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Purpose: This study was designed to determine the relationship of cigarette
smoking to the frequency and qualitative differences among KRAS mutations in
lung adenocarcinomas from Korean patients. Materials and Methods: Detailed
smoking histories were obtained from 200 consecutively enrolled patients with
lung adenocarcinoma according to a standard protocol. EGFR (exons 18 to 21)
and KRAS (codons 12/13) mutations were determined via direct-sequencing. Re-
sults: The incidence of KRAS mutations was 8% (16 of 200) in patients with lung
adenocarcinoma. KRAS mutations were found in 5.8% (7 of 120) of tumors from
never-smokers, 15% (6 of 40) from former-smokers, and 7.5% (3 of 40) from
current-smokers. The frequency of KRAS mutations did not differ significantly
according to smoking history (p=0.435). Never-smokers were significantly more
likely than former or current smokers to have a transition mutation (G—A or
C—T) rather than a transversion mutation (G—T or G—C) that is known to be
smoking-related (p=0.011). In a Cox regression model, the adjusted hazard ratios
for the risk of progression with epidermal growth factor receptor-tyrosine kinase
inhibitors (EGFR-TKIs) were 0.24 (95% CI, 0.14-0.42; p<0.001) for the EGFR
mutation and 1.27 (95% CI, 0.58-2.79; p=0.537) for the KRAS mutation. Conclu-
sion: Cigarette smoking did not influence the frequency of KRAS mutations in
lung adenocarcinomas in Korean patients, but influenced qualitative differences
in the KRAS mutations.

Key Words: EGFR, KRAS, pulmonary adenocarcinoma, cigarette smoking, EG-
FR-tyrosine kinase inhibitors
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INTRODUCTION

Lung cancer is one of the most common malignancies and is
a leading cause of cancer-related mortality worldwide.' Re-
cent development and approval of the epidermal growth fac-
tor receptor (EGFR) tyrosine kinase inhibitors (TKIs), gefi-
tinib and erlotinib, have significantly changed treatment
outcomes in advanced non-small cell lung cancer (NSCLC).?
Patients with adenocarcinoma who are of Asian origin, fe-
male gender, and with no history of smoking predict a strong
response to EGFR-TKIs.* In addition, molecular studies
show a number of biomarkers associated with tumor sensi-
tivity to EGFR-TKIs.> The presence of EGFR mutations,
in particular, is associated with dramatic response to EGFR-
TKIs.>7%1° On the other hand, somatic mutations of the
KRAS oncogene may predict poor EGFR-TKI responsive-
ness.3,ll-17

The RAS gene subfamily encodes a group of guanosine
triphosphate-binding proteins, which are essential compo-
nents of the EGFR signaling cascade and play important
roles in tumor pathogenesis.'®! Single nucleotide muta-
tions in KRAS codons 12 and 13 compromise guanosine tri-
phosphatase (GTPase) activity.?* Such mutations may not
only impair the intrinsic RAS GTPase activity, but also con-
fer resistance to GTPase-activating proteins. Consequently,
RAS accumulates in its active GTP-bound state, resulting in
constitutively activated RAS signaling.! KRAS mutations
are frequently observed in lung adenocarcinomas and may
be smoking-related, while KRAS mutations are uncommon
in squamous cell lung carcinomas and lung cancers in nev-
er-smokers.'8?% Interestingly, KRAS mutations occur more
commonly in the lung tumors of Caucasian patients than in
those of East Asians.”!

Since KRAS mutations are common in NSCLC and ciga-
rette smoking is a frequent cause of NSCLC, KRAS muta-
tions are hypothesized to be related to tobacco exposure.'®
However, studies to test the association between cigarette
smoking and KRAS mutation often lack detailed patient
smoking histories and include relatively small numbers of
never-smokers.

The validity of the KRAS mutation as a predictive bio-
marker for lung cancer response to EGFR-TKIs remains un-
certain. Several reports support an association between the
presence of KRAS mutation and poor response to EGFR-
TKIs. 11315162425 On the other hand, results of the IRESSA
Non-Small-Cell-Lung Cancer Trials Evaluating Response

and Survival Against Taxotere trial show no difference in
overall survival (OS), progression-free survival (PFS), or
response rate according to KR4S mutation status. %%

Few studies provide detailed correlations of KRAS muta-
tions with smoking history or treatment outcome following
treatment with EGFR-TKIs. We, therefore, conducted this
study to determine the relationship of cigarette smoking
with the frequency and qualitative differences in KRAS mu-
tations in the lung adenocarcinomas of Korean patients. In
addition, based on the concurrent mutational analysis, we
evaluated the power of KRAS mutation status to predict
treatment outcome with EGFR-TKIs in these patients.

