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Asian vs. non-Asian NSCLC patients, or in early-stage
operable NSCLC patients vs. NSCLC patients with
advanced/metastatic disease (Jackman et al. 2006). Recent
reports from Asia demonstrated that there was no signifi-
cant difference in OS between gefitinib-first group and che-
motherapy-first group (Morita et al. 2009; Wu et al. 2008).

Because our study population consisted of NSCLC
patients screened for EGFR mutation in order to select
patients for gefitinib treatment, only three patients who
were EGFR wild-type received gefitinib treatment. There-
fore, it is difficult to assess whether gefitinib treatment
affects clinical outcomes according to EGFR mutation sta-
tus of NSCLC patients. Nevertheless, we observed similar
PFS in patients treated with first- or second-line cytotoxic
chemotherapy, regardless of the EGFR mutation status of
the patients (Fig. 3a, b). Thus, the longer PFS seen in
EGFR mutation-positive patients treated with gefitinib than
in patients treated with cytotoxic chemotherapy (Fig. 2a, b)
might be attributable to a superior OS than that exhibited by
patients who were EGFR wild-type. Our finding is consis-
tent with a subset analysis of a recently completed phase III
study (Iressa Pan-Asia Study) showing that gefitinib mono-
therapy significantly improved the PFS of EGFR mutation-
positive patients compared with carboplatin and paclitaxel
in the first-line setting (Mok et al. 2009).

Our multivariate analysis indicated that PS and EGFR
mutations were significant prognostic factors (Table 4 and
Fig. 4), which is consistent with the first report of prospec-
tive EGFR mutation screening for NSCLC patients by
Sutani etal. (2006). Many investigators believe that
patients with EGFR mutations who are treated with EGFR
TKIs have significantly longer survival than do patients
with EGFR wild-type who are treated with EGFR TKIs
(Han etal. 2005; Mitsudomi etal. 2005; Takano et al.
2005). However, this point is still controversial, because
some researchers demonstrated that chemotherapy patients
with EGFR mutations survived for a longer period than did
chemotherapy patients who were EGFR wild-type (Bell
etal. 2005; Eberhard et al. 2005). Takano etal. (2008)
reported that EGFR mutations are both prognostic and pre-
dictive factors. Furthermore, after approval of gefitinib in
Japan, median survival of EGFR mutation-positive patients
with advanced lung adenocarcinoma was 27.2 months. The
median survival time, which was similar to that observed in
our study, was never observed in advanced/metastatic
NSCLC patients treated with conventional chemotherapy.
According to Takano et al. (2008), the favorable median
survival time was caused mainly by gefitinib treatment.

Several recent studies have reported that patients with
exon 19 deletions had superior response rates, PFS, and
OS, as compared with patients with the L858R mutations
(Jackman et al. 2006; Mitsudomi et al. 2005; Riely et al.
2006). In this study, clinical outcomes in patients with exon

19 deletions, compared with outcomes in patients with the
L858R mutation, did not differ significantly (data not
shown). This finding is consistent with previous reports
from East Asia showing almost the same survival benefit of
gefitinib in patients with either type of mutation (Morita
et al. 2009; Takano et al. 2008; Wu et al. 2008).

Recently, a Japanese phase II trial of first-line gefitinib
for patients with advanced NSCLC harboring EGFR muta-
tions without indication for chemotherapy demonstrated the
benefit of first-line gefitinib for EGFR mutation-positive
patients with extremely poor PS and/or with high age,
yielding a favorable response rate of 66%, median survival
time of 17.8 months and 1-year survival rate of 63% (Inoue
et al. 2009). However, we cannot make a conclusion with
respect to the timing of gefitinib therapy in the gefitinib-
first group and chemotherapy-first group for EGFR muta-
tion-positive patients with good PS and an age <75 years.
Our results suggest that EGFR mutation-positive patients
benefit from either first- or second-line gefitinib mono-
therapy. Currently in Japan, two ongoing, prospective, ran-
domized trials are exploring treatment with gefitinib or
standard chemotherapy (cisplatin + docetaxel in the trial
conducted by the West Japan Oncology Group;
carboplatin + paclitaxel in the trial conducted by the North-
East Japan Gefitinib Study Group), with the primary end-
point of PFS in patients with EGFR mutations. Results
from these trials will provide conclusive results with
respect to gefitinib timing for NSCLC patients with EGFR
mutations in terms of both PFS and OS.
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Analysis of ERBB4 Mutations and Expression in Japanese
Patients with Lung Cancer
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Abstract: Only the kinase domain of ERBB4 has been analyzed in East
Asian populations, but a recent large-scale mutation analysis has indi-
cated a higher incidence of mutations in the extracellular domain.
Mutations in the extracellular and kinase domains of ERBB4 were
examined by direct sequencing in 72 patients with primary lung cancer
and 8 cell lines. In addition, ERBB4 expression was determined in 60
patients by quantitative real-time polymerase chain reaction. We inves-
tigated the relationship between ERBB4 expression and clinicopatho-
logic characteristics including prognosis. One patient possessed Q793Q
polymorphism in the kinase domain. However, we detected no muta-
tions in extracellular or kinase domains of ERBB4. There was no
significant difference in the clinicopathologic characteristics including
prognosis of patients with high or low expression of ERBB4. The
clinical significance of ERBB4 in lung cancers is negligible.

Key Words: ERBB4 mutation, Extracellular domain, Lung cancer,
Expression, Prognosis.

(J Thorac Oncol. 2010;5: 1859-1861)

e ERBB family of tyrosine kinase receptors consists of four
members: epidermal growth factor receptor (EGFR),
ERBB?2, ERBB3, and ERBB4.! According to the NCBI database,
the sequences of the kinase domains of EGFR and ERBB4 are
79% identical, and EGFR and ERBB4 have common ligands:
heparin-binding epidermal growth factor, betacellulin, and epi-
regulin.! EGFR mutation has been revealed to play an important
role in non-small cell lung cancer (NSCLC).
Two mutation analyses of the FRBB4 kinase domain in
East Asian patients with NSCLC have been reported: 5 of 217
(2.3%) in Korean patients? and none of 105 in Japanese pa-
tients.> Conversely, a large-scale mutation analysis in 188 pa-
tients with lung adenocarcinoma detected nine ERBB4 muta-
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tions: two in the kinase domain, one in the transmembrane
domain, and six in the extracellular domains (Figure 14).4

The extracellular domains of the ERBB family are con-
sisted of four distinct protein domains. There are two homolo-
gous large (L) domains and two cysteine-rich (CR) domains,
which occur in the order L1-CR1-L2-CR2 (Figure 14).5 The
L1 and L2 domains form the ligand binding pocket and the CR1
and CR2 domains are deeply involved in receptor dimerization.’
Mutations in the ERBB4 gene are more frequently present in the
extracellular domain, especially the CR1 domain, than in the
kinase domain.* However, only the kinase domain has been
analyzed in East Asian populations.23 We considered that anal-
ysis of mutations in the extracellular domains and the kinase
domain of ERBB4 would be of value.

