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Lung adenocarcinoma cells harboring epidermal growth factor receptor (EGFR) mutations
are sensitive to EGFR tyrosine kinase inhibitors (TKIs), including gefitinib. Acquired resis-
tance to EGFR-TKIs develops after prolonged treatments. The study was prompt to explore
effective strategies against resistance to EGFR-TKIs. We established gefitinib resistant PC-9
cells which harbor EGFR exon 19 deletion. Known mechanisms for intrinsic or acquired
EGFR-TKI resistance, including KRAS mutation, HER2 mutation, EGFR T790M mutation
and MET gene amplification, were studied, and we did not observe any known mechanisms
for intrinsic or acquired resistance to EGFR-TKIs in the resistant cells. In the parental PC-9
cells, labeled as PC-9/wt, gefitinib completely inhibited EGF-induced phosphorylation of
EGFR, AKT and ERK. Gefitinib inhibited EGFR phosphorylation, but was unable to block
EGF-induced phosphorylation of ERK in resistant cells, labeled as PC-9/gef cells, including
PC-9/gefB4, PC-9/gefE3, and PC-9/gefE7 subclones. We detected NRAS Q61K mutation in the
PC-9/gef cells but not the PC-9/wt cells. MEK inhibitors, either AZD6244 or CI1040, inhibited
ERK phosphorylation and sensitized gefitinib-induced cytotoxicity in PC-9/gef cells.
Whereas MEK inhibitors or gefitinib alone did not activate caspases in PC-9/gef cells, com-
bination of gefitinib and AZD6244 or CI1040 induced apoptosis. Our in vivo studies showed
that gefitinib inhibited growth of PC-9/wt xenografts but not PC-9/gef xenografts. Further-
more, combination of a MEK inhibitor and gefitinib inhibited growth of both PC-9/wt xeno-
grafts and PC-9/gefB4 xenografts. To conclude, persistent activation of ERK pathway
contributes to the acquired gefitinib-resistance. Combined treatment of gefitinib and
MEK inhibitors may be therapeutically useful for acquired gefitinib-resistance lung adeno-
carcinoma cells harboring EGFR mutations.
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1. Introduction

Lung adenocarcinomas are characterized by frequent aber-
rancies in driver genes, especially the epidermal growth factor
receptor (EGFR) gene (Li et al., 2011). EGFR tyrosine kinase in-
hibitors (TKIs), such as gefitinib and erlotinib, are highly effec-
tive in lung cancer patients with activating EGFR mutations,
such as exon 19 deletion and exon 21 L858R mutation, in their
tumor samples (Mok et al., 2009; Zhou et al., 2011). EGFR-TKIs
attenuate autophosphorylation of EGFR and subsequent acti-
vation of downstream pathways regulating cell survival and
growth, including the PI3K-AKT-mTOR signal pathway and
the MAPK cascade (Ras-Raf-MEK-ERK) (Ono and Kuwano,
2006).

Despite the success of using EGFR-TKIs in the treatment for
lung adenocarcinoma patients harboring specific EGFR muta-
tions, all responding patients eventually developed acquired
resistance to EGFR-TKIs. Several mechanisms underlying ac-
quired resistance to EGFR-TKIs have been proposed, including
a second mutation in EGFR kinase domain, especially T790M
mutation (Pao et al, 2005a), and the MET amplification
(Engelman et al., 2007). T790M gatekeeper mutation decreases
binding of EGFR-TKI to the mutant EGFR (Sos et al., 2010). MET
amplification-induced persistent activation of PI3K-AKT-
mTOR pathway through a HER3-dependent pathway is con-
sidered to be the common downstream pathway of most types
of acquired resistance mentioned above (Engelman and Janne,
2008). Accordingly, diminished activation of PI3K-AKT-mTOR
pathway may reverse drug resistance. In support of this no-
tion, both MET inhibitors (Engelman et al., 2007) and PI3K in-
hibitors (Donev et al., 2011) which reportedly reversed
acquired resistance are suggested as effective therapies for
drug resistance.

