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Jill Wykosky 1 , Tim Fenton 1 , Frank Furnari 1,2 , and Webster K. Cavenee 1,2 

Abstract 
Epidermal growth fac tor receptor (EGFR) is one of the most commonly altered genes in human 

cancer by way of over鄄  expression, amplification, and mutation. Targeted inhibition of EGFR activity 
suppresses signal transduction pathways which control tumor cell growth, proliferation, and resistance to 
apoptosis. Small molecule tyrosine kinase inhibitors and monoclonal antibodies are among the most 
common EGFR鄄  targeting agents and have been used clinically for treating various malignancies. This 
review discusses the successes and challenges of targeting EGFR in human cancer. The genetic 
alterations of EGFR tend to occur more often in some solid tumors than others, as do the mechanisms of 
resistance to targeted inhibition. The clinical and basic science experiences with these agents thus far 
have important implications for the future of therapeutic targeting of EGFR. 
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Introduction 
Epidermal growth factor receptor (EGFR), the 

founding member of a family of four ErbB receptor 
tyrosine kinases, has been a focus of intense research 
since its initial purification in 1982 [1] . It was first implicated 
in cancer in 1984, when it was identified as a cellular 
homolog of the  oncogene of avian 
erythroblastosis virus [2]  and found to be amplified in A431 
human carcinoma cells [3,4] . EGFRmediated intracellular 
signaling controls many of the functions required for cell 
growth, migration, and proliferation [5] . Not surprisingly, 
therefore, EGFR expression is a poor prognostic factor 
for cancer patients. EGFR is frequently overexpressed 
and/or mutated in human cancer; in fact, gainoffunction 
genetic alterations in EGFR are observed in up to 30% 
of solid tumors [6] . Indeed, certain tumor cells are 
dependent on EGFR signaling and thus possess an 
野oncogene addiction冶,  which makes this receptor an 

attractive target for therapy [7] . These features have 
prompted the development of a number of drugs targeted 
at EGFR (Table 1), several of which are approved by the 
US Food and Drug Administration (FDA) and widely 
used, or are currently being tested for the treatment of 
specific malignancies [819] . 

Unfortunately, it has become increasingly apparent 
that effective targeting of EGFR to achieve significant 
clinical benefit is not a straightforward matter, as many 
tumors harbor inherent or acquired resistance to receptor 
inhibition. Moreover, some of the molecular and genetic 
alterations that predict response to EGFR inhibitors 
appear to be unique to specific tumor types. Elucidation 
of the mechanisms of resistance to EGFRtargeted 
therapies and an increased understanding of the biology 
of EGFR in response to these agents are clearly required 
to improve their efficacy in cancer patients. 

EGFR: A Driver of Oncogenesis 
Liganddependent activation of EGFR kinase causes 

transphosphorylation of tyrosines in the intracellular 
domain of the wildtype receptor, which creates docking 
sites for adaptor proteins that mediate downstream 
signaling processes (Figure 1)  [20,21] . The PI3K/Akt 
pathway promotes cell growth, survival, and migration as 
well as resistance to apoptosis in response to 
EGFRmediated activation [22] . EGFR also transduces 
oncogenic signaling through binding of adapter proteins 
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such as Grb2/Sos and Shc to specific tyrosine residues 
in the intracellular domain, resulting in activation of the 
Ras/MAPK signaling cascade and a profound increase in 
cell proliferation and migration [23,24] . 

EGFR is expressed at elevated levels in many solid 
tumors, most often as a result of focal gene amplification 
or genomic copy number gain [2535] . In some cases, however, 
overexpression is observed at the protein level in the 

Figure 1. Structural organization, signaling properties, and cancer鄄  associated mutations of epidermal growth factor receptor (EGFR). The domain structure of 
EGFR is shown, together with the locations of the domain boundaries: L1 and L2, ligand鄄  binding domains 1 and 2; CR1 and CR2, cysteine鄄  rich domains 1 and 2 [62] . 
The major autophosphorylation sites on EGFR, together with the docking proteins and enzymes that are known to associate with these sites to nucleate downstream 
signaling pathways are shown [62,63] . Activation of PI3K/Akt signaling by EGFR homodimers is largely driven by recruitment of the p85 regulatory subunit to the Gab1 
adaptor protein that binds to Grb2. Along with Shc, Grb2 also mediates activation of Ras signaling by recruitment of the guanine nucleotide exchange factor, SOS. 
The kinase domain mutations documented in non-small cell lung cancer (NSCLC) and deletion mutations found in glioblastoma (GBM) are detailed, with the most 
frequent alterations (L858R and 驻  EGFR/EGFRvIII respectively) shown in bold [64,65] . The T790M 野gatekeeper mutation冶 is associated with acquired resistance to 
Erlotinib in NSCLC (see text for details and further references). 