In this study, we searched for mutations in the CR1
domain and kinase domain of ERBB4. We also analyzed ERBB4
mRNA expression by real-time polymerase chain reaction and
examined the relationship between the expression and clinico-
pathologic characteristics including prognosis.

PATIENTS AND METHODS

Cell Lines

Eight lung cancer cell lines were available. These com-
prised six adenocarcinomas (NCI-H23, NCI-H358, NCI-H3255,
HCC78, A549, and ACC-LC-319), one adenosquamous cell
carcinoma (NCI-H596), and one large cell carcinoma (ACC-
LC-91). ACC-LC-319 and ACC-LC-91 were established in our
institution. A549 and NCI-H596 were purchased from the
American Type Culture Collection (Manassas, VA). The others
were gifts from Dr. Adi F. Gazdar.

Patients

We studied 72 Japanese patients with lung cancer who
underwent pulmonary resection at our institution. Tumor sam-
ples were rapidly frozen, and total RNA were extracted and
genomic DNA was extracted from the blood sample using the
Gene Tapping by Liquid Extraction kit (TAKARA BIO Inc.,
Otsu, Japan) after obtaining appropriate approval from the re-
view board and written informed consent from the patients. The
clinicopathologic characteristics of the patients were as follows:
44 were men and 28 were women, and the median age was 67
years at diagnosis (range, 38—85 years). Thirty-nine patients had
pathologic stage I disease, 7 had stage II, 23 had stage III, and 3
had stage IV (TNM Classification of Malignant tumor, 6th
Edition). There were 55 adenocarcinomas, 10 squamous cell
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carcinomas, 1 adenosquamous cell carcinomas, 5 large cell
carcinomas, and 1 small cell carcinoma. Twenty-four patients
had never smoked, and 48 were current or former smokers.

Analysis of ERBB4 Mutations

The ERBB4 extracellular region and kinase domain,
which was divided into C-terminal side (KD1) and N-terminal
side (KD2; Figure 14), were analyzed for mutations. By using
total RNA or genomic DNA, ERBB4 was analyzed by direct.
Primer sequences were as follows: extracellular region, 5'-TCCTT-
TGTTATGCAGACACCAT-3' and 5-TTGTAAGGGTCCCC-
ATGAATAC-3'; KD1, 5'-GGTGGAACCATTAACTCCCAGT-
3" and 5'-CAATGCTGATGGAGGAAAGATG-3'; and KD2,
5'-CAATGCTGATGGAGGAAAGATG-3' and 5'-TGATCG-
TATGAAGCTTCCCAG-3'.

Analysis of ERBB4 Expression

Total RNA from 60 patients and 2 normal lung tissue
samples were reverse transcribed using the High Capacity
c¢DNA Reverse Transcription kit (Applied Biosystems, Foster
City, CA). We analyzed ERBB4 expressions according to the
protocol of the TagMan Gene Expression assay, using 18S
rRNA as the internal reference gene. The primer IDs for ERBB4
and 18S rRNA were Hs00171783_ml and Hs99999901_sl
(Applied Biosystems), respectively. The 60 patients were di-
vided into 2 groups on the basis of the average ERBB4 expres-
sion value of 2 normal lung tissue samples.

Statistical Analysis
For comparison of proportions, a x” test or Fisher’s exact
test was applied. For quantitative variables, Student ¢ test was

1860
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3
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0
4 5 0 1 2 3 4 5

Time (year)

11 6 4 3
30 22 5 3

Number at risk
High 16
Low 44

3 3
4 4

14
40

used. Disease-free survival (DFS) was measured from the date
of first operation until the date of radiologic recurrence or death.
Overall survival (OS) was measured from the date of first
operation until the date of death. The Kaplan—Meier method was
used to estimate the probability of survival as a function of time,
and survival differences were analyzed by the log-rank test. We
defined the significance level at p < 0.05.

RESULTS

In the ERBB4 mutation analysis, one patient with adeno-
carcinoma had a ¢.2379G>A synonymous genetic change re-
sulting in Q793Q in the ERBB4 kinase domain (exon 20). The
synonymous change was confirmed as a polymorphism by DNA
sequencing a matched blood sample (Figure 1B). However,
somatic mutation of ERBB4 was not detected in this study.

The average ERBB4 expression level was not signifi-
cantly different between tumor samples and normal lung
tissue samples (p = 0.384). The high- and low-expression
groups were 27% (16 of 60 patients) and 73% (44 of 60
patients), respectively. The two groups were compared for
clinicopathologic characteristics (Table 1), but we did not
identify any significant difference. In the survival analysis,
the median DFS and OS time was not significantly different
between the patients with high and low ERBB4 expression
(Figures 1C, D).

DISCUSSION
We have previously analyzed EGFR, KRAS, MET, and
ERBB2 mutations and MET amplification, which are mutually
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TABLE 1.  Clinicopathologic Data for 60 Patients with Lung
Cancer
ERBB{ Expression (%)
High Low
Characteristic (n =16) (n=44) y4
Age (yr) .
>67 7 (43.8) 23 (52.3) 0.559
=67 9(56.2) 21 (47.7)
Sex
Male 8 (50.0) 31 (70.5) 0.142
Female 8 (50.0) 13 (29.5)
Pathologic stage
LI 13 (81.3) 25 (56.8) 0.130
I, v 3(18.7) 19 (43.2)
Smoking
Never 6 (37.5) 12 (27.3) 0.445
Current or former 10 (62.5) 32 (72.7)
Tumor size (cm)
>3 6 (43.8) 28 (63.6) 0.071
=3 10 (56.2) 16 (36.4)
Histology
Adenocarcinoma 11 (68.9) 32(72.7) 0.763
Nonadenocarcinoma 5(@31.1) 12 27.3)

exclusive, in lung cancers.5” The aims of this study were to
identify mutations of the ERBB4 extracellular and kinase do-
mains in lung cancers and to confirm their mutual exclusivity
with mutations in the above genes. Recently, activating point
mutations at the EGFR extracellular domains were found in
12.9% of glioblastorna.® Mutations of the ERBB4 extracellular
domain also have been reported in NSCLC.* We considered that
there was need for analysis of mutations of the ERBB4 extra-
cellular domain in East Asian patients with lung cancer. In this
mutation analysis, only a Q793Q polymorphism was detected in
the ERBB4 kinase domain. The ERBB4 polymorphism was
analogous to the 787Q polymorphism of EGFR. In East Asia,
two mutation analyses of ERBB4 have been reported.%3 Consid-
ering those together with this study, 5 of 394 patients with lung
cancer (1.3%) harbored ERBB4 mutations, all of which were
present in the ERBB4 kinase domain.