Over-activation of the MAPK cascade, by KRAS gene muta-
tion for example, has been observed in lung adenocarcinomas
primarily resistant to EGFR-TKI (Pao et al., 2005b); however,
the role of the MAPK cascade on acquired resistance has not
been extensively examined. In the present study, we demon-
strated that the MAPK cascade was upregulated in these gefi-
tinib acquired-resistant cells. We further demonstrated that
MEK inhibitors, such as CI-1040 and AZD6244, reversed the re-
sistance both in vitro and in vivo.

2. Materials and methods
2.1 Drugs and cell lines

Gefitinib and AZD6244 (selumetinib) were provided from
Astrazeneca (Alderley Park, UK); and CI-1040 from Pfizer
(New York, USA). Gefitinib, AZD6244 and CI-1040 were pre-
pared in dimethyl sulfoxide (DMSO) to obtain a stock solution
of 10 mM. PC-9 cells are a human lung adenocarcinoma cell
line harboring a deletion in exon 19 of EGFR (Bean et al,
2007). Gefitinib-resistant PC-9 cells were established and
maintained as described previously (Chang et al., 2011). In
short, parental PC-9 cells, hereafter as PC-9/wt cells, were
grown in culture media containing escalating concentrations
of gefitinib. After 6 months of passages, cells that could grow

in micromolar concentrations of gefitinib were kept in drug-
free media for 2 weeks and were labeled as PC-9/gef cells. Sin-
gle cell coloning was performed, and several clones were ob-
tained, including PC-9/gefB4, PC-9/gefC2, PC-9/gefC4, PC-9/
gefC7, PC-9/gefE3 and PC-9/gefE7, etc. PC-9/gefB4, PC-9/gefE3
and PC-9/gefE7 were selected for the current study and were
maintained in regular RPMI media without gefitinib.

2.2. Growth inhibition assay

One thousand five hundred cells were placed in 96-well flat-
bottomed plates and cultured for 24 h. Various concentrations
of gefitinib plus AZD6244 or CI-1040 were included in the cul-
ture medium for 96 h. The cytotoxic effects of gefitinib plus
AZD6244 or CI-1040 were determined by sulforhodamine B as-
say (Vichai and Kirtikara, 2006). Cell viability was determined
by dividing the absorbance values of treated cells to that of un-
treated cells. ICso calculated from the dose—response curve
was defined as the concentration of gefitinib which 50%
growth inhibition was obtained.

2.3. Western blot

To evaluate downstream signaling of PC-9/wt and gefitinib-
resistant cells, cells were cultured in serum-free media for
24 h prior to drug treatment. Afterward, cells were treated
with gefitinib plus AZD6244 or CI-1040 at various concentra-
tions for 1 h and then were stimulated with 20 ng/ml of epider-
mal growth factor (EGF) for 10 min. Treated cells were
harvested, washed with phosphate buffered saline, and lysed.
Western blot was performed as described elsewhere. Primary
antibodies used were as follows: a-tubulin (Calbiochem, San
Diego, CA), EGFR pY1173 and IGF-1Rp (Santa Cruz Biotechnol-
ogy Inc, Santo Cruz, CA), pc-Met Y1356 (Abgent Inc, San Diego,
CA), EGFR and its phosphorylated components pY845, pY992,
pY1068, and pY1148 (Cell Signaling Technology, Danvers,
MA), AKT and pAKT S473, ERK and pERK, MEK1/2 and
PMEK1/2 S217/221, HER2 and pHER2, HER3 and pHER3 Y1289,
c-Met, poly (ADP-ribose) polymerase (PARP), caspase-3, and
caspase-9 (Cell Signaling Technology, Danvers, MA).

