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Abstract

AZD9291 (osimertinib) is approved for standard care in patients with EGFR T790M-positive
non-small cell lung cancer (NSCLC) after prior EGFR TKI progression. Furthermore,
AZD9291 is now being evaluated as a first-line treatment for NSCLC patients with activation
EGFR mutations. Based on previous experiments, resistance to AZD9291 as a first-line
treatment may also emerge. Thus, identification and understanding of resistance mecha-
nisms to AZD9291 as a first-line treatment can help direct development of future therapies.
AZD9291-resistant cells (PC9/AZDR) were established using EGFR inhibitor-naive PC9
cells. Resistance mechanisms were analyzed using next-generation sequencing (NGS) and
a proteome profiler array. Resistance to AZD9291 developed through aberrant activation of
ERK signaling by an EGFR-independent mechanism. The combination of a MEK inhibitor
with AZD9291 restored the sensitivity of PC9/AZDR cells in vitro and in vivo. PC9/AZDR
cells also showed increased MET expression and an HRAS G13R mutation. In addition,
maspin expression was higher after AZD9291 treatment in PC9/AZDR cells. Sustained
ERK activation confers resistance to AZD9291 as a first-line therapy. Thus, co-targeting
EGFR and MEK may be an effective strategy to overcome resistance to AZD9291.

Introduction

Targeted therapy using the first-generation EGFR tyrosine kinase inhibitors (TKIs) gefitinib/
erlotinib and second-generation afatinib is substantially better than standard chemotherapy in
patients with non-small cell lung cancer (NSCLC) harboring activating EGFR mutations [1].
However, almost all patients exhibit acquired resistance to EGFR TKIs and will ultimately
experience relapse within one year. Several mechanisms, including secondary EGFR muta-
tions, activation of bypass signaling, and histologic transformation, have been identified for

PLOS ONE | https://doi.org/10.1371/journal.pone.0194730 April 11,2018

1/14


https://doi.org/10.1371/journal.pone.0194730
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194730&domain=pdf&date_stamp=2018-04-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194730&domain=pdf&date_stamp=2018-04-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194730&domain=pdf&date_stamp=2018-04-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194730&domain=pdf&date_stamp=2018-04-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194730&domain=pdf&date_stamp=2018-04-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0194730&domain=pdf&date_stamp=2018-04-11
https://doi.org/10.1371/journal.pone.0194730
https://doi.org/10.1371/journal.pone.0194730
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Acquired resistance to AZD9291 as an upfront treatment

NRF-2017M3C9A6044632) and by the Bio &
Medical Technology Development Program of the
National Research Foundation (NRF) funded by the
Korean government (MSIT) (No.
2017M3A9G5060252) (JMS). The funders had no
role in study design, data collection and analysis,
decision to publish, or preparation of the
manuscript.

Competing interests: The authors have declared
that no competing interests exist.

acquired resistance to EGFR TKIs. The major cause of resistance is the secondary EGFR
T790M gatekeeper mutation (50%~60%) [1, 2].

Third-generation irreversible EGFR TKIs (AZD9291 and CO1686) specifically target EGFR
T790M as well as the activating EGFR mutations, but spare wild-type EGFR. In a phase I clini-
cal trial, AZD9291 (osimertinib) and CO1686 (rociletinib) have shown promising clinical
activity in patients with EGFR T790M-mediated acquired resistance to first- or second-genera-
tion EGFR TKIs with response rates of 61% and 59%, respectively [3, 4]. Based on recent phase
IT and phase III trials, AZD9291 represents the best option in the acquired resistance setting
(5, 6].

However, despite impressive responses in EGFR T790M-positive patients, acquired resis-
tance to AZD9291 eventually occurs. The main mechanism of resistance to AZD9291 is the
EGEFR C797S mutation in the kinase-binding site, which accounts for 33-36% of AZD9291-
treated patients [7, 8]. In addition, activation of the MAPK pathway and emergence of ampli-
fied MET have been found as drivers of resistance to AZD9291 [9-11].

Although AZD9291 has been approved as second-line therapy in patients with EGFR-TKI
pre-treated, EGFR T790M-positive, advanced NSCLC, AZD9291 is now being tested as a first-
line treatment for NSCLC patients with activating EGFR mutations. A randomized phase III
trial comparing osimertinib with gefitinib or erlotinib (FLAURA) demonstrated that osimerti-
nib significantly improved progression-free survival (18.9 months vs 10.2 months, HR 0.46)
[12]. Because previous experience with EGFR TKIs suggests that resistance to AZD9291 as a
first-line therapy may also emerge and potentially limit its therapeutic effect, identification of
resistance mechanisms is crucial to guide further treatment.

Therefore, we evaluated mechanisms of acquired resistance to AZD9291 as a first-line ther-
apy in TKI-naive NSCLC harboring activating EGFR mutations. We found that EGFR-inde-
pendent activation of ERK is a critical event that mediates resistance to AZD9291 as a first-line
therapy for TKI-naive NSCLC.

Materials and methods
Chemical reagents and antibodies

AZD9291 and AZD6244 were provided by AstraZeneca Pharmaceuticals. Erlotinib, gefitinib,
afatinib, CO1686, crizotinib, capmatinib, cabozantinib, MGCD-265, and merestinib were pur-
chased from Selleckchem. All drugs were dissolved in dimethyl sulfoxide (DMSO) at a 10 mM
concentration and stored in small aliquots at -20°C until further use. Antibodies specific for p-
EGER (Tyr1068), EGFR, p-AKT (Ser473), AKT, p-ERK1/2 (Thr202/Tyr204), ERK1/2, p-MET
(Tyr1234/1235), MET, and Ki-67 were obtained from Cell Signaling Technologies. HRAS,
Maspin, and B-actin antibodies were obtained from Santa Cruz Biotechnology. HRAS siRNA,
Maspin siRNA and control siRNA were purchased from Santa Cruz Biotechnology.

