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Abstract

Background. Patients with non-small-cell lung cancer
sometimes show a dramatic clinical response to gefitinib or
erlotinib, small-molecule tyrosine kinase inhibitors (TKI)
specific for the epidermal growth factor receptor (EGFR).
However, until April 2004, it was unclear how to identify
patients who would benefit from these drugs. Then, two
groups from Boston reported that EGFR gene mutations in
the kinase domain are strongly associated with gefitinib
sensitivity. EGFR mutations are more frequent in Asians,
females, nonsmokers, and adenocarcinomas than in their
counterparts. These populations precisely coincide with
those populations with higher response rates to TKIs. We
and others subsequently confirmed and extended these
findings.

Methods. We reviewed recent literatures on EGFR muta-
tions and EGFR-TKIs. We discuss topics including the
molecular epidemiology and biology of EGFR mutations in
relation to EGFR-TKIs, the controversy about whether
EGFR mutations account for all the clinical activity of
EGFR-TKIs, and the mechanisms of acquired resistance to
gefitinib or erlotinib.

Results. The discovery of EGFR mutations has great bio-
logic and clinical implications in lung cancer. However, all
but one phase III trials have so far failed to show a survival
advantage of the treatment arm involving EGFR-TKISs.
Conclusion. It would be possible to individualize EGFR-
TKI treatment of lung cancer by selecting patients accord-
ing to EGFR mutational status and other biomarkers.
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Introduction

Lung cancer is the leading cause of cancer-related death in
Japan, as in Western countries, claiming nearly 60000 lives
annually. Although various chemotherapeutic agents were
developed in the 1990s, platinum doublet therapy reached a
therapeutic plateau with an objective response rate of 30%—
40% and a median survival time (MST) of 8-10 months for
patients with stage I1IB or IV disease.'

To circumvent this situation, a new class of drugs that
specifically targets certain molecular pathways leading to
cancer phenotypes is being actively developed. Epidermal
growth factor receptor (EGFR) is one such target for the
treatment of non-small-cell lung cancer (NSCLC), because
EGFR is frequently overexpressed and aberrantly activated
in NSCLC. When EGFR binds to several specific ligands,
multiple signaling pathways are activated including the
RAS/RAF/ERK/MAPK pathway, resulting in cell
proliferation, and the PI3K/AKT pathway, STAT (signal
transducers and activators of transcription) 3 and 5 signal
transduction pathways, resulting in the evasion of
apoptosis.” Antibodies directed against the extracellular
domain of EGFR (such as cetuximab, matuzumab, and
panitumab) and small-molecule tyrosine kinase inhibitors
(TKIs) that target the kinase domain (such as gefitinib and
erlotinib) are in clinical use or in a late developmental
stage.’

In the phase II trials of gefitinib, IDEAL 1 and 2, certain
patient subgroups appeared to have a higher response rate:
female and Japanese patients, and adenocarcinomas.*’
Miller et al. reported that smoking history and bron-
chioloalveolar pathological subtype predict sensitivity to
gefitinib.’ Overall, a partial radiographic response was ob-
served in 21 (15%) of 139 patients with advanced NSCLC.
Never-smokers had a significantly higher response rate than
former/current smokers (36% vs 8%, respectively; P <
0.001) and multivariate analysis confirmed this association
(P =0.006).° Following the report of these findings, various
groups confirmed that a response to gefitinib or erlotinib is
consistently seen in a certain patient subgroup. An analysis
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of 1974 patients taken from previously published analyses
(Fig. 1) indicated that the TKI response is significantly de-
pendent on ethnicity, sex, smoking history, and histological
type. However, it was not possible to predict gefitinib sensi-
tivity by levels of EGFR overexpression, determined by
immunohistochemistry or immunoblotting.”® The factors
that determine gefitinib sensitivity have long been an
enigma.