MATERIALS AND METHODS

Study population and data collection

For this study, we enrolled 200 consecutive patients who
had lung adenocarcinomas that were newly diagnosed and
histologically confirmed between October 2007 and April
2010 at the Yonsei Cancer Center in Seoul, Korea and who
were available for genetic analysis. The tumor histology was
classified using the World Health Organization criteria.”’
Detailed smoking histories were prospectively obtained
from these 200 patients with NSCLC according to a stan-
dard protocol that included the following questions:*® Have
you smoked more than 100 cigarettes in your life? Are you
currently smoking? How many years have you been a regu-
lar smoker; and on average, how many cigarettes did you
smoke per day? The smoking questionnaire was adminis-
tered by a medical oncologist. Based on their smoking status,
patients were categorized as never-smokers (<100 cigarettes
in their lifetime), former-smokers (quit >1 year ago), or cur-
rent-smokers (quit <1 year ago). Pack-years of smoking were
defined as [(average number of cigarettes per day/20)xyears
of smoking]. For all patients, medical records were reviewed
to extract data based on their clinicopathological character-
istics. For patients with metastatic disease, we examined
treatment regimens, overall response rates, and survival
outcomes (PFS, OS). Clinical responses were assessed ev-
ery two cycles using computerized tomography and were
classified using the Response Evaluation Criteria in Solid
Tumor (RECIST version 1.0).” PFS was measured from
the first day of treatment with EGFR-TKI to progression or
death, while OS was measured from the date of treatment
with EGFR-TKI until the date of death. Patients were cen-
sored on July 31, 2010, if alive and progression-free. Patients
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with no known date of death were censored on the date of
their final follow-up. This study was approved by the Sev-
erance Hospital Institutional Review Board. All patients
signed a written informed consent for genetic analysis.

EGFR and KRAS mutation analysis

Nucleotide sequencing of the kinase domain of EGFR (ex-
ons 18 to 21) was performed using nested polymerase
chain reaction amplification of the individual exons.!” The
sequencing protocol has been previously described.'*2
Specific mutations in KRAS exon 2 (codons 12 and 13)
were identified from published data.'>*

Statistical analysis

Data were summarized using standard descriptive statistics.
Significant differences in the variables between genotypes
were tested using the ) test, Fisher’s exact test, and t-tests
where appropriate. The Kaplan-Meier method was used to
estimate PFS and OS, and the differences between geno-

Table 1. Patient Characteristics

types were compared using the log-rank test. The adjusted
hazard ratios (AHRs) for the risk of progression or death
with treatment were compared between genotypes using a
Cox regression model that included age, gender, smoking
history, and performance status as independent variables.
All p values were two-sided.

RESULTS

KRAS mutation and smoking history
This entire cohort included 93 men and 107 women pa-
tients with a median age of 58 years (range: 28-84). All his-
tologic types were adenocarcinomas (Table 1). Based on
smoking history, patients were classified into three groups:
never-smokers (n=120, 60%), former smokers (n=40, 20%),
and current smokers (=40, 20%) (Table 1).

Among the 200 patients, 87 (43.5%) had EGFR muta-
tions and 16 (8%) had KRAS mutations in codons 12 (n=

Characteristic n KRAS mutation (%) p value*

Age, yrs 0.188
<60 112 6(54)
>60 88 10(11.4)

Median age (range) 58 (28-84) 61.5 (44-74)

Sex 0.770
‘Women 107 8(7.5)
Men 93 8(8.6)

ECOG PS NS
0-1 173 15(8.6)
2 22 1(4.5)

Histology
Adenocarcinoma 200 16 (8.0)

Stage' NS
-1 60 5(8.3)
-1v 140 11(7.9)

Smoking status 0.167"
Never' 120 7(5.8)
Former' 40 6 (15.0)
Current’ 40 3(7.5)

EGFR 0.002
Wild-type 113 15(13.3)
Mutant 87 1(1.1)

NS, not significant; £GFR, epidermal growth factor receptor; ECOG PS, Eastern Cooperative Oncology Group Performance Status.

*According to Pearson’s X’ or Fisher’s exact test.
"Never versus others.

*Stage at the time of initial diagnosis.

*Never-smokers had smoked fewer than 100 cigarettes.

IFormer smokers had previously smoked cigarettes but quit smoking more than one year prior to diagnosis of lung cancer.

"Current smokers had quit less than one year ago.
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Supplementary Table 1. Summarized Treatment Outcome with EGFR-TKI of Individual Patients with Metastatic Lung Adeno-
carcinoma (n=96)