EGFR targeting in cancer 

Tumor type 

Non-small cell 
lung cancer 

Colorectal cancer 
(metastatic) 

Head and neck squamous 
cell carcinoma 

Nasopharyngeal cancer 
Glioblastoma 

Pancreatic cancer 

Breast cancer (HER2鄄  
amplified metastatic) 

EGFR mutation 

Kinase domain deletions (exon 
19), point mutations (exon 21) [41] 

Rare [30,42] 

驻  EGFR (42%) [32,43] 

Not detected [45] 

Deletions and truncations 
(most commonly 驻  EGFR) [39,47,48] 

Rare [44] 

Rare [26] 

EGFR expression changes 

Gene amplification [29] 

Overexpression, 
copy number increase [30] 

Transcriptional up鄄  regulation [31] , 
copy number increase [32] 

Overexpression [35] 

Focal gene amplification [39] , 
chromosome 7 trisomy [34] 

Over鄄  expression of EGFR 
and EGF and/or TGF琢  [33] 

Gene overexpression (40%) [25] , 
amplification (6%) [26] 

EGFR targeting agents (FDA鄄  
approved for clinical use) 
Erlotinib [10] , Gefitinib [11] 

Cetuximab [12] , Panitumumab [13] 

Cetuximab [14] , Nimotuzumab [15] 

Nimotuzumab [16] 

Nimotuzumab [17] 

Erlotinib [18] 

Lapatinib [19] 

Resistance mechanisms 

T790M gatekeeper mutation 
(50%) [71,93] , elevated c鄄  Met/ 
HGF expression (20%) [72-74] 

K鄄  ras [75-77] , B鄄  raf [79] , PIK3CA [78] , 
PTEN [80] mutations 

Increased EGFR stability, co鄄  
activation of HER2 [81] 

Not determined 
PTEN loss [82,83] , RTK 
co鄄  activation [85] 

EGFR鄄  independent activation 
of downstream signaling [44] 

PIK3CA mutation [86] , 
increased estrogen receptor 
signaling [87] 
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absence of gene amplification [36] . Overexpression and 
activation of EGFR is intimately linked to its role in 
driving tumorigenesis. Activation of EGFR in tumors is 
often achieved in a ligandindependent manner through 
somatic mutation of the receptor, and in some cases, 
these mutations predict response to EGFRtargeted 
therapies [37,38] . These mutations (summarized in Figure 1) 
impart constitutive tyrosine kinase activity to the mutant 
receptor and result in persistent activation of the 
downstream oncogenic pathways [3941] . 

EGFR mutations are tumor鄄  type specific 

Although EGFR plays a critical role in the biology 
of many different tumors, its specific genetic alterations 
vary depending on tumor type [30,32,4245] . More specifically, 
certain mutations occur at a very high frequency in some 
tumors but are rare in others. Somatic mutations in the 
kinase domain, for example, are commonly found in 
nonsmall cell lung cancer (NSCLC) while being quite 
rare in others, such as glioblastoma multiforme (GBM) [53] . 
These kinase domain mutations typically occur in exons 
1821 and include single base substitutions in exon 18, 
inframe deletions in exon 19, insertions in exon 20, and 
a single base substitution causing a lysine to arginine 
amino acid change in exon 21 (L858R) (Figure 1) [41] . 
Exon 19 and 21 mutations, which are the most 
commonly observed kinase domain mutations in NSCLC, 
confer tumor cell dependency on EGFR signaling and 
are predictive of NSCLC response to EGFR tyrosine 
kinase inhibitors (TKIs). In GBM, the most common 
EGFR alteration is a deletion of exons 27 in the 
extracellular domain to form the constitutively active 
驻  EGFR (also referred to as EGFRvIII or EGFR*) [47,48] . 
Tumors, therefore, appear to take different, yet specific, 
means of altering EGFR to reach the common end of 
activating receptorregulated oncogenic signaling 
pathways and processes. By extension, one could argue 
that although activation of oncogenic signaling is a 
common end, the tendency to mutate EGFR in distinct 
ways is reflective of the tumor爷s preference for specific 
downstream signaling pathways, such as Ras/MAPK 
versus PI3K/AKT  [49,50] . Notably, in solid tumors like 
NSCLC, EGFR mutations that drive Ras activation are 
more frequent than those that selectively stimulate 
PI3K/AKT activation [51] , while the opposite is true in GBM [52] . 
Importantly, such mutations have a profound impact on 
the effectiveness and clinical use of EGFRtargeted 
therapies. 

