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Abstract The epidermal growth factor receptor (EGFR), which is frequently expressed in tumors of
epithelial origin, is an important determinant of tumor responses to ionizing radiation. Elevated
EGFR expression and activity frequently correlate with tumor resistance to radiotherapy
in patients. EGFR is thought to confer tumor resistance to radiation through the activation of
survival and cell proliferation pathways. Recent discoveries have identified a novel radioprotective
function of EGFR which involves the radiation-induced nuclear translocation of the receptor and
its interactions with the DNA-dependent protein kinase, a key component of the nonhomologous
end-joining DNA repair pathway. Targeting the DNA repair function of EGFR may serve as a
therapeutic model for sensitizing tumors to radiotherapy in patients.

Background

The epidermal growth factor receptor (EGFR) is a 170-kDa
cell surface receptor that plays a pivotal role in cell prolifera-
tion, cell migration, and cell survival. The EGFR is frequently
expressed at elevated levels in multiple cancers of epithelial
origin (reviewed in ref. 1). The EGFR belongs to a subfamily of
four closely related receptors (HER-1/ErbB1, HER-2/neu/ErbB2,
HER-3/ErbB3, and HER-4/ErbB4) that bind EGFR ligands such
as the epidermal growth factor and tumor necrosis factor-a.
Ligand binding induces dimerization between the HER
receptors, which then undergo intermolecular tyrosine phos-
phorylation. The phosphorylated EGFR then triggers the
initiation of several intracellular signaling cascades including
the Ras/Raf/mitogen-activated protein kinase pathway, the
phosphatidyl inositol-3-kinase (PI3K)/AKT, phospholipase
Cg–mediated generation of second messengers, inositol
1,3,5-triphosphate, 1,2-diacylglycerol, and calcium, which in
turn, activate protein kinase C, the mitogen-activated protein
kinase, and c-Jun NH2-terminal kinase pathways. EGFR-
mediated intracellular signaling plays critical roles in cell pro-
liferation, cell survival, cell growth, cell migration, tumor cell
invasion, and inhibition of apoptosis.

Radiotherapy is frequently offered as the first line of treat-
ment with curative intent for primary cancers and palliative
therapy for patients with advanced metastatic disease. Exposure
to ionizing radiation leads to the rapid production of highly
reactive hydroxyl ion, superoxide, and organic radicals which

react with oxygen to form reactive oxygen species including
H2O2 and organic peroxides that chemically react with DNA to
produce DNA damage (2). The most lethal among radiation-
induced DNA lesions is the double-strand break (DSB), which
results in catastrophic deletions, translocations, and disorgani-
zation of chromosomal material that lead to cell cycle arrest,
apoptosis, gene inactivation, reproductive failure, or terminal
senescence (reviewed in ref. 3).

In higher eukaryotes, two distinct mechanisms for DSB repair
complement each other to protect cells from radiation-induced
DNA damage: (a) homologous recombination (reviewed in
ref. 4); and (b) nonhomologous end-joining (reviewed in
ref. 5). Studies with mice deficient in components of each of
the two DNA repair systems suggest that nonhomologous
end-joining is the dominant pathway in the repair of radiation-
induced DSBs, whereas homologous recombination plays a
supportive role (6–9). Nonhomologous end-joining is cata-
lyzed by a core complex that consists of four proteins, the DNA-
dependent protein kinases (DNA-PK), XRCC4, DNA ligase IV,
and Artemis, which associates with a complex of three pro-
teins, Mre11, Rad50, and Nbs1 (MRN), and bring about the
physical rejoining of DSB ends. The DNA-PK is a nuclear
serine/threonine kinase whose activity is stimulated by double-
stranded DNA (reviewed in ref. 10). Although several substrates
of DNA-PK are known, the physiologic significance of their
phosphorylation is uncertain. DNA-PK comprises three sub-
units, the 470 kDa catalytic subunit (DNA-PKc), and two
regulatory subunits, the 70 kDa Ku70 and the 80 kDa Ku80.
The prevailing model for nonhomologous end-joining is
shown in Fig. 1. The model suggests that Ku first binds to the
DNA end, translocates inward by one helical turn. The Ku
proteins then recruit DNA-PKcs and stabilize its binding to
DNA. The stable DNA-PKcs-DSB complex is thought to prevent
the premature processing and ligation of DNA ends. In re-
sponse to ionizing radiation, DNA-PKcs undergo rapid DSB-
dependent phosphorylation and autophosphorylation at a
cluster of six amino acid residues in DNA-PKcs that lie between
Thr2609 and Thr2647, and at Ser2056 which lies outside the
cluster (11–15). The precise individual roles of Thr2609, Ser2056

