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EGFR-TKI resistance {22], but the influence of chronic exposure has
remained unclear. In the present study, the association between
chronic nicotine exposure and EGFR-TKI resistance was investi-
gated experimentally. Furthermore, we investigated whether the
smoking status was a predictive and prognostic factor in patients
with EGFR-mutated NSCLC who were treated with the EGFR-TKI
gefitinib.

2. Materials and methods
2.1. Cell culture and reagents

The PC-9 (EGFR exon 19 deletion) and 11.18 (EGFR exon 21
1858R) cell lines (human NSCLC cell lines) were maintained in
RPMI1640 medium with 10% FBS (Sigma-Aldrich, St. Louis, MO).
All the cell lines were maintained in a 5% CO,-humidified atmo-
sphere at 37 °C. The cell lines that were maintained in the presence
of 1 WM nicotine (Sigma-Aldrich) for 3 months were designated as
PC-9/N and 11_18/N, respectively.

Gefitinib and hexamethonium (nicotinic acetylcholine receptor
[nAChR] inhibitor) was purchased from Selleck Chemicals (Hous-
ton, TX) and Sigma-Aldrich, respectively.

2.2. Invitro growth inhibition assay

The growth-inhibitory effect of gefitinib was examined using an
MTT (Sigma-Aldrich) assay, as described previously [23].

2.3. Western blot analysis

A western blot analysis was performed as described previ-
ously [23]. Rabbit antibodies specific for EGFR, phospho-EGFR,
phospho-AKT, phospho-ERK1/2, and B-actin were obtained from
Cell Signaling (Beverly, MA). A rat antibody for the nicotinic acetyl-
choline receptor a1 subunit (o1 nAChR) was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). A rabbit antibody for a7
nAChR was obtained from Abcam (Cambridge, United Kingdom).
To evaluate the influence of gefitinib on the phosphorylation, the
cells were stimulated with gefitinib for 3 h.

2.4. Short interfering RNA (siRNA) transfection

Cellswere transfected with siRNA for CHRNA1 and 7 or each non-
specific target (scramble) as follows: GAUUUACCUUUAUGUAAGU
(siRNA CHRNAT1) for CHRNA1, GUUCUAUGAGUGCUGCAAA (siRNA
CHRNA?7) for CHRNA7, UAUAUGCGAGUAUAUUUCU for scramble of
CHRNAT1 (siRNA Scr1), and GUUUAGCCCUAAUAUGAGG for scram-
ble of CHRNA7 (siRNA Scr7). siRNA transfection was performed
using RNAIMAX (Invitrogen, Carlsbad, CA) as previously described
[24].

2.5. Patients

Eighty-two patients who had been diagnosed as having stage
IV NSCLC with EGFR mutations and who received gefitinib treat-
ment at Kishiwada Municipal Hospital between January 2008 and
December 2011 were enrolled. This study was retrospectively per-
formed and was approved by the institutional review board of
Kishiwada Municipal Hospital.

2.6. Statistical analysis

Continuous variables were analyzed using the t-test, and the
results were expressed as the average and standard deviations
(SD). The univariate relationship between each independent vari-
able was examined using the x2 test. The response to gefitinib was
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evaluated according to the RECIST ver 1.1. Progression-free sur-
vival (PFS) was defined as the time from the initiation of gefitinib
treatment until the first observation of disease progression or death
from any cause, and the overall survival (0S) was defined as the
time from the initiation of first-line treatment until death from
any cause. The PFS and OS were analyzed using the Kaplan-Meier
method and were compared among groups using the log-rank test.
To identify predictive and prognostic factors, a Cox proportional
hazards model was used for the univariate and multivariate anal-
yses. Only those variables with P-values of <0.15 in a univariate
analysis were included in the multivariate analysis. All the tests
were two-tailed, and P values less than 0.05 were considered sta-
tistically significant. All the above-mentioned statistical analyses
were performed using JMP 8 software (SAS Institute, Cary, NC).

3. Results
3.1. Resistance of PC-9/N and 11_18/N cell lines to EGFR-TKI

In order to evaluate the influence of chronic nicotine expo-
sure on EGFR-TKI resistance, the PC-9 and 11_18 cell lines were
cultured with 1 puM nicotine for 3 months (PC-9/N and 11.18/N,
respectively). Both PC-9/N and 11.18/N cell lines were resistant to
gefitinib, compared with the controls and the 50% inhibitory con-
centrations (ICsp) of PC-9/N and 11.18/N cell lines became about 3
times higher than the controls (Fig. 1A and B). In contrast, no signifi-
cant difference in the sensitivity to gefitinib was observed between
the cell lines that were temporarily (72 h) cultured with 1 M nico-
tine and the controls (Fig. 1B). These results indicate that chronic
nicotine exposure mediates the resistance to EGFR-TKI, but short
term exposure does not.