In April 2004, two groups of researchers in Boston re-
ported that activating mutations of the EGFR gene are
present in a subset of NSCLCs and that tumors with EGFR
mutations are highly sensitive to EGFR-TKL""’ The popu-
lations with a higher response to gefitinib described above
correspond to those with a higher incidence of EGFR muta-
tions. Interestingly, EGFR mutations are the first molecular

aberration identified as more frequent in nonsmoking pa-
tients. In this review, we discuss the current status of EGFR
research in relation to kinase inhibitor therapy for lung
cancer.

EGFR mutations

Figure 2 shows the distribution of the EGFR mutations
reported so far (n = 569 from 14 studies). Mutations are
present in the tyrosine kinase domain of EGFR. There are
four main types of mutations: 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. In exon
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18, mutations are frequent at codon 719 (3.2%) and the
patterns of amino acid substitutions are not uniform at this
codon, resulting in changes from glycine to cysteine, serine,
or alanine. Mutations resulting in the deletion of typically
five amino acids at codons 746-750 (ELREA) in exon 19
and a leucine-to-arginine mutation at codon 858 (L858R)
are two major types of mutations, which account for 90% of
all mutations. These two types of EGFR mutations cause
increased and sustained phosphorylation of EGFR itself
and the phosphorylation of downstream molecules involved
in antiapoptotic pathways (PI3K/AKT and STAT)." How-
ever, EGFR mutations have less effect on proliferation
through the RAS/RAF/ERK/MAPK pathway." There are
several variant types of deletion mutations in exon 19, e.g.,
alarger deletion, deletion plus point mutation, deletion plus
insertion, etc. There are also rarer point mutations and
some patients have double mutations, but these usually ac-
company L858R. Interestingly, it is very rare for double
mutations to occur among the four predominant types of
mutations.

EGFR mutations and clinical features

Originally, EGFR mutations were predominantly found in
females, nonsmokers, adenocarcinomas, and Japanese
patients.”"” Subsequently, many different research groups
have confirmed and extended these findings and their re-
sults, based on the 2880 mutations reported so far, are sum-
marized in Fig. 3. The strong similarity of the graphs in Figs.
1 and 3 indicates that EGFR mutations are frequent in
patient subsets that have a high response rate to TKIs.
Previously described genetic changes in lung cancer are
almost always more frequent in smokers than nonsmokers.
For example, mutations of the TP53 gene,” or KRAS
genes,"” or deletion of the short arm of chromosome 3'* are
known to be more frequent in smokers. Indeed, we first
showed that the frequency of EGFR mutations is inversely
associated with smoking dose.” When we divided smokers
into three categories according to smoke exposure, there
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Fig. 4. Incidence of EGFR, KRAS, and TP53 gene mutations in pul-
monary adenocarcinomas according to smoking dose (data from
Kosaka et al.")

was a trend such that the higher the exposure, the lower the
incidence of EGFR mutations (Fig. 4). This is in distinct
contrast to the KRAS and TP53 mutations.

However, it cannot be construed that smoking has a
preventive effect on EGFR mutations. Instead, it is reason-
able to assume that EGFR mutations are caused by
carcinogen(s) other than those contained in tobacco smoke,
and that this apparent negative correlation with smoking
dose results from the dilution of EGFR-positive tumors
with the increased incidence of tumors with wild-type
EGFR that occurs as smoking dose increases. This was the
case in our recent case—control study of 152 patients with
lung cancer and EGFR mutations, 283 patients with lung
cancer and wild-type EGFR, and 2175 age- and sex-
matched controls. For example, when the cumulative smok-
ing exposure was divided into three groups, the odds ratio
for lung cancer with wild-type EGFR increased from 1.00 to
2.72 (1-40 pack years) and further to 10.0 (>40 pack years;
P <0.001 for trend ). In contrast, the odds ratios for patients
with EGFR mutations were 1.00, 0.68, and 0.79 (P = 0.303
for trend) (K. Matsuo et al., unpublished).