Cell lines and transfection

PC9 cells were obtained from the ATCC and cultured in RPMI-1640 medium supplemented
with 10% FBS, penicillin (100 U/ml), and streptomycin (100 pug/ml) at 37°C in a humidified
atmosphere containing 5% CO,. Cell line identity was authenticated by short tandem repeat
analysis. The AZD9291-resistant cell line PC9/AZDR was newly established in our laboratory
by exposing PC9 cells to gradually increasing concentrations of AZD9291 (starting at 10 nM
and ending with 1 pM) for approximately 6 months. The established cells maintained resis-
tance to AZD9291 even after withdrawal of AZD9291 from the culture medium. Transient
siRNA transfections of PC9 or PC9/AZDR cells were performed using RNAIMAX (Invitro-
gen) according to the manufacturer’s protocol. Cells were harvested 48 h after transfection.
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Cell viability and proliferation assay

Cells were seeded on a 96-well plate, allowed to adhere overnight, and treated with the indi-
cated drugs for 72 h. Cell viability was determined using a Cell Counting Kit (Dojindo Molecu-
lar Technologies) according to the manufacturer’s instructions. ICs, values were calculated
using nonlinear regression analysis of GraphPad Prism. Cell proliferation rate at 48 h after
treatment was measured with BrdU cell proliferation assay Kit (Cell signaling Technologies)
according to the manufacturer’s instructions.

Genetic analysis

EGFR mutations were evaluated by PCR, followed by sequencing reactions with Sanger
sequencing chemistry using a BigDye™ Terminator v3.1 Cycle Sequencing kit (Applied Bio-
systems Inc., Foster City, CA, USA) on an ABI 3730XL automated sequencer (Applied Biosys-
tems, USA). Amplicon-based targeted next-generation sequencing (NGS) analysis was
performed using a customized cancer panel (CancerSCAN™) designed to enrich exons of 83
genes.

Western blot analysis

Cells were lysed on ice in NP-40 lysis buffer supplemented with a protease and phosphatase
inhibitor cocktail (Sigma). Equal amounts of protein were then subjected to SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes. After blocking, membranes were
incubated overnight at 4°C with the indicated antibodies and developed by ECL.

Proteome profiler array

The Human XL Oncology Array Kit (R&D Systems) was used for the parallel determination of
relative levels of 84 human cancer-related proteins. The Human Phospho-kinase Array Kit
(R&D Systems) was used to measure relative levels of phosphorylation of 43 kinase phosphory-
lation sites. Cell lines were treated with AZD9291 for 24 h and arrays were done according to
the manufacturer’s protocol.

Xenograft studies

The protocol involving all procedures about animals was reviewed and approved by the Insti-
tutional Animal Care and Use Committee (IACUC) at Samsung Biomedical Research Institute
(SBRI) (Permit Number:20160113001). They are in accordance with the relevant national and
international guidelines. Mice were obtained from Orient Bio Inc. (Seongnam, Korea) and
housed 5 per cage in ventilated cages with free access to food and water. Six-week-old BALB/c
female nude mice were injected subcutaneously with PC9/AZDR cells. When tumor size
reached approximately 200 mm”, mice were randomly assigned to groups of 9-10 mice each.
Each group of mice was dosed by daily oral gavage with vehicle, AZD9291 (5 mg/kg/d), or
AZD6244 (10 mg/kg/d). AZD9291 and AZD6244 were dissolved in 1% Tween-80 and 0.5%
hydroxypropyl methylcellulose plus 0.1% Tween-80, respectively. Tumor volumes were deter-
mined using calipers and calculated using the following formula: V = (L x W?)/2 (L, Length;
W, width) and the tumors were removed for immunohistochemistry. Mice were monitored
daily with humane endpoints including a tumor greater than 1500 mm?>, a weight loss of over
15% of body mass, vomiting or skin problems, or inability to ambulate or rise for food and
water. These humane endpoints were not observed in any mouse. All efforts were made to alle-
viate suffering. Mice were euthanized by CO, inhalation at the end of experiment.
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TUNEL and immunohistochemistry

For terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) stain-
ing, cells were cultured on coverslips and treated with indicated drugs for 48 h. TUNEL stain-
ing was done by In situ Apoptosis Detection Kit (Takara) according to the manufacturer’s
instruction. Cell nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI).
Hematoxylin and eosin (H&E) and Ki-67 staining were performed on formalin-fixed, paraf-
fin-embedded tissues from mice xenografts.

Statistical analysis

Data are presented as the mean + SE. Statistical analyses were carried out using GraphPad
Prism (GraphPad software). A p value <0.05 was considered statistically significant.

Results
Characteristics of AZD9291-resistance after first-line therapy

To demonstrate the resistance mechanism of AZD9291 as a first-line therapy in an EGFR
T790M-negative setting, we established AZD9291-resistant PC9 cells (PC9/AZDR) using a
dose-escalation method. This cell line showed resistance to AZD9291 in drug concentrations
>1000-fold (1uM) the initial ICs, of the parental PC9 cells (Fig 1A and 1B). PC9/AZDR cells
were also resistant to other EGFR TKIs such as CO1686, afatinib, gefitinib, and erlotinib (Fig
1C). As the EGFR C797S mutation was the most common resistance mechanism to AZD9291
in T790M-positive NSCLC patients who failed prior EGFR TKIs [8, 13], we analyzed this
mutation in PC9/AZDR cells. In contrast to EGFR T790M-expressing H1975 cells, mutation
analysis of EGFR by direct sequencing found no acquired EGFR C797S mutation in PC9/
AZDR cells (Fig 1B), suggesting that a bypass signaling mechanism may be activated. Concor-
dant with previous studies [9, 10], EGFR T790M has not emerged as a resistance mechanism
to AZD9291 (S1 Fig).