3.2. Phosphorylation of EGFR in PC-9/N and 11.18/N cell lines is
decreased by gefitinib to a lesser degree than that in the control
cell lines

Next, we examined the EGFR signal in the cell lines in the
presence of gefitinib using western blot analyses. The cells were
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Fig. 1. Growth inhibition assay for gefitinib (EGFR-TKI) and the ICsp of each cell line.
(A) Growth inhibition assay for gefitinib. Growth inhibition in response to gefitinib
was evaluated using an MTT assay. Both the PC-9/N and 11.18/N cell lines were
resistant to gefitinib, compared with the controls. (B) ICsg of each cell line for gefit-
inib. The ICsp of the PC-9/N and 11.18/N cell lines was about 3 times higher than
the controls (P=0.014* and 0.013*, respectively). In contrast, no significant differ-
ence in the sensitivity to gefitinib was seen between the cell lines cultured with
1 M of nicotine for 72h and the controls. Lines, mean of independent triplicate
experiments; * P<0.05.
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Fig. 2. Western blot analyses for each cell line cultured in the presence of gefitinib (EGFR-TKI). The cells were cultured with gefitinib (0, 0.005, 0.05, or 0.5 wM) for 3 h, and
the western blot analyses were then performed. The phosphorylation of EGFR in the PC-9/N and 11_18/N cell lines was decreased by gefitinib to a lesser extent than that
observed in the controls. The phosphorylation of AKT and ERK1/2 was also decreased by gefitinib to a lesser extent than that observed in the controls. $-Actin was used as

an internal control.

cultured with gefitinib (0, 0.005, 0.05, or 0.5 pM) for 3h, and a
western blot analysis was then performed. As shown in Fig. 2, the
phosphorylation of EGFR in the PC-9/N and 11.18/N cell lines was
decreased by gefitinib to a lesser degree than that in the control
cell lines. The downstream signals (AKT and ERK1/2) were also

In addition, the resistance was cancelled by an nAChR inhibitor,
hexamethonium (20 wM) (Fig. 3A). Gefitinib (0.05uM) greatly
decreased the phosphorylation of EGFR when administered in com-
bination with hexamethonium (20 wM), compared with gefitinib
alone (Fig. 3B). These results suggest that the resistance induced by

chronic nicotine exposure arose from EGFR signal activation and
was cancelled by the nAChR inhibitor.

suppressed by gefitinib to a lesser degree than in the controls. A
higher concentration of gefitinib decreased the phosphorylation.
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Fig. 3. Effect of an nAChR inhibitor, hexamethonium, on EGFR-TKI resistance induced by chronic nicotine exposure. (A) Growth inhibition of the PC-9 and 11.18 cell lines
cultured in combination with hexamethonium. The growth inhibition was evaluated using an MTT assay. Hexamethonium (20 wM) alone did not influence cellular growth
in the PC-9, PC-9/N, 11.18, or 11.18/N cell lines (P=0.56, 0.37, 0.96, and 0.45, respectively). The inhibitory effect of gefitinib (0.05 pM) on the PC-9 or 11.18 cell line was
not enhanced by hexamethonium (P=0.59 and 0.80, respectively), whereas that for the PC-9/N or 11_18/N cell line was enhanced by hexamethonium (P=0.016* and 0.034*,
respectively). Columns, mean of independent triplicate experiments; bars, SD; n.s., not significant; * P<0.05. (B) Western blot analyses of the PC-9 and 11.18 cell lines cultured
in combination with hexamethonium. Gefitinib (0.05 M) greatly decreased the phosphorylation of EGFR in cells cultured in combination with hexamethonium (20 pM),
compared with those cells cultured in the presence of gefitinib alone. The phosphorylation of AKT and ERK1/2 was also greatly decreased in cells cultured in combination
with hexamethonium. B-Actin was used as an internal control.
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3.3. PC9/N and 11.18/N cell lines have higher expressions of
nAChR a-subunits than cell lines with short exposure periods and
controls, and resistance is cancelled by CHRNA-knockdown