2.4. Genetic analysis of the EGFR, KRAS, NRAS and
HER2 genes

Cultured lung adenocarcinoma cells were scraped and DNA
was extracted and purified using QlAamp DNA mini kit (Qia-
gen, Venlo, the Netherlands). The whole EGFR from cDNA
was sequenced to detect possible newly onset secondary mu-
tations. The KRAS, NRAS, and HER2 genes mutation were
detected by partial sequencing of the DNA. The primers for
the KRAS gene for polymerase chain reaction (PCR) were (5’ to
3') F-GAATGGTCCTGCACCAGTAA and R-GTGTGACATGTTC-
TAATATAATCA. The primers to sequence exon 2 of the NRAS
gene were GTTTTCCCAGTCACGACACCAAATGGAAGGTCA-
CACTAGGGTTT and CAGGAAACAGCTATGACACAGGAT-
CAGGTCAGCGGGC, and for exon 3 of the NRAS gene were
GTTTTCCCAGTCACGACTGAGGGACAAACCAGATAGGCA and
CAGGAAACAGCTATGACCCCTAGTGTGGTAACCTCATTTCCC-
CA. The primers to detect HER2 exon 20 codon 776 YVMA
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insertion were GCCATGGCTGTGGTTTGTGATGG and ATCC-
TAGCCCCTTGTGGACATAGG. The amplified DNA was then
sent for direct sequencing.

2.5.  Analysis of MET genomic amplification by
quantitative RT-PCR

Quantitative RT-PCR for the MET gene amplification was per-
formed as described previously (Bean et al., 2007). 5,10-
Methylenetetrahydrofolate reductase (MTHFR) was used as
an internal control. The MET gene amplification is defined as
the ratio of MET to MTHFR is larger than 5.

2.6.  Xenograft mouse model

Five million PC-9/wt and PC-9/gefB4 cells were injected subcu-
taneously into the back 6-weeks-old male Balb/c nude mice.
Xenograft size was measured daily and tumor volume was de-
termined as (length x width?/2. When tumors grew to
300 mm?®, mice were randomized to 6 groups: vehicle (99.8%
ethanol:cremophor EL:5% dextrose = 1:1:8), AZD6244 (25 mg/
kg, twice per day), CI-1040 (200 mg/kg, twice per day), gefitinib
(50 mg/kg once per day), gefitinib plus AZD6244 and gefitinib
plus CI-1040. Drugs were administrated through an oral ga-
vage. These animals were maintained in individual ventilated
cages according to the guidelines established in "Guide For
The Care And Use Of Laboratory Animals" prepared by the
Committee on Care and Use of Laboratory Animals of the In-
stitute of Laboratory Animal Resources Commission on Life
Sciences, National Research Council, U.S.A. (1985). Use of ani-
mals has been approved by the Institutional Animal Care and
Use Committee of Taipei Veterans General Hospital, Taipei,
Taiwan.

2.7.  Statistics
Comparisons between PC-9/wt and gefitinib-resistant PC-9

subclones were carried out by student t-test. p-value <0.05
was regarded as significant.

3. Results

3.1 Characteristics of gefitinib-resistant lung
adenocarcinoma cells

We established several gefitinib-resistant PC-9 subclones and
labeled them as PC-9/gefB4, PC-9/gefE3, and PC-9/gefE7. The
cell doubling times for PC-9/wt cells and PC-9/gefB4 cells
were 37.2 + 1.8 h and 49.0 £+ 1.2 h, respectively (p < 0.0001
by t-test). The ICso of gefitinib for the PCY9/wt cells
18.9 + 1.9 nM. The PC-9/gefB4, PC-9/gefE3, and PC-9/gefE7
were 273 folds, 355 folds, and 268 folds, respectively, more re-
sistant than the PC-9/wt cells (Figure 1A and 1B).

We explored potential mechanisms relating to the ac-
quired resistance. We sequenced the EGFR gene and the se-
quence of the EGFR gene in the PC-9/gefB4 cells exactly
matched that of the PC-9/wt cells; no T790M mutation or other
insertional mutation was detected in the PC-9/gefB4 cells as
well as other subclones. The ratio of the copies of the MET

gene to the reference gene MTHFR was less than 1, indicating
that MET gene was not amplified in the PC-9/gefB4 cells. We
further evaluated several well-known mechanisms responsi-
ble for the intrinsic gefitinib resistance in PC-9/gefB4 cells.
We did not observed HER2 exon 20 insertional mutation as
well as the KRAS oncogene mutation. In summary, no known
mechanisms responsible for either acquired or intrinsic gefiti-
nib resistance were observed in the PC-9/gefB4 cells.

