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Non-small cell lung cancer (NSCLC) is the leading cause of cancer death in the United
States and kills greater than one million people annually worldwide. In the United States,
lung cancer accounts for more deaths than breast, colon, prostate and pancreas cancers
combined.(!) Approximately 50% of NSCLC patients present with metastatic disease,
and historically, therapy for this group has been inadequate. A number of studies over
the past 2 decades have established that chemotherapy prolongs survival and significantly
improves quality of life for those patients that are fit enough to tolerate treatment.
However, despite these proven benefits, the unfortunate reality is that only 30% of
patients with metastatic NSCLC survive one year.(2) Clearly, novel and more effective
treatment options are needed.
During this time a better understanding of the biology of NSCLC has also
emerged, and with it, the discovery of rationale molecular targets for therapeutic
approaches. One target that has been studied extensively is the epidermal growth factor
receptor (EGFR).
The epidermal growth factor receptor
The EGFR story begins in 1962 when Stanley Cohen reported isolating a protein
from mouse salivary gland that promoted incisor eruption and eyelid opening in the newborn animal.(3) This protein was ultimately named the epidermal growth factor (EGF),
and in 1980, its receptor (EGFR) was identified and demonstrated to have tyrosine kinase
activity.(4)
EGFR (also known as erbB1 or HER1) is now known to be part of the EGFR
family of receptors that also includes HER2/neu (erbB2), HER3 (erbB3), and HER4
(erbB4) (Figure 1). EGFR is a 170-kilodalton protein that spans the cellular membrane
and is comp s d f
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Figure 1. The HER family of receptors.
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region and a cytoplasmic region that contains the tyrosine kinase domain.(5) Binding of
ligand to the receptor activates a complex network of downstream signaling pathways
that, under normal physiologic conditions, play a critical role in epithelial development,
proliferation and organogenesis.(5) As a result, mice that lack EGFR have severe
disruption of epithelial development in multiple organs including the lung, brain, kidney,
gastrointestinal tract, eye, skin, and liver.(6-8)
EGFR and cancer
In normal cells, signaling through EGFR is tightly controlled. Deregulation of
this system leads to malignant transformation through a number of downstream effects
including promotion of proliferation and angiogenesis and inhibition of apoptosis (figure
2).(9) A number oftransforming viruses induce tumor formation through upregulation of
EGFR transcription, constitutive activation of EGFR or by preventing downregulation of
EGFR signaling.(! 0-14) In addition, transfection of high levels of EGFR and its ligand
leads to malignant transformation in vitro.(5)

Figure 2. Effects of HERl activation.

Also, EGFR RNA or protein overexpression occurs in a many human cancers, including
head and neck, esophageal, stomach, colon, pancreas, breast, ovary, bladder, kidney, and
lung. In many of these cancers, there is also evidence that EGFR overexpression is
associated with a worse prognosis. (15-22)
EGFR in lung cancer
As noted above, EGFR is frequently overexpressed in lung cancer. In the
normal lung, EGFR expression is limited to the basal layer of the epithelium, where
proliferation occurs. In response to exposure to tobacco smoke, this epithelium becomes
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initially hyperplastic, then metaplastic, and then frankly dysplastic. The amount of
EGFR expression is increased in severe dysplasia when compared with the other
precursor lesions, suggesting that EGFR signaling may play a role prior to the
development of cancer.(9) (23-25) The amount of EGFR expression in established
NSCLC is dependent on the histological subtype.(26) Overexpression is commonly seen
in squamous cell carcinoma, but it is rarely observed in small cell lung cancers. Large
cell and adenocarcinomas demonstrate overexpression of the protein approximately 50%
of the time (Table 1).

Histology
Small cell
Adenocarcinoma
Large-cell
Squamous cell

Frequency of EGFR overexpression
0-5%
40-60%
40-60%
60-85%

Table 1. EGFR overexpression by histologic subtype (from reference 9)

Initial reports suggested that overexpression of EGFR in NSCLC correlated with
a worse prognosis. Subsequent studies, however, have not uniformly demonstrated an
association, and the prognostic significance of EGFR overexpression in lung cancer is
now debated (9) (27-42). A meta-analys-is of 11 studies that included 2,185 patients
failed to identify any association between EGFR expression and survival. Several
different methods for assessing EGFR expression were utilized in these studies, and when
the analysis was limited to the 8 studies that used immunohistochemistry to detect protein
expression, it was shown that tumors not expressing EGFR had a significantly better
survival (43). Given the lack of consistent findings in these studies, it is likely that the
overall impact ofEGFR expression on prognosis in NSCLC is small.
Rationale for EGFR as a therapeutic target in NSCLC
As mentioned above, the EGFR protein is frequently overexpressed in NSCLC,
and EGFR signaling pathways lead to a number of downstream effects that are critically
involved in a cell's acquisition of the malignant phenotype. In addition, preclinical
studies have demonstrated that a number of tumor types, including NSCLC, coexpress
both EGFR and its ligand (TGF-a and EGF). In these tumors, it appears that EGFR
activation is occurring through an autocrine loop. Interruption of this signaling with a
variety of EGFR inhibitors has been shown to decrease tumor cell viability and/or
prevent proliferation both in vitro and in vivo.(S, 44) Lastly, there is no identified
physiologic role for EGFR in the adult, sugge~ting that drugs that inhibit this receptor
may not have significant side effects. For all of these reasons, EGFR is felt to be a
rational target for therapeutic intervention in NSCLC.
While several different therapeutic strategies to target EGFR are being actively
explored in NSCLC, the approach that has thus far shown the most promise is the use of
inhibitors of the tyrosine kinase domain of EGFR. Through a random screen of small
molecules, a class of compounds called the 4-aniloquinazolines was identified (Figure 3).
These agents compete with ATP for binding to the tyrosine kinase domain of EGFR and
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prevent the catalytic activity of the receptor. (5, 45-47) Two examples are ZD1839
(gefitinib or IressaTM) and OSI-774 (erlotinib or Tarceva™), which are orally available
agents that reversibly and selectively inhibit the tyrosine kinase domain of EGFR at
nanomolar concentrations. In phase I clinical trials in patients with advanced
malignancies, these drugs were well-tolerated with modest rash and diarrhea being the
dose-limiting toxicities. Also, in these studies anti-tumor activity was observed in a
small number of patients with NSCLC.(48-52)

1

8

ro
O~N~

2~~~{ a,

3N~ 4 ~5

6

CI~NH

,v

F

ZD1839
(gefitinlb, lressa)

OSI-774
(ertottnlb, Tarceva)
Figure 3. Chemical structure of the quinazoline EGFR TKI's erlotinib and gefitinib (reproduced
from reference 46)