It appears that the marked difference in the incidence of
EGFR mutations with ethnicity might be at least partially
attributable to differences in the incidence of nonsmoking
patients among Japanese and American females. In our
Japanese cohort, 83% of female patients and 10% of male
patients were never-smokers." In contrast, only 15% of 706
U.S. female patients and 6% of 1347 male patients with lung
cancer were never-smokers.'® However, smoking may not
be the sole factor explaining these ethnic differences. It is
known that the EGFR intron 1 polymorphic CA repeat
(CA-SSR1) is longer in Asians than in Caucasians'’ and that
a longer CA repeat leads to less gene transcription.” One
can infer that lower transcription of EGFR may require
mutational activation to obtain growth advantage in Asian
patients.

EGFR mutations and pathology

In terms of morphological and pathological features, we
found that EGFR mutations predominantly occur in adeno-
carcinomas of the terminal respiratory unit type.” We
have proposed that these form a characteristic subset of
adenocarcinomas putatively originating in the peripheral
airway epithelium."” They have a papillolepidic growth pat-
tern and frequently express thyroid transcription factor 1
or surfactant apoproteins. Interestingly, some atypical
adenomatous hyperplasias, precursor lesions of this type of
adenocarcinoma, occasionally harbor EGFR mutations,
suggesting that EGFR mutations occur relatively early in
pathogenesis.”” This observation is closely associated with
reports that gefitinib sensitivity is high in patients with
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adenocarcinomas with bronchioloalveolar cell carcinoma
features.

Relationship between EGFR mutations and mutations
of other cancer genes

We and others have found that EGFR mutations never
occur in tumors with KRAS mutations, thus exhibiting a
mutually exclusive relationship.””**" Furthermore, muta-
tions of BRAF and ERBB2 are present in a very small
fraction of adenocarcinomas of the lung (1% and 4%,
respectively”) and these mutations also have a mutually
exclusive relationship with EGFR and KRAS mutations. It
is noteworthy that one of the major downstream pathways
from EGFR is the RAS/RAF/ERK/MAPK pathway.

In contrast, EGFR mutations and 7P53 mutations ap-
pear to occur independently.” However, 23 TP53 mutations
relating to tobacco carcinogens (G-to-T transversions, mu-
tations occurring at codons 157, 248, and 273) also have a
mutually exclusive relationship with EGFR mutations, with
two exceptions.”” Again, this suggests that EGFR mutations
occur independently of tobacco carcinogens.

EGFR mutations and the TKI response

When EGFR mutations were first reported, the most
interesting and exciting finding was that patients with this
genetic alteration showed a striking response to EGFR-
TKIs.”"" Figure 5 summarizes the relationship between

Mutation

Wild-type

eInadequate detection
eAmplification

Concorda
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EGFR mutations and the response to EGFR-TKIs in 671
patients, compiled from the literature. In general, about
80% of NSCLCs with EGFR mutations respond to EGFR-
TKIs, whereas 10% of tumors without EGFR mutations do
so. Furthermore, several investigators have reported that
patients with EGFR mutations have a significantly longer
survival than those with wild-type EGFR when treated with
gefitinib or erlotinib.”* These results indicate that EGFR
mutations are important in determining EGFR-TKI sensi-
tivity. At the same time, they suggest that EGFR mutations
are not the sole factor determining TKI sensitivity.

We first reported that gefitinib is more effective in pa-
tients with deletional EGFR mutations than in patients with
other types of mutations, predominantly L858R.” Figure 6
shows the differences in response rates by classes of EGFR
mutations from a compilation of 224 patients. The response
rates of patients with an exon 19 deletion and L858R were
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Fig. 6. Response rates to TKIs by classes of EGFR mutations (compi-
lation of data from 16 papers used for Fig. 5; n = 224)

84% and 71%, respectively. In contrast, only about half the
patients with G719X responded to gefitinib. Furthermore,
patients with EGFR exon 19 deletions had significantly
longer MSTs after treatment with erlotinib or gefitinib than
those of patients with EGFR L858R (34 vs 8 months, re-
spectively; log-rank P = 0.01).” Greulich et al. measured
erlotinib sensitivity by the inhibition of cell-line transforma-
tion in vitro, using various EGFR mutant constructs and
varying concentrations of erlotinib. They found that the
order of sensitivity was: exon 19 deletion = L858R > G719X
> exon 20 insertion = wild type, which accords well with the
clinical observations described above.”