Therapeutic Targeting of EGFR 

The frequent somatic alteration and/or 

overexpression of EGFR in malignant cells compared to 
normal cells provides a therapeutic window for targeting 
the receptor. Targeting approaches vary and often exploit 
the cancerassociated expression of mutant receptors. 
Some of these include 驻  EGFR peptide vaccines  [53] , 
EGFRmediated delivery of cytotoxic agents to 
intracellular compartments [54] , or EGFR kinase inhibition 
using antibodies or small molecules which block its 
essential role in promoting tumor growth and survival. 
The oncogenic pathways driven by EGFR are 
interconnected in a complex network involving both 
negative and positive feedback loops that regulate the 
activity of pathway components in response to stimuli. 
Thus, while there are many potential targets within these 
pathways, there is a significant possibility that direct 
inhibition of one protein will affect activation of another 
protein and/or pathway and counteract the 
growthsuppressive effect caused by inhibition of the 
targeted pathway. For example, cRaf, a component of 
the RasMAPK pathway, is negatively regulated by 
activated AKT, such that PI3K/AKT inhibitors could 
inadvertently drive activation of MAPK signaling [55,56] . 
Moreover, analogs of rapamycin show only modest 
anticancer activity because inhibition of mTOR results in 
activation of AKT through the relief of negative feedback 
signaling normally mediated by the mTOR effector 
p70S6K [57] . Thus, individual targeting of the downstream 
effectors of EGFR is challenging and may require a 
combinatorial approach targeting multiple points within 
these pathways. EGFR is situated at the apex of this 
complex signaling network, which is an advantage of 
directly targeting the function of the receptor itself rather 
than components of the pathways it activates. 
Furthermore, because it is a cellsurface receptor and is 
a druggable kinase that is overexpressed and often 
genetically altered in cancer cells, EGFR is a very 
attractive therapeutic target for cancer therapy. 

Small molecule EGFR tyrosine kinase inhibitors 

Since the intrinsic kinase activity of EGFR is 
essential for many of its oncogenic functions, it is 
amenable to targeting with small molecule TKIs (Table 
1) [58] . Gefitinib (Iressa誖 ) and erlotinib (Tarceva誖 ) are 
type I ATPcompetitive reversible inhibitors and are both 
based on a 4anilinoquinazoline backbone structure [59] . In 
2005, a phase III clinical trial comparing gefitinib and 
placebo in advanced recurrent NSCLC failed to 
demonstrate increased survival [11] , prompting the US FDA 
to restrict the use of gefinitib to patients who had 
previously benefited or continue to benefit from it. 
Nevertheless, gefitinib is approved for use in many other 
countries, in some cases as a firstline therapy. Erlotinib 
is FDAapproved for treatment of patients with locally 
advanced or metastatic NSCLC, either following failure 
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of at least one prior chemotherapy or, more recently, as 
maintenance therapy for patients whose disease has not 
progressed after four cycles of platinumbased 
chemotherapy. Lapatinib is a dual EGFR/ErbB2 inhibitor 
that is used clinically to treat HER2 positive breast 
cancer patients who have failed antiErbB2/HER2 
therapy. Targeting strategies combining lapatinib with the 
HER2targeting antibody, trastuzumab, are now being 
tested [60] . Several irreversible small molecule inhibitors 
such as HKI272 and BIBW 2992, which covalently bind 
to cys797 in the EGFR kinase domain, are currently 
being tested for various malignancies [61,62] . 

Sensitivity to gefitinib and erlotinib was initially 
predicted by the presence of EGFR protein expression 
and/or genomic copy number gain/amplification  [29] . In 
many studies, however, presence and/or activation of 
EGFR protein by immunohistochemistry and FISH do not 
appear to correlate with drug response in patients [63] . 
Presence of the gainoffunction somatic mutations in 
exons 19 and 21 appear to be a more accurate predictor 
of response to treatment with EGFR TKIs [64] . In fact, the 
likelihood that a tumor would respond to treatment with 
gefitinib alone was 60% 80% in patients prescreened 
and identified to have an exon 19 or 21 mutation, and 
was only 1% for patients with no mutation [65,66] . 

