V., Pomatico, G.,
De Placido, S., Bianco, A. R., and Tortora, G. Antitumor effect and
potentiation of cytotoxic drugs activity in human cancer cells by ZD-
1839 (Iressa), an epidermal growth factor receptor-sensitive tyrosine
kinase inhibitor. Clin. Cancer Res., 6: 2053–2063, 2000.

11. Sirotnak, F. M., Zakowsky, M. F., Miller, V. A., Scher, H. I., and
Kris, M. G. Efficacy of cytotoxic agents against human tumor xe-
nografts is markedly enhanced by coadministration of ZD1839 (Iressa),
an inhibitor of EGFR tyrosine kinase. Clin. Cancer Res., 6: 4885–4892,
2000.

12. Ciardiello, F., Caputo, R., Bianco, R., Damiano, V., Fontanini, G.,
Cuccato, S., De Placido, S., Bianco, A. R., and Tortora, G. Inhibition of
growth factor production and angiogenesis in human cancer cells by
ZD1839 (Iressa), a selective epidermal growth factor receptor tyrosine
kinase inhibitor. Clin. Cancer Res., 7: 1459–1465, 2001.

13. Ciardiello, F., Caputo, R., Borriello, G., Del Bufalo, D., Biroccio,
A., Zupi, G., Bianco, A. R., and Tortora, G. ZD1839 (‘Iressa’), an
EGFR-selective tyrosine kinase inhibitor, enhances taxane activity in
bcl-2 overexpressing, multidrug-resistant MCF-7 ADR human breast
cancer cells. Int. J. Cancer, 98: 463–469, 2002.

14. Huang, S-M., Bock, J. M., and Harari, P. M. Epidermal growth
factor receptor blockade with C225 modulates proliferation, apoptosis,
and radiosensitivity in squamous cell carcinomas of the head and neck.
Cancer Res., 59: 1935–1940, 1999.

15. Huang, S-M., and Harari, P. M. Modulation of radiation response
after epidermal growth factor receptor blockade in squamous cell car-
cinomas: inhibition of damage repair, cell cycle kinetics, and tumor
angiogenesis. Clin. Cancer Res., 6: 2166–2174, 2000.

16. Milas, L., Mason, K., Hunter, N., Petersen, S., Yamakawa, M., Ang,
K., Mendelsohn, and J. Fan, Z. In vivo enhancement of tumor radiore-
sponse by C225 antiepidermal growth factor receptor antibody. Clin.
Cancer Res., 6: 701–708, 2000.

17. Bianco, C., Bianco, R., Tortora, G., Damiano, V., Guerrieri, P.,
Montemaggi, P., Mendelsohn, J., De Placido, S., Bianco, A. R., and
Ciardiello, F. Antitumor activity of combined treatment of human can-
cer cells with ionizing radiation and anti-epidermal growth factor re-
ceptor monoclonal antibody C225 plus type I protein kinase A antisense
oligonucleotide. Clin. Cancer Res., 6: 4343–4350, 2000.
18. Ciardiello, F., Bianco, R., Damiano, V., De Lorenzo, S., Pepe, S.,
De Placido, S., Fan, Z., Mendelsohn, J., Bianco, A. R., and Tortora, G.
Antitumor activity of sequential treatment with topotecan and anti-
epidermal growth factor receptor monoclonal antibody C225. Clin.
Cancer Res., 5: 909–916, 1999.
19. Ciardiello, F., Damiano, V., Bianco, C., di Isernia, G., Ruggiero, A.,
Caraglia, M., Tagliaferri, P., Baselga, J., Mendelsohn, J., Bianco, A. R.,
and Tortora, G. Cooperative antiproliferative effects of 8-Cl-cAMP and

3257Clinical Cancer Research

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/2081122/df1002003250.pdf by guest on 19 M