ERK signaling mediates resistance to AZD9291 in PC9/AZDR cells

To determine the role of alternative signaling pathways in resistance, 43 different kinase phos-
phorylation patterns were analyzed using a phospho-kinase array in the presence and absence
of AZD9291. The phospho-kinase array showed inhibition of EGFR phosphorylation but sus-
tained phosphorylation of ERK in AZD9291-treated PC9/AZDR cells (Fig 2A). In addition,
WNKI1 phosphorylation only increased in resistant cells after AZD9291 treatment. These
changes of p-EGFR and p-ERK were confirmed by Western blotting. AZD9291 still inhibited
EGEFR phosphorylation in the resistant cells, although basal EGFR phosphorylation was slightly
lower in resistant cells compared to parental cells (Fig 2B). However, ERK phosphorylation
was maintained after AZD9291 treatment despite inhibition of EGFR signaling (Fig 2C). The
discrepancy between EGFR and ERK phosphorylation suggests EGFR-independent mecha-
nisms of resistance to first-line AZD9291 in PC9/AZDR cells.

To demonstrate the role of ERK signaling in inducing resistance in PC9/AZDR cells, we
tested the anti-tumor effects of combined treatment with AZD9291 and the MEK inhibitor,
AZD6244. This combination was more synergistic than either single agent in PC9/AZDR cells
(Fig 3B), but not in PC9 parental cells (Fig 3A). Consistent with this, AZD6244 treatment in
the presence of AZD9291 resulted in complete inhibition of ERK phosphorylation (Fig 3C)
and induced apoptosis (Fig 3D). Following in vitro combination studies, we then examined the
efficacy of combined AZD9291 and AZD6244 against the growth of PC9/AZDR tumors in
vivo. Although tumor growth inhibition occurred with AZD9291 or AZD6244 alone, the
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Fig 1. Acquired resistance to AZD9291 as first-line treatment is mediated by EGFR-independent mechanisms. (A) PC9 and
PC9/AZDR cells were treated with the indicated concentrations of AZD1775 for 72 h. Cell viability was determined using CCK-8
assay. The data are mean + SE of six replicates. (B) Cell proliferation was measured by BrdU cell incorporation at 48 h after
treatment. The data are mean * SE of six replicates. (C) Sanger sequencing of EGFR cDNA clones derived from PC9/AZDR. (D)
PC9 and PC9/AZDR cells were treated with the indicated concentrations of CO-1686, afatinib, gefitinib, erlotinib for 72 h. Cell
viability was determined using the CCK-8 assay. The data are mean + SE of six replicates.

https://doi.org/10.1371/journal.pone.0194730.9001
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Fig 2. AZD9291-resistant PC9 cells exhibit persistent ERK activation. (A) Relative levels of phosphorylation of 43 kinase phosphorylation sites were
compared between PC9 and PC9/AZDR cells after 24 h treatment with 100 nM AZD9291. (B) Activation of EGFR and (C) its downstream signaling
AKT and ERK were confirmed by Western blotting.

https://doi.org/10.1371/journal.pone.0194730.9002

combination more significantly inhibited tumor growth than either single agent (Fig 3E), as
well as significantly reduced tumor cell proliferation (Fig 3F). The combinations were deemed
tolerable, because no significant body weight reduction was observed during the treatment
period (S2 Fig). Though inhibition of ERK signaling by a MEK inhibitor increased sensitivity
to AZD9291 in PC9/AZDR cells, AZD9291 resistance was not completely overcome.

Identification of an HRAS G13R mutation in AZD9291 resistant cells

To further investigate the resistance mechanism, we conducted a targeted NGS analysis of
PC9/AZDR cells and compared them to the parental PC9 cells. The NGS panel contains gene

PLOS ONE | https://doi.org/10.1371/journal.pone.0194730 April 11,2018 6/14


https://doi.org/10.1371/journal.pone.0194730.g002
https://doi.org/10.1371/journal.pone.0194730

o @
@ : PLOS | ONE Acquired resistance to AZD9291 as an upfront treatment

A 150, pco B 150 PC9/AZDR

>100 >100

3 s s

z E = 504

% %7-e- AzD9201 3 -e- AZD9291

o - AZD6244 o -- AZD6244
-~ AZD9291+AZD6244 ; 5 -~ AZD9291+AZD6244

o L] L} L) L} \J \J
0 1 10 100 1000 10000 (nM) 0 1 10 100 1000 10000 (nM)
IC50 | IC50

-e- AZD9291 8.2nM -o- AZD9291 4092.6 nM
- AZD6244 6823.4 nM - AZD6244 4965.9 nM
-~ AZD9291+AZD6244 | 6.8 nM -~ AZD9291+AZD6244 | 34.7 nM

C
PC9 PC9/AZDR AZD9291
AZD6244 - 4+ - 4+
AZD9291 = = + +
p-ERK = y
(T202/Y204) Combi
ERK | S5 SBEBES
B-actin | cwe e e - > - e o )
E
1000 —*- CTL
& = AZD9291
£ 8007 - AZD6244
by =¥ Combi
g 6001
3
S 400-
)
E 200
-