phosphorylation, or the phosphorylation of the other amino
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acids within the cluster are not clearly known. Collectively,
however, these seven amino acid residues seem to be critical for
the disassembly of DNA-PKcs from DNA ends because
mutation of all seven residues leaves the enzyme DNA-bound
and significantly compromises DNA repair. One model
suggests that for efficient ligation of properly juxtaposed DNA
ends, DNA-PKcs must first disengage from the DSB. Phosphor-
ylation of DNA-PKcs is thought to play a role in altering the
conformation of the enzyme and its subsequent dissociation
from the DSB. However, recent in vivo imaging studies have
revealed that phosphorylation alone may not be sufficient and
disengagement of DNA-PKcs from DNA ends may require
additional factors such as ligase IV (15). Autophosphorylation

of at least one residue, in DNA-PKcs, Thr2609, seems to require
the ataxia telangiectasia–mutated protein, which has important
roles in DNA damage response, cell cycle regulation, and
homologous recombination (16).

Multiple lines of evidence indicate that EGFR is an important
determinant of radioresponse and has a radioprotective func-
tion (17–22). Based on the current evidence, EGFR-mediated
radioprotection can be conceptually divided into three phases:
(a) an immediate early phase that involves DNA repair, (b)
suppression of DNA damage–induced apoptosis before and
after cell cycle arrest, and (c) a tumor repopulation step that
offers a proliferative advantage to tumors emerging from
radiation-induced cell cycle arrest (Fig. 2).

Fig. 1. Nonhomologous end-joining
pathway of DNA repair. A, ionizing radiation
causes DSBs in DNA. B, regulatory subunits
of DNA-PK, Ku70, and Ku80, rapidly bind
DNA ends. C, Ku70 and Ku80 slide inward
along the DNA molecule and recruit the
catalytic subunit, DNA-PKcs, which
prevents premature processing of DNA
ends. DNA-PKcs is rapidly phosphorylated
at several serine and threonine residues by
itself and other, as yet unknown, kinases.
D, phosphorylation destabilizes DNA-PKcs,
which dissociates from DNA and allows for
the recruitment of several end-processing
enzymes including ligase IV and the Mre11,
Nbs1, and Rad51proteins of the MRN
complex. E, the consequence of these
activities is the physical rejoining of DNA
ends and repair of radiation-induced DNA
damage.
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How does the plasma membrane–bound EGFR modulate
the repair of nuclear DNA? During the past 15 years, evidence
has accumulated that EGFR escapes receptor internalization
and degradation and translocates to the nucleus in response to
various stimuli, including ionizing radiation, ligand stimula-
tion, heat shock, H2O2, and cisplatin (23–32). The nuclear
form of EGFR seems to be intact, phosphorylated (33), and
ligand-bound (25, 34–37). Putative nuclear localization
signals have been identified in EGFR (25). Radiation-induced
nuclear translocation of EGFR seems to require the binding of
importins, a and h, which interact with the EGFR nuclear
localization signal and mediate its nuclear import (26, 38)
through the EGFR-dependent activation of the PI3K/AKT
signaling pathway (39).

The first clues that EGFR might directly influence DNA repair
were provided by evidence of a physical interaction between
EGFR and the DNA-PKcs (40). More recent studies show
that EGFR is normally present in the perinuclear space of
unirradiated cells and that radiation induces the ligand-
independent translocation of the EGFR into the nucleoplasm
in a process that involves free radicals (38, 41, 42). Moreover,
nuclear EGFR binds to the catalytic subunit DNA-PKcs, and
the regulatory subunit Ku70 of DNA-PK. The subcellular com-
partment in which EGFR-DNA-PKcs interactions occur remains
uncertain, although the presence of DNA-PKcs in cytosolic lipid
rafts has been recently shown (43). There is also evidence that
radiation induces the export of DNA-PKcs from the nucleus
into the cytosol (42). Interaction of EGFR with DNA-PKcs
correlates with radiation-induced DNA-PKcs phosphorylation
at Thr2609 which, in concert with six other serine and threonine
amino acid residues in DNA-PKcs, controls the disassembly of
DNA-PKcs and the physical rejoining of DNA DSBs (38).