To address why chronic nicotine exposure, but not short-term
exposure, mediates EGFR-TKI resistance, we examined the influ-
ence of nicotine exposure on the expression of a1, 5, and 7 nAChR,
which are likely to be involved in the smoking-related pathogene-
sis of NSCLC [22,25-27]. The mRNA expression of the CHRNA1 gene
in the PC-9/N cell line and the mRNA expression of the CHRNA7
gene in the 11_18/N cell line were significantly higher than the
levels in cell lines with short-term exposure or the control cell
lines, respectively (Supplementary Fig. S1A). Western blot analy-
ses demonstrated similar results (Supplementary Fig. S1B). Next,
to examine the influence of a1 and 7 AChR on the EGFR-TKI resis-
tance, the CHRNAT1 and 7 genes in the cell lines were subjected to
knockdown using siRNA (Fig. 4A). CHRNA1-knockdown cancelled
the resistance in the PC9/N cell line but not in the 11.18/N cell line,
while CHRNA7-knockdown cancelled the resistance in the 11.18/N
cell line but not in the PC-9/N cell line (Fig. 4B). The inhibitory effect
in the PC-9 and 11_18 cell lines were not enhanced by the knock-
down (data not shown). These results suggest that the different
expressions of the nAChR «-subunits are promoted by chronic nico-
tine exposure in each cell line and that the promoted expressions
are associated with EGFR-TKI resistance.

3.4. Smoking history is an independent predictor of a poor PFS in
patients with EGFR-mutated NSCLC treated with gefitinib

To address whether the smoking status was a predictive and
prognostic factor for patients with EGFR-mutated NSCLC who
received gefitinib treatment, the clinical data were analyzed. The
clinical characteristics of the 82 patients and a comparison accord-
ing to smoking history (never-, former-, and current-smoker) are
summarized in Table 1. No significant differences were observed
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among the three groups in terms of age, PS, or EGFR mutations.
As expected, most of the 55 never-smokers (47/55, 85.5%) were
female, while only 8 (14.5%) were male (P<0.0001*).

Sixty-two of the 82 patients (75.6%) achieved a partial response
or a complete response. The median PFS and OS of all the patients
were 310 days and 778 days, respectively (Table 1). Many patients
(54/82, 65.9%) received gefitinib treatment as a first-line therapy.
The response rate to gefitinib treatment tended to be associated
with the smoking status, but this difference was not statistically
significant (P=0.099; never, 45/55 vs. former, 10/14 vs. current,
7/13) (Table 1). Significant differences in the PFS were observed
among the three group (P=0.011%; never, 427 days vs. former,
224 days vs. current, 149 days) (Fig. 5A and Table 1), and never-
or former-smokers had a significantly longer PFS than current-
smokers (P=0.011%; never or former, 370 days vs. current, 149
days). Similarly, significant differences in OS were observed among
the three groups (P=0.045*; never, 807 days vs. former, 787
days vs. current, 334 days) (Fig. 5B and Table 1), and never- or
former-smokers had a significantly longer OS than current-smokers
(P=0.014*; never or former, 807 days vs. current, 334 days). A
multivariate analysis including smoking status (never- or former-
smoker/current-smoker), PS (0 or 1/2 or 3), EGFR mutation (exon
19 deletion/others), and gefitinib treatment line (first-line/second-
line or more) revealed that a never- or former-smoker status
(HR, 0.35; 95% (I, 0.18-0.70; P=0.0045*), a PS of 0 or 1 (HR,
0.43; 95% confidence interval [Cl], 0.22-0.93; P=0.032%), and
the presence of an EGFR exon 19 deletion (HR, 0.56; 95% Cl,
0.34-0.91; P=0.019*) were significantly associated with a longer
PFS (Fig. 5A). Meanwhile, a multivariate analysis including smok-
ing status (never- or former-smoker/current-smoker), PS (0 or 1/2
or 3), and gefitinib treatment line (first-line/second-line or more)
revealed that a never- or former-smoker status (HR, 0.40; 95%
Cl, 0.20-0.85; P=0.020*) and a PS of 0 or 1 (HR, 0.44; 95% (I,
0.21-0.99; P=0.048") were significantly associated with a longer
0S (Fig. 5B).
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Fig. 4. Effect of CHRNA-knockdown on EGFR-TKI resistance induced by chronic nicotine exposure. The CHRNA1 and 7 genes in the cell lines were knocked down using siRNA.
(A)Western blot analyses. CHRNAT and 7-knockdown were confirmed using western blot analyses. -Actin was used as an internal control. (B) Growth inhibition of the PC-9
and 11.18 cell lines. CHRNAT-knockdown alone did not influence cellular growth in the PC-9/N cell line (P=0.46), whereas the inhibitory effect of gefitinib (0.05 M) on the
cell line was enhanced by CHRNAT-knockdown (P=0.026*). Similarly, CHRNA7-knockdown alone did not influence cellular growth in the 11_18/N cell line (P=0.12), whereas
the inhibitory effect of gefitinib (0.05 wM) on the cell line was enhanced by CHRNA7-knockdown (P=0.0061*). The inhibitory effect in the PC-9 and 11.18 cell lines were not
enhanced by the knockdown (data not shown). Columns, mean of independent triplicate experiments; bars, SD; n.s., not significant; * P<0.05.
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Table 1
Patient characteristics and associations with smoking history (n=82).
Characteristics Alln=82 Never-smoker n=55 Former-smoker n=14 Current-smoker n=13 P
Age (years) 0.68
Median [range] 71132-88) 71[43-86] 68(50-82] 72{32-88}
Gender <0.0001"
Male 29 8 11 10
Female 53 47 3 3
ECOG PS 0.53
0 13 12 1 0
1 58 34 12 12
2 7 6 1 0
3 4 3 0 1
EGFR mutation 0.98
Exon 19 deletion 40 27 7 6
Exon 21 L858R 39 27 6 6
Others 3 1 1 1
Gefitinib treatment line 0.10
First-line 54 40 6 8
Second-line 22 14 5 3
>Third-line 6 1 3 2
Response 0.099
CR 8 6 1 1
PR 54 39 9 6
SD 7 3 2 2
PD 13 7 2 4
PFS (days) 0.011
Median 310 427 224 149
0S (days) 0.045
Median 778 807 787 334