] L) ] ) ] L]
0o 3 7 10 14 17 21 24 28
days

Fig 3. The combination of AZD9291 with a MEK inhibitor effectively inhibits the growth of AZD9291-resistant cells. (A) PC9 and (B) PC9/AZDR
cells were treated with various concentrations of AZD9291 alone, AZD6244 alone, or their combinations for 72 h. The data are mean * SE of six
replicates. (C) Cells were treated with 100 nM AZD9291 alone, or 100 nM AZD6244 alone, and the combination of AZD9291 with AZD6244 for 24 h.
Western blotting was carried out to determine the levels of p-ERK. B-actin was used as a loading control. (D) TUNEL staining was performed after 48 h
treatment of AZD9291 (100 nM), AZD6244 (100 nM), and the combination of AZD9291 with AZD6244. Nuclei were counterstained with DAPI. Scale
bar, 50 um. (E) PC9/AZDR xenografts were treated with vehicle, AZD9291 (5 mg/kg/d), AZD6244 (10 mg/kg/d), or AZD9291 plus AZD6244 by oral
gavage for 5 days each week for a total of 4 weeks. Tumor sizes were measured as indicated. Each measurement is mean + SE of 9-10 replicates. (F)
Xenograft tumor sections were stained with H&E and Ki-67. Nuclei were counterstained with hematoxylin in Ki-67 stained slides. Scale bar, 100 um.

https://doi.org/10.1371/journal.pone.0194730.g003
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Fig 4. AZD9291-resistant PC9 cells contain an HRAS mutation. (A) Summary of genetic alterations in PC9 and PC9/AZDR cells. (B) Cell viability
was measured by CCK-8 assay of cells transfected with HRAS siRNA for 48 h. The data are mean + SE of six replicates. **, P < 0.01 for comparison of
the indicated pairs. C. Cells were transfected with either nontargeting control siRNA (siCTL) or HRAS siRNA (siHRAS) for 48 h. HRAS knockdown
and phosphorylation of AKT and ERK were detected by Western blotting. B-actin was used as a loading control.

https://doi.org/10.1371/journal.pone.0194730.9004

mutations, fusion, and copy-number variations across 375 cancer-related genes. The PC9/
AZDR cells contained an HRAS G13R mutation which was not present in the parental drug-
sensitive cell line (Fig 4A). To determine whether the HRAS G13R mutation was required for
AZD9291 resistance, HRAS expression was knocked down by siRNA in PC9 and PC9/AZDR
cells, which led to a partial reduction of cell viability in PC9/AZDR cells as compared with PC9
parental cells (Fig 4B). However, HRAS inhibition had no effect on ERK phosphorylation in
PC9/AZDR cells (Fig 4C), indicating involvement of other receptor tyrosine kinases for ERK
activation.

Comparison of cancer-related protein expression

MET amplification is a well-known bypass mechanism of EGFR TKI resistance [1, 11, 14],
MET amplification was not detected in the NGS analysis of PC9/AZDR cells. However, MET

PLOS ONE | https://doi.org/10.1371/journal.pone.0194730 April 11,2018 8/14


https://doi.org/10.1371/journal.pone.0194730.g004
https://doi.org/10.1371/journal.pone.0194730

@° PLOS | ONE

Acquired resistance to AZD9291 as an upfront treatment

expression was considerably higher in PC9/AZDR cells relative to baseline in PC9 cells (Fig
5A). In contrast to a substantial increase of MET expression, MET phosphorylation was hardly
changed in resistant cells compared with parental cells. In addition, MET expression was
lower in PC9 cells, but not in PC9/AZDR cells, after AZD9291 treatment (Fig 5B). These
results suggest that AZD9291 may induce MET degradation in drug-sensitive conditions,
increasing MET expression in AZD9291-resistant cells regardless of MET amplification. To
determine whether increased MET expression was crucial in AZD9291-resistance cells, we
treated cells with five different MET inhibitors and evaluated cell viability. Despite increased
MET expression, the MET inhibitors had no effect on cell viability in PC9/AZDR cells (Fig
5C). In addition, the combination of AZD9291 and crizotinib had no synergistic effects in
PC9/AZDR cells (Fig 5D), and other MET inhibitors showed similar effects (S3 Fig). These
results indicate that increased MET expression was not the cause of AZD9291 resistance, but
rather the result of resistance.

To evaluate more cancer-related protein expression changes, we utilized a proteome pro-
filer array. Expression of 84 cancer-related proteins was determined after 24 h of AZD9291
treatment. After AZD9291 treatment, galectin-3 expression increased in PC9 parental cells,
but not in PC9/AZDR cells (Fig 6A). Among the 84 cancer-related proteins, only serpinB5/
maspin expression increased in PC9/ AZDR cells after AZD9291 treatment, suggesting a role
in AZD9291 resistance (Fig 6A). To test whether maspin was involved in AZD9291 resistance,
maspin expression was knocked down by siRNA in PC9/AZDR cells (Fig 6B). Downregulation
of maspin reduced cell viability after AZD9291 treatment (Fig 6C).

Discussion

The standard of care for patients with acquired resistance to EGFR-TKIs is rapidly changing
after the development of third-generation EGFR TKIs targeting both EGFR T790M and acti-
vating EGFR mutations. AZD9291 (osimertinib) is the standard of care in patients with EGFR
T790M-positive NSCLC after failure of prior EGFR TKI therapy [1, 15]. However, acquired
resistance to AZD9291 has already been described in EGFR T790M-mutant NSCLC patients.
The main mechanism of resistance to AZD9291 is the acquisition of an EGFR C797S mutation
[8]. Additional mechanisms of resistance to AZD9291 include HER2 and MET amplification,
RAS pathway activation, and MAPK activation [9-11, 14, 16]. AZD9291 has also showed
promising anticancer activity in the first-line setting [17, 18]. Although it is anticipated that
tumors will eventually develop resistance to AZD9291 in the first-line setting, the precise
mechanism remains to be elucidated.

