
 

 

Introduction 
 
Lung cancer is the leading cause of death in 
both men and women worldwide [1]. Lung can-
cer is broadly divided into non-small cell lung 
cancer (NSCLC) and small cell lung cancer 
(SCLC). NSCLC, which represents approximately 
85% of all lung cancers, can be further divided 
into squamous cell carcinoma, small cell carci-
noma, adenocarcinoma, large cell carcinoma, 
adenosquamous carcinoma, carcinoid tumor, 
bronchial grand carcinomas, and others, of 
which adenocarcinomas are the most common. 
Recently, molecular-targeted drugs such as ge-
fitinib (IressaTM) and later erlotinib (TarcevaTM) 
tyrosine kinase inhibitor (TKI), which are specific 
to the EGFR tyrosine kinase, have been devel-
oped. The proven efficacy of these novel-type 
drugs for some patients of NSCLC raised hopes 
that the prognosis of NSCLC could be improved. 
However, clinical use showed that, although 
some patients responded dramatically to the 
drug, other patients did not respond well and 
eventually died because of fatal side effects, 
such as lung fibrosis. Female patients, never-

smokers, Asians, and lung adenocarcinoma 
patients are noted to have higher response 
rates.  
 
In this review, I first describe the basics of sig-
nal transduction of EGFR and its family mem-
bers. I then describe the recent understanding 
of the molecular mechanisms that determine 
the sensitivity and lead to acquired resistance 
for EGFR-TKI (small molecule inhibitors).  
 
The basics of signal transduction of the EGFR 
family members 
 
The EGFR protein family contains 4 members: 
EGFR (also known as ERBB1/HER1), HER2/
ERBB2, HER3/ERBB3, and HER4/ERBB4 [2,3]. 
All the receptor members have an extracellular 
ligand-binding region or ectodomain, a single 
membrane-spanning region, and a cytoplasmic 
region that contains a tyrosine kinase domain. 
Binding of the ligand to the ectodomain initiates 
receptor homo- and heterodimerization and 
activates the cytoplasmic tyrosine kinase, stimu-
lating the intracellular signaling pathways. There 
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is no known ligand for HER2, and it appears 
that this protein can only be activated by het-
erodimerization with other EGFR family mem-
bers. Such activation of HER2 without a ligand 
has been explained by its extracellular domain, 
which constitutively boasts a structure that is 
reminiscent of the ligand-bound form of HER1. 
This suggests that HER2 is capable of ligand-
independent dimerization and is the preferred 
partner for the other activated HER family mem-
bers. Among all the combinations of het-
erodimer formation, heterodimerization be-
tween HER2 and HER3 appears to be most pref-
erentially formed and is the strongest one for 
signaling. HER3, on the other hand, is deficient 
in kinase activity because of its weak catalytic 
domain but can be phosphorylated by other 
HER family members in the heterodimeric state.  
 
The mechanism of ligand-induced HER signaling 
has emerged from structural studies. As shown 
in Figure 1, the ligand-free EGFR extracellular 
domain displays a closed, inactive conformation 
that features intramolecular interactions be-
tween regions II and IV. Such a conformation 

prevents both the extension of the receptor 
dimerization domains on subregions II and IV as 
well as the juxtapositioning of subregions I and 
III to form a ligand-binding pocket. Once the 
ligand binds to the receptor, subregions II and 
IV extend away from the rest of the molecule, 
thus enabling receptor dimerization via intermo-
lecular contacts involving subregions II and IV. 
Thus, in the open conformation, subregions I 
and III form a ligand-binding pocket that permits 
interactions between a single ligand molecule 
and subregions I and III. At the same time, in 
the cytoplasmic region of EGFR, ligand-induced 
dimerization is postulated to mediate kinase 
activation by positioning 2 cytoplasmic domains 
such that transphosphorylation can occur. 
 