Following exposure to radiation, tumor cells undergo cell
death in a rapid, caspase-3–dependent phase of apoptotic sig-

naling that precedes cell division, followed by a second phase
that occurs as tumor cells harboring unrepaired DSBs emerge
from radiation-induced cell cycle arrest. There is considerable
evidence that radiation-induced EGFR activation confers
protection against apoptosis through the activation of the
PI3K/AKT pathway which blocks apoptotic signaling pathways
(39, 44–46).

A third phase of EGFR-mediated radioprotection becomes
evident when tumors emerge from radiation-induced cell cycle
arrest following successful repair of radiation-induced DNA
damage. The EGFR is rapidly phosphorylated in response to
radiation (47). Radiation-induced EGFR phosphorylation seems
to be ligand-independent. However, the precise mechanism and
the specific amino acid residues in EGFR which are phosphor-
ylated are not known. In addition, little is known of how
radiation-induced EGFR activation differs from ligand-induced
EGFR activation. There is evidence that EGFR-dependent Ras/
Raf/Mek/ERK and STAT signaling offer a critical survival advant-
age by supporting repopulation and tumor progression (47–49).

Clinical-Translational Advances

Somatic mutations in the tyrosine kinase domain of EGFR
have been recently linked to enhanced tumor sensitivity to
the EGFR tyrosine kinase inhibitors, gefitinib and erlotinib,
dramatic tumor regression and improved survival in a
biologically distinct subset of non–small cell lung carcinoma
patients. The mutations are heterozygous, favor an adenocar-
cinoma histology, female gender, East Asian ethnicity, and
never-smoker status (50–53), and frequently manifest as in-
frame deletions (DE746-E750) of an LREA sequence in exon 19
or a L858R mutation in exon 21 (reviewed in ref. 54).

The critical role of EGFR in the repair of radiation-induced
DNA damage has been underscored by recent evidence that

Fig. 2. A model for EGFR-mediated
radioprotection. EGFR-mediated
radioprotection can be temporally divided
into three phases. A , an immediate early
phase involves radiation-induced
translocation of EGFR and interactions
with the DNA-repair enzyme, DNA-PK.
B, a second phase involves the rapid
activation of EGFR-dependent PI3K and
AKT, which leads to the suppression of DNA
damage ^ induced apoptosis before and
after cell cycle arrest. C, a third phase
involves the activation of EGFR-dependent
Ras/Raf/MEK/ERK and STAT pathways that
promote rapid cell proliferation and
repopulates tumors emerging from
radiation-induced cell cycle arrest.
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non–small cell lung carcinomas, which harbored either the
L858R or the DE746-E750 mutations in the tyrosine kinase
domain of EGFR, exhibited enhanced sensitivity to radiation
and this strongly correlated with dramatically diminished
capacity to resolve radiation-induced DNA DSBs (55). More-
over, the mutant EGFR in these non–small cell lung carci-
nomas failed to exhibit radiation-induced nuclear translocation
or binding to DNA-PKcs (56). Furthermore, when the mutated
forms of EGFR were introduced into radioresistant cells harbor-
ing the wild-type EGFR, the mutant EGFRs were not only defec-
tive in mounting a radioprotective response but also produced
a significant radiosensitizing effect in these cells by blocking the
radioprotective function of the wild-type EGFR (55). The radio-
modulatory effects of wild-type and tyrosine kinase domain–
mutated EGFRs were completely abrogated when expressed in
DNA-PKcs–deficient genetic background, indicating for the
first time that DNA-PKcs play a pivotal role in EGFR-mediated
radioresponse (56).

Traditionally, elevated EGFR phosphorylation and signal-
ing have been linked to tumor resistance to radiotherapy.
Interestingly, mutant EGFR expressing non–small cell lung
carcinomas frequently exhibit significantly elevated levels of
basal EGFR phosphorylation as well as basal EGFR-mediated
downstream signaling (57–63) and these are not further
inhibited by exposure to radiation (56). Thus, despite the
elevated phosphorylation and signaling associated with mutant
EGFR, mutant EGFR expression inhibits DNA repair and com-
promises survival.

Further investigation is clearly needed to elucidate the
precise mechanism by which EGFR mediates the repair of

radiation-induced DNA damage. A thorough understanding
of EGFR’s role in DNA repair will require an investigation into
the temporal sequence of events following exposure to radia-
tion, the dynamics of EGFR and DNA-PK cellular redistribu-
tion, and the biochemical and physiologic consequences of
EGFR-DNA-PKcs interactions on DNA repair. It remains to be
seen whether EGFR has a direct role in the activation of DNA-
PKcs and whether the EGFR-DNA-PKcs complex is proactive in
the physical rejoining of radiation-induced DSBs. The rapid
kinetics of DNA-PKcs deployment at DSB ends and the
relatively slower kinetics of EGFR nuclear import imply that
EGFR may have a supportive, albeit important, function in
DNA repair rather than a fundamental one. Moreover, non-
dividing, differentiated stromal cells of normal tissue such as
fibroblasts do not usually overexpress EGFR, and are unlikely
to employ an EGFR-mediated DNA repair pathway for
survival. If the EGFR-mediated DNA repair pathway is indeed
tumor-specific, then it could be a potential target for tumor-
selective radiotherapy.