In this study, in a preclinical model of resistance to AZD9291 as first-line therapy, cells
appeared to have bypassed EGFR signaling for survival. In the presence of AZD9291, they
experienced sustained activation of downstream ERK signaling, despite decreased EGFR phos-
phorylation. Furthermore, phosphorylation of WNKI1, a regulator of MAPK in EGFR signal-
ing, was induced after AZD9291 treatment in AZD9291-resistant cells. WNK kinases are
involved in the enhancement of cell proliferation and known as apoptosis inhibitors [19].
Thus increased activity of WNK1 caused by AZD9291 may be putative mechanism by which
ERK activation is sustained in AZD9291-resistant cells.

The combination of MEK inhibitor with AZD9291 resensitized AZD9291-resistant cells.
Our results are in line with previous reports that MEK inhibitors such as selumetinib
(AZD6244) in combination with third-generation EGFR TKIs overcome acquired resistance
[9, 10, 16, 20, 21].

Ras activation is an alternative bypass pathway of resistance in NSCLC. Resistance to
EGFR TKIs may be related to increased dependency on RAS/MAPK signaling, including
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Fig 5. AZD9291-resistant PC9 cells show increased MET expression levels. (A) Cell lysates obtained from PC9 and PC9/AZDR were analyzed by
Western blotting using the indicated antibodies. (B) Relative expression levels of p-MET and MET were compared between PC9 and PC9/AZDR cells
after 24 h treatment of 100 nM AZD9291. B-actin was used as a loading control. (C) PC9 (left) and PC9/AZDR (right) cells were treated with various
concentrations of MET inhibitors, crizotinib, capmatinib, cabozantinib, MGCD-265, and merestinib, for 72 h. The data are mean + SE of six replicates.
(D) PC9 (left) and PC9/AZDR (right) cells were treated with various concentrations of AZD9291 alone, crizotinib alone, or their combinations for 72 h.

The data are mean + SE of six replicates.

https://doi.org/10.1371/journal.pone.0194730.9005
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Fig 6. AZD9291-resistant PC9 cells show increased SerpinB5 levels after AZD9291 treatment. (A) A Human XL Oncology Array was used to
determine candidates for resistance-related proteins by comparison of PC9 and PC9/AZDR cell lysate after 24 h treatment with 100 nM AZD9291. (B)
Cells were transfected with either nontargeting control siRNA (siCTL) or maspin siRNA (siMaspin) for 24 h and treated with 100 nM AZD9291 for 24
h. Maspin knockdown was confirmed by Western blotting. B-actin was used as a loading control. (C) After 24 h after siRNA transfection, cells were
treated with 100 nM AZD9291 for 48 h. Cell viability was measured by CCK-8 assay. The data are mean + SE of six replicates. *, P < 0.05 for
comparison of the indicated pairs.

https://doi.org/10.1371/journal.pone.0194730.9006

ERK activation [21]. A previous study demonstrated the efficacy of a combination of
AZD9291 and the MEK inhibitor AZD6244 on the growth of NSCLC, regardless of EGFR
T790M status [9]. Amplification of MAPK1 and NRAS Q61K mutations as well as copy-
number gain of KRAS and NRAS were identified as mechanisms of resistance to AZD9291 in
preclinical models [9]. In addition, the combination of a MEK inhibitor with AZD9291
restored the sensitivity of AZD9291-resistant cells, including those with MET amplification,
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an EGFR C797S mutation, or unknown mechanisms [16]. The authors showed that modula-
tion of ERK-dependent Bim and Mcl-1 degradation are critical for anti-tumor activity in
NSCLC harboring EGFR-activating mutations. Furthermore, reactivation of ERK signaling
has also been reported in a drug resistance model to WZ4002 [20, 21], indicating that ERK
signaling-mediated resistance is not AZD9291-specific. However, the reason why the MEK/
ERK pathway in AZD9291 resistant cells is irresponsive to AZD9291 treatment has not been
fully elucidated.

Our study also found an HRAS G13R mutation in PC9/AZDR cells. Although a previous
case report identified an HRAS G13D mutation in the resistance to anti-EGFR monoclonal
antibodies in colorectal cancer [22], this is the first report of an HRAS-activating mutation
conferring acquired resistance to AZD9291 in NSCLC. HRAS mutations have been found in
various cancer types and represent 1% of all mutations in NSCLC [23, 24]. An HRAS Q61L
mutation in NSCLC might be aggressive and was associated with poor overall prognosis [25].
In a phase I trial, the MEK inhibitor RO5126766 induced 20% tumor shrinkage in patient with
an HRAS mutation [26]. However, the molecular mechanisms behind drug resistance of
HRAS mutations are poorly described. Though HRAS reduction has no effects on basal ERK
phosphorylation levels in PC9/AZDR cells, the exact function of the HRAS G13R mutation
should be tested.

In this study, we identified MET overexpression in AZD9291-resistant cells regardless of
MET amplification. However, PC9/AZDR cells were not MET dependent, as MET inhibition
was not sufficient to restore drug-sensitivity to AZD9291. Because AZD9291 reduced MET
expression in AZD9291-sensitive cells, we speculated that AZD9291 could be involved in MET
degradation. Thus, increased MET expression in resistant cells was not the cause of resistance
but rather the result of acquired resistance. To verify this hypothesis, more studies need to be
done.