Activation of EGFR family members results in 
phosphorylation of signaling proteins to stimu-
late intracellular signaling pathways, which pro-
mote cell growth, proliferation, survival, differen-
tiation, and migration (Figure 2). There are 2 
major pathways that activate RAS via activated 
EGFR family members: binding to Grb2 or to 
Shc, both of which are adaptor proteins. In the 

Figure 1. Model structure of the unliganded and liganded epidermal growth factor receptor (EGFR). EGFR is com-
posed of a large extracellular ligand-binding domain, which has 4 subdomains (I–IV), followed by a transmembrane 
domain, a small intracellular juxtamembrane domain preceding the kinase domain, and a C-terminal tail, on which 
the docking sites for phosphotyrosine-binding effector molecules are found. Subdomain I and III of the extracellular 
domain mediate ligand binding, whereas the cysteine-rich subdomains II and IV participate in receptor dimerization. 
In the absence of ligand binding, the dimerization arm from subdomain II is sequestered within a monomer by inter-
actions with subdomain IV. As shown here, ligand (EGF) binding effectively opens the receptor, releasing subdomain II 
from subdomain IV and exposing the dimerization arm to enable association with other receptors. 
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case of EGFR, the adaptor protein Grb2 binds 
preferentially to the phosphorylated Y1068 of 
EGFR via its Src homology (SH) 2 domain. Grb2 
binds to Son of Sevenless (SOS) via its SH3 do-
main. SOS is a GTP-exchange factor for RAS, 
and it increases the GTP-bound form of RAS, 
thereby activating RAS. The other adaptor pro-
tein, Shc, binds preferentially to the phosphory-
lated Y1148 of EGFR via its SH2 domain, and it 
undergoes tyrosine phosphorylation by the acti-
vated tyrosine kinases of the EGFR family mem-
bers. Tyrosine-phosphorylated Shc binds to 
Grb2 through the SH2 domain of Grb2. The re-
sult ing complex between tyrosine-
phosphorylated Shc and Grb2 activates RAS. 
The activated, GTP-bound form of RAS tran-
siently binds to and activates RAF, a serine/
threonine kinase, and phosphatidyl inositol (PI)-
3 kinase. Activated RAF next activates one of 
the major mitogen-activated protein kinase 
(MAPK) cascades. RAF first phosphorylates and 
activates MEK, and MEK subsequently phos-
phorylates and activates ERK. In addition to 
phosphorylating a number of substrates in the 
cytoplasm, ERK also translocates into the nu-
cleus to phosphorylate other intranuclear sub-
strates.  

PI-3 kinase is a complex comprising a p85 sub-
unit, adaptor proteins, and p110, a catalytic 
subunit. Among the EGFR family members, only 
tyrosine-phosphorylated HER3 directly binds to 
p85 via the SH2 domain of p85. Each SH2 do-
main of the various proteins binds to a pre-
ferred motif, and it is known that p85 preferen-
tially binds to the pYXXM (pY, phosphorylated 
tyrosine; X, any amino acids; M, methionine) 
motif. Among the EGFR family members, only 
HER3 has this motif. It appears that an interac-
tion between HER3 and the PI-3 kinase plays an 
important role in tumorigenesis. Although many 
in vitro studies have shown that activated RAS 
activates PI-3 kinase, this mechanism may play 
a minor role compared to the interaction be-
tween HER3 and PI-3 kinase. PI-3 kinase acti-
vates AKT and p70S6K/p85S6K, both of which 
are serine/threonine kinases.  
 