Pegf.nt Age e mﬁﬁfiin Srsntztl;l;l y ETGIEIR re;i)slise (nIl’cI):nSths) (months) Alive
1 61 M v Negative Gly12Ser Former G PD 1.0 5.9 No
2 67 M v Negative Gly12Val Former G PD 1.3 1.3 No
3 50 F v Negative Gly12Ser Never G PD 1.0 159 No
4 58 M 1B Negative Gly12Cys Former 15 PD 1.0 1.1 No
5 44 M 1B Negative Gly12Val Current E PR 32.0 45.8 Yes
6 70 F 1B Negative Gly12Asp Never G SD 7.0 9.3 No
7 61 F B Negative Gly12Asp Never E SD 1.6 25.6 No
8 58 E IB Negative Gly>Asp Never G PD 22 9.3 No
9 56 M v 5(1) g;zgl}\f))/ Negative Never G PD 1.0 2.6 Yes
0 6 M IV 2HI‘S(7L7835?I§/) Negative =~ Former G PD 20 59  No
11 69 F 1Y 21 (L858R) Negative Never G PD 0.3 0.4 No
12 46 M v 19 (del) Negative Never G PD 0.9 1.1 No
13 59 M v 19 (del) Negative Former G PR 1.5 1.5 Yes
14 68 E v 21 (L858R) Negative Never G PR 14.0 14.0 Yes
15 48 F v 21 (L858R) Negative Never G PR 46.0 47.5 Yes
16 54 F v 19 (del) Negative Never G PR 17.0 22.5 Yes
17 66 M v 21 (L858R) Negative Former E PR 10.8 133 No
18 47 F v 21 (L858R) Negative Never I PR 14.1 223 Yes
19 67 F v 19 (del) Negative Never E PR 6.5 8.3 No
20 68 I7 v 19 (del) Negative Never E PR 8.0 13.8 No
21 52 M v 21 (L858R) Negative Current E PR 7.0 11.0 No
22 50 M v 19 (del) Negative Never G PR 12.3 26.8 No
23 58 F v 19 (del) Negative Never G PR 234 333 No
24 46 E v 19 (del) Negative Never G SD 10.5 10.5 Yes
25 64 M v 21 (L858R) Negative Former G SD 9.6 9.7 Yes
26 50 M v 21 (L858R) Negative Current G SD 3.0 3.0 Yes
27 58 F v 21 (L858R) Negative Never G SD 22.5 22.5 Yes
28 42 I7 v 21 (L858R) Negative Never G SD 32 32 Yes
29 41 M v 19 (del) Negative Former E SD 1.3 1.3 Yes
30 67 E v 19 (del) Negative Never G SD 10.0 12.6 No
31 64 F v 19 (del) Negative Current G SD 1.9 2.6 No
32 54 E v 19 (del) Negative Never E SD 10.3 22.5 No
33 51 M v 19 (del) Negative Former E SD 8.7 252 Yes
34 47 E v 21 (L858R) Negative Never G SD 8.5 10.3 No
35 58 M v 19 (del) Negative Current G SD 14.1 34.1 No
36 43 F v 19 (del) Negative Never G SD 239 52.5 Yes
37 48 F v 21 (L858R) Negative Never G SD 13.7 364 No
38 48 E v 21 (L858R) Negative Never G SD 13.7 36.4 No
39 56 F v 19 (del) Negative Never G SD 193 24.8 No
40 61 F 1\ 19 (del) Negative Never G SD 13.6 13.6 No
41 37 F 1B 19 (del) Negative Never G PR 8.7 30.7 No
42 50 F B 19 (del) Negative Never G SD 32 16.2 No
43 73 M 11B 19 (del) Negative Never G SD 9.1 9.2 Yes
44 30 M A 19 (del) Negative Former G PD 19.7 345 Yes
45 71 M 1B 19 (del) Negative Former E SD 11.2 12.0 Yes
46 54 M IB 21 (L858R) Negative Never G SD 345 48.6 Yes
47 65 F 1A 19 (del) Negative Never E PR 11.4 114 Yes
48 44 IF 1A 21 (L858R) Negative Never I SD 12.8 41.5 No
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Supplementary Table 1. Continued

Smoking and KR4S Mutation in NSCLC

Patien . moking EGFR B PES*  OS' .
3;:(5 t B SR Sy oA en mﬁﬁfiﬁn > st:tus ¢ "ngI respf)srtse (monsths) (months) LR
49 60 F 1A 19 (del) Negative Never G SD 7.7 13.6 No
50 45 F v Negative Negative Never G PD 0.9 2.7 Yes
51 53 M v Negative Negative Current G PD 0.5 0.6 No
52 39 M v Negative Negative Never E PD 1.1 1.1 No
53 70 M 1Y Negative Negative Current G PD 0.9 2.1 No
54 56 M v Negative Negative Current E PD 1.1 39 No
55 62 M v Negative Negative Current E PD 1.0 13.8 No
56 70 M v Negative Negative Former G PD 0.2 1.0 No
57 57 M v Negative Negative Current E PD 0.4 0.5 No
58 50 F v Negative Negative Never E PD 0.9 0.9 No
59 60 F v Negative Negative Never E PD 1.3 5.1 No
60 45 M v Negative Negative Former E PD 0.2 0.3 No
61 56 F v Negative Negative Never E PD 0.6 284 Yes
62 30 F v Negative Negative Never E PD 2.1 4.8 No
63 37 F v Negative Negative Never G PD 0.6 4.0 No
64 55 F v Negative Negative Never G PD 3.7 5.8 No
65 74 M v Negative Negative Current G PD 1.0 39 No
66 68 M v Negative Negative Former G PD 2.1 4.8 No
67 65 M v Negative Negative Former E PD 1.8 4.2 No
68 55 M v Negative Negative Former G PD 1.0 12.5 No
69 75 M v Negative Negative Current G PR 22.6 413 No
70 54 M v Negative Negative Current IE PR 1.8 15.5 No
71 73 F v Negative Negative Never E PR 0.4 0.6 No
72 50 M v Negative Negative Never G PR 72 18.0 No
73 54 M v Negative Negative Former E SD 0.9 1.0 Yes
74 56 F v Negative Negative Never G SD 2.6 2.7 Yes
75 50 M v Negative Negative Current G SD 7.4 79 Yes
76 72 M v Negative Negative Never 15 SD 6.9 14.9 No
77 58 F v Negative Negative Former E SD 12 8.3 No
78 35 F v Negative Negative Never G SD 6.4 17.6 No
79 75 M 1B Negative Negative Former G PD 1.0 4.0 Yes
80 36 M 1B Negative Negative Current IE PD 3.0 10.8 No
81 67 M B Negative Negative Former G PD 3.1 8.0 No
82 52 F B Negative Negative Never G PD 12 12.6 No
83 67 F 1B Negative Negative Never G SD 4.5 21.0 Yes
84 54 F 1B Negative Negative Never G SD 33 11.9 No
85 64 M 1B negative Negative Current E SD 4.5 39.8 Yes
86 59 F MIA Negative Negative Never G PD 1.0 6.4 No
87 59 F A Negative Negative Never G PR 39 5.1 No
88 36 F 1A Negative Negative Never G SD 14.0 14.1 Yes
89 52 F A Negative Negative Never E SD 8.0 14.2 Yes
90 57 M IA Negative Negative Never G SD 24 2.6 No
91 51 F A Negative Negative Never G SD 6.6 35.6 No
92 56 M 1A Negative Negative Never G SD 43 36.1 No
93 54 M 1B Negative Negative Never G PD 2.0 22 No
94 66 M IB Negative Negative Former E PD 0.3 0.5 No
95 68 M IB Negative Negative Former G SD 5.7 8.5 No
96 52 M 1B Negative Negative Current G SD 2.1 12.0 No