To uncover additional resistance mechanisms, we analyzed expression of 84 cancer-related
proteins using a proteome profiler array and found that maspin was elevated in PC9/AZDR
cells after AZD9291 treatment. Maspin is a mammary serine protease inhibitor that is encoded
by the SERPINB5 gene and inhibits invasion and metastasis of cancer cells as a tumor suppres-
sor [27]. Maspin inhibits cell motility by suppressing Racl and PAK1 activity and promotes
cell adhesion via the PI3K/ERK pathway [28]. In addition, EGFR signaling promotes maspin
phosphorylation and nuclear localization, where it inhibits gene transcription [29]. Although
our results showed that resistance to AZD9291 partially arise through maspin, further study is
needed to determine how maspin is involved in AZD9291 resistance.

Conclusion

In summary, this study demonstrated a critical role of ERK activation in resistance to
AZD9291 as a first-line therapy. The combination of AZD9291 and a MEK inhibitor may be
an effective strategy to not only treat AZD9291-resistance in second-line therapy but also to
treat AZD9291-resistance in first-line therapy.

Supporting information

S1 Fig. Sequencing result of EGFR T790M in PC9 and PC9/AZDR cells. EGFR T790M
mutation was not found in PC9/AZDR cell.
(TIF)

S2 Fig. Body weight of PC9/AZDR xenografts. PC9/AZDR xenografts were treated with
vehicle, AZD9291 (5 mg/kg/d), AZD6244 (10 mg/kg/d), or AZD9291 plus AZD6244 by oral
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gavage for 5 days each week for a total of 4 weeks. Body weights were measured as indicated.
Each measurement is mean + SE of 9-10 replicates.
(TIF)

S$3 Fig. The combination of AZD9291 with MET inhibitors in PC9/AZDR cells. Cells were
treated with various concentrations of AZD9291 alone, MET inhibitor (cabozantinib, capmati-
nib, MGCD-265, or Merestinib) alone, or their combinations for 72 h. The data are mean + SE
of six replicates.

(TIF)

Author Contributions
Funding acquisition: Jong-Mu Sun, Myung-Ju Ahn.

Investigation: Bo Mi Ku, Moon Ki Choi, Jong-Mu Sun, Se-Hoon Lee, Jin Seok Ahn, Keunchil
Park.

Supervision: Myung-Ju Ahn.
Writing - original draft: Bo Mi Ku.

References

1. MazzaV, Cappuzzo F. Treating EGFR mutation resistance in non-small cell lung cancer—role of osi-
mertinib. The application of clinical genetics. 2017; 10:49-56. https://doi.org/10.2147/TACG.S103471
PMID: 28794650.

2. Juchum M, Gunther M, Laufer SA. Fighting cancer drug resistance: Opportunities and challenges for
mutation-specific EGFR inhibitors. Drug resistance updates: reviews and commentaries in antimicrobial
and anticancer chemotherapy. 2015; 20:12-28. https://doi.org/10.1016/j.drup.2015.05.002 PMID:
26021435.

3. Janne PA, Yang JC, Kim DW, Planchard D, Ohe Y, Ramalingam SS, et al. AZD9291 in EGFR inhibitor-
resistant non-small-cell lung cancer. The New England journal of medicine. 2015; 372(18):1689-99.
https://doi.org/10.1056/NEJMoa1411817 PMID: 25923549.

4. Sequist LV, Soria JC, Goldman JW, Wakelee HA, Gadgeel SM, Varga A, et al. Rociletinib in EGFR-
mutated non-small-cell lung cancer. The New England journal of medicine. 2015; 372(18):1700-9.
https://doi.org/10.1056/NEJMoa1413654 PMID: 25923550.

5. YangJC, Ahn MJ, Kim DW, Ramalingam SS, Sequist LV, Su WC, et al. Osimertinib in Pretreated
T790M-Positive Advanced Non-Small-Cell Lung Cancer: AURA Study Phase Il Extension Component.
J Clin Oncol. 2017; 35(12):1288-96. https://doi.org/10.1200/JC0.2016.70.3223 PMID: 28221867.

6. Mok TS, Wu YL, Ahn MJ, Garassino MC, Kim HR, Ramalingam SS, et al. Osimertinib or Platinum-
Pemetrexed in EGFR T790M-Positive Lung Cancer. The New England journal of medicine. 2017; 376
(7):629—-40. https://doi.org/10.1056/NEJMoa1612674 PMID: 27959700.

7. Chabon JJ, Simmons AD, Lovejoy AF, Esfahani MS, Newman AM, Haringsma HJ, et al. Circulating
tumour DNA profiling reveals heterogeneity of EGFR inhibitor resistance mechanisms in lung cancer
patients. Nature communications. 2016; 7:11815. https://doi.org/10.1038/ncomms11815 PMID:
27283993.

8. Thress KS, Paweletz CP, Felip E, Cho BC, Stetson D, Dougherty B, et al. Acquired EGFR C797S muta-
tion mediates resistance to AZD9291 in non-small cell lung cancer harboring EGFR T790M. Nature
medicine. 2015; 21(6):560-2. https://doi.org/10.1038/nm.3854 PMID: 25939061.

9. Eberlein CA, Stetson D, Markovets AA, Al-Kadhimi KJ, Lai Z, Fisher PR, et al. Acquired Resistance to
the Mutant-Selective EGFR Inhibitor AZD9291 Is Associated with Increased Dependence on RAS Sig-
naling in Preclinical Models. Cancer research. 2015; 75(12):2489-500. https://doi.org/10.1158/0008-
5472.CAN-14-3167 PMID: 25870145.