Gene amplification and expression of the ERBB family
have been reported in lung cancer. EGFR gene amplifications
are frequently observed in squamous cell carcinoma with poor
prognosis.®1° Synchronous protein overexpression of EGFR and
ERBB? significantly predicted increased recurrence risk and
decreased survival.!! In ERBB4 expression assays of lung can-
cers, the expression levels are remarkably lower than those of
other members of the ERBB family, and there is no relationship
between ERBB4 expression and metastasis.!? Conversely, Starr
et al.13 reported that the proliferation of the ERBB4-transfected
human adenocarcinoma cell line H1299 was 2-fold higher than
that of the parental cells, and in mice injected with the ERBB4-
transfected cells, the tumors were larger,'? suggesting that
ERBB4 is associated with metastasis and inferior survival.3

As indicated earlier, opinions vary concerning the rela-
tionship of ERBB4 expression with metastasis and prognosis in

Copyright © 2010 by the International Association for the Study of Lung Cancer

lung cancers. In this study, the patients with regional lymph node
or distant metastasis at diagnosis made up 40% (6 of 16 patients)
of the ERBB4 high-expression group and 44% (20 of 44 pa-
tients) of the ERBB4 low-expression group (p = 0.582). The
DFS and OS were not significantly different between the high-
and low-expression groups. There was no significant relation-
ship between ERBB4 expression and metastasis or prognosis,
and we did not detect a significant relationship between ERBB4
expression and any clinicopathologic factors.

In conclusion, mutation of the ERBB4 kinase domain
and CR1 domain were not detected. High ERBB4 expression
was infrequent in Japanese patients with lung cancer, and the
clinical significance of ERBB4 was negligible.
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Abstract KRAS and epidermal growth factor receptor
(EGFR) are the two most frequently mutated proto-
oncogenes in adenocarcinoma of the lung. The occurrence
of these two oncogenic mutations is mutually exclusive,
and they exhibit many contrasting characteristics such as
clinical background, pathological features of patients
harboring each mutation, and prognostic or predictive
implications. Lung cancers harboring the EGFR mutations
are remarkably sensitive to EGFR tyrosine kinase inhibitors
such as gefitinib or erlotinib. This discovery has dramati-
cally changed the clinical treatment of lung cancer in that it
almost doubled the duration of survival for lung cancer
patients with an EGFR mutation. In this review, we
describe the features of KRAS mutations in lung cancer
and contrast these with the features of EGFR mutations.
Recent strategies to combat lung cancer harboring KRAS
mutations are also reviewed.

Keywords Lung cancer- Oncogene addiction -
Targeted therapy - Personalized medicine
1 Discovery of RAS in human cancers

In the search for the molecular basis of human cancer, an
activity that transforms the mouse NIH 3T3 cell line in vitro
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was detected in DNA from human cancer cell lines [1-3].
Later, it turned out that this activity is present in the human
homologues of oncogenes of retroviruses found earlier [4—
6]. These genes were named HRAS or KRAS according to
the names of these viruses, Harvey- or Kirsten-rat sarcoma
viruses. What was most intriguing about these early studies
was that the difference between the RAS gene present in
normal tissue and that in cancer tissue was usually a single
missense point mutation at codon 12 [7-9] and less
frequently at codons 13 or 61 [10]. The third member of
the RAS family gene, NRAS, was identified 1 year later in a
human neuroblastoma cell line, although its viral homo-
logue was not identified [11, 12]. A certain type of cancer
tends to involve a specific type of RAS gene; e.g., most RAS
mutations in lung, colorectal or pancreatic cancer occur in
the KRAS gene, whereas most RAS mutations in bladder
cancer occur in the HRAS gene [10].

2 Biology of RAS

The RAS gene encodes for a small protein with a molecular
weight of 21,000 Da with guanosine triphosphatase
(GTPase) activity. Because of this activity, RAS protein
toggles the guanosine diphosphate (GDP)-bound inactive
form to and from the GTP-bound active form. Guanine
nucleotide-exchange factors, including SOS1, are recruited
to the plasma membrane, where RAS is located, after
growth factor binding to cell-surface receptors and stimu-
late guanine nucleotide dissociation from RAS, which
results in increased levels of RAS-GTP. By contrast, RAS
is negatively regulated by the catalytic reaction of RAS
GTPase-activating proteins (RAS-GAPs), which enhances
RAS GTPase activity. The tumor suppressor gene of
neurofibromatosis I, NFI, also encodes for protein with
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RAS-GAP activity [13]. Oncogenic point mutations impair
the intrinsic GTPase activity of RAS and confer resistance
to GAPs, thercby causing RAS to accumulate in its active
GTP-bound state, which sustains the activation of RAS
signaling [14]. GTP-bound active RAS binds to more than
20 effector proteins and stimulates downstream signaling
cascades (Fig. la, b).

To acquire their biological and transforming activities,
RAS proteins must be bound to the inner surface of the
plasma membrane by appropriate posttranslational modifi-
cation [15-17]. Briefly, farnesyltransferase (FTase) cata-
lyzes the reaction that adds a farnesy! isoprenoid lipid to the
C-terminal CAAX (where C is cysteine, A is an aliphatic
amino acid, and X is any amino acid) motif of RAS, which
induces the association between RAS and the intracellular
membrane via the farnesyl group. After several other
processing steps, one or two palmitic acids are finally
added to HRAS, NRAS, or KRAS-4A by palmitoyltrans-
ferase just upstream of the CAAX motif [18]. By contrast,
the C-terminal electropositive Lys residues in KRAS-4B are
sufficient to anchor it in the membrane without being
modified by palmitic acid. KRAS-4A and -4B are two
splice variants of KRAS protein that are produced by
alternative splicing at the C-terminal region of KRAS. The
transforming cffect of mutant KRAS during lung carcino-
genesis in vivo is thought to be mediated primarily through
Kras-4A because transgenic mice that express only Kras-4B
are highly resistant to urethanc- or N-mcthyl-N-nitrosourea-
induced lung tumor formation [19, 20].