Two large trials (Iressa Dose Evaluation in Advanced Lung Cancer; IDEAL 1 and
2) examined the efficacy of single agent gefitinib in 431 previously treated patients with
advanced NSCLC.(53, 54) Both trials were randomized phase IT studies that compared 2
different doses of gefitinib (250 mg and 500 mg). The trials were essentially identical in
design, except that the IDEAL 2 trial stipulated that patients must have failed 2 prior
therapies for advanced NSCLC while IDEAL 1 required only one prior treatment. In
IDEAL 1 and 2, gefitinib produced an objective tumor response in 18% and 10% of
patients respectively, and symptom improvement occurred in approximately 40% of
patients. No significant difference in anti-tumor activity was seen in either trial between
the 250 mg and 500 mg doses. While the studies were not placebo controlled, significant
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symptom improvement was seen in 77-96% of patients with radiographic tumor
responses, arguing against a substantial placebo effect. The toxicity of gefitinib was
modest, with mild rash and diarrhea being the most frequent events. These studies
proved the hypothesis that inhibition of the EGFR tyrosine kinase results in tumor
regressions and symptom improvement in some patients with pretreated advanced
NSCLC. Based on this data, gefitinib (at a dose of 250 mg daily) was approved by the
United States Food and Drug Administration (FDA) for use as third-line therapy in
metastatic NSCLC. This approval was contingent on the developer of gefitinib
(AstraZeneca) performing a randomized, placebo controlled trial to demonstrate a
survival advantage for the drug in this population.
A second orally active EGFR TKI, erlotinib (Tarceva™ ), has also been studied in
NSCLC. A single-arm phase II trial demonstrated that erlotinib had similar antitumor
activity to gefitinib in pretreated patients with advanced NSCLC.(55) The National
Cancer Institute of Canada has now completed an international randomized, double-blind
phase III comparison of erlotinib versus placebo in 731 NSCLC patients that had failed 1
or 2 prior treatments for metastatic disease (the NCIC BR.21 trial).(56) The patients that
received erlotinib had significantly higher objective tumor response rates (8.9% vs 0.9%),
median survival (6.7 months vs 4.7 months), and 1-year survival (31.2% vs 21.5%) than
those that received placebo (figure 4). These results lead to the FDA approval of
erlotinib in November 2004 as second-line therapy for metastatic NSCLC.
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Figure 4. Overall survival curves for erlotinib and placebo from the NCIC BR.21 trial (from
reference 56).
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Unfortunately, not all of the trials performed with these agents have been positive.
In December 2004, AstraZeneca made available through a press release the results of the
FDA mandated randomized, double-blind phase III comparison of gefitinib versus
placebo as second or third-line therapy for advanced NSCLC (the Iressa Survival
Evaluation in Lung Cancer or ISEL trial). This trial failed to demonstrate a significant
difference in the primary endpoint of median survival between the patients that received
gefitinib and those that received placebo, with reported median survivals of 5.6 months
and 5.1 months, respectively (p = .ll)(www.astrazeneca.com). In addition, in 4
randomized trials of either gefitinib or erlotinib in combination with standard
chemotherapy as first-line therapy for advanced NSCLC, the addition of an EGFR TKI to
standard chemotherapy did not produce any improvement in survival over chemotherapy
alone.(57-60)
Who benefits from treatment with an EGFR TKI?
While the identification of molecularly targeted drugs with activity in NSCLC
represents a major step forward in the treatment of this disease, it is clear that not every
patient benefits from treatment with erlotinib or gefitinib. What is tantalizing are the
occasional reports of dramatic and durable tumor responses (what some have termed
Lazarus responses because the patient appeared to be brought back from the dead)(45),
and these observations prompted investigations to determine which patients were most
likely to benefit from treatment with an EGFR TKI.
One factor that does not consistently predict for the efficacy of these agents is the
level of tumor expression of EGFR as detected by immunohistochemistry.
In
retrospective analyses of the IDEAL trials, no significant association between level of
EGFR expression and clinical efficacy of the TKI was identified.( 55, 61) In the NCIC
BR.21 trial, erlotinib conferred a survival advantage on those patients whose EGFR
protein expression by immunohistochemistry was either positive or unmeasured. A
survival advantage in the EGFR negative subgroup could not be excluded given the
relatively small number of patients and the resultant wide confidence intervals.(62) In
addition, a retrospective evaluation of a relatively small group of patients treated with
gefitinib (and/or erlotinib) at the University of Colorado and in Italy found that those
patients with both high levels of tumor expression of EGFR and evidence of EGFR gene
amplification by fluorescence in situ hybridization were more likely to respond to
treatment than those patients with only high protein expression or gene amplification or
those patients with neither.(63) Ideally, this needs to be validated prospectively in larger
group of patients. At present, demonstration of EGFR protein expression or gene
amplification is not a prerequisite for consideration of treatment with erlotinib or
gefitinib.
Certain clinical and pathological characteristics are independent predictors of
response to an EGFR TKI. In IDEAL 1, which included a large number of patients from
Japan, the objective tumor response rate observed with gefitinib was significantly higher
for Japanese patients than non-Japanese patients (28% v 10%), and in the planned
multivariate analysis, female gender, adenocarcinoma histology, a good functional status,
and a history of having received prior immuno or hormonal therapy for lung cancer all
predicted for response to the EGFR TKI.(54) Similarly, in IDEAL 2, significantly higher
tumor response rates were observed in adenocarcinoma histology (13% v 4%) and
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women (19% v 3%).(53) Female gender, adenocarcinoma histology, and being a never
smoker also predict for response to erlotinib.(62) fu addition, a retrospective review of
139 NSCLC patients treated with gefitinib at Memorial Sloan-Kettering demonstrated
that significantly greater tumor response rates were seen in those patients with
adenocarcinoma versus other NSCLC histologies (19% versus 0%), adenocarcinoma with
any bronchioloalveolar features versus other adenocarcinomas (38% versus 14%), and no
smoking history versus those with a history of smoking (36% versus 8%). A multivariate
analysis of these features identified only adenocarcinoma with any bronchioloalveolar
features and no smoking history as independent predictors ofresponse.(64) The available
evidence therefore suggests that certain demographic features and tumor histology may
be correlated with response to treatment with erlotinib or gefitinib.
Identification of Somatic Mutations in the Tyrosine Kinase Domain of EGFR
While the identification of clinical and pathological features that predict for the
efficacy of EGFR TKI's is helpful, they are not perfect discriminators of those patients
that will benefit from treatment with these compounds. Subsequent investigations
centered on finding specific molecular markers that would identify the population of
NSCLC patients that are sensitive to EGFR tyrosine kinase inhibition. Two groups at
Harvard simultaneously investigated the hypothesis that the presence of somatic
mutations in the tyrosine kinase domain of EGFR might predict for response to an EGFR
TKI.

Lynch and colleagues sequenced the entire coding region for EGFR in tumor
specimens from nine NSCLC patients with a significant objective tumor response to
gefitinib and from seven patients without a response.(65) Eight of the nine responders
had somatic heterozygous missense mutations in the tyrosine kinase domain of EGFR
while none were identified in the non-responders. Of note, all nine of the patients with a
response to gefitinib had either adenocarcinoma or bronchioloalveolar carcinoma
histology, none were current smokers (six had never smoked) and six of the nine were
women (Figure 5).
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Lynch and colleagues also sequenced the EGFR coding region in 25 NSCLC
tumor samples (including 15 bronchioloalveolar samples) from patients who had not
received gefitinib, and similar mutations were found in the tumors of two patients with
bronchioloalveolar carcinoma.