10. Meador CB, Jin H, de Stanchina E, Nebhan CA, Pirazzoli V, Wang L, et al. Optimizing the sequence of
anti-EGFR-targeted therapy in EGFR-mutant lung cancer. Molecular cancer therapeutics. 2015; 14
(2):542-52. https://doi.org/10.1158/1535-7163.MCT-14-0723 PMID: 25477325.

11. Planchard D, Loriot Y, Andre F, Gobert A, Auger N, Lacroix L, et al. EGFR-independent mechanisms of
acquired resistance to AZD9291 in EGFR T790M-positive NSCLC patients. Annals of oncology: official

PLOS ONE | https://doi.org/10.1371/journal.pone.0194730 April 11,2018 13/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194730.s003
https://doi.org/10.2147/TACG.S103471
http://www.ncbi.nlm.nih.gov/pubmed/28794650
https://doi.org/10.1016/j.drup.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26021435
https://doi.org/10.1056/NEJMoa1411817
http://www.ncbi.nlm.nih.gov/pubmed/25923549
https://doi.org/10.1056/NEJMoa1413654
http://www.ncbi.nlm.nih.gov/pubmed/25923550
https://doi.org/10.1200/JCO.2016.70.3223
http://www.ncbi.nlm.nih.gov/pubmed/28221867
https://doi.org/10.1056/NEJMoa1612674
http://www.ncbi.nlm.nih.gov/pubmed/27959700
https://doi.org/10.1038/ncomms11815
http://www.ncbi.nlm.nih.gov/pubmed/27283993
https://doi.org/10.1038/nm.3854
http://www.ncbi.nlm.nih.gov/pubmed/25939061
https://doi.org/10.1158/0008-5472.CAN-14-3167
https://doi.org/10.1158/0008-5472.CAN-14-3167
http://www.ncbi.nlm.nih.gov/pubmed/25870145
https://doi.org/10.1158/1535-7163.MCT-14-0723
http://www.ncbi.nlm.nih.gov/pubmed/25477325
https://doi.org/10.1371/journal.pone.0194730

@° PLOS | ONE

Acquired resistance to AZD9291 as an upfront treatment

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

journal of the European Society for Medical Oncology. 2015; 26(10):2073-8. https://doi.org/10.1093/
annonc/mdv319 PMID: 26269204.

Ramalignam S, Reungwetwatana T, Chewaskulyong B, Dechaphunkul A, Lee KH, Imamura F, et al.
LBA2_PR—Osimertinib vs standard of care (SoC) EGFR-TKI as first-line therapy in patients (pts) with
EGFRm advanced NSCLC: FLAURA. Journal of thoracic oncology: official publication of the Interna-
tional Association for the Study of Lung Cancer. 2017; 28(suppl_5):v605—v49.

Ercan D, Choi HG, Yun CH, Capelletti M, Xie T, Eck MJ, et al. EGFR Mutations and Resistance to Irre-
versible Pyrimidine-Based EGFR Inhibitors. Clinical cancer research: an official journal of the American
Association for Cancer Research. 2015; 21(17):3913-23. https://doi.org/10.1158/1078-0432.CCR-14-
2789 PMID: 25948633.

ShiP,Oh YT, Zhang G, Yao W, Yue P, Li Y, et al. Met gene amplification and protein hyperactivation is
a mechanism of resistance to both first and third generation EGFR inhibitors in lung cancer treatment.
Cancer letters. 2016; 380(2):494—504. https://doi.org/10.1016/j.canlet.2016.07.021 PMID: 27450722.

Lee DH. Treatments for EGFR-mutant non-small cell lung cancer (NSCLC): The road to a success,
paved with failures. Pharmacology & therapeutics. 2017; 174:1-21. https://doi.org/10.1016/j.
pharmthera.2017.02.001 PMID: 28167215.

Shi P, Oh YT, Deng L, Zhang G, Qian G, Zhang S, et al. Overcoming Acquired Resistance to AZD9291,
A Third-Generation EGFR Inhibitor, through Modulation of MEK/ERK-Dependent Bim and Mcl-1 Degra-
dation. Clinical cancer research: an official journal of the American Association for Cancer Research.
2017. https://doi.org/10.1158/1078-0432.CCR-17-1574 PMID: 28765329.

Sullivan I, Planchard D. Next-Generation EGFR Tyrosine Kinase Inhibitors for Treating EGFR-Mutant
Lung Cancer beyond First Line. Frontiers in medicine. 2016; 3:76. https://doi.org/10.3389/fmed.2016.
00076 PMID: 28149837.

Ramalingam SS, Yang JC, Lee CK, Kurata T, Kim DW, John T, et al. Osimertinib As First-Line Treat-
ment of EGFR Mutation-Positive Advanced Non-Small-Cell Lung Cancer. J Clin Oncol. 2017:
JC02017747576. https://doi.org/10.1200/JC0O.2017.74.7576 PMID: 28841389.

Moniz S, Jordan P. Emerging roles for WNK kinases in cancer. Cellular and molecular life sciences:
CMLS. 2010; 67(8):1265-76. https://doi.org/10.1007/s00018-010-0261-6 PMID: 20094755.

Tricker EM, Xu C, Uddin S, Capelletti M, Ercan D, Ogino A, et al. Combined EGFR/MEK Inhibition Pre-
vents the Emergence of Resistance in EGFR-Mutant Lung Cancer. Cancer discovery. 2015; 5(9):960—
71. https://doi.org/10.1158/2159-8290.CD-15-0063 PMID: 26036643.

Ercan D, Xu C, Yanagita M, Monast CS, Pratilas CA, Montero J, et al. Reactivation of ERK signaling
causes resistance to EGFR kinase inhibitors. Cancer discovery. 2012; 2(10):934—47. https://doi.org/10.
1158/2159-8290.CD-12-0103 PMID: 22961667.