Although mutated RAS transforms immortalized cell
lines such as NIH3T3, it cannot transform primary rat
embryo fibroblasts. However, in cooperation with so-called
“immortalizing genes”, such as MYC, simian virus 40 large
T, or adenovirus E14 oncogene, mutated R4S can transform
cells in primary culture [21-23]. This observation is
relevant to the finding that oncogenic RAS has been shown
to cause senecscence or cell-cycle arrest in primary cells
through activation of the TP53 and/or pl6INK4A-RB
tumor-suppressor pathways [24]. It is thought that pl6 is
the key factor in determining whether cells become
senescent or are transformed in response to RAS activation
[25]. The RAS-induced RAF-mitogen-activated protein
kinase (MAPK) pathway might also feed into the TP53
pathway by activating the p38 MAPK pathway. RAS
activation may also cause p38 activation by increasing the
reactive oxygen species level [26] (Fig. 1b). However, in
vivo expression of oncogenic Kras at levels comparable to
those of its endogenous counterparts causes cellular
transformation [27], developing multiple lung adenomas
(pre-malignant tumors) and a few lung adenocarcinomas.
One solution of this discrepancy is that moderate activation
of Ras, such as that mimicked in the endogenous Kras
mouse models, does not cause an acute pl6 response,
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Fig. 1 EGFR- and KRAS-signaling pathways. a Binding of specific
ligands to the extracellular domain of the EGFR leads to formation of a
dimer with another EGFR or another ERBB family member. Dimeriza-
tion consequently stimulates intrinsic tyrosine kinase activity of the
receptors and triggers autophosphorylation of specific tyrosine residues
within the cytoplasmic regulatory domain. These phosphorylated
tyrosines serve as specific binding sites for several adaptor proteins
such as GRB2 and p85 (catalytic subunit of PI3K). Several signal
transducers then bind to these adaptors to initiate multiple signaling
pathways. The GRB2/SOS complex, brought into the vicinity of the
plasma membrane, catalyzes guanine nucleotide exchange of
membrane-binding RAS, and GTP-bound RAS activates its downstream
signaling cascades presented by the RAS-RAF-MAPK/ERK kinase
(MEK)—extracellular signal-regulated kinase (ERK) pathway. Activated
ERK is recruited into the nucleus and, finally, a Fos-Jun dimer that
makes up the APl transcription factor is activated to simulate gene
transcription-related cell proliferation such as expression of Cyclin D.
The other important downstream pathways are the PI3K-AKT, STAT3,
and STATS pathways, which mainly confer antiapoptotic effects. b
RAS-GTP binds to more than 20 effector proteins and stimulates
downstream signaling cascades. In addition to the RAF-MEK-~ERK
pathway, the PI3K-AKT pathway is activated by RAS through the
direct interaction of the PI3K catalytic subunit with RAS. Then, 3-
phosphoinositide-dependent protein kinase-1 (PDK1) and AKT are
activated to transmit antiapoptotic signals. Other effectors include Ral
guanine nucleotide-dissociation stimulator (RALGDS) and phospholi-
pase Ce (for review see [75, 96-98]). By contrast, the RAS downstream
pathways also include effectors with reported tumor-suppressor activi-
ties. We have mentioned the senescence and cell-cycle arrest effects of
RAS in the text. Another RAS effector protein RINT is reported to
trigger endocytosis of growth factor receptors, such as the EGFR,
thereby inhibiting RAS signaling (b). This figure is based on
modifications of figures from Schubbert et al. [99]., Downward et al.
[100], and Kammoub et al. [25]

contrasting with high level Ras ectopic expression in
cultured cells, allowing Ras-induced transformation [25].
On the other hand, Collado et al. reported the existence of
senescence cells in premalignant tumors but not in
malignant ones of Kras transgenic mouse models, suggest-
ing that substantial number of cells in pre-malignant tumors
undergo oncogene-induced senescence, but that cells in
malignant tumors arc unable to do this owing to the loss of
oncogene-induced senescence effetors such as pl6INK4A
or TP53 [28].

3 RAS gene activation in lung cancer

Frequent somatic mutation of the KRAS gene in lung cancer
was first identified in 1984 [29]. Mutation of the RAS gene
usually occurs in adenocarcinoma [30], rarely in squamous
cell carcinoma, and never in small cell lung cancer [31].
KRAS mutation in lung cancer usually occurs at codon 12,
occasionally at codon 13 and rarely at codon 61 [30]. Rare
instances of //RAS or NRAS mutations have been reported
in lung cancers [31]. KRAS mutations occur predominantly
in Caucasian patients rather than in East Asians; the
incidence of KRAS mutation is ~30% in Caucasian patients
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and ~10% in East Asian patients with adenocarcinoma [32,
33] (Fig. 2).

Although adenocarcinoma of the lung is thought to be
associated less with smoking than is squamous or small
cell carcinoma of the lung, a possible association
between KRAS mutations and smoking exposure was
reported in 1991 [34]. We categorized Japanese patients
according to the amount of smoke exposure (0, <20, 20—
50, and >50 pack-years (PY)) and found that the incidence
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of KRAS mutations increased as smoke exposure increased
(6%, 5%, 18%, and 18%, respectively) [35]. This trend
was similar to that for 7P53 mutations (29%, 40%, 65%,
and 66%, respectively) [35]. Recent large-scale analysis of
somatic mutations in lung adenocarcinoma also confirmed
the association between KRAS mutations and smoking
status [36]. By contrast, three studies restricted to
Caucasian populations failed to show a significant
association between smoking status and KRAS mutation,
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Fig. 2 Incidence of EGFR or
KRAS mutations according to
ethnicity and smoking status.
Data on ethnicity are from
Shigematsu et al. [33]. Data on
smoking in Asia are from
Kosaka et al. [35] and Tam et al.
[101], and those on smoking

in the USA are based on

Rudin et al. [102]

although a trend toward a higher incidence of KRAS
mutations was observed in smokers [37-39]. The KRAS
mutation at codon 12 in lung cancer is characterized by
the frequent G-to-T transversions, in contrast to the
frequent G-to-A transitions found in colorectal cancer
[40]. These transversion mutations of the KRAS gene are
associated strongly with smoking status even when
restricted to Caucasian populations, whereas the transition
mutations occur in both former or current and never
smokers [39].

Mutant allele specific imbalance (MASI) is a genetic
aberration observed often in tumors harboring mutations in
proto-oncogenes. The KRAS chromosomal locus at 12p12.1
or the epidermal growth factor receptor (EGFR) locus at
7pll1.2 have both been identified as frequent regions of
gene amplification in lung cancer by two independent
genome-wide studies [41, 42]. Soh et al. reported recently
that MASI is frequently (58%) observed in lung cancer with
KRAS mutation [43]. Of interest, MASI in KRAS occurs
mainly because of uniparental disomy resulting from the
complete loss of the wild-type allele without copy number
gain (CNG), whereas MASI in EGFR occurs mainly
because of CNG [43]. These differences in MASI mecha-
nisms may be relevant to the observation that the wild-type
RAS acts like a tumor suppressor in some models [44—46].
KRAS mutations or MASI are significantly associated with
increased GTP-bound active RAS protein [43].

In terms of histological types, KRAS mutations are
associated more with mucinous bronchioloalveolar cell
carcinoma (BAC) or lung cancer with goblet cell morpho-
logy than with non-mucinous BAC [47-50]. For example,
Marchetti et al. found KRAS mutations in ten of ten
mucinous BACs, but in only 34 of 98 non-mucinous
adenocarcinomas [49]. Yatabe et al. demonstrated further
that a subset of lung adenocarcinomas frequently shows
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expression of CK20 and CDX2, KRAS mutations, and/or
goblet cell morphology [50]. These phenotypes are ob-
served commonly in colorectal, pancreatobiliary, and
ovarian mucinous carcinomas, suggesting that adenocarci-
nomas with these features represent one prototype that is
independent of the organ of origin [50].

4 Discovery of the EGFR mutation in lung cancer

In 2004, activating mutations of the EGFR gene were
found in a subset of non-small cell lung cancers
(NSCLCs), and tumors harboring EGFR mutations were
shown to be highly sensitive to EGFR tyrosine kinase
inhibitors (TKIs) [51-53]. EGFR mutations are present
mainly in the first four exons of the tyrosine kinase
domain of the EGFR gene. About 90% of EGFR
mutations are either small deletions encompassing five
amino acids from codons 746 through 750 (ELREA) or
missense mutations resulting in leucine-to-arginine substi-
tution at codon 858 (L858R) [54]. There are >20 variant
types of deletion: larger deletion, deletion plus point
mutation, deletion plus insertion, etc. About 3% of EGFR
mutations occur at codon 719 and cause substitution of
glycine to cysteine, alanine, or serine (G719X) [54]. In
addition, about 3% are in-frame insertion mutations in
exon 20. It is unusual for more than one type of the
common forms of mutation to be present in an individual
carcinoma, although there are many examples of rare point
mutations, some of which occur with L858R mutation.
EGFR mutations are found predominantly in female,
non-smoking patients of East Asian origin with adenocar-
cinoma. Data on 2,880 patients compiled from the literature
show that the presence of EGFR mutations is highly
dependent on ethnicity (East Asians, 32% compared with
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Caucasians, 7%), sex (male, 10% compared with female,
38%), smoking history (never smoked, 47% compared with
ever smoked, 7%), and histological type (adenocarcinoma,
30% compared with other types of lung cancer, 2%) [54]. A
recent report also showed that African Americans are
significantly less likely to harbor EGFR mutations (2%),
whereas the frequency of KRAS mutations (23%) does not
differ from that in Caucasians [55].