ECOG PS, Eastern Cooperative Oncology Group Performance Status; EGFR, epidermal growth factor receptor; CR, complete response; PR, partial response; SD, stable disease;

PD, progressive disease; PFS, progression-free survival; OS, overall survival.

PS was analyzed for 0 or 1 vs, 2 or 3, EGFR mutation status was analyzed for exon 19 deletion vs. others, gefitinib treatment line was analyzed for first-line vs. second-line or

more, and response was analyzed for CR or PR vs. SD or PD.
' P<0.05.

4. Discussion

EGFR mutations occur in 30% of patients with NSCLC who are
of East Asian ethnicity, compared with 8% of patients of other
ethnicities [28]. In the IRESSA Pan-Asia Study, EGFR mutation
was a stronger predictor of a response to gefitinib, compared
with smoking status [5,29]. However, whether smoking status
can serve as a predictor of a response to EGFR-TKI treatment
among patients with EGFR mutations remained unclear. Our clin-
ical data showed that smoking status tends to be associated
with the response rate to gefitinib and is an independent pre-
dictor of the PFS among patients treated with gefitinib. These
findings were similar to those of a previous meta-analysis [30]
and suggest that cigarette smoking mediates EGFR-TKI resistance.
Indeed, such experimental data have been previously reported
[20,21]. In these previous studies, oxidative stress or an EGFR
conformation change induced by cigarette smoking was thought
to be associated with the resistance. In addition, our experi-
ments have suggested that chronic nicotine exposure can cause
resistance via an EGFR signal. Our clinical data showing that
current-smokers, who are likely to have persistent serum nicotine
levels, have a significantly shorter PFS than never- or former-
smokers also supports the concept of nicotine-induced resistance.
In general, EGFR mutations tend to be found in never-smokers,
and cigarette smoking is thought to have a minimal influence
on EGFR-mutated carcinogenesis [31,32]. As seen in our clinical
data, however, a considerable number of patients with EGFR-
mutated NSCLC had a smoking history and they exhibited a
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poor outcome in terms of both PFS on gefitinib treatment and
0S. Although several studies have identified smoking status as a
predictive and prognostic factor in all patients with NSCLC [33], our
present study is the first report to indicate an association between
smoking status and OS in patients with EGFR-mutated NSCLC. Thus,
even in patients with EGFR-mutated NSCLC, smoking history is an
important factor that may be related to the response to EGFR-TKIs
and OS.