Table l. O.aracteristics ofN ine Patients with Non-Small-Cell Lung Cancer and a Response to Gefitinib.
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*Adenocarcinoma (Adeno) with any element ofbronchoalveolar carcinoma (BAC) is listed as BAC.
i" Smoking status was defined as former ifthe patient had not smoked any cigarettes within 12 months before entry and
never if the patient had smoked less than 100 cigarettes in his or her lifetime.
:i: Overall survival was measured from the beginning of gefitinib treatment to death.
§ EGFR denotes the epidermal growth factor receptor gene.
~A partial response was evaluated with the use of response evaluation criteria in solid tumors; major and minor responses
were evaluated by two pnysicians in patients in whom the response could not be measured with the use of these criteria.

Figure 5. Patient characteristics for 9 patients with response to gefitinib (reproduced from reference
65).

To assess the functional properties of the mutated receptor, they expressed 2 of
the identified EGFR mutant constructs in cultured cells. In vitro, the EGFR mutants
displayed a 2-3 fold increase in tyrosine kinase activity in response to EGF as well as a
significant prolongation in the duration of activation when compared with the wild-type
receptor. In addition, these mutant receptors were more sensitive to inhibition by
gefitinib. The wild-type EGFR was completely inhibited at a gefitinib concentration of 2
micromolar, while the mutant EGFR required a concentration of only 0.2 micromolar to
achieve the same level of inhibition.
Paez et al simultaneously reported fmding similar EGFR mutations in a group of
119 unselected primary NSCLC tumors that included 58 samples from Japan.(66)
Notably, again the presence of a mutation was strongly associated with the clinical and
10

pathological characteristics previously identified as predictors for response to gefitinib.
Mutations were more common in adenocarcinomas (21 %) than other NSCLC histologies
(2%), more prevalent in women (20%) than men (9%), and more frequent in the Japanese
patients (26%) than in those from the United States (2%). The highest incidence of
mutations was seen in the Japanese women with adenocarcinomas (57%). They also
identified EGFR mutations in 5/5 tumors from NSCLC patients that had responded to
gefitinib, while no mutations were found in the tumors from four non-responders. All of
these patients were from the United States and were Caucasian. In addition, Paez et al.
determined the mutation status and response to gefitinib in four NSCLC cell lines. They
found that one of the four (H3255) did contain a mutation in EGFR. They also
demonstrated that this cell line was fifty times more sensitive to treatment with gefitinib
than those without a mutation, again suggesting that the presence of an EGFR mutant
confers extraordinary drug sensitivity.
Several groups have now reported similar findings. Pao and colleagues from
Memorial Sloan-Kettering Cancer Center sequenced exons 18-24 .of EGFR from 10
patients with an objective tumor response or marked clinical improvement when treated
·with gefitinib.(67) Seven tumors (70%) had mutations in EGFR. Of those seven
patients, 5 were never smokers, 6 had adenocarcinoma histology with BAC features, and
none were of East Asian origin. No mutations were detected in 8 tumors from patients
that were refractory to treatment with gefitinib. This difference was statistically
significant (p=.004). They were also the first group to look for EGFR mutations in
patients that had received erlotinib. In an analysis of 7 tumors from patients who
demonstrated a partial response to erlotinib, 5 of 7 tumors (71 %) harbored mutations,
while no mutations were detected in 10 tumors from patients who did not respond to
erlotinib treatment (p=.003). Four of the 5 patients with mutations were never smokers.
In addition, EGFR sequencing was performed on 15 adenocarcinomas from patients
known to be never smokers and 7 of 15 (4 7%) were identified to have mutations.
Conversely, in 81 randomly selected tumors form the same tumor bank, mutations were
detected in only 4 (5%). This suggests that tumors likely to have mutations can be
identified using specific clinical criteria such as histology and smoking status.
Huang and colleagues from Taiwan analyzed 101 unselected NSCLC tumors for
the presence of EGFR mutations and reported an overall mutation rate of 38.6%.(68) All
of the mutations except one occurred in patients with adenocarcinoma, and the one
exception was a tumor of mixed histology that was classified as adenosquamous. When
the analysis was limited to those patients with adenocarcinoma, 55% of tumors were
found to have a mutation, and, unlike in the previous series, in the group of
adenocarcinomas with an EGFR mutation, no strong association between female gender
or smoking status and the presence of a mutation was detected. The significance of this
finding is questionable, however, given that tp.e vast majority (57 of 69 or 83%) of
patients with adenocarcinoma in this series were non-smokers. In a separate mutation
analysis of 16 NSCLC patients that had received gefitinib, 7 of the 9 patients with
gefitinib responsive tumors had mutations, while only 1 of 7 tumors refractory to
gefitinib contained a mutated EGFR.
Two groups from Japan have evaluated banked NSCLC samples for the presence
of mutations in EGFR. In a series of 277 patients, Kosaka et al. reported detecting
mutations in 111 (40%).(69) Mutations were observed significantly more frequently in
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females (59%) than males (26%), never smokers (66%) than those that smoked (22%),
and in patients with adenocarcinomas (49%) than those with other NSCLC histologies
(2%). In a multivariate analysis of these 3 variables, being a never smoker and having
adenocarcinoma were significantly associated with the presence of a mutation, while
female gender was not. Again, the only mutation seen in a non-adenocarcinoma was in
an adenosquamous tumor. Tokumo and colleagues sequenced the tyrosine kinase domain
of EGFR in 120 NSCLC samples.(70) Mutations occurred in 38 cases (32%), and in
logistic regression models, being a never smoker and having adenocarcinoma histology
were the only independent predictors for the presence of a mutation. Twenty-one of their
cases had been treated with gefitinib. Eight of the 10 cases with objective response to
gefitinib had EGFR mutations, as did one of the 11 cases without a response. The
difference in mutation rate between gefitinib responders and non-responders was
statistically significant (p = .002).
Marchetti and colleagues in Italy evaluated 860 consecutive primary NSCLC
specimens for the presence of EGFR mutations.(71) No mutations were detected in 454
squamous cell carcinomas or 31 large cell carcinomas. A total of 39 mutations (10%)
were found in the 375 adenocarcinomas. In addition, mutations were present in 26% of
the 86 bronchioloalveolar carcinomas (BAC) and in only 6% of the 289 conventional
adenocarcinomas (p=.000002). In a multivariate analysis, only BAC histology, being a
never-smoker, and female gender were independently associated with the presence of an
EGFR mutation with odds ratio of 4.5, 3.6 and 2.9 respectively.
John Minna and Adi Gazdar from UT-Southwestern have also recently published
the results of their analysis of 617 NSCLC specimens.(72) The tumors included samples
from Japan (n = 263), Taiwan (n = 93), the United States (n = 160) and Australia (n =
101). Five-hundred and nineteen of the specimens were collected sequentially, and the
remainder was selected from patients with well-documented smoking histories from the
United States and Australia. In the 519 unselected tumors, mutations were detected in
120 (23%). The frequency of mutations was significantly greater for patients of East
Asian descent versus those of other origins (30% versus 8%, p < .001), females versus
males (42% versus 14%, p < .001), never smokers versus those with a smoking history
(51% versus 10%, p < .001), and adenocarcinomas versus other histologies (40% versus
3%, p < .001). When they limited their analysis to those patients with the highest
frequencies of mutations (never smokers with adenocarcinoma), a significantly higher
mutation rate was still observed for those patients of East Asian ethnicity as compared
with a predominantly Caucasian population from the United States and Australia (64%
versus 36%, p = .003), and this difference persisted after adjustment for gender.
The available data clearly indicates that mutations in the tyrosine kinase domain
of EGFR can be reliably detected in a subgroup of patients with NSCLC. A review of the
published information reveals the following (Table 2). The mutation rate in Eastern Asia
greatly exceeds that for patients of Western ethnicity. In unselected cases obtained from
Japan and Taiwan, 306 of912 (34%) samples harbor EGFR mutations. Conversely, only
61 of 1165 (5%) samples from the United States, Italy, and Australia were found to
contain mutated EGFR. It is also clear that adenocarcinoma histology is significantly
associated with the presence of a mutation. In the series from East Asia, 297 of 625
(48%) adenocarcinomas had mutations,. while in the Western patients with
adenocarcinoma, EGFR was mutated in 58/499 (12%). In those patients with non-
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adenocarcinoma histology (regardless of country of origin), only 10 of 840 cases (1.1 %)
were found to contain mutations in EGFR. Tumors from NSCLC patients who
experience an objective tumor response or marked clinical improvement on an EGFR
TKI (gefitinib or erlotinib) are also significantly more likely to have EGFR mutations
than those from non-responders. Forty of 50 (80%) EGFR TKI responsive tumors have
been shown to have mutations as compared with only 2 of 47 (4%) non-responsive
tumors. The published series also agree that smoking status (i.e. being a never smoker) is
an independent predictor for the presence of a mutation. They disagree, however, on the
importance of gender. Several of the above reports showed that female sex does
independently predict for the presence of a mutation, while a number failed to find a
significant association.
Table 2. EGFR mutation frequencies in specific clinical subsets of NSCLC based on a compilation of
the published data.

