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Abstract Both epidermal growth factor receptor (EGFR)
and RAS gene mutations contribute to the development of
non-small cell lung cancer (NSCLC). Because RAS is one
of the downstream molecules in the EGFR signal trans-
duction, the association between the somatic mutations of
EGFR and RAS may be important in the pathogenesis of
NSCLC . However, to date, such data are lacking. In this
study, we analyzed the hotspot regions of K-RAS gene (co-
dons 12, 13, 59 and 61) and EGFR gene (exons 18, 19 and
21) in 153 NSCLC tissue samples including 69 adenocar-
cinomas. Overall, we detected 30 EGFR mutations (19.6%)
and 6 K-RAS mutations (3.9%) in the 153 NSCLCs. In the
69 adenocarcinomas, 26 EGFR mutations (37.7%) and six
K-RAS mutations (8.7%) were detected. Of note, the 26
tumors with EGFR mutations did not harbor any K-RAS
mutations, and the six tumors with K-RAS mutations did not
harbor any EGFR mutations. Inverse relationship between
K-RAS and EGFR mutations in the lung adenocarcinoma
was statistically significant (P=0.046, x? test). As regards
smoking history, EGFR mutation was significantly asso-
ciated with never-smoking history, whereas K-RAS muta-
tion was significantly associated with smoking history. Our
data suggest that mutations of EGFR and K-RAS genes
might separately, but not cooperatively, contribute to lung
adenocarcinoma pathogenesis, and that EGFR and K-RAS
mutants could separately be anti-neoplastic targets in lung
adenocarcinomas.
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Introduction

Lung cancer is the most common cause of cancer deaths in
both men and women worldwide, with non-small cell lung
cancer (NSCLC) accounting for approximately 80% ofthese
cases [8]. Despite advances in surgical and chemothera-
peutic intervention, survival has improved very little over
the past few decades, with an overall cure rate of <15% [19].

The epidermal growth factor receptor (EGFR), a receptor
protein tyrosine kinase, contributes to a number of pro-
cesses in tumor survival and growth activity, thus making it
a promising molecular target for cancer therapy [9]. One of
the agents that target the EGFR is the orally active EGFR
tyrosine kinase inhibitor gefitinib (Iressa), which has given
significant clinical benefit to NSCLC patients [6, 11, 21].
However, since not all NSCLC patients exhibit the same
response, there is considerable interest in prognostic indi-
cators that might predict the response to gefitinib. Recently,
three research groups discovered that somatic mutations of
EGFR gene in the NSCLC could predict significant clinical
responses to gefitinib [13—15]. Most of the EGFR somatic
mutations were exclusively detected in the adenocarcino-
mas (including bronchioloalveolar carcinomas). The muta-
tions were detected in the exons 18, 19 and 21 that encode
the intracellular kinase domain. The mutations detected in
the exon 18 would substitute the amino acid G719 in the
P-loop, while those detected in the exon 21 would substitute
amino acids in the activation domain (L858 and L861). The
mutations in the exon 19 were in-frame deletions that may
alter the structure of «C helix. All of the EGFR muta-
tions affect amino acids near the ATP-binding pocket that
is targeted by gefitinib. Functional assays revealed that the
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hotspot mutants of EGFR had a higher EGF-dependent
activation than the wild-type EGFR had [13-15, 18].

Activation of the RAS pathway also plays a critical role
in cell proliferation, and is frequently activated in cancer
cells by the somatic mutation [4]. In NSCLC, the K-RAS
mutations are more common in adenocarcinoma than those
in the other histologic types and have been detected in ap-
proximately 7-40% of lung adenocarcinomas [7]. Of note,
RAS pathway is one of the major signaling pathways that
mediate the downstream effects of EGFR activation. Al-
though genetic alterations of both EGFR and K-RAS genes
are important in the pathogenesis of NSCLC, to date the data
that analyzed the relationship between the incidences of
EGFR and K-RAS mutations in NSCLC is lacking. In this
study, we analyzed 153 NSCLCs, including 69 adenocar-
cinomas, for the detection of both EGFR and K-RAS gene
mutations, and found the inverse relationship between EGFR
and K-RAS mutations in lung adenocarcinomas.