Our experiments showed that the EGFR signal is decreased by
EGFR-TKI to a lesser extent in the PC-9/N and the 11.18/N cell
lines than in the control cell lines; furthermore, an nAChR inhibitor
cancelied the smaller decrease in the signal. Because a nicotine-
activated signal is involved in EGFR, the possibility of cross-talk
between EGFR and nAChR has been proposed [18,22], supporting
our experimental data showing that chronic nicotine exposure acti-
vates an EGFR signal through nAChR. In a clinical setting, gefitinib
and erlotinib are the main drugs used as EGFR-TKIs. The most
prominent difference between these two drugs is the dose setting.
The approved daily dose of erlotinib (150 mg) is equal to the maxi-
mum tolerated dose (MTD) of erlotinib. In contrast, the daily dose of
gefitinib (250 mg) is approximately one-third of the MTD of gefit-
inib [34,35]. Therefore, a higher serum concentration of EGFR-TKI
can be achieved using erlotinib than using gefitinib. Our experi-
ments have shown that higher concentrations of an EGFR-TKI can
inhibit the EGFR signal in the PC-9/N and the 11.18/N cell lines. Of
course, smoking cessation is of great importance, but considering
the difference between gefitinib and erlotinib, erlotinib might be
more effective.
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Fig. 5. Kaplan-Meier curves and univariate and multivariate analyses for PFS and OS. (A) PFS. Significant differences in PFS were observed among the three group (P=0.011%;
never, 427 days vs. former, 224 days vs. current, 149 days). A multivariate analysis including the smoking status (never- or former-smoker [never or former]/current-smoker
[current]), ECOG PS (0 or 1/2 or 3), EGFR mutation (exon 19 deletion [ex 19 del]/others), and gefitinib treatment line (first-line [first]/second-line or more [second or more])
revealed that a never- or former-smoker status (HR, 0.35; 95% Cl, 0.18-0.70; P=0.0045*), a PS of 0 or 1 (HR, 0.43; 95% confidence interval [Cl}, 0.22-0.93; P=0.032*), and
the presence of an EGFR exon 19 deletion (HR, 0.56; 95% (I, 0.34-0.91; P=0.019*) were significantly associated with a longer PFS. (B) OS. Significant differences in OS were
observed among the three groups (P=0.045%; never, 807 days vs. former, 787 days vs. current, 334 days). A multivariate analysis including the smoking status (never- or
former-smoker [never or former]/current-smoker [current]), ECOG PS (0 or 1/2 or 3), and gefitinib treatment line (first-line [first]/second-line or more [second or more])
revealed that a never- or former-smoker status (HR, 0.40; 95% CI, 0.20-0.85; P=0.020*) and a PSof O or 1 (HR, 0.44; 95% CI, 0.21-0.99; P=0.048") were significantly associated

with a longer OS.

In the present study, short-term nicotine exposure was not
associated with EGFR-TKI resistance, whereas chronic exposure
induced EGFR-TKI resistance. As is seen in the mechanism of
nicotine addiction, our experiments showed that the expres-
sions of nAChR « subunits are increased by chronic nicotine
exposure [36,37]. This resistance was cancelled by their knock-
down. These findings suggest that higher expressions of nAChR
o subunits might result in EGFR-TKI resistance. nAChRs stimu-
late intracellular signaling pathways including an EGFR signal in a
cell type-specific manner. Indeed, significant smoking-dependent
expressions of a1, a5, and o7 nAChR have been reported [25,38],
and another previous study has shown that nicotine-induced
resistance is caused by ol nAChR [22]. In the present study,
however, a1 or a7 nAChR were elevated by chronic nicotine
exposure in each cell line, and both caused EGFR-TKI resistance.
Although the detailed mechanism explaining why different sub-
unit expressions are elevated by chronic nicotine exposure in
each cell line remains unclear, our study suggests that not only
a1 nAChR, but also other subunits can be associated with the
resistance.

Several studies have demonstrated that first-line gefitinib treat-
ment is more effective than second-line or more treatments [39].
Our data, however, showed the opposite tendency. This tendency
might be explained by the fact that the first-line gefitinib treat-
ment group contained more elderly or poor PS patients, since
other therapies were not indicated for such patients. With this in
mind, several study limitations were unavoidable because of the
retrospective nature of this study and the relatively small study
population.

81

5. Conclusion

Our experiments suggest that chronic nicotine exposure
induced by cigarette smoking mediates resistance to EGFR-TKIs via
an EGFR signal through the o subunits of nAChRs. Smoking ces-
sation is of great importance, and resistance may be overcome by
high-dose EGFR-TKI treatment. To confirm this hypothesis, further
research is needed.
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