Although EGFR and KRAS are both protc-oncogenes
associated with lung adenocarcinoma, lung cancer harbor-
ing EGFR mutations and those harboring KR4S mutations
differ markedly (Table 1 and Fig. 2). Our group and others
have reported that the occurrence of EGFR and KRAS
mutations is strictly mutually exclusive [33, 35]. This
finding may be relevant to the fact that the KRAS-MAPK
pathway is an important downstream signaling pathway of
EGFR.

It is of particular interest that EGFR mutations are the
first molecular aberrations found predominantly in lung
cancers in never-smoking patients than those in smoking
patients. In contrast to KRAS mutations, EGFR mutations
are frequently inversely associated with cumulative smok-

ing dosage. Our analysis, mentioned earlier, showed that
the incidence of EGFR mutations decreases as smoking
dose increases (68%, 55%, 27%, and 22%, for 0, <20, 20—
50, and >50 PY, respectively) [35]. These findings should
not be construed to mean that smoking has a preventive
effect on EGFR mutations; rather, they suggest that EGFR
mutations are caused by carcinogen(s) other than those
contained in tobacco smoke and that the apparent negative
correlation with smoking dose results from diluting the
number of tumors with EGFR mutations with an increasing
number of tumors without these mutations as smoking dose
increases. This idea is supported by our case—control study
[56], in which we enrolled 152 NSCLC patients harboring
EGFR mutations, 283 NSCLC patients without EGFR
mutations, and 2,175 age- and sex-matched controls. When
cumulative smoking exposure was classified into three
groups, the cumulative amount showed a linear increased
risk for lung cancer only in patients without EGFR
mutations (trend P<0.001). The odds ratios (OR) for 1-
40 PY and >40 PY were 2.72 (1.79-4.14; P<0.001) and
10.0 (6.33-15.8; P<0.001), respectively'[56]. By contrast,
the risk did not increase in patients harboring EGFR

Table 1 Summary of recent studies comparing gefitinib with chemotherapy in patients according to EGFR mutational status

Study Design Line EGFR mutated EGFR wild-type
PFS oS PFS OS
G CTx G CTx G CTx G CTx
Takano (64) Retrospective Al - - 27.2 13.6 - - 13.2 10.4
Japanese, observational, no crossover
I-CAMP? (92) Pl 1st 10.7 6.0 27.7 25.7 - - - -
Nonrandomized, pooled analysis, crossover CTx—G 100%, G—CTx?
INTEREST®(93) Pl 2nd 7.0 4.1 14.2 16.6 1.7 2.6 6.4 6.0
Global, gefitinib vs. docetaxel, crossover CTx—G 37%, G—CTx 46%
V15-32° (94) PIII 2nd ~8 ~9 - - ~3 ~3 - -
Japanese, gefitinib vs. docetaxel, crossover CTx—G 53%, G—CTx 60%
TPASS (66) PIII Ist 9.5 6.3 ~20 ~20 ~1.5 ~5.5 ~13 ~13
Asians, gefitinib vs. carboplatin-paclitaxel, crossover CTx—G 39%, G—CTx 49%
NEJ002 (67) P II1 1st 104 55 28.0 23.6
Japanese, gefitinib vs. carboplatin-paclitaxel, patients sclected by activating mutation of EGFR, crossover CTx—G 94%,
G—CTx 73%
WITOG3405 (68) PIII Ist 9.2 6.3 N/A N/A

Japanese, gefitinib vs. cisplatin-docetaxel, activating mutation of EGFR

G Gefitinib, CTx chemotherapy, P II phase II, P /I phase III.

2 [.CAMP is the pooled analyses from seven Japanese phase IT studies that prospectively evaluated the efficacy of gefitinib for patients with EGFR
mutations. Gefitinib was administered to 87 patients as the first-line therapy and to 61 patients as the second-line or later therapy {92].

Y The INTEREST and V15-32 studies are comparative studies of gefitinib versus docetaxel as second-line or later treatment for advanced or
recurrent non-small cell lung cancer. The non-inferiority of gefitinib was not demonstrated in the V15-32 study conducted in Japan [93], but was
demonstrated in the INTEREST study conducted overseas [94]. The subset analysis of the INTEREST study showed that EGFR mutation-positive
patients had longer PFS with gefitinib than with chemotherapy, but no difference in OS was observed [94]. By contrast, in the V15-32 study,
patients with EGFR mutations had a favorable prognosis overall, but no differences were demonstrated between docetaxel and gefitinib [93].
Interpretation of these analyses is difficult because only a portion of the patients were analyzed retrospectively.
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mutations (OR, 0.68 (0.42-1.12, P=0.134) for 1-40 PY;
OR, 0.79 (0.42-1.46, P=0.45) for > 40 PY) [56].

5 Clinical significance of KRAS and EGFR mutations
in lung cancer

5.1 Prognostic implications

In 1990, Slebos et al. reported that the presence of a KRAS
mutation is a significant poor prognostic marker in patients
with adenocarcinoma of the lung who underwent potential
curative surgery [57]. Mascaux et al. performed a meta-
analysis of 53 published studies that assessed the prognostic
value of mutations in the KRAS gene. They identified KRAS
mutations as a negative prognostic factor with a hazard
ratio for death of 1.50 (95% confidence interval (CI), 1.26—
1.80) in lung adenocarcinoma [58]. In our recent analysis,
KRAS mutations were associated with poor prognosis,
whereas EGFR mutations were associated with good
prognosis by univariate analysis. However, multivariate
analysis revealed that smoking status and stage were
significant predictors, whereas none of the mutations,
EGFR, KRAS, or TP53, was an independent prognostic
factor [59].

On the other hand, Soh et al. found that gene dosage is
associated with prognostic impact [43]. In the paper
mentioned earlier, KRAS mutations (P=0.2) or CNG (P=
0.1) alone showed a non-significant trend for poor
prognosis. However, of 237 lung adenocarcinoma patients,
six patients who harbored both a KR4S mutation and CNG
had significantly shortened survival (P=0.04) [43].