EGFR mutation frequency
61/1165 (5%)
306/912 (34%)
40/50 (80%)
2/47 (4%)
68/1263 (5%)
140/332 (42%)
58/499 (12%)
297/625 (48%)
10/840 (1 %)

Western patients
Eastern patients
EGFR TKI responders
EGFR TKI non-responders
Smokers
Never-smokers
Adenocarcinoma (Western patients)
Adenocarcinoma (Eastern patients)
Non-adenocarcinoma histology

Structural and functional effects of EGFR mutations
All of the reported EGFR mutations to date are typically heterozygous,
somatically acquired and occur within the first 4 exons (exons 18-21) of the seven that
encode for the tyrosine kinase domain of EGFR. . Three types of mutations account for
approximately 90% of those described. They include deletions surrounding 3 or 4 codons
of exon 19, a single missense point mutation in exon 21 (L858R), and duplications and/or
insertions in exon 20. The remainder are rare point mutations predominantly in exon 18,
though they have been described in exons 20 and 21 as well. All of these mutations
appear to target residues around the ATP binding cleft of EGFR, which is also the
binding site for the EGFR TKI's. It has been hypothesized that these mutations result in
repositioning of amino acid residues and a stabilization of their interaction with both ATP
and the EGFR TKI's (Figure 6).(45, 65, 70)
Several groups have examined the functional consequences of the EGFR
mutations. As mentioned above, Lynch and colleagues found that cultured cells which
expressed EGFR with the L858R mutation or one ofthe common exon 19 deletions had
increased kinase activity and 10-fold greater sensitivity to inhibition by gefitinib.(65)
Several other groups have also demonstrated that mutations in the tyrosine kinase domain
of EGFR result in increased kinase activity in vitro as well as exquisite sensitivity to
treatment with an EGFR TKI. In addition, in in vitro models, NSCLC cell lines that
contained these mutations displayed an increase in EGFR copy number, suggesting that
13

gene amplification is another effect of EGFR mutation. Three groups have also shown
that EGFR mutations lead to activation of anti-apoptosis pathways, and that inhibition of
these pathways by the EGFR TKI's appears to contribute to these drugs' efficacy.(73-75)
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Figure 6. Effects of tyrosine kinase mutations on the ATP binding. The mutation appears to
stabilize the interaction with both ATP and its competitive inhibitors (gefitinib and
erlotinib)(reproduced from reference 45)