PFS, progression free survival; OS, overall survival; PR, partial response; SD, stable disease; PD, progressive disease; G, gefitinib; E, erolotinib; EGFR, epi-

derman growth factor receptor; TKI, tyrosine kinase inhibitor.

*PFS was measured from the first day of treatment with EGFR-TKI to the progression or death.

'0S was measured from the date of treatment with EGFR-TKI until the date of death.

YONSEIMED J HTTP://WWW.EYMJ.ORG VOLUME 54 NUMBER4 JULY 2013

869



Hye Ryun Kim, et al.

14) or 13 (n=2). One patient had both an EGFR mutation
(exon 19, del 2235-2249) and a KRAS mutation (Gly12Cys,
GGT—TGT). Patients with a KRAS mutation and those with
wild-type KRAS (WT) did not differ in baseline characteris-
tics including age, gender, Eastern Cooperative Oncology
Group (ECOG) performance status, histology, stage at initial
diagnosis, and smoking history (Table 1). Presence of the
KRAS mutation was not significantly related to smoking his-

407
— p=0.435
=
£ 30
=
=
£
2 20
S _
= 15.0%
o
Py
% 10,
E 7.5%
g 5.8% i
[
0 \ \ \
Never smokers Former smokers Current smokers
(n=120) (n=40) (n=40)

Fig. 1. Frequency of KRAS mutation according to smoking history.
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cigarette day years

Supplementary Fig. 1. Comparison of median values for various factors re-
garding cigarette-smoking according to KRAS mutation status. The num-
ber of y-axis represents the number according to the variables in x-axis
(age at first cigarette, pack-years, smoke years, cigarettes per day, and
smoke free year), respectively.

Table 2. Types of KRAS Mutations According to Smoking History

tory (Mantel-Haenszel ¥* test, p= 0.435). KRAS mutations
were identified in 5.8% (7/120) of never-smokers, 15%
(6/40) of former smokers, and 7.5% (3/40) of current smok-
ers (Fig. 1). Moreover, age at first cigarette, total pack-years,
total smoke-years, and smoke free-years were not correlat-
ed with KRAS mutations (Supplementary Fig. 1).

Never-smokers were significantly more likely than for-
mer- or current smokers to have a transition mutation (sub-
stitution of a purine for a purine, e.g., G—A or a pyrimidine
for a pyrimidine, C—T) than a transversion mutation (sub-
stitution of a purine for a pyrimidine or conversely, G—T
or G—C), which are known to be smoking-related (p=
0.011) (Table 2).

Treatment outcome with EGFR tyrosine Kinase
inhibitors
Of 153 patients with advanced lung adenocarcinoma, 97 re-
ceived EGFR-TKIs (Supplementary Table 1). Among
them, one patient had both EGFR and KRAS mutations de-
tected and received a combination treatment of erlotinib
and sorafenib in a clinical trial. This patient showed a par-
tial response (PR) lasting more than 15 months. Among the
41 patients with EGFR mutations, 25 (61.0%) showed a
clinical response to EGFR-TKISs, 11 (26.8%) had stable dis-
ease (SD), and 5 patients (12.2%) had progressive disease
(PD). In the 8 patients with KRAS mutations, one (12.5%)
showed a clinical response to EGFR-TKIs, 2 (25.0%) had
SD, and 5 (62.5%) had PD on EGFR-TKIs (Table 3). In 47
patients with wild-type EGFR and KRAS (WT/WT), 5
(10.6%) had PR, 16 patients (34.0%) had SD, and 26 pa-
tients (55.3%) had PD on EGFR-TKIs. As a group, patients
with KRAS mutations had a significantly poorer clinical re-
sponse to EGFR-TKIs than those who had EGFR muta-
tions (12.5% vs. 61.0%, p=0.004), but did not differ in clin-
ical response from those with WT/WT (10.6% vs.12.5%,
p=0.876).

At the time of analysis, the median follow-up duration of

Type of KRAS mutation Nucleotide Never-smoker Ever-smoker p value
Transition 0.011*
G13D GGC—GAC 0 1
G12D GGT—GAT 4 1
G128 GGT—AGT 2 1
Transversion
Gl12C GGT—TGT 1 2
G12v GGT—-GTT 0 3
G13C GGC—TGC 0

*Fisher’s exact test, transition versus transversion.
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Table 3. Characteristics and TKI Responses of Nine Lung Cancer Patients with KRAS Mutations

No. Sex Smoking Type of KRAS EGFR Type of Best PES* os'
status mutation mutation TKI response (months) (months)
1 M Former Transition No G PD 1.0 5.9
2 M Former Transversion No G PD 1.3 13
3 F Never Transition No G PD 1.0 159
4 M Former Transversion No E PD 1.0 1.1
5 M Current Transversion No E PR 32.0 45.8
6 F Never Transition No G SD 7.0 9.3
7 F Never Transition No G SD 1.6 25.6
8 F Never Transition No G PD 22 9.3

TKI, tyrosine kinase inhibitor; PFS, progression-free survival; OS, overall survival; PR, partial response; SD, stable disease; PD, progressive disease; G, gefi-

tinib; E, erlotinib; EGFR, epidermal growth factor receptor.