To confirm that the resistance resulted from mechanisms
other than alterations of receptor tyrosine kinase mentioned
above, we evaluated the activities of EGFR, HER2, HER3, and
cMET in PC-9/wt and PC-9/gef B4 cells. As cross-activation
among receptor tyrosine kinases were reported (Guo et al.,
2008; Tang et al., 2008), we observed activation of EGFR and
cMET on stimulating cells with EGF (Figure 1C). As HER2 and
HER3 may bind to EGFR as heterodimers, we also observed ac-
tivation of HER2 and HER3 on stimulating cells with EGF
(Figure 1C). Considering that there are many tyrosine phos-
phorylation sites in EGFR, several tyrosine phosphorylation
sites on EGFR kinase domain were chosen, including Y845,
Y992, Y1068, Y1148 and Y1173 (Figure 1C). Whereas Tyr992
was persistently phosphorylated in the presence of gefitinib,
we observed a dose-dependently attenuationed by gefitinib
of EGF-induced phosphorylation on Y845, Y1068, Y1148 and
Y1173 in both PC-9/wt and PC-9/gef cells (Figure 1C). Addition-
ally, gefitinib inhibited EGF-induced phosphorylation of HER?2,
HER3, and cMET in both cells PC-9/wt and PC-9/gefB4 cells
(Figure 1D). In summary, the phosphorylation of EGFR, HER2,
HER3, and cMET were inhibited in the resistant PC-9/gef B4
cells, suggesting that the resistance was unrelated to these re-
ceptors functionally.

3.2. Persistent activation of the MAPK cascades in the
resistant cells and mutation of the NRAS gene

Both AKT-mTOR and the MAPK cascades are the main down-
stream pathways of the EGFR signal (Ono and Kuwano, 2006).
Whereas gefitinib abolished EGF-induced phosphorylation of
MEK and ERK in the PC-9/wt cells, we observed persistent
EGF-induced phosphorylation of MEK and ERK despite of gefi-
tinib treatment in the PC-9/gefB4, PC-9/gefE3, and PC-9/gefE7
cells (Figure 2A and B). These data suggest the presence of per-
sistently activated MAPK cascades in the gefitinib-resistant
cells. Despite AKT was dephosphorylated in both PC-9/wt
cell and resistant cells upon gefitinib treatment, we observed
a residual phosphor-AKT signal in the resistant cells upon
0.1 uM of gefitinib treatment (Figure 2A and 2B).

The persistent activation of MAPK cascades and residual
phosphor-AKT activity in the resistant cells upon gefitinib
treatment suggest that alteration in the resistant cells may
be at or upstream to the level of the RAS subfamily. As KRAS
mutation was not observed in the resistant cells and NRAS
mutation may be related to erlotinib resistance in the 11-18
lung adenocarcinoma cells, which carry EGFR L858R mutation
(Ohashi et al., 2012), we sequenced the exon 2 and exon 3 of
the NRAS gene in the PC-9/wt and the resistant cells. We ob-
served heterozygous NRAS Q61K mutations in PC-9/gef B4,
PC-9/gefE3, and PC-9/gefE7 cells but not in the PC-9/wt cell
(Figure 2C and D, and Figure S1).
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Figure 1 — Establishment and characterization of the gefitinib resistant cells. (A) Cell viability of PC-9/wt and PC-9/gefB4 cells on various
concentrations of gefitinib. (B) Cell viability of PC-9/wt, PC-9/gefE3 and PC-9/gefE7 cells on various concentrations of gefitinib for 96 h. Values
are the mean + S.E.M. (n = 3). (C) Effects of gefitinib on EGF-induced phosphorylation of EGFR in PC-9/wt and PC-9/gef cells (D) Effect of
gefitinib on HER2, HER3 and c-Met as well as related proteins involved in EGF-EGFR pathways in PC-9/wt and PC-9/gef cells.

