
Lung cancer is one of the leading causes of cancer-related

deaths among both men and women, and there continues to be lim-

ited treatment options available for advanced-stage disease (1,2,3).

Non-small cell lung cancer (NSCLC) which comprises the majority

(about 75%) of lung cancer, has proven difficult to treat due to

poorly understood pathological mechanisms. Recent advances in

our understanding of cell signaling pathways that control cell sur-

vival have identified genetic and regulatory aberrations that sup-

press cell death, promote cell division, and induce tumorogenesis.

One such discovery is that of epidermal growth factor receptor

(EGFR). EGFR is a transmembrane receptor tyrosine kinase pro-

tein that is expressed in some normal epithelial, mesenchymal, and

neurogenic tissue. Overexpression of EGFR has been reported and

implicated in the pathogenesis of many human malignancies, in-

cluding NSCLC (4,29). Some studies have shown that EGFR ex-

pression in NSCLC is associated with reduced survival (30,31,32),

frequent lymph node metastasis and poor chemosensitivity (33,34).

Two oral anti-cancer drugs that inhibit EGFR, gefitinib (Iressa)

and erlotinib (Tarceva), have recently been approved for use in ad-

vanced non-small cell lung cancer, and mutations in EGFR have

been discovered in association with some lung cancers. Since then,

considerable effort has been made to identify clinical, morpholog-

ic, and molecular factors that can predict response rates to these

drugs. This review provides an introduction to the role of EGFR in

lung cancer and presents some of the recent literature on this topic.

EGFR function and its role in lung cancer

EGFR belongs to the erbB family of closely related receptor ty-

rosine kinases, which include erbB1 (also known as EGFR), erbB2

(HER2), erbB3, and erbB4. Although their basic structures are sim-

ilar, each one has distinct properties, including variation in tyrosine

kinase activity. It has an extracellular ligand binding domain, a

transmembrane portion, and intracellular tyrosine kinase and regu-

latory domains. Upon binding of a specific ligand (eg. epidermal

growth factor), the normally functioning EGFR undergoes confor-

mational change and phosphorylation of the intracellular domain

occurs, leading to downstream signal transduction by various path-

ways. These include the Raf1-extracellular signal-regulated kinase,

PI3K/Akt, and signal transducer and activator of transcription

(STAT) factors. Depending on the pathway, the end result is cell

proliferation or cell maintenance by inhibition of apoptosis (4).

DNA mutations in EGFR as detected by polymerase chain reac-

tion (PCR) can occur in regions corresponding to the extracellular

or intracellular portions of the protein. In non-small cell lung can-
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cer, overexpression of EGFR or mutations in intracellular EGFR

have been observed in 43-89% of cases (5). Others report that one

quarter of NSCLC had mutations in the EGFR tyrosine kinase do-

main and these were associated with increased receptor expression

in 75% of cases (35,36). Of the known EGFR tyrosine kinase do-

main mutations, greater than 90% occur as short in-frame deletions

in exon 19 or as point mutations in exon 21, the latter resulting in

arginine replacing leucine at codon 858 (L858R) (6). These muta-

tions can result in constitutive activation of signal transduction

pathways, leading to cell proliferation or anti-apoptosis, regardless

of the presence of extracellular ligand. Two less common muta-

tions occur at exons 18 and 21. Of note, EGFR and KRAS muta-

tions appear to be mutually exclusive (7)

The EGFR gene may also undergo amplification, as detected by

fluorescence in situ hybridization (FISH) or chromogenic in situ

hybridization (CISH). In addition to mutated EGFR, there is now

evidence that increased EGFR gene copy number, as defined as

high polysomy or amplification, is associated with a better re-

sponse to TKIs (13-16). Although some cases of adenocarcinoma

show both EGFR mutations and increased gene copy number, oth-

ers may show only one or the other. Recently it was reported that

approximately 50% of EGFR mutated cases show an increased

EGFR copy number, while approximately 75% of cases with in-

creased gene copy number have mutations (6,17).

EGFR receptor tyrosine kinase inhibitors

The discovery of the EGFR receptor tyrosine kinase inhibitors

(TKIs) gefitinib and erlotinib resulted in a large phase III trial of

nearly 1700 advanced stage lung cancer patients, treated with ei-

ther gefitinib or placebo. For all lung cancers as there was no sur-

vival benefit in the group treated with gefitinib (8). However, in a

subset of patients (non-smoking Asian women with adenocarcino-

ma, particularly with a bronchioloalveolar carcinoma), there was a

significant survival advantage.

Subsequently, three landmark trials in 2004 showed that lung

adenocarcinomas with mutated EGFR had significant responses to

gefitinib and erlotinib (9,10,11). This was supported by other phase

III clinical trials with chemotherapy plus erlotinib or gefitinib ver-

sus chemotherapy plus placebo in NSCLC patients that showed a

survival improvement for EGFR mutated cases irrespective of the

treatment they received (38,39). Overall, response rates to TKIs in

adenocarcinomas with mutations in EGFR are in the range of

65-90% (6). Despite the increased response rates to these drugs in

NSCLC cases with an EGFR mutation, they may not have an over-

all survival benefit (22). One study showed that presence of EGFR

mutations was not associated with survival, although a trend for

shorter survival was observed in the subgroup of patients harboring

an exon 19 deletion (37). One earlier study reported that treatment

of NSCLC patients with gefitinib improved symptoms and caused

a radiologic response in only 10% of cases (44), suggesting that

EGFR activation may be a minor component of the tumerogenic

process.