*PFS was measured from the first day of treatment with EGFR-TKI to the date of progression or death.
'0S was measured from the date of treatment with EGFR-TKI until the date of death.

Table 4. Prognostic Significance of Gene Mutations in Metastatic Lung Adenocarcinoma Treated with EGFR TKls

PFS for EGFR TKIs OS*
Genotype No. of mutant/ t o0 No. of mutant/ 1 oco
wild-type AHR' (95% CI) p value wild-type AHR' (95% CI) p value
EGFR (+v-) 41/55 0.246 (0.144-0.421) <0.001 41/55 0.453 (0.260-0.787) 0.005
KRAS (+v-) 8/88 1.278 (0.586-2.790) 0.537 8/88 1.274 (0.571-2.845) 0.554

EGFR, epidermal growth factor receptor; TKIs, tyrosine kinase inhibitors; AHR, adjusted hazard ratio; 95% Cl, 95% confidence interval; OS, overall survival;

PES, progression-free survival.

*Overall survival was measured from the initiation of EGFR-TKIs until death.

"Adjusted for age, gender, smoking history and performance status

% Overall survival

A Time (months)

—— KRAS mutant — KRAS mutant
—— EGFRmutant —— EGFRmutant
------ WTNVT 80 LH_H == WTNVT
p=0.001 60 L p<0.001

% Progression free survival

mUﬂ_L’—‘
ut
- I%
Y
0

B Time (months)

Fig. 2. Kaplan-Meier survival plots for patients with three tumor genotypes in metastatic lung adenocarcinoma treated with EGFR tyrosine kinase inhibitors
(TKIs): EGFR mutation (n=41), KRAS mutation (n=8), and WT/WT (n=47). (A) Median 0S with EGFR TKI treatment (26.7 months for EGFR mutation vs. 8.2
months for WT/WT vs. 9.2 months for KRAS mutant, p=0.001). (B) Median PFS (12.8 months for EGFR mutation vs. 1.2 months for KRAS mutation vs. 1.9

months for WT/WT, p<0.001).

patients with advanced lung adenocarcinoma was 17.4
months. At the time of analysis, 103 (51.5%) of the 200 pa-
tients were still alive. In this survival outcome analysis, we
excluded one patient who had both EGFR and KRAS muta-
tions and who was treated with erlotinib/sorafenib because
this dual inhibition of the EGFR and vascular endothelial
growth factor (VEGF) pathways could influence survival
outcome and cause a bias. Thus, the final analysis of surviv-
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al outcome included 96 patients.

The three genotypes according to the presence of EGFR
or KRAS mutation showed significant differences in median
OS with EGFR-TKI treatment (26.7 months for the EGFR
mutant, 8.2 months for WT/WT, and 9.2 months for the
KRAS mutant, p=0.001) (Fig. 2A). In a Cox regression
model adjusted for age, gender, smoking history and perfor-
mance status, the AHRs for OS were 0.453 (95% CI, 0.260-

n
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0.787; p=0.005) for the EGFR mutant and 1.274 (95% CI,
0.571-2.842, p=0.554) for the KRAS mutant (Table 4).

The three genotypes differed significantly in median PFS
(12.8 months for the EGFR mutant vs. 1.2 months for the
KRAS mutant vs. 1.9 months for WT/WT, p<0.001). In a
pair-wise comparison, the EGFR mutant showed a signifi-
cantly longer median PFS than did the KR4S mutant or the
WT/WT. The KRAS mutant and WT/WT did not differ sig-
nificantly (p=0.588) (Fig. 2B). In a Cox regression model
adjusted for age, gender, smoking history and performance
status, the AHRs for the risk of disease progression with
EGFR-TKI treatment was 0.246 (95% CI, 0.144-0.421; p<
0.001) for the EGFR mutation and 1.278 (95% CI, 0.586-
2.790; p=0.537) for the KRAS mutation (Table 4). These
data identified the EGFR mutation as an independent posi-
tive predictive factor for treatment outcome with EGFR-
TKIs and showed that the KRAS mutation did not predict
treatment outcome with EGFR-TKIs. The outcome is total-
ly driven by presence or absence of EGFR mutation.

DISCUSSION

To our best knowledge, this is the largest comprehensive
analysis of the KRAS mutation and its association with
smoking history performed to date in East Asian patients
with lung adenocarcinomas. The main finding of our study
was a lower incidence of the KRAS mutation in these tumors
among our Korean study group compared to that reported
for Western populations. Interestingly, cigarette smoking did
not influence the frequency of KRAS mutation, but rather
the type of KRAS mutation; and KRAS mutation did not in-
dependently predict outcome of EGFR-TKI therapy.