Monoclonal antibodies directed at EGFR 

Unlike intracellular kinases, as a cell surface 
receptor, EGFR is also amenable to targeting with 
antibodies specific to its extracellular ligandbinding 
domain. Several EGFRspecific antibodies have been 
developed for clinical use (Table 1). Cetuximab, a 
chimeric monoclonal antibody and panitumumab, a fully 
humanized antibody, are both FDAapproved for the 
treatment of colorectal cancer [12,13] . Nimotuzumab, another 
humanized antibody, is used clinically for treatment of 
head and neck squamous cell carcinoma  [15]  and 
glioblastoma [17] . Another chimeric antibody, ch806, binds 
specifically to the activated form of wildtype EGFR and, 
with even greater affinity, to 驻  EGFR and is thus selective 
for tumors and has no effect on normal tissue [67,68] . These 
antibodies function as direct inhibitors of EGFR signaling 
by binding and locking the receptor in an inactive 
conformation. However, they may also be used as highly 
specific vehicles for the delivery of agents such as 
oncolytic viruses or cytotoxins to tumor cells in which 
EGFR is overexpressed or mutated [69] . 

Mechanisms of Resistance to EGFR 
Inhibition 

A number of patients with NSCLC display a 
dramatic response to erlotinib [10] , and treatment with 
cetuximab significantly prolongs survival in some patients 

with colorectal cancer [12] . Unfortunately, EGFR inhibitors 
often fail to elicit a clinical response, even in instances 
where the tumor expresses high levels of activated 
receptor, such as GBM. In some cases, an initial 
response is achieved as measured by decreased tumor 
burden, but patients often have tumor relapse and 
tumors quickly grow back because of acquired 
resistance to receptor inhibition. In others, the patients 
never clinically respond to the targeting agent and thus 
possess inherent, or upfront, resistance. One possible 
explanation for the latter is insufficient inhibition of the 
target due to poor penetration of the tumor with drug. 
Alternatively, it is possible that some tumors are 
intrinsically resistant because they are not dependent on 
EGFR for maintenance and progression. In this case, 
inhibition of the receptor at the later stages when tumors 
are usually diagnosed would fail to affect tumor growth. 
This scenario would also offer an explanation for those 
cases where high levels of EGFR expression/activity are 
noted in the tumor without clinical response to drug. It 
has, however, been experimentally demonstrated that 
the mutant 驻  EGFR is required for both initiation and 
maintenance of GBM growth  , suggesting that the 
receptor is, indeed, a suitable target for therapeutic 
intervention [70] . Thus, other mechanisms of both inherent 
and acquired resistance are likely responsible for the 
inability of EGFR TKIs to elicit a significant and/or lasting 
clinical response (Table 1) [44,61,7187] . 

Inherent resistance 

The inherent ability to circumvent the effects of 
EGFR inhibition is an issue that limits the clinical 
usefulness of these agents for a number of solid tumors. 
The mutational/genetic background of some tumors 
simply precludes a function for EGFR inhibition since 
cells are not dependent on this receptor for oncogenic 
signaling. For instance, the presence of mutant KRas is 
predictive of failure of response to cetuximab in patients 
with colorectal cancer and to EGFR TKIs in patients with 
NSCLC [88] . Somatic mutations in KRas and EGFR are 
mutually exclusive in NSCLC [89] , suggesting that gainof 
function alterations are nonredundant and often occur at 
one node of the signaling cascade. Interestingly, despite 
that they are both oncogenic, KRas mutation predicts 
resistance to EGFRtargeted therapy and renders 
independency of cells on EGFR, whereas some EGFR 
mutations render dependency of cells on EGFR and 
predict response. 

In GBM, failure to clinically respond to EGFR TKIs 
has been correlated with the lack of functional PTEN, a 
negative regulator of PI3K activity that frequently 
undergoes lossoffunction mutation or is lost by deletion 
in human tumors [8284] . The resultant high levels of PI3K/A 
kt/mTOR pathway activity induced by PTEN loss  persist 
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despite EGFR inhibition. Nevertheless, response to 
EGFR TKIs in GBM does not often correlate with PTEN 
or even with expression/amplification/mutation of EGFR 
[63] . It is possible that the inherent intratumoral 
heterogeneity of GBM contributes to the upfront 
resistance that many of these tumors possess. 

Interestingly, a recent study approached the 
question of resistance by considering the full complexity 
of EGFR signaling networks and identified distinct groups 
of proteins which, when targeted, increased the intrinsic 
efficacy of EGFR inhibitors on cell lines [90] . One of the 
most prominent findings of this study was that 
coinhibition of EGFR and Aurora kinase A synergistically 
induced apoptosis and suppressed the activity of 
intracellular signaling mediators compared to either 
inhibitor alone. Thus, tumors may possess upfront 
resistance based on their genetic makeup and resultant 
lack of EGFR dependency, or may be EGFRdependent 
and undergo additional alterations, intrinsic or acquired, 
that render EGFR dispensable for tumor survival [82] . 