EGFR gene copy number and TKI sensitivity

In May 2005, Cappuzzo et al. reported that EGFR gene
amplification, as measured by fluorescence in situ hybridiza-
tion (FISH), is more predictive of patient survival after
gefitinib treatment than EGFR mutations.”’ However, this
report does not necessarily refute the role of EGFR muta-
tions as a predictive factor, because EGFR mutations only
failed to significantly affect overall survival (P = 0.09);
EGFR mutations were predictive of response rate and time
to progression.”’ However, it should be noted that FISH
positivity is defined as tumors in which more than 40% of
tumor cells have more than four copies (high polysomy) in
addition to those with EGFR gene amplification. It is bio-
logically unclear whether high polysomy indicates the acti-
vation of the EGFR gene, resulting in effects similar to
those caused by gene amplification. As shown in Table 1,
whether mutation or copy number is more predictive of
response and useful in patient selection remains controver-
sial. Tsao et al. reported that EGFR gene amplification was
most predictive of a stronger response and a longer survival
in patients who received erlotinib in a phase III clinical trial
(BR.21) that compared erlotinib with best supportive care.”
They concluded that the detection of EGFR mutations is
not necessary in selecting patients who will benefit from
erlotinib therapy.” However, many investigators, particu-
larly those in Japan, refute this point. In general, tumors
with EGFR mutations tend also to have gene amplification.

Table 1. Effectiveness of EGFR-TKIs, and mutation or copy number of the EGFR gene in
predicting the effectiveness of EGFR-TKISs, reported in selected recently published studies

First TKI n Mutation Copy number
author®*"

Response TTP  OS Response TTP  OS
Han™ G 90 65% vs 14%  Yes  Yes — - -
Mitsudomi® G 59 83% vs 10% - Yes - - -
Cappuzzo™® G 89 53% vs 5% Yes No  36% vs3% Yes  Yes
Bell® G 79/90 46% vs 10%  Yes No 29% vs 15% Yes  No
Tsao™* E 177125 16% vs 7%  — No  20% vs24% - Yes
Hirsch** G 100 - - - 26% vs 11%  No Yes
Takano™" G 66 82% vs11% Yes Yes 72% vs38%  Yes No

G, gefitinib; E, erlotinib; TTP, time to progression; OS, overall survival
*Copy number was examined by fluorescence in situ hybridization
"Copy number was examined by quantitative polymerase chain reaction
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Table 2. EGFR inhibitor activity against an EGFR“*Y*M_containing cell line (H1975)

Compound Target Clinical development 1G5, (nM)
CI-1033 EGFR P-11 20
EKB-569 ERBB1,2 P-11 30
CL-387,785 EGFR Research compound 51
SU-11464 EGFR Research compound 500
7ZD6474 VEGF2, EGFR P-11 2000
GW572016 ERBB1,2,4 P-111 4000
Gefitinib EGFR Approved 7000
PKI-166 EGFR P-11 8000
Erlotinib EGFR Approved 10000

Adapted from Carter et al.”

Shibata et al., using comparative genomic hybridizati
on experiments, reported that the mutational status of the
EGFR gene is significantly associated with the specific gain
or loss of genetic material, including the amplification
of the EGFR gene.” Mutation and amplification are prob-
ably both important in determining TKI sensitivity. To
resolve this controversy, both EGFR mutations and
amplification should be determined prospectively in future
clinical trials.