3.3.  MEK inhibitors on gefitinib-induced cytotoxicity

To evaluate the significance of MPAK cascades in the gefitinib-
resistance, specific MEK inhibitors, including AZD6244 and CI-
1040, were employed. AZD6244 inhibited cell viability of PC-9/
wt cell and the resistant cells at micromolar level;, administra-
tion of AZD6244 did notinfluence the sensitivity of PC-9/wt cell
to gefitinib (Figure 3A). CI-1040 was modestly less cytotoxic to
PC-9/wt cell and the resistant cells than AZD6244; administra-
tion of CI-1040 had no effect on the sensitivity of PC-9/wt cell to
gefitinib (Figure S2A). While 100 nM AZD6244 was not toxic to
PC-9/wt and resistant cells (Figure 3B), co-administration of
AZD6244 sensitized PC-9/gef B4, PC-9/gefE3, and PC-9/gefE7
to gefitinib in a dose-dependent manner, (Figure 3C); the
same finding was observed in the PC-9 and resistant cells ad-
ministrated with CI-1040 (Figure S2B and S2C).

Using Western blot assay, we observed that AZD6244
(100 nM) and CI-1040 (300 nM) inhibited EGF-induced ERK
phosphorylation in PC-9/wt and PC-9/gefB4 (Figure 3C and
S2C). AZD6244 and CI-1040 augmented phosphor-AKT activi-
ties in the PC-9/gefB4 cell but not in the PC-9/wt cells, consis-
tent with the idea that the AKT activity in the RAS mutant cells
is partially negatively regulated by the MAPK cascades (Ebi
et al., 2011). Furthermore, gefitinib plus AZD6244 or CI-1040
completely abolished phosphorylation of ERK as well as AKT
in PC-9/gefB4 (Figure 3D and S2D). These data suggest that

concomitant treatment of gefitinib and MEK inhibitors is re-
quired to block the EGFR and NRAS signals in the acquired-
resistant cells.

3.4.  Gefitinib plus MEK inhibitors enhanced apoptosis in
PC-9/gefB4 cells

The involvement of apoptosis in cytotoxicity by gefitinib plus
MEK inhibitors was studied by measuring apoptosis-related
proteins, including poly (ADP-ribose) polymerase (PARP),
caspase-3, and caspase-9 levels. Compared with PC-9/wt cells
which showed significant elevation in activated caspases 3
and 9 as well as PARP in the presence of gefitinib (100 nM), gefi-
tinib was unable to induce profound apoptotic cell death in
PC-9/gefB4 cells (Figure 4A). Whereas AZD6244 (100 nM) or
CI1040 (300 nM) alone did not induce cell death, gefitinib
plus AZD6244 or CI-1040 induced marked apoptosis in PC-9/
gefB4 cells (Figure 4A and B). The same augmentation of apo-
ptosis by gefitinib plus AZD6244 or CI1040 were observed in
PC-9/gefE3 and PC-9/gefE7 cells (Figure 4C and D).

3.5.  Gefitinib plus MEK inhibitors potentiated gefitinib-
induced anti-tumor activity in PC-9/gefB4 xenografts

In vivo studies were used to investigate the effect of AZD6244
or CI1040 on the anti-tumor activity of gefitinib in Balb/c
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Figure 2 — Persistent activation of the MAPK cascades in the resistant cells owing to mutant NRAS gene. (A) The effect of gefitinib on
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PC-9/gefE3, and PC-9/gefE7 cells. Results were repeated with three independent experiments. (C) NRAS codon 12, 13, and 61 in the PC-9/wt

cells. (D) NRAS codon 12, 13, and 61 in the PC-9/gef B4 cells.

nude mice with PC-9/wt and PC-9/gefB4 xenografts (Figure 5).
Gefitinib resulted in PC-9/wt xenograft shrinkage and slightly
slowed down PC-9/gefB4 xenograft growth. AZD6244 alone
slightly delayed the tumor growth of PC-9/wt and PC-9/gefB4
xenografts (Figure 5A and B). Whereas administration of
AZD6244 had no effect on PC-9/wt xenograft treated with gefi-
tinib (Figure 5A), AZD6244 and gefitinib treatment completely
abolished PC-9/gefB4 xenograft growth (Figure 5B). Similarly,
CI-1040 did not affect anti-xenograft effect of gefitinib in PC-
9/gef B4 xenograft (Figure 5C) and combination of both drugs
completed inhibited PC-9/gef B4 growth (Figure 5D).