The low frequency of KRAS mutation in our study (8%,
16 of 200) is in good agreement with previous findings of
KRAS mutation of less than 10% in East Asian patients with
lung adenocarcinoma, compared with the recorded 30% or
more among Caucasian patients.?**%** This difference
might be explained by ethnic and environmental factors, in
addition to reported differences in gender and smoking sta-
tus distributions.**

The frequency of KRAS mutation did not differ according
to smoking status in our study. In addition, the specific
characteristics of smoking such as cumulative dose (pack-
years), age at first exposure, and smoke-free years did not
correlate with KRAS mutation frequency. A strong associa-
tion between KRAS mutation and cigarette smoking has

been established.?>* However, careful scrutiny of these
studies reveals that they included relatively small numbers
of never-smokers and neglected to present detailed smok-
ing histories. In a study of lung adenocarcinomas from al-
most 500 patients (17% never-smokers), Riely, et al.*® re-
ported the presence of a KRAS mutation in 15% of tumors
from never-smokers compared to 22% in the group overall,
showing that smoking history does not clearly predict KRAS
mutation status. In contrast, data from a recent meta-analy-
sis show a significantly higher KRAS mutation frequency
among current- or former smokers compared to that of nev-
er-smokers (26% vs. 6%, p<0.01).3 In our study, careful in-
terpretation will be required because the lack of statistical
significance might be caused by insufficient sample size.
The association of KRAS mutation (i.e., presence of the mu-
tation in the tumor) with smoking history, which includes
cumulative smoking dose, age at first exposure, smoke-free
years, and other factors, awaits further observation and anal-
ysis of large populations with detailed smoking histories.
Importantly, KRAS mutations observed in never-smokers
are significantly more likely to be transition mutations than
those in current- and former smokers, which is consistent
with previous data.?® Similarly, transition mutations in 7P53
are more common in never-smoker patients than transver-
sions. This prevalence for transversions in 7P53 may identify
a molecular signature for the action of specific carcinogen(s)
in cigarette smoke.?®*¢ Thus, the qualitative differences in
KRAS mutations in lung tumors from never-smokers may
be related to intrinsic tumorigenesis rather than to exposure
to extrinsic carcinogens such as second-hand tobacco smoke.
The role of KRAS mutation in predicting survival with EG-
FR-TKIs treatment remains unclear.>"* Although most stud-
ies show that a KR4S mutation predicts a poor response to
EGFR-TKIs, these data do not strongly support an associa-
tion between KRAS mutation and survival outcome because
the reported treatment outcomes are not survival outcome
such as OS or PFS, but response rate.>!"317 Additionally,
because EGFR and KRAS mutations are mutually exclusive,
patients with KRAS mutations do not harbor EGFR muta-
tions, whereas those with wild-type KRAS may potentially
harbor EGFR mutations. Given the extreme sensitivity of
EGFR mutant tumors to EGFR-TKISs, even a small propor-
tion of patients with EGFR mutation in a cohort with KRAS
wild-type tumors could confound or bias the association be-
tween mutation type and treatment outcome with EGFR-
TKIs. To clarify the prognostic significance of KRAS muta-
tion for these treatment outcomes, concurrent mutational
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analysis of EGFR and KRAS is mandatory.

To overcome these problems, we compared the PFS and
OS of EGFR-TKIs treatment among three tumor groups,
namely those with the EGFR mutant, the KRAS mutant, and
WT/WT, with a concurrent analysis of EGFR and KRAS mu-
tations. In particular, we compared the treatment outcomes
between patients with KRAS-mutant and W7/WT tumors to
detect clinically relevant differences in EGFR-TKI effective-
ness. As expected, patients with the EGFR mutations showed
significantly longer median OS and PFS than did those with
KRAS-mutant and WT/WT tumors. However, those with
KRAS-mutant and WT/WT tumors did not differ significantly
in outcome even though there is a limitation by small num-
ber of KRAS mutation positive patients (n=8). This result is
consistent with report by Jackman, et al.? that the presence of
the KRAS mutation should not be used as a predictive bio-
marker to exclude patients from EGFR-TKI treatment.

Although use of the KRAS genotype as a basis for treat-
ment with EGFR-directed agents is controversial, it may be
used to guide appropriate targeting of other treatments. Evi-
dence suggests, for example, that dual inhibition of VEGF
and EGFR pathways may overcome primary and acquired
resistance to EGFR-TKISs.*” In vivo xenograft models, includ-
ing some with KR4S mutations, show a stronger anti-tumor
response to a dual blockade of VEGF/EGFR pathways, ei-
ther by vandetanib or a combination of bevacizumab and
erlotinib, than to erlotinib or gefitinib alone.’” In these mod-
els, EGFR-TKI resistance is associated with increased tu-
mor- and host-derived VEGF*” Thus, a VEGFR/EGFR dual
blockade may plausibly be used to overcome EGFR-TKI
resistance in NSCLC with the KR4S mutation.

In conclusion, this study found no differences in KRAS
mutation frequencies among lung adenocarcinomas accord-
ing to cigarette-smoking status, but did show qualitative
differences, in that never-smokers were significantly more
likely than current or former smokers to have transition mu-
tations rather than transversions. Furthermore, even though
testing for KRAS mutation in lung adenocarcinoma may
have little use in the decision to treat with EGFR-TKISs, it
may guide the targeting of individualized treatments, which
might include a dual blockade of EGFR and VEGF path-
ways and use of RAF or MEK inhibitors.

ACKNOWLEDGEMENTS

This work was supported in part by a grant of the Korean

Health Technology R&D Project, Ministry for Health, Wel-
fare and Family Affairs, Republic of Korea (A101956;
BCC), by a grant of the Korean Healthcare Technology
R&D Project, Ministry for Health, Welfare and Family Af-
fairs, Republic of Korea (A084120; KCN), by a grant of
the Health Fellowship Foundation, and by a grant from the
Korea Healthcare Technology R&D Project of the Ministry
of Health and Welfare of Korea (A110641; HRK).