Not all of the preclinical data on the functional effects of EGFR mutations
confirms these fmdings, however. Pao and colleagues, using autophosphorylation of
tyrosine residues as a surrogate for kinase activity, found no evidence for increased
EGFR activation in cultured cells with the L858R mutation or a deletion in exon 19. In
addition, they found that although the L858R mutant displayed 10-fold greater sensitivity
to inhibition with an EGFR TKI, the EGFR mutant with an exon 19 deletion had the
same sensitivity as wild-type EGFR.(67)
Despite the discrepancies in the preclinical data noted above, the consensus
opinion is that at least the most commonly observed mutations in EGFR are activating
mutations. They may then be an example of what Bernard Weinstein termed "oncogene
addiction."(76) Weinstein suggested that certain cancers may rely on the persistent
activation of specific oncogenes. This dependence or "addiction" may also make these
cancers especially vulnerable to therapies that target the products of these genes. In other
words, while mutations in EGFR may accelerate the development of NSCLC, they also
result in enhanced susceptibility to the EGFR TKI's that target this pathway.(77)
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Future directions and unanswered (or partially answered) questions
What do EGFR mutations tell us about the pathogenesis of NSCLC in never smokers and
the East Asian population?
Previously described genetic alterations in NSCLC are uniformly more prevalent
in smokers than non-smokers. Examples include the well-described mutations in the
KRAS genes, which like mutations in EGFR are especially common in
adenocarcinomas.(78, 79) Shigematsu et al. found that while mutations occurred in
either KRAS or EGFR in 47% of adenocarcinomas, no tumors had mutations in both
genes. In addition, they observed that KRAS mutations were significantly more common
in smokers than non-smokers and in patients from Western countries than in patients
from East Asia.(72) Similarly, Kosak:a and colleagues reported that KRAS mutations
occurred in only 13% of adenocarcinomas from Japanese patients, and that they were
more frequently observed in smokers than non-smokers. Again, no tumors were seen to
harbor both KRAS and EGFR mutations.(69) In addition, an analysis of 60 lung
adenocarcinomas by Pao et al. revealed that zero of the 21 tumors with KRAS mutations
also had EGFR mutations, and none were sensitive to treatment with gefitinib or
erlotinib.(80) This provides at least preliminary evidence that the presence of a KRAS
mutation leads to primary resistance to an EGFR TKI.
The finding that KRAS and EGFR mutations are mutually exclusive also suggests
that there may be two distinct molecular pathways involved in the pathogenesis of lung
adenocarcinomas.(45) Given the strong association of EGFR mutations and neversmoking status, it may also be reasonable to hypothesize that some yet unidentified
carcinogen may be responsible for these mutations and may be the major pathogenetic
factor responsible for NSCLC in non-smokers. For example, in Taiwan, both human
papilloma virus (types 16 and 18) and cooking oil fumes have been shown to be possibly
associated with NSCLC in non-smoking women.(81, 82) In addition, the finding that
EGFR mutations occur preferentially in East Asian patients suggests that certain
populations may display greater genetic susceptibility to these hypothetical
carcinogens.(72, 77)
What is the mechanism of acquired resistance to an EGFR TKI?
Although NSCLC patients whose tumors contain mutations in EGFR exhibit
dramatic and durable responses to treatment with EGFR TKI's, unfortunately all patients
eventually relapse and succumb to their disease. Until recently, the mechanism of
"secondary" resistance to these drugs was unclear.
In February, two groups
simultaneously reported the discovery of a novel mutation in EGFR in 4 patients that had
become resistant to treatment with gefitinib or erlotinib.(83, 84) This mutation is in exon
20 of the kinase domain and leads to a substitution of methionine for threonine at position
790 (T790M). Structural models suggest that ~his mutation introduces a bulkier amino
acid (methionine) that leads to steric hindrance that prevents EGFR TKI binding. These
models also predict that the mutation will not interfere with ATP binding and therefore
will not alter kinase activity in response to ligand. In the 4 cases described, all of the
tumors contained one of the described activating mutations in EGFR prior to initiation of
treatment with gefitinib or erlotinib. After the development of tumor progression,
rebiopsy of the tumor was performed and both the original and the new EGFR mutations
(T790M) were detected. In in vitro models, cells transfected with both the L858R
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activating mutation and the T790M mutation maintained their kinase activity but were
insensitive to inhibition with erlotinib or gefitinib.
Several additional features of the T790M mutation are worth mentioning.
Acquired KRAS mutations were not observed in any of the 6 patients that developed
resistance to an EGFR TKI which suggest that such mutations are not a cause of
"secondary resistance."(84) In addition, in 3 of the 6 NSCLC patients with EGFR
activating mutations who had developed resistance to erlotinib or gefitinib, no new EGFR
mutation was detected on rebiopsy. This indicates that the T790M mutation is not the
only cause of acquired resistance, and thus, the identification of additional mechanisms of
resistance is critical. In addition, it is clear that in NSCLC tumors from patients that have
not received erlotinib or gefitinib, the T790M mutation is exceedingly rare. Thus far, it
has been described in only 1 of the nearly 1300 tumors in which sequencing of exons 1821 of EGFR has been performed, and in that one case, it was not reported whether the
biopsy in question had been obtained after treatment with an EGFR TKI.(84) It is also
noteworthy that the T790M mutation is analogous to a mutation described in the ABL
tyrosine kinase domain that leads to resistance to the tyrosine kinase inhibitor imatinib in
patients with chronic myelogenous leukemia. In addition, the T790M mutation had been
introduced into EGFR two years previously and was shown to confer resistance to the
EGFR TKI's. These findings have major implications for future drug development
because they suggest that common mechanisms of resistance may exist for tyrosine
kinase inhibitors that can be predicted from the beginning. Knowledge of these
mechanisms should allow for quicker development of agents that overcome this
resistance.(83-86)
Are EGFR activating mutations present in other tumors?
A number of additional tumor types have now been screened for the presence of
somatic mutations in the tyrosine kinase domain of EGFR. Shigematsu et al. evaluated
243 epithelial carcinomas (including prostate, bladder, breast, colorectal and gallbladder
primaries) and found no mutations in EGFR. In addition, no mutations were detected in
DNA extracted from neuroendocrine lung tumors (including 6 small cell lung cancers, 25
bronchial carcinoids, and 5 large cell neuroendocrine tumors). A group from Korea
performed mutational analysis on DNA from 537 tissue samples (98 colon cancers, 185
gastric adenocarcinomas, 93 breast cancers, 73 hepatocellular carcinomas, and 88 acute
adult leukemias).(87) Only one EGFR mutation was found in a ductal carcinoma of the
breast, and this mutation was a silent mutation that does not affect kinase function.
Huang and colleagues also found only wild type EGFR in 30 hepatocellular
carcinomas.(68) Thus, it currently appears that these activating mutations of EGFR are
specific to NSCLC.
Do only patients with activating mutations in EGFR benefit from treatment with an
EGFRTKI?
Approximately 50% ofNSCLC patients derive "clinical benefit" (objective tumor
response, stable disease, or symptom improvement) from treatment with an EGFR TKI.
The prevalence of activating EGFR mutations (5% in Western populations and 35% in
East Asians) does not appear to account for all of this advantage. Thus far, there is no
published data on the frequency of EGFR mutations in patients with stable disease as the
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best response to treatment with an EGFR TKI, but these analyses are underway.(88, 89)
It is certainly conceivable that other genetic aberrations may be identified in this group of
patients. In addition, approximately 20% of the EGFR TKI responsive tumors analyzed
to date did not harbor EGFR mutations, and conversely, 4% of the EGFR TKI nonresponsive tumors contain mutant EGFR. Therefore, at the present time, it is reasonable
to consider all NSCLC patients that have progressed after standard chemotherapy as
candidates for a trial of erlotinib or gefitinib, and the presence of an activating mutation
in EGFR (or the clinical features that predict for the presence of a mutation) should not
be a prerequisite for this therapy.

What are potentia/future clinical applications for the EGFR TKJ's in NSCLC?
The therapeutic impact of the EGFR TKI' s is being assessed in virtually every
stage of NSCLC. There is theoretical evidence to suggest that these agents may be most
effective in the setting of "low bulk" disease, i.e. the adjuvant setting after curative intent
surgery. Several trials are currently underway in unselected NSCLC patients evaluating
the efficacy of EGFR TKI' s in preventing recurrence after surgery, and similar trials
including only patients with EGFR mutations are in development. These drugs also
enhance tumor cell sensitivity to radiation in vitro, and, therefore, several groups are
incorporating erlotinib or gefitinib into chemotherapy and radiation regimens for locally
advanced NSCLC.
Although the original trials in combination with standard
chemotherapy for metastatic disease failed to show a benefit with the addition of an
EGFR TKI, post hoc subgroup analyses of these trials suggest that the group of patients
with mutations in EGFR did derive benefit from the combination treatment (Giaccone,
personal communication). There is thus some rationale for replicating these trials in only
those NSCLC patients with mutant EGFR. Given the profound tumor responses seen in
patients with mutations in EGFR, others have advocated assessing the efficacy of single
agent erlotinib or gefitinib as first-line therapy for metastatic disease in this group of
patients (thereby potentially avoiding standard chemotherapy altogether). Finally,
investigations are underway to determine if these mutations occur in preneoplastic lung
lesions (hyperplasia, dysplasia). If so, it may be rational to evaluate the EGFR TKI's as
chemopreventive agents.
Conclusions
The identification of mutations in the tyrosine kinase domain of EGFR has
galvanized the lung cancer research community because of the promise of immediate
clinical applications. In order to fulfill this promise, answers to the questions raised
above will need to be answered. The answers will not only define the optimal use of the
EGFR TKI's in NSCLC treatment and prevention, but should also provide insight and
accelerate research on additional "druggable targets" in NSCLC and other malignancies.