ay 2023



528 anti-epidermal growth factor receptor monoclonal antibody on
human cancer cells. Clin. Cancer Res., 1: 161–167, 1995.
20. Mendelsohn, J., and Fan, Z. Epidermal growth factor receptor
family and chemosensitization. J. Natl. Cancer Inst. (Bethesda), 89:
341–343, 1997.
21. Harari, P. M., and Huang, S-M. Modulation of molecular targets to
enhance radiation. Clin. Cancer Res., 6: 323–325, 2000.
22. Ryan, P. D., and Chabner, B. A. On receptor inhibitors and chem-
otherapy. Clin. Cancer Res., 6: 4607–4609, 2000.
23. Sheridan, M. T., O’Dweyer, T., Seymour, C. B., and Mothersill,
C. E. Potential indicators of radiosensitivity in squamous cell carcinoma
of the head and neck. Radiat. Oncol. Investig., 5: 180–186, 1997.
24. Lammering, G., Hewit, T. H., Hawkins, W. T., Contessa, J. N.,
Reardon, D. B., Lin, P-S., Valerie, K., Dent, P., Mikkelsen, R. B.,
Schmidt-Ullrich, R. K. Epidermal growth factor receptor as genetic
therapy for carcinoma cell radiosensitization. J. Natl. Cancer Inst. (Be-
thesda), 93: 921–929, 2001.
25. Raben, D., Helfrich, B. A., Chan, D., Johnson, G., Bunn, P.
ZD1839, a selective epidermal growth factor receptor tyrosine kinase
inhibitor, alone and in combination with radiation and chemotherapy as
a new therapeutic strategy in non-small cell lung cancer. Semin. On-
cology 29: 37–46, 2002.
26. Williams, K., Telfer, B. A., Stratford, I. J., and Wedge, S. R.
ZD1839 (Iressa), a specific oral epidermal growth factor receptor-
tyrosine kinase inhibitor, potentiates radiotherapy in a human colorectal
cancer xenograft model. Br. J. Cancer, 86: 1157–1161, 2002.
27. Huang, S., Li, J., and Harari, P. M. Modulation of radiation re-
sponse and tumor-induced angiogenesis following EGFR blockade by
ZD1839 (Iressa) in human squamous cell carcinomas. Proceed. 12th
NCI-EORTC-AACR Symposium on Molecular Targets and Cancer

Therapeutics, Abs. 259, Miami Beach, FL, October 29-November 2,
2001.

28. Baselga, J., Yano, S., Giaccone, G., Nakagawa, K., Tamura, T.,
Douillard, J., Nishiwaki, Y., Vansteenkiste, J. F., Kudou, S., Rischin, D.,
Eek, R. W., Averbuch, S., Macleod, A., Feyereislova, A., Dong, R., and
Fukuoka, M. Initial results from a Phase II trial of ZD1839 (Iressa) as
second- and third-line monotherapy for patients with advanced non-
small-cell lung cancer (IDEAL 1). Proceed. 12th NCI-EORTC-AACR
Symposium on Molecular Targets and Cancer Therapeutics, Abs. 630A,
Miami Beach, FL, October 29-November 2, 2001.

29. Miller, V. A., Johnson, D., Heelan, R. T., Pizzo, B. A., Perez, W. J.,
Bass, A., Kris, M. G., Ochs, J., and Averbuch, S. A pilot trial demon-
strates the safety of ZD1839 (Iressa), an oral epidermal growth factor
receptor tyrosine kinase inhibitor (EGFR-TKI), in combination with
carboplatin (C) and paclitaxel (P) in previously untreated advanced
non-small lung cancer (NSLC). Proc. Am. Soc. Clin. Oncol., 21: A1301,
2001.

30. Hammond, L. A., Figueroa, J., Schwartzberg, L., Ochoa, L.,
Hidalgo, M., Olivo, N., Schwartz, G., Smith, L., Ochs, J., and Rowin-
sky, E. K. Feasibility and pharmacokinetic (PK) trial of ZD1839
(Iressa), an epidermal growth factor receptor tyrosine kinase inhibitor
(EGFR-TKI), in combination with 5-fluorouracil (5-FU) and leucovorin
in patients with advanced colorectal cancer (aCRC). Proc. Am. Soc.
Clin. Oncol., 21: A544, 2001.

31. Robert, F., Ezekiel, M. P., Spencer, S. A., Meredith, R. F., Bonner,
J. A., Khazaeli, M. B., Saleh, M. N., Carey, D., LoBuglio, A. F.,
Wheeler, R. H., Cooper, M. R., and Waksal, H. W. Phase I study of
anti-epidermal growth factor antibody Cetuximab in combination with
radiation therapy in patients with advanced head and neck cancer.
J. Clin. Oncol., 19: 3234–3243, 2001.

3258 Radiosensitization by Selective EGFR Tyrosine Kinase Blockade

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/2081122/df1002003250.pdf by guest on 19 M

ay 2023