The HER receptors are aberrantly activated in a 
wide range of human tumors. Increased levels 
of EGFR gene expression as well as overexpres-
sion of EGFR protein levels are observed in 
many solid tumors, including lung, head and 
neck, ovary, cervix, bladder, esophagus, stom-
ach, brain, breast, endometrium, colon, and 

Figure 2. Schema of simplified signal transduction pathways through EGFR, and molecular mechanisms associated 
with sensitivity to EGFR-tyrosine kinase inhibitor (TKI). 
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pancreas. To circumvent this situation, a new 
class of drugs that specifically targets EGFR 
pathways has been investigated as a potential 
tool for cancer therapy. Antibodies directed 
against the extracellular domain of EGFR or 
against small molecule tyrosine kinase inhibi-
tors have been developed. Gefitinib and er-
lotinib are small molecule compounds derived 
from quinazoline that compete with ATP for the 
ATP-binding site on EGFR to prevent autophos-
phorylation, with the effect of blocking signal 
transduction. 
  
EGFR mutations 
 
Cancer tissues of lung adenocarcinoma patients 
responding to EGFR-TKI were shown to harbor 
somatic mutations in EGFR [4]. To date, a num-
ber of somatic mutations have been identified 
in the EGFR gene in NSCLC. Most of the muta-
tions are present in the tyrosine kinase-
encoding domain (exons 18–21) of EGFR. The 
main types of mutations are as follows: point 
mutations at codon 719 (G719X), deletions in 
exon 19, insertion mutations in exon 20, and a 
point mutation at codon 858 in exon 21. There 
are over 20 variant types of deletion, such as 
larger deletions, deletion plus point mutation, 
deletion plus insertion, and so on. However, 
approximately 90% of the mutations are either 
small deletions encompassing 5 amino acids 
from codon 746 through 750 in exon 19, or 
missense mutations resulting in leucine-to-
arginine switch at codon 858 (L858R). The re-
current nature of these somatic mutations im-
plies that specific gain-of-function properties are 
caused by these alterations. Deletion of exon 
19 and L858R mutations cause increased and 
sustained phosphorylation of EGFR without 
ligand stimulation, and activation of down-
stream molecules (AKT, STAT) involved in an-
tiapoptotic pathways.  
 
A large number of retrospective studies have 
confirmed the link between the clinical charac-
teristics associated with EGFR-TKI responses 
and EGFR mutations. In general, about 80% of 
NSCLC with EGFR mutations respond to EGFR-
TKI, whereas 10% of tumors without EGFR mu-
tations do so. Two activating mutations, namely 
small in-frame deletion in exon 19 and substitu-
tion of leucine for arginine at amino acid 858 in 
exon 21 (L858R), are strikingly correlated with 
EGFR-TKI sensitivity. At the present time, the 
most common method of activating mutation 

detection is by direct sequencing of the EGFR 
exons 18–21 from DNA isolated from tumor 
cells. Several studies have reported that pa-
tients with EGFR mutations have a significantly 
longer survival than those with wild-type EGFR 
when treated with EGFR-TKI [5].  
 
EGFR mutations in cancer tissues were pre-
dominantly found in women, never-smokers, 
East Asians, and adenocarcinoma patients. In 
Japan, the frequency of EGFR mutation among 
total adenocarcinoma patients is up to 50%. 
This contrasts sharply with the fact that only 
about 10% of adenocarcinoma patients have 
EGFR mutations in Western countries. The rea-
son why only some populations tend to have 
EGFR mutations is totally unknown. Recently, in 
Japan, the detection of EGFR mutations is often 
used for diagnostic purposes of adenocarci-
noma patients in clinical examinations.  
 
EGFR gene copy numbers 
 
Patients with an amplification of EGFR gene in 
lung cancer tissues were shown to be more re-
sponsive to EGFR-TKI than patients with normal 
EGFR gene copy numbers [6]. In this study, Cap-
puzzo et al. studied the EGFR copy number, as 
determined by fluorescence in situ hybridization 
(FISH), in 100 patients treated with gefitinib, 
and reported that EGFR gene amplification is 
more predictive of patient survival after gefitinib 
treatment than EGFR mutations. Moreover, pa-
tients who have increased copies of EGFR gene 
show a significant survival following EGFR-TKI 
treatment in both Phase II and Phase III clinical 
trials. Also, patients with amplification or high 
polysomy of EGFR had longer median times to 
progression and showed an overall survival. 
Furthermore, most studies showed that amplifi-
cation of EGFR was associated with somatic 
mutations in EGFR. In general, tumors with 
EGFR somatic mutations tend to also have gene 
amplification. It is thus likely that mutations and 
amplification are both important in determining 
EGFR-TKI sensitivity. In Western countries, de-
tection of EGFR amplification has recently been 
introduced into patient diagnostics. 
 