5.2 Predictive implications

Small molecules with an anilino-quinazoline structure that
specifically inhibit the tyrosine kinase activity of the EGFR,
such as gefitinib and erlotinib, are the first molecular
targeted drugs for lung cancer. It became evident that non-
smoking Asian women with adenocarcinoma are highly
likely to respond to EGFR-TKIs during early clinical
development of the drugs [60, 61]. In 2004, somatic
mutations of the EGFR gene were found in a subset of
patients with lung cancer predominantly with the above-
mentioned clinical backgrounds; it was also found that
tumors with EGFR mutations are highly sensitive to EGFR-
TKIs [51-53], providing a molecular basis for the earlier
clinical observations. Activating mutations of the EGFR
gene increase and sustain the phosphorylation of EGFR and
other human EGF receptor (HER) family proteins without
ligand stimulation [62]. Mutant EGFR selectively activates
the AKT- and signal-transducer and activator of transcrip-
tion protein (STAT)-signaling pathways, which promote

D) Springer

cell survival [62]. These cells become highly dependent on
these aberrant signals, and when the oncogenic activated
protein is inhibited by short hairpin RNA (shRNA) or
EGFR-TKISs, they undergo extensive apoptosis [62].

About 70-80% of patients harboring EGFR mutations
respond to EGFR-TKIs, whereas 10% of patients without
EGFR mutations do so [54]. Patients with EGFR mutations
have a significantly longer survival than those without
EGFR mutations when treated with EGFR-TKIs [63, 64].
However, the clinical significance of EGFR mutation as a
predictor of survival in patients treated with EGFR-TKIs
was initially controversial. Some investigators claimed that
EGFR mutations are not predictive of better survival upon
EGFR-TKI treatment but are prognostic only (i.e. EGFR
mutation defines a subset of patients with good prognosis
irrespective of the treatment) [65]. Instead, it was thought
that the EGFR gene copy number is more important [65].
This controversy continued until the molecular subset
analysis of the IPASS study was reported [66].

TPASS is a phase III trial that compared gefitinib with
standard chemotherapy as a first-line treatment for Asian
patients with lung adenocarcinoma and with no smoking
history or only light use [66]. The progression-free survival
(PFS) was significantly better in patients in the gefitinib
group, although the PFS curves crossed at six months
{chemotherapy was better initially but later the gefitinib
therapy was better), suggesting the presence of two or more
qualitatively different subgroups. Molecular subset analysis
showed that the benefit was limited to the patients with
EGFR mutations and that gefitinib therapy was even
detrimental in those without mutations [66]. Two recent
Japanese phase III trials (NEJOO2 and WITOG3405) that
compared gefitinib with platinum-doublet chemotherapy for
patients selected according to the presence of EGFR
mutations confirmed the predictive impact of these muta-
tions in patients treated with EGFR-TKIs[67, 68].

However, the overall survival in the gefitinib group and
in the chemotherapy group did not differ significantly in the
IPASS trial or in NEJ002, although the final analyses have
not been reported yet. This lack of effect is probably related
to a high rate of crossover of the treatment; ie. a
considerable fraction of patients in the chemotherapy arm
had been given gefitinib after disease progression and vice
versa. Takano et al. classified lung cancer patients into
those treated from 1999 to 2001, which was before
approval of gefitinib in Japan, and those treated from
2002 to 2004. Gefitinib was administered to only 15% of
the former group, but to 91% of the latter group. When the
prognosis was examined according to the presence or
absence of EGFR mutations, the median survival time
was 27.2 months in the 2002-2004 cohort with EGFR
mutations but only about 1 year in the other three groups
[64] . Although this is not a randomized trial, it indicates
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clearly that gefitinib treatment doubled the survival of lung
cancer patients harboring EGFR mutations. Table 1 sum-
marizes the recent clinical studies that compared gefitinib
with standard chemotherapy in patients with lung cancer
according to EGFR mutational status.

In addition, for patients treated with carboplatin/paclitaxel
chemotherapy in the TPASS trial, the response rate was higher
(47.3% vs. 23.5%) and PFS was longer (6.3 vs. 5.5 months)
in patients with EGFR mutations than in those without EGFR
mutations. This result suggests that £GFR mutations may
also be predictive for the response to cytotoxic chemotherapy
[66].

By contrast, lung cancers harboring KR4S mutations are
resistant to EGFR-TKIs. The response rate for patients with
KRAS mutations to EGFR-TKIs is virtually zero [69]. A
recent meta-analysis of data on 165 patients with KRAS
mutations from 17 studies confirmed that the presence of
KRAS mutations is significantly associated with an absence
of response to TKIs [70]. In the analysis, the pooled estimate
of the specificity (number of KRAS wild-type patients /
number of patients with objective response by RECIST) was
0.94 (95% Cl, 0.89-0.97). However, because an EGFR
mutation is a strong predictor of the response to EGFR-
TKI therapy and because EGFR mutations and KRAS
mutations have a mutual exclusionary relationship, it is not
clear whether the response to EGFR-TKIs differs between
tumors harboring KRAS mutations and those harboring
neither KRAS nor EGFR mutations. In an analysis of 223
patients from five studies who were treated with EGFR-TKIs
as a first-line therapy, Jackman et al. found no impact of
KRAS mutations on the overall survival in patients without
EGFR mutations [71]. The presence of a KRAS mutation in a
given tumor may merely indicate that the tumor does not
have an EGFR mutation. In addition, the role of KRAS
mutations as a negative predictor of the response of lung
cancer to treatment with anti-EGFR antibody, cetuximab, is
not clear [72, 73], in contrast to the established role of anti-
EGFR antibody in the treatment of colorectal cancer [74].

6 Novel strategies to circumvent KRAS-mutated tumors

Because RAS genes are the most frequently mutated
oncogenes in various types of human cancers, researchers
and clinicians are interested in developing efficient treat-
ment strategies for tumors harboring mutant RAS. The first
strategy was to inhibit farnesylation of RAS, which is
essential for membrane localization and thus for RAS
function. Some of these famesyltransferase inhibitors
(FTIs) are active in vitro or in animal models; however,
all clinical trials failed mainly because alternative geranyl-
geranylation of the KRAS protein occurs, which can also
support the biological activity of KRAS [75]. The concur-

rent inhibition of famesyltransferase and geranylgeranyl-
transferase was too toxic [75].

Cancer cells usually contain multiple genetic and epige-
netic abnormalities. For example, about 40% of adenocarci-
nomas harboring an EGFR mutation also have a 7P353
mutation [35]. Despite this complexity, their growth and
survival can often be impaired by the inactivation of a single
oncogene, the phenomenon known as “oncogene addiction”
[76]. A typical example is the effect of EGFR-TKIs, as
described above. However, not all cancers with RAS
mutations are addicted to mutant RAS. Upon treatment of
shRNAs to deplete KRAS in lung cancer cell lines harboring
KRAS mutations, half of the cell lines maintained viability
without expressing KRAS, whereas the cell density of the
other half was reduced to one-fourth at most [77]. Even this
sole observation illustrates the difficulties of RAS-targeted
therapy. Comparing KRAS-independent and KRAS-
dependent cancer cells reveals that KRAS-dependency is
correlated with KRAS CNG and KRAS protein overexpres-
sion [77]. In addition, a gene-expression signature reveals
that well-differentiated epithelial phenotype is also correlated
with KRAS-dependency [77], showing that epithelial-mes-
enchymal transition (EMT) is associated with RAS indepen-
dence. In this respect, it is noteworthy that RAS and
transforming growth factor (TGF) (3-Smad signaling coope-
rate selectively in the induction of Snail, a transcription
factor that represses the expression of E-cadherin and
induces EMT when overexpressed [78].