17

REFERENCES

1.
2.
3.
4.
5.
6.

7.
8.
9.

10.
11.
12.
13.
14.
15.
16.

17.

18.
19.
20.

21.
22.

Jemal, A., Murray, T., Ward, E., Samuels, A., Tiwari, R. C., Ghafoor, A., Feuer,
E. J. & Thun, M. J. (2005) CA Cancer J Clin 55, 10-30.
Schiller, J. H., Harrington, D., Belani, C. P., Langer, C., Sandler, A., Krook, J.,
Zhu, J. & Johnson, D. H. (2002) N Eng! J Med 346, 92-8.
Cohen, S. (1962) J Bioi Chem 237, 1555-62.
Cohen, S., Carpenter, G. & King, L., Jr. (1980) J Bioi Chem 255, 4834-42.
Arteaga, C. L. (2001) J Clin Onco/19, 32S-40S.
Threadgill, D. W., Dlugosz, A. A., Hansen, L. A., Tennenbaum, T., Lichti, U.,
Yee, D., LaMantia, C., Mourton, T., Herrup, K., Harris, R. C. & et al. (1995)
Science 269, 230-4.
Miettinen, P. J., Berger, J. E., Meneses, J., Phung, Y., Pedersen, R. A., Werb, Z.
& Derynck, R. (1995) Nature 376, 337-41.
Sibilia, M., Steinbach, J.P., Stingl, L., Aguzzi, A. & Wagner, E. F. {1998) Embo
J 17, 719-31.
Felip, E. & Baselga, J. (2005) in Lung cancer principles and practice, eds. Pass,
H. I., Carbone, D. P., Minna, J. D., Johnson, D. H. & Turrissi, A. (Lippincott
Williams and Wilkins, Philadelphia), pp. 147-159.
Downward, J., Yarden, Y., Mayes, E., Scrace, G., Totty, N., Stockwell, P.,
Ullrich, A., Schlessinger, J. & Waterfield, M.D. (1984) Nature 307, 521-7.
Straight, S. W., Herman, B. & McCance, D. J. (1995) J Viro/69, 3185-92.
Menzo, S., Clementi, M., Alfani, E., Bagnarelli, P., Iacovacci, S., Manzin, A.,
Dandri, M., Natoli, G., Levrero, M. & Carloni, G. (1993) Virology 196, 878-82.
Miller, W. E., Earp, H. S. & Raab-Traub, N. (1995) J Viro/69, 4390-8.
Levkowitz, G., Waterman, H., Zamir, E., Kam, Z., Oved, S., Langdon, W. Y.,
Beguinot, L., Geiger, B. & Yarden, Y. (1998) Genes Dev 12,3663-74.
Klijn, J. G., Berns, P.M., Schmitz, P. I. & Foekens, J. A. (1992) Endocr Rev 13,
3-17.
Rubin Grandis, J., Melhem, M. F., Gooding, W. E., Day, R., Holst, V. A.,
Wagener, M. M., Drenning, S.D. & Tweardy, D. J. (1998) J Nat! Cancer Inst 90,
824-32.
Yonemura, Y., Takamura, H., Ninomiya, I., Fushida, S., Tsugawa, K., Kaji, M.,
Nakai, Y., Ohoyama, S., Yamaguchi, A. & Miyazaki, I. (1992) Oncology 49, 15761.
Hirai, T., Kuwahara, M., Yoshida, K., Kagawa, Y., Hihara, J., Yamashita, Y. &
Toge, T. (1998) Dis Esophagus 11,221-5.
Yamanaka, Y., Friess, H., Kobrin, M. S., Buchler, M., Beger, H. G. & Korc, M.
(1993) Anticancer Res 13, 565-9.
Bartlett, J. M., Langdon, S. P., Simpson, B. J., Stewart, M., Katsaros, D.,
Sismondi, P., Love, S., Scott, W. N., Williams, A. R., Lessells, A.M., Macleod,
K. G., Smyth, J. F. & Miller, W. R. (1996) Br J Cancer 73, 301-6.
Turkeri, L. N., Erton, M. L., Cevik, I. & Akdas, A. (1998) Urology 51, 645-9.
Sauter, G., Maeda, T., Waldman, F. M., Davis, R. L. & Feuerstein, B. G. (1996)
Am J Patho/148, 1047-53.

18

23.
24.
25.
26.
27.
28.

29.
30.
31.

32.

33.
34.
35.
36.
37.

38.
39.
40.
41.
42.
43.

44.