Other parameters, such as the expression of phosphory-
lated AKT,* the amplification of HER2,” and the expres-
sion of EGFR protein,” are reported to affect sensitivity to
EGFR-TKIs.

Resistance to gefitinib

Pao et al. first reported that lung cancers with KRAS
mutations are resistant to EGFR-TKIs.* None of nine
tumors with KRAS mutations responded to EGFR-TKIs.*
As described previously, some tumors without EGFR muta-
tions do respond to TKIs, but when these tumors harbor
KRAS mutations, a tumor response to TKIs cannot be
expected.

In contrast to the inherent resistance to gefitinib induced
by KRAS mutations described above, it is common for pa-
tients to show progressive disease after presenting with an
initial marked response to gefitinib. The mean duration of
the response is about 3—7 months.*” Most of these tumors
have EGFR mutations that confer sensitivity to TKIs, such
as exon 19 deletions and L858R, resulting in a good clinical
response. However, the emergence of acquired resistance
cannot be explained by the selection of tumor cells with
wild-type EGFR genes, because their mutational status re-
mains unchanged after they acquire resistance to TKIs. In
February 2005, it was reported that a secondary mutation
resulting in a threonine-to-methionine change at codon 790
is responsible for at least half the acquired resistance to
gefitinib and erlotinib.”** Crystal structure modeling has
revealed that position T790 is located in the ATP-binding
pocket of the catalytic region and appears to be critical for
the binding of erlotinib and gefitinib. Substitution of the
threonine at this codon with a bulkier residue, such as me-
thionine, is thought to sterically hinder the binding of these
two drugs.

In the case of chronic myeloid leukemia (CML), second-
ary mutations in the kinase domain of the ABLI gene are
considered to be one of the mechanisms of acquired drug
resistance to imatinib, a tyrosine kinase inhibitor specific for
BCR-ABLI, KIT, and PDGFA.** The structural similar-
ity between ABL1 and EGFR tyrosine kinases is fairly high,
and the most common mutation related to acquired resis-
tance is a threonine-to-isoleucine mutation at codon 315
(T3151) of ABLI, corresponding to T790M of EGFR.
Reflecting this structural similarity, in 2003, before the
discovery of the activating mutations of the EGFR gene
in lung cancer, it was reported that artificially intro-
duced T790M caused resistance to EGFR-specific 4-
anilinoquinazoline inhibitors, including gefitinib and
erlotinib™. In the case of CML, 20-30 other mutations of the
ABLI gene, in addition to T315I, have been identified as
mechanisms of acquired resistance to imatinib.” Although
secondary EGFR mutations other than T790M are possible,
only T790M has so far been detected in clinical samples.

To overcome acquired resistance, a new class of EGFR-
TKIs is being developed that can be used as second-genera-
tion drugs. Carter et al. found that the EGFR inhibitors
EKB-569 and CI-1033, but not GW-572016 and ZD-6474,
potently inhibit EGFR (L858R, T790M) kinase (Table 2).*
EKB-569 and CI-1033 are already in clinical trials.

TKis and clinical trials

In four randomized trials comparing TKI plus platinum
doublet and platinum doublet (i.e., INTACT 1 and 2 using
gefitinib, and TALENT and TRIBUTE using erlotinib), the
addition of TKI did not yield a survival advantage over
platinum doublet. However, subgroup analysis in the
TRIBUTE trial showed that the addition of erlotinib to
carboplatin plus paclitaxel conferred an advantage in over-
all survival in patients who were never-smokers (MST 22.5
months vs 10.1 months for others; P = 0.01).”