4. Discussion

Here we established a panel of acquired gefitinib-resistant PC-
9 cell lines, which carry activating EGFR exon 19 deletion. We
demonstrated that persistent activation of the MAPK cascades
was the key mechanism underlying the resistance in these
cell lines. We further demonstrated that MEK inhibitors sensi-
tized the resistant cells to gefitinib in vitro and in vivo. In

addition, NRAS mutation was found in the resistant PC-9/gef
cells but not in PC-9/wt cells.

Several mechanisms, such as amplification of Met gene
and secondary EGFR T790M mutation, are reportedly related
with the acquired EGFR-TKI resistance in vitro (Engelman
and Janne, 2008); their clinical significances had been con-
firmed (Sequist et al., 2011). In an early stage clinical trial,
combination of erlotinib and XL184, an MET inhibitor, results
in partial response of a lung tumor harboring amplified MET
gene (Wakelee et al., 2010). Afatinib (BIBW-2992), an irrevers-
ible EGFR inhibitor, prolonged progression-free survival of
lung adenocarcinoma patients who had failed previous
EGFR-TKIs therapy in a randomized phase II/III trial (Miller
et al.,, 2012). EGFR T790M specific TKIs are under development
(Zhou et al., 2009). However, many tumors of lung adenocarci-
noma patients who have failed EGFR-TKIs therapy do not
carry any known mechanisms. Novel strategies to overcome
the acquired resistance in these tumors are warranted. In
the present study, we showed that combination of an EGFRin-
hibitor and an MEK inhibitor overcome acquired EGFR-TKI re-
sistance in PC-9 derived gefitinib resistant cells which does
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Figure 3 — Cytotoxic effect and phosphorylation alterations by gefitinib and/or AZD6244 in PC-9/wt and PC-9/gef cells. (A) Effect of AZD6244
on cell viability of PC-9/wt and PC-9/gef cells. (B) Effect of AZID6244 on gefitinib sensitivity of PC-9/wt cells. (C) Effect of AZD6244 on gefitinib
sensitivity of PC-9/gef B4, PC-9/gefE3, and PC-9/gefE7 cells. Values are the mean + S.E.M. (n = 3). (D) Inhibition of AKT and ERK
phosphorylation by gefitinib and/or AZD6244 in PC-9/wt cells and PC-9/gef B4 cells.

not harbor secondary EGFR mutation nor MET amplification.
Several MEK inhibitors under development clinically do in-
hibit ERK phosphorylation in tumor specimen, and the thera-
peutic dose of these inhibitors can be reached in human
(O'Neil et al.,, 2011; Rinehart et al., 2004). In a phase II trial,
two NSCLC patients achieved partial response on AZD6244
monotherapy (Hainsworth et al., 2010). In a recent phase II
trial focusing on KRAS mutant lung cancer, a combination of
AZD6244 and docetaxel resulted in a response rate of 37%
(Janne et al.,, 2012). Accordingly, a combined EGFR inhibitor
and MEK inhibitor therapy appears to be therapeutically

useful in such group of acquired EGFR-TKI resistant lung ade-
nocarcinoma, especially for those with aberrant RAS
signaling.

NRAS mutation was observed in 1% of lung cancer speci-
mens (Catalogue Of Somatic Mutation In Cancer, COSMIC da-
tabase). Three NRAS mutation, all were Q61L mutation, were
detected in 188 (1.6%) of lung adenocarcinomas (Ding et al,,
2008). Little was known about the role of NRAS mutation in
EGFR-TKI resistance in lung adenocarcinoma harboring acti-
vating EGFR mutation. Furthermore, coexistence of EGFR mu-
tation and NRAS mutation has never been reported in lung
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Figure 4 — Apoptosis resulting from combined treatment with gefitinib and an MEK inhibitor. (A) apoptosis relating protein induced by gefitinib
and/or AZD6244 in PC-9/wt and PC-9/gef B4 cells. (B) Apoptosis relating protein induced by gefitinib and/or CI-1040 in PC-9/wt and PC-9/gef
B4 cells. (C) apoptosis relating protein induced by gefitinib and/or AZD6244 in PC-9/gefE3 and PC-9/gefE7 cells. (D) apoptosis relating protein
induced by gefitinib and/or CI-1040 in PC-9/gefE3 and PC-9/gefE7 cells.