REFERENCES

1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Thun MJ. Cancer statis-
tics, 2009. CA Cancer J Clin 2009;59:225-49.

2. Jung M, Kim SH, Hong S, Kang YA, Kim SK, Chang J, et al.
Prognostic and predictive value of carcinoembryonic antigen and
cytokeratin-19 fragments levels in advanced non-small cell lung
cancer patients treated with gefitinib or erlotinib. Yonsei Med J
2012;53:931-9.

3. Mao C, Qiu LX, Liao RY, Du FB, Ding H, Yang WC, et al. KRAS
mutations and resistance to EGFR-TKIs treatment in patients with
non-small cell lung cancer: a meta-analysis of 22 studies. Lung
Cancer 2010,69:272-8.

4. Thatcher N, Chang A, Parikh P, Rodrigues Pereira J, Ciuleanu T,
von Pawel J, et al. Gefitinib plus best supportive care in previously
treated patients with refractory advanced non-small-cell lung can-
cer: results from a randomised, placebo-controlled, multicentre
study (Iressa Survival Evaluation in Lung Cancer). Lancet 2005;
366:1527-37.

5. Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel S, et al.
EGFR mutations in lung cancer: correlation with clinical response
to gefitinib therapy. Science 2004;304:1497-500.

6. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto
RA, Brannigan BW, et al. Activating mutations in the epidermal
growth factor receptor underlying responsiveness of non-small-
cell lung cancer to gefitinib. N Engl J Med 2004;350:2129-39.

7. Gandhi J, Zhang J, Xie Y, Soh J, Shigematsu H, Zhang W, et al.
Alterations in genes of the EGFR signaling pathway and their re-
lationship to EGFR tyrosine kinase inhibitor sensitivity in lung
cancer cell lines. PLoS One 2009;4:e4576.

8. Jackman DM, Miller VA, Cioffredi LA, Yeap BY, Janne PA, Riely
GJ, et al. Impact of epidermal growth factor receptor and KRAS
mutations on clinical outcomes in previously untreated non-small
cell lung cancer patients: results of an online tumor registry of
clinical trials. Clin Cancer Res 2009;15:5267-73.

9. Pao W, Miller V, Zakowski M, Doherty J, Politi K, Sarkaria I, et
al. EGF receptor gene mutations are common in lung cancers
from “never smokers” and are associated with sensitivity of tu-
mors to gefitinib and erlotinib. Proc Natl Acad Sci U S A 2004;
101:13306-11.

10. Douillard JY, Shepherd FA, Hirsh V, Mok T, Socinski MA, Ger-
vais R, et al. Molecular predictors of outcome with gefitinib and
docetaxel in previously treated non-small-cell lung cancer: data
from the randomized phase III INTEREST trial. J Clin Oncol
2010;28:744-52.

11. Jackman DM, Yeap BY, Lindeman NI, Fidias P, Rabin MS, Temel
J, et al. Phase II clinical trial of chemotherapy-naive patients > or

YONSEIMED J HTTP:/WWW.EYMJ.ORG VOLUME 54 NUMBER4 JULY 2013 873



12.

13.

16.

17.

18.

19.

20.

21.

22.

23.

24.

874

Hye Ryun Kim, et al.

=70 years of age treated with erlotinib for advanced non-small-
cell lung cancer. J Clin Oncol 2007;25:760-6.

Miller VA, Riely GJ, Zakowski MF, Li AR, Patel JD, Heelan RT,
et al. Molecular characteristics of bronchioloalveolar carcinoma
and adenocarcinoma, bronchioloalveolar carcinoma subtype, pre-
dict response to erlotinib. J Clin Oncol 2008;26:1472-8.

Pao W, Wang TY, Riely GJ, Miller VA, Pan Q, Ladanyi M, et al.
KRAS mutations and primary resistance of lung adenocarcinomas
to gefitinib or erlotinib. PLoS Med 2005;2:¢17.

. Linardou H, Dahabreh 1J, Kanaloupiti D, Siannis F, Bafaloukos D,

Kosmidis P, et al. Assessment of somatic k-RAS mutations as a
mechanism associated with resistance to EGFR-targeted agents: a
systematic review and meta-analysis of studies in advanced non-
small-cell lung cancer and metastatic colorectal cancer. Lancet
Oncol 2008;9:962-72.

. van Zandwijk N, Mathy A, Boerrigter L, Ruijter H, Tielen I, de

Jong D, et al. EGFR and KRAS mutations as criteria for treatment
with tyrosine kinase inhibitors: retro- and prospective observations
in non-small-cell lung cancer. Ann Oncol 2007;18:99-103.
Schneider CP, Heigener D, Schott-von-Rémer K, Giitz S, Laack E,
Digel W, et al. Epidermal growth factor receptor-related tumor
markers and clinical outcomes with erlotinib in non-small cell
lung cancer: an analysis of patients from german centers in the
TRUST study. J Thorac Oncol 2008;3:1446-53.

Han SW, Kim TY, Hwang PG, Jeong S, Kim J, Choi IS, et al. Pre-
dictive and prognostic impact of epidermal growth factor receptor
mutation in non-small-cell lung cancer patients treated with gefi-
tinib. J Clin Oncol 2005;23:2493-501.