The radiosensitizing effect of mutant EGFR expression is
remarkably similar to the radiosensitizing effect of cetuximab,
a monoclonal antibody which binds EGFR, sequesters the
receptor in the cytoplasm, and targets it for degradation. In
in vitro studies, treatment with the anti-EGFR monoclonal anti-
body, cetuximab, prevented radiation-induced nuclear translo-
cation of EGFR, abrogated EGFR-DNA-PKcs interactions, and
delayed DNA repair and significantly reduced clonogenic
survival (38). Together, these findings suggest that it is possible
to sensitize tumors to radiation by blocking the radiation-
induced nuclear import of EGFR either through the expression

Fig. 3. Blockade of EGFR-mediated DNA repair. A, in response to ionizing radiation, wild-type EGFR translocates to the nucleus and interacts with DNA-PKcs. Radiation-
induced EGFR nuclear import and DNA-PKcs binding correlates with DNA-PKcs phosphorylation atThr2609 and DNA repair. B, EGFR forms with somatic mutations in the
tyrosine kinase domain are inherently defective in radiation-induced EGFR nuclear import and EGFR-DNA-PKcs interactions. Mutant forms of EGFR exert a radiosensitizing
effect by associating with the wild-type EGFR and blocking its nuclear import and interactions with DNA-PKcs. Mutant EGFR expression abrogates radiation-induced
DNA-PKcs phosphorylation atThr2609 (unpublished data) and compromises DNA repair and survival. C, similarly, anti-EGFR monoclonal antibodies exert a radiosensitizing
effect through a blockade of EGFR nuclear import, abrogation of EGFR-DNA-PKcs binding, inhibition of DNA-PKcs phosphorylation atThr2609, and inhibition of EGFR-
dependent signaling through the Ras/Raf/MEK/ERK and PI3K/AKT pathways.
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of kinase domain mutants of EGFR or by treatment with
cetuximab. Figure 3 illustrates the consequences of wild-type
EGFR, mutant EGFR expression, and cetuximab treatment on
the repair of radiation-induced DNA damage.

Historically, the EGFR has been widely targeted in several
cancers through inhibition of its tyrosine kinase activity by
gefitinib and erlotinib. In a number of laboratories, preclinical
studies with cell lines and animal models showed that
inhibition of EGFR tyrosine kinase activity by gefitinib or
erlotinib significantly enhanced the effect of radiation (19, 20,
64, 65). Several mechanisms have been proposed to explain
the radiation-enhancing effects of these drugs including
induction of cell cycle arrest, apoptosis, or necrosis, and inhi-
bition of tumor cell motility, metastasis, and angiogenesis
(19, 66). However, clinical responses with EGFR tyrosine kinase
inhibitors are frequently marginal (67). Variable tumor
responses to anti-EGFR monotherapy have been attributed to
(a) levels of EGFR expression (68), (b) mutation status of EGFR

(50–52), (c) EGFR amplification (69), and (d) mutations in
KRAS, Raf, or PTEN genes (70). By contrast, the combination
of radiation and cetuximab has shown much promise in the
treatment of various cancers including head and neck
squamous cell carcinoma and colorectal carcinoma (22).

DNA repair is emerging as an attractive pharmacologic target
in chemotherapy and radiotherapy. Inhibitors that target
DNA-PK (NU7441), ataxia telangiectasia–mutated (KU55933),
or the poly-ADP ribose polymerase (AG14361), an enzyme
involved in DNA damage recognition and repair, have shown
promising results in augmenting the effects of radiation in
preclinical studies and are now entering clinical trials
(refs. 71–74; reviewed in ref. 75). Disruption of EGFR nuclear
import also compromises DNA repair and tumor survival.
Notionally, a therapeutic strategy that disrupts EGFR nuclear
import or abrogates EGFR-DNA-PKcs interactions could poten-
tially be tumor-specific, normal tissue–sparing, and could
perhaps avoid the emergence of single-agent resistance.
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