Boidot R, Chevrier S, Julie V, Ladoire S, Ghiringhelli F. HRAS G 13D, a new mutation implicated in the
resistance to anti-EGFR therapies in colorectal cancer, a case report. International journal of colorectal
disease. 2016; 31(6):1245-6. https://doi.org/10.1007/s00384-015-2448-7 PMID: 26561417.

Lawrence MS, Stojanov P, Mermel CH, Robinson JT, Garraway LA, Golub TR, et al. Discovery and sat-
uration analysis of cancer genes across 21 tumour types. Nature. 2014; 505(7484):495-501. https:/
doi.org/10.1038/nature 12912 PMID: 24390350.

Cancer Genome Atlas Research N. Comprehensive molecular profiling of lung adenocarcinoma.
Nature. 2014; 511(7511):543-50. https://doi.org/10.1038/nature13385 PMID: 25079552.

Cathcart-Rake E, Corless C, Sauer D, Lopez-Chavez A. Elderly former smoker with HRAS mutant non-
small-cell lung cancer. Journal of thoracic oncology: official publication of the International Association
for the Study of Lung Cancer. 2014; 9(10):e75-8. https://doi.org/10.1097/JTO.0000000000000315
PMID: 25521407.

Martinez-Garcia M, Baneriji U, Albanell J, Bahleda R, Dolly S, Kraeber-Bodere F, et al. First-in-human,
phase | dose-escalation study of the safety, pharmacokinetics, and pharmacodynamics of RO5126766,
a first-in-class dual MEK/RAF inhibitor in patients with solid tumors. Clinical cancer research: an official
journal of the American Association for Cancer Research. 2012; 18(17):4806—19. https://doi.org/10.
1158/1078-0432.CCR-12-0742 PMID: 22761467.

Berardi R, Morgese F, Onofri A, Mazzanti P, Pistelli M, Ballatore Z, et al. Role of maspin in cancer. Clini-
cal and translational medicine. 2013; 2(1):8. https://doi.org/10.1186/2001-1326-2-8 PMID: 23497644.

Khalkhali-Ellis Z, Christian AL, Kirschmann DA, Edwards EM, Rezaie-Thompson M, Vasef MA, et al.
Regulating the tumor suppressor gene maspin in breast cancer cells: a potential mechanism for the anti-
cancer properties of tamoxifen. Clinical cancer research: an official journal of the American Association
for Cancer Research. 2004; 10(2):449-54. PMID: 14760064.

Tamazato Longhi M, Cella N. Tyrosine phosphorylation plays a role in increasing maspin protein levels
and its cytoplasmic accumulation. FEBS open bio. 2012; 2:93-7. https://doi.org/10.1016/j.fob.2012.04.
006 PMID: 23650586.

PLOS ONE | https://doi.org/10.1371/journal.pone.0194730 April 11,2018 14/14


https://doi.org/10.1093/annonc/mdv319
https://doi.org/10.1093/annonc/mdv319
http://www.ncbi.nlm.nih.gov/pubmed/26269204
https://doi.org/10.1158/1078-0432.CCR-14-2789
https://doi.org/10.1158/1078-0432.CCR-14-2789
http://www.ncbi.nlm.nih.gov/pubmed/25948633
https://doi.org/10.1016/j.canlet.2016.07.021
http://www.ncbi.nlm.nih.gov/pubmed/27450722
https://doi.org/10.1016/j.pharmthera.2017.02.001
https://doi.org/10.1016/j.pharmthera.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28167215
https://doi.org/10.1158/1078-0432.CCR-17-1574
http://www.ncbi.nlm.nih.gov/pubmed/28765329
https://doi.org/10.3389/fmed.2016.00076
https://doi.org/10.3389/fmed.2016.00076
http://www.ncbi.nlm.nih.gov/pubmed/28149837
https://doi.org/10.1200/JCO.2017.74.7576
http://www.ncbi.nlm.nih.gov/pubmed/28841389
https://doi.org/10.1007/s00018-010-0261-6
http://www.ncbi.nlm.nih.gov/pubmed/20094755
https://doi.org/10.1158/2159-8290.CD-15-0063
http://www.ncbi.nlm.nih.gov/pubmed/26036643
https://doi.org/10.1158/2159-8290.CD-12-0103
https://doi.org/10.1158/2159-8290.CD-12-0103
http://www.ncbi.nlm.nih.gov/pubmed/22961667
https://doi.org/10.1007/s00384-015-2448-7
http://www.ncbi.nlm.nih.gov/pubmed/26561417
https://doi.org/10.1038/nature12912
https://doi.org/10.1038/nature12912
http://www.ncbi.nlm.nih.gov/pubmed/24390350
https://doi.org/10.1038/nature13385
http://www.ncbi.nlm.nih.gov/pubmed/25079552
https://doi.org/10.1097/JTO.0000000000000315
http://www.ncbi.nlm.nih.gov/pubmed/25521407
https://doi.org/10.1158/1078-0432.CCR-12-0742
https://doi.org/10.1158/1078-0432.CCR-12-0742
http://www.ncbi.nlm.nih.gov/pubmed/22761467
https://doi.org/10.1186/2001-1326-2-8
http://www.ncbi.nlm.nih.gov/pubmed/23497644
http://www.ncbi.nlm.nih.gov/pubmed/14760064
https://doi.org/10.1016/j.fob.2012.04.006
https://doi.org/10.1016/j.fob.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/23650586
https://doi.org/10.1371/journal.pone.0194730