Gefitinib and erlotinib are orally-administered small molecule

inhibitors of the intracellular tyrosine kinase domain of EGFR and

are approved for second or third line treatment of advanced lung

cancer. Interestingly, intracellular mutations in EGFR at exon 19

and 21 appear to confer increased affinity for these drugs, which

may impart a dependence on these mutations for drug efficacy

(10). Acquired resistance mutations may also occur in cancers

treated with TKIs, most commonly the threonine to methionine

shift at codon 790 (T790M) (9). This has been reported in up to

50% of tumors exhibiting acquired resistance to gefitinib (12).

Assessment of EGFR abnormalities

As mentioned, gefitinib and erlotinib are effective in only a sub-

set of patients with non-small cell lung cancer. Some studies have

reported morphologic characteristics that appear to be associated

EGFR mutations or with better responses to TKIs. These include

adenocarcinoma with a non-mucinous bronchioloalveolar compo-

nent, hobnail cell type, as well as papillary and micropapillary pat-

terns (18,19). It has also been reported that tumors with amplified

EGFR are more likely to have a significant component of solid

growth, suggesting an association between EGFR amplification

and a more aggressive tumor (20).

The utility of detecting EGFR overexpression by immunohisto-

chemistry (IHC) is controversial. In some studies, IHC has been

shown to have value in predicting response to TKIs, while others

have not been able to show its predictive value (14,21,22,23).

There has been intense interest in developing novel antibodies that

are able to identify abnormal EGFR or more reliably detect overex-

pression, and thus better predict response to targeted therapies (21).

Several studies have investigated how best to evaluate EGFR

abnormalities. A meta-analysis and systemic review of the litera-

ture involving nearly 5000 patients with lung adenocarcinoma from

27 studies was recently undertaken in order to determine the value

to EGFR tests in predicting response to targeted therapy (21). IHC,

FISH, and PCR were assessed and it was concluded that all three

methods significantly correlate with response to TKIs. Positive pre-
dictive values of IHC, FISH, and PCR were 6.5-82%, 11-89%, and

7-100% , respectively. The authors of this review note that there

was significant variation in study methodology, and highlighted the

importance of standardizing these methods. Further studies are re-

quired in order to identify the best method for selecting patients

who will benefit from TKIs.

Direct sequencing of mutations by PCR has obvious advantages

in that it can detect specific mutations, and thus identify the muta-

tions known to be associated with better responses to TKIs. For ex-

ample, it has been observed that tumors with EGFR exon 19 muta-

tions have better overall survival than those with exon 21 muta

tions when treated with TKIs (24,25). In addition, PCR can identify

mutations that are thought to carry resistance to TKIs, including the

exon 20 insertion that confers primary resistance, as well as the ac-
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quired resistance mutation T790M. Identification of a KRAS muta-

tion also indicates primary resistance to TKIs, as these mutations

are mutually exclusive with EGFR mutations.

On the other hand, not all tumors with the susceptible EGFR

mutations respond to TKIs, and some tumors respond to TKIs that

do not show mutations by direct sequencing. There are several po-

tential reasons for this. It has been postulated that mutations in the

tyrosine kinase domain of EGFR are early events in lung carcino-

genesis, since these mutations have been found in about 50% of

atypical adenomatous hyperplasia, as well as in normal lung tissue
surrounding a tumor (26). Second, it is known that mutations may

be missed if the sample submitted for direct sequencing contains

less than 25% tumor cells (6). Thus, although PCR is able to identi-

fy the exact mutation status in many cases, it is not a perfect

method for predicting TKI response, and DNA sequencing is yet to

be available for routine clinical use in most laboratories.

EGFR gene copy number, as evaluated by FISH or CISH, has

also been associated with response to TKIs (27). However, other

studies indicate that no difference in survival is observed regarding

EGFR gene status measured by FISH analysis (40,41,42,43). There

continues to be ongoing debate regarding the relative importance

of mutation status versus gene amplification status. A certain de-

gree of co-existence occurs, in that about 50% of tumors with

EGFR mutations show increased gene copy number, while about

75% of tumors with increased copy number contain mutations (6).

In accordance with the concept that EGFR mutations occur early in

lung carcinogenesis, it has been suggested that EGFR gene amplifi-

cation is a later event (20,28). One recent study found that among

65 cases of never-smoking Asian women with adenocarcinoma,

80% had mutations in EGFR, of which nine showed gene amplifi-

cation by FISH (20). All of the amplified cases had the exon 19

deletion mutation. Patients with tumors containing amplified

EGFR were significantly more likely to have a pattern of solid

growth on histology, show a strong staining pattern by IHC, and

have a worse overall survival compared to patients with tumors

containing non-amplified EGFR. Interestingly, amplified EGFR

was not associated with acinar or BAC patterns, the latter of which

has been reported to predict responsiveness to TKIs. These find-

ings support the concept that EGFR amplification may occur after

a mutation and result in a higher-grade, more aggressive tumor.

The introduction of EGFR tyrosine kinase inhibitors and the

subsequent discovery of EGFR mutations in non-small cell lung

cancers have resulted in a considerable amount of research and

publication in this area. To date, EGFR mutation analysis by direct

sequencing has been the most studied and reliable method of pre-

dicting response to TKIs. However, the most recent evidence sug-

gests that increased gene copy number may also be involved, with

mutations occurring as early events in the carcinogenesis of some

lung cancers, and gene amplification occurring later. Thus, both

EGFR mutation and gene amplification status may be important in

determining which tumors will respond to TKIs. However, further

studies are required in order to standardize methodologies for mu-

tation and gene amplification analysis. In addition, efforts are on-

going to develop IHC markers that reliably can detect abnormal

EGFR and thus guide the use of targeted therapies.
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