Piyathilake, C. J., Frost, A. R., Manne, U., Weiss, H., Bell, W. C., Heimburger, D.
C. & Grizzle, W. E. (2002) Clin Cancer Res 8, 734-44.
Lonardo, F., Dragnev, K. H., Freemantle, S. J., Ma, Y., Memoli, N., Sekula, D.,
Knauth, E. A., Beebe, J. S. & Dmitrovsky, E. (2002) Clin Cancer Res 8, 54-60.
Meert, A. P., Verdebout, J. M., Martin, B., Ninane, V., Feoli, F. & Sculier, J. P.
(2003) Eur Respir J21, 611-5.
Franklin, W. A., Veve, R., Hirsch, F. R., Helfrich, B. A. & Bunn, P. A., Jr. (2002)
Semin Onca/29, 3-14.
Volm, M., Koomagi, R. & Mattern, J. (1998) Anticancer Res 18, 2309-12.
Ohsaki, Y., Tanno, S., Fujita, Y., Toyoshima, E., Fujiuchi, S., Nishigaki, Y.,
Ishida, S., Nagase, A., Miyokawa, N., Hirata, S. & Kikuchi, K. (2000) Oneal Rep
7, 603-7.
Cox, G., Jones, J. L. & O'Byme, K. J. (2000) Clin Cancer Res 6, 2349-55.
D'Amico, T. A., Massey, M., Herndon, J. E., 2nd, Moore, M. B. & Harpole, D.
H., Jr. (1999) J Tharac Cardiavasc Surg 117, 736-43.
Fontanini, G., De Laurentiis, M., Vignati, S., Chine, S., Lucchi, M., Silvestri, V.,
Mussi, A., De Placido, S., Tortora, G., Bianco, A. R., Gullick, W., Angeletti, C.
A., Bevilacqua, G. & Ciardiello, F. (1998) Clin Cancer Res 4, 241-9.
Greatens, T. M., Niehans, G. A., Rubins, J. B., Jessurun, J., Kratzke, R. A.,
Maddaus, M.A. & Niewoehner, D. E. (1998) Am J Respir Crit Care Med 157,
1093-7.
Pfeiffer, P., Clausen, P. P., Andersen, K. & Rose, C. (1996) Br J Cancer 74, 8691.
Pastorino, U., Andreola, S., Tagliabue, E., Pezzella, F., Incarbone, M., Sozzi, G.,
Buyse, M., Menard, S., Pierotti, M. & Rilke, F. (1997) J Clin Onca/15, 2858-65.
Hsieh, E. T., Shepherd, F. A. & Tsao, M.S. (2000) Lung Cancer 29, 151-7.
Brabender, J., Danenberg, K. D., Metzger, R., Schneider, P.M., Park, J., Salonga,
D., Holscher, A. H. & Danenberg, P. V. (2001) Clin Cancer Res 7, 1850-5.
Giatromanolaki, A., Gorgoulis, V., Chetty, R., Koukourakis, M. I., Whitehouse,
R., Kittas, C., Veslemes, M., Gatter, K. C. & Iordanoglou, I. (1996) Anticancer
Res 16, 987-93.
Fu, X. L., Zhu, X. Z., Shi, D. R., Xiu, L. Z., Wang, L. J., Zhao, S., Qian, H., Lu,
H. F., Xiang, Y. B. & Jiang, G. L. (1999) Lung Cancer 23, 143-52.
Dazzi, H., Hasleton, P. S., Thatcher, N., Barnes, D. M., Wilkes, S., Swindell, R.
& Lawson, R. A. (1989) Br J Cancer 59, 746-9.
Koukourakis, M. I., Giatromanolaki, A., O'Byrne, K. J., Whitehouse, R. M.,
Talbot, D. C., Gatter, K. C. & Harris, A. L. (1997) Int J Cancer 74, 565-70.
Veale, D., Kerr, N., Gibson, G. J., Kelly, P. J. & Harris, A. L. (1993) Br J Cancer
68, 162-5.
.
Tateishi, M., Ishida, T., Kohdono, S., Hamatake, M., Fukuyama, Y. & Sugimachi,
K. (1994) Surg Oncal3, 109-13.
Meert, A. P., Martin, B., Delmotte, P., Berghmans, T., Lafitte, J. J., Mascaux, C.,
Paesmans, M., Steels, E., Verdebout, J. M. & Sculier, J.P. (2002) Eur Respir J
20, 975-81.
Woodburn, J. R. (1999) Pharmacal Ther 82,241-50.

19

45.
46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Gazdar, A. F., Shigematsu, H., Herz, J. & Minna, J.D. (2004) Trends Mol Med
10, 481-6.
Roskoski, R., Jr. (2004) Biochem Biophys Res Commun 319, 1-11.
Fry, D. W. (2003) Exp Cell Res 284, 131-9.
Baselga, J., Rischin, D., Ranson, M., Calvert, H., Raymond, E., Kieback, D. G.,
Kaye, S. B., Gianni, L., Harris, A., Bjork, T., Averbuch, S.D., Feyereislova, A.,
Swaisland, H., Rojo, F. & Albanell, J. (2002) J Clin Oncol20, 4292-302.
Herbst, R. S., Maddox, A. M., Rothenberg, M. L., Small, E. J., Rubin, E. H.,
Baselga, J., Rojo, F., Hong, W. K., Swaisland, H., Averbuch, S.D., Ochs, J. &
LoRusso, P.M. (2002) J Clin Oncol20, 3815-25.
Ranson, M., Hammond, L.A., Ferry, D., Kris, M., Tullo, A., Murray, P. I., Miller,
V., Averbuch, S., Ochs, J., Morris, C., Feyereislova, A., Swaisland, H. &
Rowinsky, E. K. (2002) J Clin Oncol20, 2240-50.
Nakagawa, K., Tamura, T., Negoro, S., Kudoh, S., Yamamoto, N., Takeda, K.,
Swaisland, H., Nakatani, I., Hirose, M., Dong, R. P. & Fukuoka, M. (2003) Ann
Oncol14, 922-30.
Hidalgo, M., Siu, L. L., Nemunaitis, J., Rizzo, J., Hammond, L.A., Takimoto, C.,
Eckhardt, S. G., Tolcher, A., Britten, C. D., Denis, L., Ferrante, K., Von Hoff, D.
D., Silberman, S. & Rowinsky, E. K. (2001) JClin Oncol19, 3267-79.
Kris, M. G., Natale, R. B., Herbst, R. S., Lynch, T. J., Jr., Prager, D., Belani, C.
P., Schiller, J. H., Kelly, K., Spiridonidis, H., Sandler, A., Albain, K. S., Cella, D.,
Wolf, M. K., Averbuch, S.D., Ochs, J. J. & Kay, A. C. (2003) Jama 290, 214958.
Fukuoka, M., Yano, S., Giaccone, G., Tamura, T., Nakagawa, K., Douillard, J. Y.,
Nishiwaki, Y., Vansteenkiste, J., Kudoh, S., Rischin, D., Eek, R., Horai, T., Noda,
K., Takata, I., Smit, E., Averbuch, S., Macleod, A., Feyereislova, A., Dong, R. P.
& Baselga, J. (2003) J Clin Oncol21, 2237-46.
Perez-Soler, R., Chachoua, A., Hammond, L. A., Rowinsky, E. K., Huberman,
M., Karp, D., Rigas, J., Clark, G. M., Santabarbara, P. & Bonomi, P. (2004) J
Clin Oncol22, 3238-47.
Shepherd FA, P. J., Ciuleanu TE, Tan EH, Hirsh V, Thongprasert S, Bezjak A, Tu
D, Santabarbara P, Seymour L (2004) Proceedings of the American Society of
Clinical Oncology 23.
Giaccone, G., Herbst, R. S., Manegold, C., Scagliotti, G., Rosell, R., Miller, V.,
Natale, R. B., Schiller, J. H., Von Pawel, J., Pluzanska, A., Gatzemeier, U.,
Grous, J., Ochs, J. S., Averbuch, S.D., Wolf, M. K., Rennie, P., Fandi, A. &
Johnson, D. H. (2004) J Clin Oncol22, 777-84.
Gatzmeier U, P. A., Szczesna A, Kaukel E, Roubec J, Brennscheidt U, De Rosa F,
Mueller B, Von Pawel J. (2004) Proceedings of the American Society of Clinical
Oncology 23, 617.
Herbst, R. S., Giaccone, G., Schiller, J. H., Natale, R. B., Miller, V., Manegold,
C., Scagliotti, G., Rosell, R., Oliff, I., Reeves, J. A., Wolf, M. K., Krebs, A. D.,
Averbuch, S.D., Ochs, J. S., Grous, J., Fandi, A. & Johnson, D. H. (2004) J Clin
Oncol22, 785-94.
Herbst RS, P. D., Hermann R, Miller V, Fehrenbacher L, Hoffman P, Johnson B,
Sandler AB, Mass R, Johnson DH (2004) Proc Am Soc Clin Oncol23, 617.

20

61.
62.
63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.
74.
75.

76.
77.