Because inhibition of KRAS by itself was insufficient to
kill cancer cells with a KRAS mutation in the experiments
mentioned above, one alternative approach might be to use
the combined inhibition of two main downstream pathways
of the RAS-RAF-MAPK/ERK kinase (MEK)-extracellular
signal-regulated kinase (ERK) pathway and the phosphati-
dylinositol 3 kinase (PI3K)-AKT pathway. When an
artificial mutation was introduced to the RAS-binding
domain of the PIK3CA gene, tumor formation was inhibited
in a Kras 12D mouse model [79], showing the importance
of PI3K in the RAS-signaling pathway. Another study also
showed that the PI3K inhibitor, PX866, blocks both the
development of new Kras G12D-induced tumors and the
growth of Kras G12D-driven AAHs and early adenomas
[80]. However, NVP-BEZ235, a potent dual pan-PI3K-
mammalian target of rapamycin (mTOR) inhibitor, could
not shrink established Kras G12D-driven tumors, suggest-
ing that suppression of PI3K signaling is insufficient [81].
Although treatment of Kras G12D mice with the MEK
inhibitor, ARRY-142886, alone led to only modest tumor
regression, the combination of MEK and PI3K inhibitors
led to marked synergistic tumor regression, and pathologi-
cal analysis at the completion of treatment revealed only
scant remnants of tumor nodules [81]. A recent cell line-
based study revealed that KRAS gene-mutant cancers
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exhibit variable responses to MEK inhibition and that PI3K
pathway activation strongly influences the sensitivity of
KRAS gene-mutant cells to MEK inhibitors. Activating
mutations in the PIK3CA gene reduces the sensitivity to
MEK inhibition, whereas PTEN mutations cause complete
resistance [82]. In this study, the dual inhibition of the PI3K
and MEK pathways was required for complete inhibition of
the downstream mTOR and induction of cell death [82].

The second approach is the systematic prediction of drug
activity using a genomically validated large cohort of cell
lines [83]. In that study, 84 genomically validated cell lines
were treated with erlotinib and with 11 other inhibitors that
were under either clinical or preclinical evaluation [83], and
they found that KRAS mutations conferred enhanced heat
shock protein (HSP) 90 dependency. This finding was
validated in mice with Kras-driven lung adenocarcinoma,
showing these mice exhibited dramatic tumor regression
when treated with an HSP90 inhibitor, 17-(dimethylamino-
ethylamino)-17-demethoxygeldanamycin (17-DMAG).

The most recent approach is to identify synthetic lethal
interactions in cancer cells harboring KRAS mutations using
genome-wide RNA interference screening. In other words,
this approach investigates which genes that, when silenced,
kill cells harboring mutant R4S genes but not cells without
this mutation. Using this approach, Scholl et al. identified
serine threonine kinase, STK33 [84]. On the other hand,
Luo et al. identified a diverse set of proteins whose
depletion selectively impaired the viability of R4S mutant
cells. In particular, they observed a strong enrichment of
genes with mitotic functions including a mitotic kinase,
polo-like kinase 1 [85]. More recently, Barbie et al. showed

that TBK1, an upstream regulator of the nuclear factor-«B
(NF-«B) pathway, was most effective in selectively killing
RAS gene mutant cells [86]. TBK1 activates NF-kB by
inhibiting IkB, an inhibitor of NF-kB. TBK1 also plays an
important role downstream of RAS (Fig. 1b) [87]. In
addition, inhibition of NF-kB by treatment with a non-
phosphorylatable, dominant-negative form of IkB (IkB-
DR) markedly decreased both the number and the size of
lung tumors induced by concomitant loss of TP53 and
expression of oncogenic Kras (G12D) [88]. These findings
provide support for the development of novel strategies to
explore targeted therapies for the treatment of patients with
mutated RAS gene.

7 Conclusion

We have described the clinical and biological significance
of KRAS and EGFR mutations in lung cancer. The two
mutant proto-oncogenes contrast sharply in terms of their
epidemiological, pathological, biological, and clinical
aspects in lung cancer (Table 2). Although EGFR mutation
testing almost becomes a must for selecting patients who
would most benefit from treatment with EGFR-TKIs, the
role of KRAS mutations and their clinical applications are
unclear. Specific treatment strategies that target activated
KRAS are awaited eagerly. In addition to KRAS and
EGFR, recent evidence suggests that some adenocarcino-
mas of the lung are dependent on or addicted to the HER2
[89] or anaplastic lymphoma kinase pathway [90, 91]
although the incidence is low.

Table 2 Comparison of KRAS with EGFR mutations in human lung cancer

KRAS

EGFR

1982
Small GTP-binding protein

Missense mutation at codons 12,
13 or 61

Present (uniparental disomy
common)
Common (pancreas, colon,

Discovery of mutation
Biochemical function
Common mutation

Allele-specific imbalance

Mutation in tumors other than

lung cancer bile duct, etc.)

Smoking status Smokers

Ethnicity Caucasians>East Asians

Sex Male>female

Histology Adenocarcinoma (mucinous
BACY)

Prognostic impact Poorer

Response rate for EGFR-TKI 0%

therapy

2004
Receptor tyrosine kinase

Exon 19 deletion, missense mutation at codon 858 (L858R) in
tyrosine kinase domain

Present (copy number gain common)
Absent®

Non-smokers
East Asians>Caucasians
Female>male

Adenocarcinoma (non-mucinous BACb)

Better
70-80%

?Mutations in the extracellular domain are reported in glioblastomas [95]

® Peripheral arising adenocarcinomas with partial or complete bronchiolealveolar growth component

‘?_J Springer

— 242 —



Cancer Metastasis Rev (2010) 29:49-60

57

We have treated NSCLC as one disease, although it is
actually an aggregate of many genetically different diseases.
Development of translational science involving close coope-
ration among clinicians, researchers, and pharmaceutical
companies should make it possible to personalize lung cancer
treatment, to turn this fatal disease into a chronic disorder and,
eventually, to cure it.
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Reciprocal and Complementary Role of MET Amplification
and EGFR T790M Mutation in Acquired Resistance
to Kinase Inhibitors in Lung Cancer
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Abstract

Purpose: In epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) therapy for lung
cancer patients, acquired resistance develops almost inevitably and this limits the improvement in patient
outcomes. EGFR T790M mutation and MET amplification are the two main mechanisms underlying this
resistance, but the relationship between these two mechanisms is unclear. In this study, we explored their
relationship using in vitro models and autopsy specimens.

Experimental Design: Erlotinib-resistant HCC827 (HCC827ER) cells were developed by chronic
exposure to erlotinib at increasing concentrations. HCC827EPR cells were also developed by chronic
exposure to erlotinib in the presence of PHA-665,752 (a MET TKI). The erlotinib-resistant mechanisms
of these cells were analyzed. In addition, 33 autopsy tumor samples from 6 lung adenocarcinoma patients
harboring multiple gefitinib-refractory tumors were analyzed.