Riely GJ, Marks J, Pao W. KRAS mutations in non-small cell
lung cancer. Proc Am Thorac Soc 2009;6:201-5.

Roberts PJ, Stinchcombe TE, Der CJ, Socinski MA. Personalized
medicine in non-small-cell lung cancer: is KRAS a useful marker
in selecting patients for epidermal growth factor receptor-targeted
therapy? J Clin Oncol 2010;28:4769-77.

De Luca A, Normanno N. Predictive biomarkers to tyrosine ki-
nase inhibitors for the epidermal growth factor receptor in non-
small-cell lung cancer. Curr Drug Targets 2010;11:851-64.

Suda K, Tomizawa K, Mitsudomi T. Biological and clinical sig-
nificance of KRAS mutations in lung cancer: an oncogenic driver
that contrasts with EGFR mutation. Cancer Metastasis Rev 2010;
29:49-60.

Ahrendt SA, Decker PA, Alawi EA, Zhu Yr YR, Sanchez-Ces-
pedes M, Yang SC, et al. Cigarette smoking is strongly associated
with mutation of the K-ras gene in patients with primary adeno-
carcinoma of the lung. Cancer 2001;92:1525-30.

Kakegawa S, Shimizu K, Sugano M, Miyamae Y, Kaira K, Araki
T, et al. Clinicopathological features of lung adenocarcinoma with
KRAS mutations. Cancer 2011;117:4257-66.

Massarelli E, Varella-Garcia M, Tang X, Xavier AC, Ozburn NC,
Liu DD, et al. KRAS mutation is an important predictor of resis-
tance to therapy with epidermal growth factor receptor tyrosine
kinase inhibitors in non-small-cell lung cancer. Clin Cancer Res
2007;13:2890-6.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Han SW, Kim TY, Jeon YK, Hwang PG, Im SA, Lee KH, et al.
Optimization of patient selection for gefitinib in non-small cell
lung cancer by combined analysis of epidermal growth factor re-
ceptor mutation, K-ras mutation, and Akt phosphorylation. Clin
Cancer Res 2006;12:2538-44.

Kim ES, Hirsh V, Mok T, Socinski MA, Gervais R, Wu YL, et al.
Gefitinib versus docetaxel in previously treated non-small-cell
lung cancer (INTEREST): a randomised phase III trial. Lancet
2008;372:1809-18.

Beasley MB, Brambilla E, Travis WD. The 2004 World Health
Organization classification of lung tumors. Semin Roentgenol
2005;40:90-7.

Riely GJ, Kris MG, Rosenbaum D, Marks J, Li A, Chitale DA, et
al. Frequency and distinctive spectrum of KRAS mutations in
never smokers with lung adenocarcinoma. Clin Cancer Res 2008;
14:5731-4.

Therasse P, Arbuck SG, Eisenhauer EA, Wanders J, Kaplan RS,
Rubinstein L, et al. New guidelines to evaluate the response to
treatment in solid tumors. European Organization for Research
and Treatment of Cancer, National Cancer Institute of the United
States, National Cancer Institute of Canada. J Natl Cancer Inst
2000;92:205-16.

LiM, Liu L, Liu Z, Yue S, Zhou L, Zhang Q, et al. The status of
KRAS mutations in patients with non-small cell lung cancers
from mainland China. Oncol Rep 2009;22:1013-20.

Keohavong P, DeMichele MA, Melacrinos AC, Landreneau RJ,
Weyant RJ, Siegfried JM. Detection of K-ras mutations in lung
carcinomas: relationship to prognosis. Clin Cancer Res 1996;2:
411-8.

Rosell R, Monzd M, Pifarré A, Ariza A, Sanchez JJ, Moreno 1, et
al. Molecular staging of non-small cell lung cancer according to
K-ras genotypes. Clin Cancer Res 1996;2:1083-6.

Sakuma Y, Matsukuma S, Yoshihara M, Nakamura Y, Noda K,
Nakayama H, et al. Distinctive evaluation of nonmucinous and
mucinous subtypes of bronchioloalveolar carcinomas in EGFR
and K-ras gene-mutation analyses for Japanese lung adenocarci-
nomas: confirmation of the correlations with histologic subtypes
and gene mutations. Am J Clin Pathol 2007;128:100-8.

Bae NC, Chae MH, Lee MH, Kim KM, Lee EB, Kim CH, et al.
EGFR, ERBB2, and KRAS mutations in Korean non-small cell
lung cancer patients. Cancer Genet Cytogenet 2007;173:107-13.
Wu CC, Hsu HY, Liu HP, Chang JW, Chen YT, Hsiech WY, et al.
Reversed mutation rates of KRAS and EGFR genes in adenocar-
cinoma of the lung in Taiwan and their implications. Cancer 2008;
113:3199-208.

Lee YJ, Kim JH, Kim SK, Ha SJ, Mok TS, Mitsudomi T, et al.
Lung cancer in never smokers: change of a mindset in the molecu-
lar era. Lung Cancer 2011;72:9-15.

Naumov GN, Nilsson MB, Cascone T, Briggs A, Straume O, Ak-
slen LA, et al. Combined vascular endothelial growth factor re-
ceptor and epidermal growth factor receptor (EGFR) blockade in-
hibits tumor growth in xenograft models of EGFR inhibitor
resistance. Clin Cancer Res 2009;15:3484-94.

YONSEIMED J HTTP://WWW.EYMJ.ORG VOLUME 54 NUMBER4 JULY 2013