Acquired resistance 

One of the most direct avenues for acquired 
resistance is the upregulation and engagement of efflux 
pumps to effectively remove the drug from its site of 
activity. Although gefitinib and erlotinib are substrates for 
the ABCG2 efflux transporter, they inhibit the activity of 
these pumps and other proteins involved in drug efflux, 
such as Pglycoprotein, at high concentrations  [91,92] . 
Another mechanism that directly interferes with the ability 
of the drug to access its site of activity is the gatekeeper 
mutation T790M, which is found in approximately 50% of 
patients with NSCLC that develop drug resistance [71,93] . 
This mutation alters the specificity of the ATPbinding 
pocket such that the affinity for ATP is greatly increased, 
thereby interfering with the ability of drugs to compete for 
binding to the receptor [94] . Studies have shown that a 
small population of circulating lung cancer cells harbor 
this mutation [95] , so it is likely that these cells are 
selectively expanded during therapy. 

Alternatively, coactivation of multiple receptor 
tyrosine kinases (RTKs) can reduce or diminish the 
dependence of tumor cells on EGFRmediated signaling [85] , 
thereby negating the effects of EGFR inhibition on tumor 
growth. Depending on the tumor type, expression and/or 
coactivation of some RTKs likely exists before treatment 
and could cause intrinsic resistance, but some receptors 
are specifically upregulated and activated in response to 
continued EGFR inhibition and appear to directly 
compensate for EGFR. Upregulation of cMet and/or 
increase in production of the cMet ligand, hepatocyte 
growth factor (HGF), occurs in 20% of NSCLCs and is 
responsible for maintaining oncogenic signaling despite 
EGFR inhibition by driving ERBB3dependent PI3K/AKT 

activation [7274] . In head and neck squamous cell carcinoma, 
acquired resistance to cetuximab was caused by 
dysregulation of EGFR internalization and degradation, 
resulting in increased EGFR stability, as well as binding 
to and activation of HER2 [81] . In addition to these well 
studied mechanisms of resistance, there are additional 
mechanisms that are in the early phase of investigation, 
such as the upregulation of novel resistance genes 
responsible for escape from dependence on 驻  EGFR in 
GBM [70] . 

Perspectives on resistance 

Similar to the EGFRactivating genetic alterations, 
some of the specific mechanisms that cause resistance 
to EGFR inhibition appear to be dictated by tumor type. 
The most striking example of this is evident in NSCLC 
and GBM. The gatekeeper mutation T790M is perhaps 
the most common mechanism of resistance in NSCLC, 
but is rarely, if ever, found in GBM, despite that GBM is 
often refractory to TKI treatment. Intriguingly, 
erlotinibtreated NSCLC that metastasized to the liver 
and the central nervous system (CNS) acquired the 
T790M mutation in the primary tumor and liver 
metastases, conferring drug resistance to these tumors, 
whereas the CNS tumors that did not acquire this 
mutation remained sensitive to erlotinib [96] . In addition, 
somatic mutations in KRas are very rare in GBM but 
occur at a high frequency in NSCLC. This pattern may 
indicate a situation in which tumors are dependent on 
EGFR in both settings, but perhaps in unique and 
different ways that are dictated by the specific tumor 
type, genetic context, and/or microenvironment in which 
they must adapt. Due to the extremely high level of 
heterogeneity in GBM tumors, for example, there may be 
a population of cells within the tumor that is 
EGFRindependent and responsible for resistance in the 
event of receptor inhibition. Other solid tumors that 
possess greater homogeneity in their molecular profile 
and dependence on EGFR may respond more favorably 
upfront to EGFR inhibition, but later acquire resistance 
through secondary mutations such as T790M. Further 
elucidation of these mechanisms and other aspects of 
EGFR biology combined with efforts in genome 
sequencing may uncover novel mutations/alterations in 
EGFR that are predictive of response in tumors with 
specific origins or genetic backgrounds. 

Conclusion 
Targeted EGFR therapy has progressed from the 

identification of the receptor as a driving factor in 
oncogenesis to the widespread clinical use of EGFR 
inhibitors. It is now clear that the complex signaling 
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network that EGFR regulates and the distinct differences 
in this network in specific tumor types must be 
considered when predicting which patients are most 
likely to respond to tailored therapies. These differences 
dictate how tumors respond to EGFRtargeted therapies, 
as well as how they become resistant. The future 
success of drugs and other approaches targeting this 
receptor lies in our ability to identify biologically 
vulnerable tumors based on their specific genetic 
alterations. A greater understanding and appreciation of 
all of these factors will allow for more rational design of 
novel therapies and new combinations of existing 

targeted therapies directed against this receptor. 
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