Bailey LR, K. M., Wolf M (2003) Proceedings of the American Association of
Cancer Research 44, 1362.
Shepherd FA, P. J., Ciuleanu TE, Tan EH, Hirsh V, Thongprasert S, Bezjak A, Tu
D, Santabarbara P, Seymour L (2004) Proc Am Soc Clin Oncol23.
Hirsch, F. R., Varella-Garcia, M., Bunn, P. A., Jr., Di Maria, M. V., Veve, R.,
Bremmes, R. M., Baron, A. E., Zeng, C. & Franklin, W. A. (2003) J Clin Oneal
21, 3798-807.
Miller, V. A., Kris, M. G., Shah, N., Patel, J., Azzoli, C., Gomez, J., Krug, L. M.,
Pao, W., Rizvi, N., Pizzo, B., Tyson, L., Venkatraman, E., Ben-Porat, L., Memoli,
N., Zakowski, M., Rusch, V. & Heelan, R. T. (2004) J Clin Oncol22, 1103-9.
Lynch, T. J., Bell, D. W., Sardella, R., Gurubhagavatula, S., Okimoto, R. A.,
Brannigan, B. W., Harris, P. L., Haserlat, S. M., Supko, J. G., Haluska, F. G.,
Louis, D. N., Christiani, D. C., Settleman, J. & Haber, D. A. (2004) N Engl J
Med.
Paez, J. G., Janne, P. A., Lee, J. C., Tracy, S., Greulich, H., Gabriel, S., Herman,
P., Kaye, F. J., Lindeman, N., Boggan, T. J., Naoki, K., Sasaki, H., Fujii, Y., Eck,
M. J., Sellers, W. R., Johnson, B. E. & Meyerson, M. (2004) Science.
Pao, W., Miller, V., Zakowski, M., Doherty, J., Politi, K., Sarkaria, I., Singh, B.,
Heelan, R., Rusch, V., Fulton, L., Mardis, E., Kupfer, D., Wilson, R., Kris, M. &
Varmus, H. (2004) Proc Natl Acad Sci US A 101, 13306-11.
Huang, S. F., Liu, H. P., Li, L. H., Ku, Y. C., Fu, Y. N., Tsai, H. Y., Chen, Y. T.,
Lin, Y. F., Chang, W. C., Kuo, H. P., Wu, Y. C., Chen, Y. R. & Tsai, S. F. (2004)
Clin Cancer Res 10, 8195-203.
Kosaka, T., Yatabe, Y., Endoh, H., Kuwano, H., Takahashi, T. & Mitsudomi, T.
(2004) Cancer Res 64, 8919-23.
Tokumo, M., Toyooka, S., Kiura, K., Shigematsu, H., Tomii, K., Aoe, M.,
Ichimura, K., Tsuda, T., Yano, M., Tsukuda, K., Tabata, M., Ueoka, H.,
Tanimoto, M., Date, H., Gazdar, A. F. & Shimizu, N. (2005) Clin Cancer Res 11,
1167-73.
Marchetti, A., Martella, C., Felicioni, L., Barassi, F., Salvatore, S., Chella, A.,
Camplese, P. P., Iarussi, T., Mucilli, F., Mezzetti, A., Cuccurullo, F., Sacco, R. &
Buttitta, F. (2005) J Clin Oncol23, 857-65.
Shigematsu, H., Lin, L., Takahashi, T., Nomura, M., Suzuki, M., Wistuba, II,
Fong, K. M., Lee, H., Toyooka, S., Shimizu, N., Fujisawa, T., Feng, Z., Roth, J.
A., Herz, J., Minna, J.D. & Gazdar, A. F. (2005) J Natl Cancer Inst 97, 339-46.
Tracy, S., Mukohara, T., Hansen, M., Meyerson, M., Johnson, B. E. & Janne, P.
A. (2004) Cancer Res 64,7241-4.
Sardella, R., Bell, D. W., Haber, D. A. & Settleman, J. (2004) Science In press.
Amann, J., Kalyankrishna, S., Massion, ~· P., Ohm, J. E., Girard, L., Shigematsu,
H., Peyton, M., Juroske, D., Huang, Y., Stuart Salmon, J., Kim, Y. H., Pollack, J.
R., Yanagisawa, K., Gazdar, A., Minna, J. D., Kurie, J. M. & Carbone, D. P.
(2005) Cancer Res 65,226-35.
Weinstein, I. B. (2002) Science 297, 63-4.
Dowell, J., Gazdar, A., Shigematsu, H., Herz, J. & Minna, J.D. (2005) in Lung
cancer principles and practice, eds. Pass, H. I., Carbone, D. P., Minna, J. D.,

21

78.
79.
80.
81.
82.
83.

84.
85.
86.
87.
88.
89.

Johnson, D. H. & Turrissi, A. (Lippincott, Williams, and Wilkins, Philadelphia),
pp. 172-178.
Slebos, R. J., Hru.ban, R. H., Dalesio, 0., Mooi, W. J., Offerhaus, G. J. &
Rodenhuis, S. (1991) J Nat! Cancer Inst 83, 1024-7.
Vahakangas, K. H., Bennett, W. P., Castren, K., Welsh, J. A., Khan, M. A.,
Blomeke, B., Alavanja, M. C. & Harris, C. C. (2001) Cancer Res 61,4350-6.
Pao, W., Wang, T. Y., Riely, G. J., Miller, V. A., Pan, Q., Ladanyi, M., Zakowski,
M. F., Heelan, R. T., Kris, M. G. & Varmus, H. E. (2005) PLoS Med 2, e17.
Metayer, C., Wang, Z., Kleinerman, R. A., Wang, L., Brenner, A. V., Cui, H.,
Cao, J. & Lubin, J. H. (2002) Lung Cancer 35, 111-7.
Cheng, Y. W., Chiou, H. L., Sheu, G. T., Hsieh, L. L., Chen, J. T., Chen, C. Y.,
Su, J. M. & Lee, H. (2001) Cancer Res 61,2799-803.
Kobayashi, S., Boggon, T. J., Dayaram, T., Janne, P. A., Kocher, 0., Meyerson,
M., Johnson, B. E., Eck, M. J., Tenen, D. G. & Halmos, B. (2005) N Eng/ J Med
352, 786-92.
Pao, W., Miller, V. A., Politi, K. A., Riely, G. J., Somwar, R., Zakowski, M. F.,
Kris, M.G. & Varmus, H. (2005) PLoS Med 2, 1-11.
Dowell, J. E. & Minna, J.D. (2005) N Engl J Med 352,830-2.
Clark, J., Cools, J. & Gilliland, D. G. (2005) PLoS Med 2, 171-173.
Lee, J. W., Soung, Y. S., Kim, S. Y., Park, W. S., S.W., N., Lee, J. Y., Yoo, N.J.
& Lee, S. H. (2005) International Journal of Cancer 113, 510-11.
Inoue, A. & Nukiwa, T. (2005) PLoS Med 2, e13.
Dowell, J. & Minna, J.D. (2004) Nature Clinical Practice Oncology 1, 2-3.

22