Materials and methods

Methacarn-fixed tissues of 153 human NSCLC tissue sam-
ples were randomly obtained from surgically treated pa-
tients. These samples consisted of 69 adenocarcinomas
(including 20 adenocarcinomas with bronchioloalveolar
carcinoma features and three pure bronchioloalveolar car-
cinomas), 70 squamous cell carcinomas, three adenosqua-
mous carcinomas and 11 large cell carcinomas. We analyzed
the primary tumors, but not the metastatic lesions of the
NSCLC. The male to female ratio was 111:42. Ages of the
patients ranged from 36 to 79 years, with an average of
59.6 years. The patients consisted of 91 current smokers,
eight former smokers and 54 non-smokers (Tables 1 and 2).
Approval was obtained from the Catholic University of
Korea, College of Medicine’s institutional review board for
this study. Informed consent was provided according to the
Declaration of Helsinki.

Table 2 Patient characteristics and association with the mutation
status of EGFR gene. SQ squamous cell carcinoma; 4D adenocar-
cinoma including bronchioloalveolar carcinoma; LC large cell car-

cinoma; ASQ adenosquamous cell carcinoma

Characteristics  Total EGFR mutation- EGFR mutation-
positive (% of negative (% of
the total EGFR the total EGFR-
mutation-positive mutation negative
cases) cases)

n=153 n=30 n=123
Sex
Male 111 13 (43.3) 98 (79.7)
Female 42 17 (56.7) 25 (20.3)
Histology
SQ 70 2 (6.7) 68 (55.3)
AD 69 26 (86.6) 43 (35.0)
LC 11 0 (0) 11 (8.9)
ASQ 3 2 (6.7) 1(0.8)

Smoking history

No 54 25 (83.4) 29 (23.6)

Former 8 1(3.3) 7(5.7)
Current 91 4 (13.3) 87 (70.7)

Through the microdissection, tumor cells and normal cells
were selectively procured from hematoxylin and eosin-
stained slides of the same patients using a 30G1/2 hypo-
dermic needle (Becton Dickinson, Franklin Lakes, N.J.,
USA) affixed to a micromanipulator, as described previ-
ously [12]. DNA extraction was performed by a modified
single-step DNA extraction method [12]. Because all of
the EGFR mutations in the NSCLC have been detected
within exons 18, 19 and 21 in the previous studies [13—15],
we analyzed the mutations in these three exons by poly-
merase chain reaction (PCR)-single strand conformation
polymorphism (SSCP) analysis. Radioisotope ([**P] dCTP)
was incorporated into the PCR products for detection by

Table 1 Summary of EGFR and K-RAS mutations in the lung cancers. AD adenocarcinoma including bronchioloalveolar carcinoma; SO
squamous cell carcinoma, ASQ adenosquamous carcinoma; LC large cell carcinoma

Gene (exon) Mutations Histology
Nucleotide change (predicted amino acid change) AD SQ ASQ LC Total
EGFR (exon 19) 2236 2250delGAATTAAGAGAAGCA (E746_A750del) 1 0 0 0 1
EGFR (exon 19) 2235 2249delGGAATTAAGAGAAGC (E746_A750del) 6 1 1 0 8
EGFR (exon 19) 2240 2257delITAAGAGAAGCAACATCTC (L747 753del insS) 1 0 0 0 1
EGFR (exon 19) 2245 2253delGAAGCAACA (E749_T751del) 1 0 0 0 1
EGFR (exon 19) 2254 2276delTCTCCGAAAGCCAACAAGGAAAT, 2252delC 1 0 0 0 1
(T751_1559del insN)
EGFR (exon 21) 2573T>G (L858R) 16 1 1 0 18
No. of mutations (% of cancers with mutations in each histology) 26 (37.7) 2 (2.9) 2 (66.7) 0(0) 30 (19.6)
No. samples screened 69 70 3 11 153
K-RAS (exon 1) 34G>T (G12C) 3 0 0 0 3
K-RAS (exon 1) 35G>T (G12V) 2 0 0 0 2
K-RAS (exon 1) 35G>A (G12D) 1 0 0 0 1
No. of mutations (% of cancers with mutations in each histology) 6 (8.7) 00 0( 0 (0) 6 (3.9
No. samples screened 69 70 3 11 153




autoradiogram. After SSCP, bands showing mobility shifts
were cut out from the dried gel, re-amplified for 30 cycles,
and sequenced using the cyclic sequencing kit (Perkin-
Elmer, Foster City, Calif., USA). The procedures of PCR
and SSCP analysis were performed as described previously
[12]. We analyzed K-RAS mutations at codons 12, 13, 59
and 61 by both PCR-SSCP and direct DNA sequencing.