tumor specimens. Here we demonstrated the coexistence of
the EGFR mutation and NRAS mutation in the acquired-
resistant cells. In all the gefitinib-resistant PC9/gef subclones
that we tested, NRAS mutation was present, suggesting that
NRAS is an essential element for the resistant phenotype
that we described in PC9/gef cells. Chang et al. previously
demonstrated overexpression of Slug in the same PC9/gef
cells indicating that NRAS Q61K and slug overexpression
may occur in the same cell. As expression of Slug is under
ERK regulation (Chen et al., 2009), it is possible that the mutant
NRAS was responsive for the persistent activation of the MAPK
cascades and subsequently affected slug expression. Acquired
resistance to tyrosine kinase inhibitors due to secondary mu-
tations are common (Choi et al., 2010; Gorre et al., 2001; Greger
et al.,, 2012; Pao et al., 2005a). Continuous exposure of EGFR
mutant cells to gefitinib may induce NRAS mutation in the
PC-9/wt cell we were studying. Despite of these, it is possible
that, in the PC-9 cells we were studying, the NRAS mutation
may exist in a small portion of cancer cells at the beginning
and is undetectable by using conventional sequencing tech-
nique. Turke et al. demonstrated that MET amplification pre-
exists in lung adenocarcinoma carrying mutant EGFR gene,
and acquired resistance is from clonal selection on EGFR-TKI
treatment (Turke et al, 2010). In contrast to the direct

sequencing which detected only one EGFR T790M mutation
in 280 EGFR-TKI treatment naive lung tumors (Inukai et al.,
2006), Su et al. demonstrated that, using high sensitive mass
spectrometry based assay, EGFR T790M mutation was ob-
served in 25.2% TKI treatment-naive lung adenocarcinomas
and was associated with lower response rate and shorter
progression-free survival to EGFR-TKI treatment (Su et al.,
2012). Because of different growth kinetics between EGFR-
TKI sensitive lung cancer cell lines and its isogenic acquired
resistant cell lines (Chmielecki et al., 2011), pre-existed EGFR
T790M mutant cells may only be detected when the cells are
exposed to EGFR inhibitors and the EGFR T790M mutant cells
become dominant. Our study detected NRAS mutation only
in the gefitinib resistant cells, indicating that NRAS mutation
may be pre-existed in the lung adenocarcinoma carrying mu-
tant EGFR gene, and the proportion of the NRAS mutation in
the tumor cells may be too low to be detected by traditional se-
quencing techniques. As no NRAS mutation was detected by
high sensitive methods in two studies published recently fo-
cusing on acquired resistance to EGFR-TKIs in lung adenocar-
cinoma carrying mutant EGFR gene (Ohashi et al., 2012;
Sequist et al., 2011), the contribution of NRAS mutation in clin-
ical EGFR TKI resistance in EGFR mutation positive cells is still
not clear. We showed here that gefitinib plus MEK inhibition
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Figure 5 — The anti-tumor effect of gefitinib and AZD6244 or CI-1040 in the mouse xenograft model. (A) PC-9/Wt xenografts were treated with
vehicle (@), AZD6244 (A), gefitinib (O), or a combination of both (V¥ ). (B) PC-9/gefB4 xenografts were treated with vehicle (@), AZD6244
(), gefitinib (O), or a combination of both (¥). (C) PC-9/Wt xenografts were treated with vehicle (@), gefitinib (O), or a combination of
gefitinib and CI-1040 (V). (D) PC-9/Gef B4 xenografts were reated with vehicle (@), gefitinib (O), or a combination of gefitinib and CI-1040
(V). Tn/T0: Tumor size on day n over tumor size on day 0 of drug treatment. Values are the mean + S.EM. (n = 4-9).

may completely reverse gefitinib resistance. However, mecha-
nisms other than NRAS mutation may have contributed to
MEK activation and gefitinib resistance as well.

In conclusion, persistent activation of the MAPK cascade
possibly owing to NRAS mutation results in the acquired gefi-
tinib resistance of lung adenocarcinoma harboring activation
EGFR mutation. Combination of an EGFR inhibitor and an MEK
inhibitor overcomes EGFR-TKI resistance and warrants clini-
cal evaluation.
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