KRAS mutation  
 
RAS genes, especially KRAS, have been impli-
cated in the pathogenesis and prognosis of lung 
cancers. About 10–30% of NSCLC patients have 
KRAS mutations that are consistently associ-
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ated with smoking [7]. The majority of the muta-
tions lead to a guanine to thymine transversion 
in codon 12, which results in constitutive activa-
tion of the KRAS protein. NSCLC patients with 
KRAS mutations are associated with unfavor-
able prognosis. 
 
It was reported that KRAS mutations are associ-
ated with a lack of tumor response to EGFR-TKI 
[8]. Further investigations confirmed that muta-
tions of EGFR and KRAS are mutually exclusive, 
and that NSCLC patients with KRAS mutations 
have a poor sensitivity to EGFR-TKI [9-12]. This 
can be explained by the fact that the KRAS 
pathway is one of the important downstream 
signaling pathways of EGFR. EGFR activates 
many signaling pathways, including RAS, and 
activation of many of these pathways appears 
to be required for the full activity of tumorigene-
sis. In contrast, mutation of KRAS may activate 
signaling pathways leading to tumorigenesis 
that are stronger than those activated by EGFR. 
This difference in the strength of signaling is 
reflected by the fact that only the KRAS pathway 
is sufficient for full activity of tumorigenesis. It 
may be beneficial to determine which patients 
have KRAS mutations, by screening for KRAS 
mutation in the cancer tissues, in order to avoid 
them undergoing the EGFR-TKI therapy. 
 
BRAF mutation 
 
The occurrence of the BRAF mutation V600E 
has been frequently observed in various human 
cancers. V600E BRAF mutation stimulates 
MAPK signaling to induce proliferation. It was 
also reported that the BRAF gene mutation oc-
curs in lung adenocarcinomas [13]. The fre-
quency of BRAF mutations is relatively low, the 
same as is observed for HER2 mutations. How-
ever, it is also noteworthy that activating muta-
tions in the EGFR, HER2, KRAS, and BRAF 
genes are mutually exclusive. Pratilas et al. indi-
cated that the BRAF mutation in cell lines pre-
dicts resistance to EGFR-TKI and sensitivity to 
MEK inhibition in vitro. However, it is still un-
clear whether the patients with the BRAF muta-
tion respond to EGFR-TKI.  
 
PIK3CA mutation  
 
Somatic mutations of PIK3CA encoding the 
p110 alpha catalytic subunit of PI-3 kinase have 
been found in various cancers. It was reported 
that 2 of 78 lung cancer patients had PIK3CA 

mutations [14]. These 2 patients with the 
PIK3CA mutations, a female patient and a never
-smoker, also had an EGFR mutation (L858R) 
and partially responded to EGFR-TKI. However, 
it is still unclear whether patients with the 
PIK3CA mutation would respond to EGFR-TKI. 
The role of a PIK3CA mutation as a predictive 
factor associated with resistance to EGFR-TKI 
requires further evaluation. 
 
E-cadherin expression  
 
EGFR interacts with the cell adhesion molecule 
E-cadherin, a calcium-dependent adhesion 
molecule. This association inhibits ligand-
dependent EGFR activation and its signaling. It 
was reported that restoring E-cadherin expres-
sion increases sensitivity to EGFR-TKI in lung 
cancer cell lines [15]. It is known that expres-
sion of E-cadherin is inversely associated with 
the epithelial–mesenchymal transition. 
 