Results

PCR and subsequent SSCP analysis of the EGFR gene
identified aberrantly migrating bands compared with the
wild-type bands (Fig. 1). None of the corresponding normal
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samples from the same patients showed evidence of mu-
tations by SSCP (Fig. 1), indicating that the mutations had
risen somatically. Enrichment and DNA sequence analysis
of the aberrantly migrating bands led us to identify that 30
out of the 153 samples harbored EGFR mutations (19.6%)
(Table 1). The EGFR mutations were detected in the exon
19 (12 mutations) and exon 21 (18 mutations), but not de-
tected in the exon 18. Of the EGFR mutations detected in
the exon 21, all of the mutations were the known hotspot
mutation at the nucleotide 2573 (2573T—G) that would
result in an amino acid change (L858R). In exon 19, we
found five types of in-frame EGFR mutations and the most
common one was 2235 2249delGGAATTAAGAGAAGC,
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Fig. 1 PCR-SSCP of EGFR gene in the NSCLC. Representative data
of SSCP (A) and DNA sequencing analysis (B) of EGFR DNA from
tumors (lane T) and normal tissues (lane N). a: SSCPs of DNA in
exons 19 and 21 from the tumors (7) show wild type bands and

additional aberrant bands (arrows) as compared with SSCP from
corresponding normal cells of the same patients (). B: Sequencing
analysis from the aberrant bands in (A). Numbering of cDNA of
EGFR was carried out with respect to the ATG start codon (GenBank)
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which would result in in-frame deletion of five amino acids
(E746_A750del).

According to the histologic types, the EGFR mutations
were identified in 26 of the 69 adenocarcinomas (38%), two
of the 70 squamous cell carcinomas (3%), two of the three
adenosquamous carcinomas (67%) and none of 11 large
cell carcinomas (0%). The incidence of the EGFR mutation
in the adenocarcinomas was significantly higher than that
of the squamous cell carcinomas (Fisher’s exact test, P<
0.01). Furthermore, the incidence of the FGFR mutations
was significantly associated with being female (Fisher’s
exact test, P<0.01) and never-smoking history (Fisher’s
exact test, P<0.01) (Table 2).

We also analyzed K-RAS mutations in the same 153
NSCLC tissue samples. In agreement with the previous
reports that K-RAS mutations have been detected mainly in
adenocarcinoma type of NSCLC [7, 17], we detected six
K-RAS mutations (8.7%) of the 69 adenocarcinomas, but
not in other types of NSCLC (Fig. 2, Table 1). The mu-
tations consist of three 34G—T (G12C), two 35 G—T
(G12V) and one 35G—A (G12D). Interestingly, the 26
tumors with EGFR mutations did not harbor any K-RAS
mutations, and the six tumors with K-RAS mutations did
not harbor any EGFR mutations. The inverse relationship
between K-RAS and EGFR mutations was statistically
significant (Table 3; P=0.046, x° test). The incidence of
K-RAS mutation was significantly associated with smoking
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Fig. 2 PCR-SSCP of K-RAS gene in the NSCLC. Representative
data of SSCP (A) and DNA sequencing analysis (B) of K-RAS DNA
from tumors (lane T) and normal tissues (lane N). A: SSCPs of DNA
in the exon 1 from the tumors (T) show wild type bands and additional

Table 3 Relationship of EGFR and K-RAS mutations in lung
adenocarcinomas

EGFR mutation (+) EGFR mutation (=) Total

K-RAS mutation (+) 0 6 6
K-RAS mutation (—) 26 37 63
Total 26 43 69

history (Fisher’s exact test, P<0.05). There was no asso-
ciation of either EGFR and K-RAS mutations with patient’s
age, size of the tumor and number of lymph nodes with
tumor metastasis.