Results: HCC827ER developed MET amplification, and clinically relevant resistance occurred at >4-
fold MET gene copy number gain (CNG). By contrast, HCC827EPR developed T790M without MET
CNG. Of six patients harboring gefitinib-refractory tumors, three exhibited T790M only, one exhibited
MET amplification only, and the other two exhibited T790M and/or MET amplification depending on
the lesion sites. In these gefitinib-refractory tumors, T790M developed in 93% (14 of 15) of tumors with-
out MET gene CNGs, in 80% (4 of 5) of tumors with moderate MET gene CNGs (<4-fold), and in only
8% (1 of 13) of tumors with MET amplification (=4-fold).

Conclusions: These results indicate a reciprocal and complementary relationship between T790M and
MET amplification and the necessity of concurrent inhibition of both for further improving patient out-
comes. Clin Cancer Res; 16(22); 5489-98. ©2010 AACR.

Non-small cell lung cancers harboring activating muta-
tions of the epidermal growth factor receptor (EGFR) gene
are addicted to the EGFR pathway and are very sensitive to
small molecule EGFR tyrosine kinase inhibitors (TKI),
such as gefitinib and erlotinib (1-7). Despite dramatic
initial responses, however, acquired resistance develops
almost inevitably after a median of ~10 months (8),
and this limits the improvement in patient outcomes.
The secondary EGFR mutation, substitution of threonine
to methionine at codon 790 (the “gatekeeper” residue,
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T790M), and the amplification of the MET gene are the
two main molecular mechanisms responsible for acquired
resistance to EGFR-TKIs (9-12).

This resistance is postulated to develop from the selec-
tion of pre-existing minor resistant clones harboring either
the T790M mutation (13) or the MET amplification (14),
although therapy-naive tumors rarely harbor these altera-
tions (15-17). In this context, it seems that these cells are
destined to develop each resistant mechanism even before
EGFR-TKI treatment begins. For example, the HCC827
lung adenocarcinoma cell line reproducibly acquires resis-
tance by MET amplification to gefitinib (11) or an irrevers-
ible pan-ERBB kinase inhibitor, PF00299804 (14). By
contrast, different laboratories have shown that the PC9
cell line always develops resistance because of T790M sec-
ondary mutations (18-20). To delay or to avoid the emer-
gence of resistance, it is reasonable to treat patients with
agents that are effective against specific resistant mechan-
isms as part of the initial systemic therapies (14).

In the present study, we chronically exposed HCC827
lung adenocarcinoma cells to increasing concentrations
of erlotinib in the absence or the presence of a MET-TKI.

www.aacrjournals.org
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EGFR T790M mutation and MET amplification are
the two main molecular mechanisms responsible for
acquired resistance to gefitinib or erlotinib in patients
with non-small cell lung cancer harboring a mutation
in the EGFR gene. The present study is the first to ob-
serve a reciprocal and complementary relationship be-
tween these resistant mechanisms. In in vitro analyses
we show that the HCC827 lung adenocarcinoma cell
line could develop either of the resistant mechanisms
against erlotinib. In addition, 33 tumors from 6 pa-
tients who died after developing acquired resistance
to gefitinib were analyzed. In these gefitinib-refractory
tumors, the T790M mutation developed in 93% (14 of
15) of tumors without MET gene copy number gains
(CNG), in 80% (4 of 5) of tumors with moderate
MET gene CNGs (<4-fold), and in only 8% (1 of 13)
of tumors with MET amplification (24-fold). These
results indicate that concurrent inhibition of both me-
chanisms seems to be essential for improving patient
outcomes further. :

We also examined multiple sites of recurrent tumors for
EGFR T790M mutation and MET amplification in samples
from autopsies of six patients who had showed acquired
resistance to gefitinib after an initial good response to
identify any in vivo relationship between these two mecha-
nisms responsible for resistance.

Materials and Methods

Cell culture and reagents

The EGFR mutant human lung adenocarcinoma cell line
HCC827 (del E746_A750) was the kind gift of Dr. Adi F.
Gazdar (Hamon Center for Therapeutic Oncology Re-
search, University of Texas Southwestern Medical Center
at Dallas, Dallas, Texas) and was cultured in RPMI1640
medium supplemented with 5% fetal bovine serum (FBS)

and 1x antibiotic-antimycotic solution (Invitrogen) at 37°C
in a humidified incubator with 5% CO,.

Erlotinib was kindly provided by Hoffmann-La Roche,
Inc. (Nutley, NJ). The selective MET inhibitor PHA-665,752
and the irreversible EGFR-TKI CL-387,785 were purchased
from Tocris Bioscience and Calbiochem, respectively.

Generation of in vitro drug-resistant HCC827 cells

Erlotinib-resistant HCC827 (HCC827ER) cells were de-
veloped by chronic, repeated exposure to erlotinib at in-
creasing concentration from 5 nmol/L to 2 pmol/L as
described previously (11). The erlotinib concentration
was increased stepwise when the cells resumed prolifera-
tion, similar to the pattern in untreated parental cells.
Erlotinib/PHA-665,752-resistant HCC827 (HCC827EPR)
cells were also developed by chronic, repeated exposure
to erlotinib at increasing concentrations in the presence
of 1 pmol/L PHA-665,752. The identity of the HCC827ER
cells and HCC827EPR cells was confirmed by analyzing
the short tandem repeat (STR) profile using the Cell ID
System (Promega).

Cell proliferation assay

Cell proliferation was measured using TetraColor ONE
(Seikagaku-kogyo) according to the manufacturer's
instructions. Briefly, tumor cells (3 x 10%) were plated into
each well of 96-well flat-bottomed plates and grown in
RPMI1640 with 5% FBS. After 24 hours, DMSO, erlotinib,
PHA-665,752, CL-387,785, or a combination of these
drugs was added to achieve the indicated drug concentra-
tion, and the cells were incubated for an additional
72 hours. A colorimetric assay was done after addition
of 10 puL TetraColor ONE in each well, and the plates were
incubated at 37°C for 1 hour. The absorbance was read at
450 nm using a multiplate reader. Percent growth was
determined relative to untreated controls.

Phospho-receptor tyrosine kinase array analysis

A Human Phospho-RTK Array Kit (R&D Systems) was
used to measure the relative level of tyrosine phosphoryla-
tion of receptor tyrosine kinases (RTK). The membranes
contained spotted antibodies corresponding to 42 distinct

Table 1. Clinical characteristics of patients treated with gefitinib

Patient Age Sex PY Disease status Lines Response TTF (months) OS (months)
1 57 F 0 Stage IV* 3 PR 138 485
2 48 F 0 Stage IV 1 PR 11.0 12.2
3 58 M 34 Stage IV 2 PR 14.5 23.7
4 75 M 0 Stage IV 2 PR 43.9 63.0
5 93 F 0 Stage IV 1 PR 14.8 30.9
6 62 M 26 Stage IV 2 PR 9.1 329

*Postsurgical recurrence.

Abbreviations: PY, pack years (smoking status); TTF, time to treatment failure; OS, overall survival; PR, partial response.
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