In a randomized placebo-controlled trial (BR.21) to de-
termine whether erlotinib prolongs survival in patients with
NSCLC after the failure of first- or second-line chemo-
therapy, erlotinib significantly prolonged survival, with an
MST of 6.7 months vs 4.7 months (hazard ratio 0.70; P <
0.001).** In contrast, a similar placebo-controlled random-
ized trial using gefitinib instead of erlotinib (ISEL trial)
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failed to show an overall survival advantage in the gefitinib
treatment group (MST of 5.6 months vs 5.1 months; P =
0.087).” However, gefitinib prolonged survival in never-
smokers (MST 8.9 months vs 6.1 months; P =0.012), as well
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Fig. 7. Smoking history, EGFR mutation, and response to gefitinib
(data from Mitsudomi et al.”)

Fig. 8. Ongoing phase III trial
comparing gefitinib monothe-

as in Asian patients (MST 9.5 months vs 5.5 months; P =
0.010) in preplanned subset analyses.*” Following these re-
sults, the U.S. Food and Drug Administration limits the
indication of gefitinib to cancer patients who are currently
benefiting or have previously benefited from gefitinib treat-
ment, or are enrolled in clinical trials as of June 2005.

As has been described, EGFR-TKIs are not universally
effective for lung cancer, but these drugs are effective in
patients who have particular clinical or biological character-
istics, e.g., Asian, nonsmoking female patients with adeno-
carcinomas with EGFR mutations. The different outcomes
of the BR.21 and ISEL trials are at least partly attributable
to differences in the degree of dilution in the two trials of
patients with the abovementioned characteristics by those
without such characteristics. Therefore, patients who would
benefit from gefitinib therapy should be concentrated in
future clinical trials. Smoking history and EGFR mutations
are good predictors of response in patients treated with
EGFR-TKIs. Which of these two markers should we use in
future clinical trials? In our exploratory subset analysis,
tumor response was observed in 16/19 patients with both
EGFR mutations and no smoking history.” Whereas a re-
sponse was seen in 1/6 never-smokers without EGFR muta-
tions, a response was seen in 8/10 smokers with EGFR
mutations.” Therefore, our limited experience indicates
that EGFR mutations may be superior to smoking history in
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Table 3. Results of phase III clinical trials involving EGFR-TKIs

TKI Trial®*" Design Result
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E BR.21* E vs BSC Positive
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G, gefitinib; E, erlotinib; GP, gemcitabine+cisplatin; TC, paclitaxel+cisplatin; BSC, best support-
ive care; PE, cisplatin+etoposide; D, docetaxel; TRT, thoracic radiotherapy



the selection of patients who would benefit from TKI treat-
ment. Obviously, the detection of EGFR mutations re-
quires laborious laboratory work. Hence, smoking history
can be used in contexts in which EGFR gene testing is not
readily available. In this way, the survival benefit of EGFR-
TKIs, especially gefitinib, should be demonstrated in future
clinical trials in a defined subset of patients with lung
cancer. We, the West Japan Thoracic Oncology Group
(WJTOG), have just launched a phase III clinical trial com-
paring gefitinib monotherapy with cisplatin plus docetaxel
in lung cancer patients with EGFR mutations who have had
recurrent disease after pulmonary surgery. The primary
endpoint is progression-free survival and the sample size is
200 patients with EGFR mutations. To assure tumor speci-
mens of good quality to avoid possible false negative results
for mutation analyses, we decided to limit patients who had
postoperative recurrence. We also limit our mutation
search to deletions in exon 19 and L858R, because it would
be less laborious and these two are most reliable predictor
for response or survival. The primary endpoint is progres-
sion-free survival, to avoid confounding by possible cross-
over between two arms.

Conclusions

The development of EGFR-TKIs and the discovery of
EGFR gene mutations have provided a great opportunity to
develop individualized therapies for lung cancer. In Japan, a
considerable fraction of patients undergoing gefitinib treat-
ment suffer from fatal interstitial lung disease (ILD) (ap-
proximately 6% by prospective analysis). Pre-existing
pulmonary fibrosis and smoking history are regarded as risk
factors for ILD.* In this regard, it is also necessary to select
patients who are likely to benefit from gefitinib therapy.
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