Discussion

The previous observations that signaling pathways of
EGFR and K-RAS are overlapped [4] led us to analyze the
relationship between the incidences of mutations of these
two genes in NSCLC. We observed that most of the
EGFR mutations (26 of the total 30 mutations) and all of
the K-RAS mutations were detected in the adenocarcinoma
type. Furthermore, there was an inverse relationship be-
tween the occurrences of EGFR and K-RAS mutations in
the adenocarcinomas. As regards the inverse relationship
between EGFR and K-RAS mutations, there have been
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aberrant bands (arrows) as compared to SSCP from corresponding
normal cells of the same patients (N). B: Sequencing analysis from the
aberrant bands in (A). Numbering of cDNA of K-RAS was done in
respect to the ATG start codon (GenBank)



genetic epidemiology data that support that. For the smok-
ing history, K-RAS mutation was strongly associated with
cigarette smoking in lung adenocarcinomas [2], whereas
EGFR mutation was commonly found in NSCLCs from
never smokers as apposed to former or current smokers
[13—15]. In the current study, we also observed that K-RAS
mutation was associated with cigarette smoking and that
EGFR mutation was associated with non-smoking status
(Table 2). These data suggested the possibility that EGFR
and K-RAS mutations target different subsets of lung
adenocarcinomas.

So far, more than ten types of EGFR mutations in the
exon 19 have been reported [13—15]. Of the five types of
the exon 19 mutations detected in the present study, three
(2236 _2250delGAATTAAGAGAAGCA, 2235 2249delG
GAATTAAGAGAAGC and 2240 2257- deITAAGAGAA
GCAACATCTC) were the previously reported mutations,
while the remaining two (2245 2253 delGAAGCAACA,
and 2254 2276delITCTCCGAAAGCCAACAAGGAAAT
with 2252delC) were novel mutations that would also result
in the in-frame deletion of the amino acids near the ATP-
binding pocket. The EGFR mutations in the kinase domain
were reported in 3—32% of the adenocarcinomas, and the
mutations were more frequent in patients from Japan than in
those from the United States [13—15]. The incidence of the
EGFR mutation in our study (37.7% of the Korean patients
with lung adenocarcinoma) is similar to that of the Japanese
patients [14], confirming the racial difference of the EGFR
mutation in lung cancers. Regarding K-RAS gene, the inci-
dence of the mutation in the lung adenocarcinomas in this
study was 8.7%, which was at the low part of the 7-40%
reported in the previous studies [2, 7, 17]. The lower in-
cidence of K-RAS mutation is unlikely to be a result of low
sensitivity of the detection methods, because we used both
direct sequencing and SSCP, which have been used to detect
K-RAS mutations in the previous studies [2, 7, 17].

What would be the difference in the oncogenic effects
between the EGFR-mutated and the K-RAS-mutated lung
adenocarcinomas? The major downstream pathways me-
diating oncogenic effects of EGFR are activation of ERKs
via RAS, and AKT via PI3K [10]. Given the observation
that EGFR mutants in the kinase domain selectively acti-
vated AKT pathway with no effects on the ERK pathway
via RAS [18], the EGFR mutation would result in the in-
creased survival of the affected cancer cells by AKT. Al-
though RAS mutants mainly activate the ERK pathway
[20], they also activate AKT via PI3K [16]. Therefore, the
K-RAS mutants would result in both increased survival and
proliferation of the affected cancer cells. However, the
exact consequences of the K-RAS and EGFR mutations in
the complicated cellular contexts should be further ana-
lyzed in future studies.

Findings of EGFR mutations in NSCLC raised several
critical questions. One of them was as to whether other
components of the EGFR signaling could be drug targets. In
the current study, our data suggested that the lung ade-
nocarcinomas with the EGFR mutations might comprise
an adenocarcinoma group that is distinct from those with
K-RAS mutations. Therefore, the EGFR mutants as well
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as the RAS mutants could separately be anti-neoplastic
targets in the different sets of lung adenocarcinomas. The
most impressive examples of recent cancer therapies used
the small-molecule inhibitors for tyrosine kinases such as
imanitib, trastzumab and gefitinib [3, 5, 21]. In addition,
several inhibitors of the RAS mutants and downstream
molecules of RAS are now in clinical trials for cancer ther-
apy [1]. In this respect, the present study may provide the
basic information of lung adenocarcinomas for future ther-
apies targeting EGFR and RAS mutations.
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