Acquired resistance 
 
In contrast to the inherent resistance to EGFR-
TKI described above, it is common for patients 
to achieve a resistance phenotype against EGFR
-TKI after varying periods. It was reported that 
the secondary mutation of the EGFR gene, re-
sulting in threonine to methionine at codon 790 
(T790M), was responsible for its acquired resis-
tance [16]. In addition to the T790M mutation, 
it was also reported that D761Y, L747S, and an 
insertion in exon 20 are associated with EGFR-
TKI resistance. Biochemical analysis demon-
strated that the T790M mutation confers resis-
tance to EGFR mutants that are usually sensi-
tive to EGFR-TKI. After examining the crystal 
structure of the EGFR kinase domain, it was 
revealed that the position T790M is located in 
the ATP-binding pocket of the catalytic region 
and appears to be critical for EGFR-TKI binding. 
Thus, introducing the T790M mutation in-
creases the ATP affinity of the receptors. More-
over, it was reported that the T790M mutation 
occurs in about 50% of patients with acquired 
resistance to EGFR-TKI. Therefore, The EGFR 
T790M mutation occurs in an analogous posi-
tion to known resistance mutations to imatinib, 
a tyrosine kinase inhibitor specific for BCR-
ABL1, KIT, and PDGFRA (T315I in ABL1, T674I 
in PDGFRA, and T670I in KIT). The conserved 
threonine residue among these different 
kinases, located near the kinase active site, is 
often referred to as the gatekeeper mutation. 
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Other mutations, namely those of D761Y, 
L747S, and insertions in exon 20, were re-
ported to exist in lung cancer tissues with ac-
quired resistance to EGFR-TKI.   
 
It was reported that amplification of the MET 
gene is another mechanism to acquire resis-
tance to EGFR-TKI [17]. MET is a receptor for 
the hepatocyte growth factor (HGF)/scatter fac-
tor, which is involved in the development of vari-
ous human cancers. MET causes resistance by 
activating the HER3-dependent activation of the 
PI-3 kinase/AKT pathway. Moreover, it was re-
ported that additional MET amplification occurs 
in 22% (4 of 18 specimens) of patients with an 
acquired resistance to EGFR-TKI.  
 
Other mechanisms of obtaining acquired resis-
tance to EGFR-TKI have been reported. It was 
reported that EGFR-TKI treatment stimulates 
the insulin-like growth factor 1 receptor (IGFIR) 
pathway and its downstream signaling via the 
EGFR-IGFIR heterodimer, and induces survivin 
expression that protects NSCLC cells from apop-
tosis [18]. Furthermore, Guiex et al. demon-
strated that downregulation of the IGF-binding 
protein 3 (IGFBP3) and IGFBP4, the negative 
regulators of IGF-I receptor signaling, contrib-
utes to the acquired resistance to EGFR-TKI in 
human cancer cell lines. Yano et al. recently 
reported that HGF, a ligand of MET, induces 
acquired resistance to EGFR-TKI in lung adeno-
carcinoma with EGFR mutations by activating 
MET and its downstream signaling. However, 
there are still other mechanisms of acquired 
resistance to EGFR-TKI that remain unclear. 
Further investigations to clarify the issue will be 
needed. 
 
Conclusion 
 
Thus far, the most reliable biomarkers that pre-
dict the efficacy of EGFR-TKI for NSCLC patients 
are the somatic mutations in EGFR and EGFR 
gene amplification. In fact, diagnostic methods 
to detect somatic mutations in EGFR have been 
developed using tissues, pleural fluid, and bron-
choalveolar lavage (BAL), and these have been 
started to be used clinically. Although much 
effort has been given to understand the molecu-
lar mechanisms of the sensitivity and resistance 
to EGFR-TKI, these are still not fully understood. 
A novel idea, associated with novel technology, 
may be necessary to achieve a breakthrough in 
understanding this complex disease and to pro-

vide better treatment options for cancer pa-
tients. 
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