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Abstract
AC0010 is a pyrrolopyrimidine-based irreversible inhibitor of epidermal growth factor receptor (EGFR), structurally
distinct from previously reported pyrimidine-based irreversible EGFR inhibitors such as osimertinib and rociletinib.
AC0010 selectively inhibits EGFR T790M mutation in both preclinical and clinical studies. However, AC0010
treatment eventually triggers drug resistance with unknown mechanism. To this end, we established two H1975
NSCLC-derived lines resistant to AC0010 after a series of drug exposure and selection in either nude-mice
xenograft tumor (H1975-P) or cell culture (H1975-AVR) settings. Both lines obtained 100-fold resistance to AC0010
as compared to the parental lines. To elucidate underlying mechanism, we performed unbiased RNAseq-based
profiling analysis and found that H1975-P cells had c-MET overexpression, whereas H1975-AVR cells had BCL-2
overexpression. AC0010 resistance was partially abrogated by targeting c-MET or BCL-2 using either
pharmacological (small molecule inhibitors) and/or genetic (siRNA-based knockdown) approach, respectively.
Our study shows that drug resistance to AC0010 can be developed via the different mechanism in a cell context–
dependent manner and provides the proof-of-concept evidence for rational drug combinations to overcome
resistance for maximal therapeutic efficacy.
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troduction
ctivation of epidermal growth factor receptor (EGFR) signaling,
nferred by gene mutations or amplification, is tightly associated
ith the initiation, progression, and poor prognosis of non–small cell
ng cancer (NSCLC) [1–3]. This discovery has led to the
velopment of EGFR tyrosine kinase inhibitors (TKIs) as effective
rgeted therapies for patients with advanced disease [4]. Gefitinib
d erlotinib are two first-generation EGFR TKIs, which showed
pressive clinical efficacy for NSCLC patients with activating EGFR
utations [5–7]. Although the majority of patients with EGFR
utations benefited initially from these drugs, all patients ultimately
d disease reoccurrence due to acquired drug resistance, most
mmonly via obtaining the T790M resistant mutation, as observed
50% to 60% of resistant biopsies [8–10]. To overcome T790M-
ediated resistance, second- and third-generation of EGFR TKIs
ve been developed [11–14]. However, second-generation of EGFR
KIs, when used as monotherapy, had demonstrated limited clinical
nefits due to their poor therapeutic window derived from
nselectivity against both wild-type EGFR and EGFR T790M
5]. In contrast, the third generation of mutant-specific EGFR TKIs,
hich preferentially blocks both activating EGFR mutations and
790M, overcomes the selectivity issues and shows promising clinical
tcomes [16]. For example, irreversible pyrimidine EGFR inhibitor
imertinib has demonstrated tumor responses in N60% of EGFR-
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utant patients with T790M-mediated resistance [17,18]. AC0010,
novel pyrrolopyrimidine-based third-generation of EGFR TKI, has
so demonstrated promising antitumor activity and a favorable safety
ofile in phase I/II clinical trial [19].
Similar to the earlier generation of EGFR inhibitors, drug resistance
so developed for third-generation of EGFR TKIs [20]. For example,
sistance to osimertinib arises after 9-13 months of therapy, by which
quired mutation C797S was detected in 40% of NSCLC patients [21].
bsequently, resistance to the third generation of inhibitors, including
imertinib, CO-1686, and HM61713, was further investigated in both
eclinical and clinical studies [22,23].Mechanistically, in addition to the
currence of acquired mutations in EGFR such as C797S and L718Q
4,25], other abnormalities in tumor cells were also identified that may
ntribute to resistance. The examples include a) amplification of cell
rface receptors HER-2, MET [26], SRC [27], or ERBB2 [28]; b)
nstitutive activation of transducers downstream to EGFR [29]; c)
tivation of SFK/FAK and AKT [30,31]; and d) perturbation of the
optotic machinery or phenotypic transformation [32]. Extensive
udies to understand the mechanisms of acquired resistance against the
ird generation of EGFR TKIs with different chemical structures will
rtainly lead to better combinational strategies to benefit patients from
GFR-TKI–based targeted therapy. AC0010 is an oral and irreversible
GFR TKI with high selectivity against patients harboring EGFR-
nsitive mutation and T790M-resistant mutation [19]. Compared with
evious EGFR TKIs, AC0010 exhibited remarkably higher activity
ainst EGFR with T790M than wild-type EGFR. Clinical studies
dicated that AC0010 (over 350 mg/day) was highly effective in
SCLC patients with EGFR T790Mmutation who experienced disease
occurrence during prior therapies with gefitinib or erlotinib. The overall
sponse rate of patients with EGFR T790M-positive mutation was
out 50% at daily dose ≥350 mg, and Maximum Tolerated Dose
TD)was not reachedwith daily dose up to 600mg [33]. Thanks to the

fectiveness of AC0010 in treatment of NSCLC patients with EGFR
790M mutation, AC0010 is currently in Phase II/III registration trial
r those patients [34,35]. However, resistance to AC0010was also found
clinical treatment, which can potentially restrict its therapeutic efficacy.
is important, therefore, to elucidate possible mechanism(s) for acquired
sistance to AC0010 in advance, thus providing a rational strategy for the
velopment of new combinational therapy for AC0010-resistant patients.
Here we reported the establishment of two H1975 NSCLC-
rived lines resistant to AC0010 after a series of drug exposure in
ther cell culture (H1975-AVR) or nude-mice xenograft tumor
tting (H1975-P). Both lines obtained 100-fold resistance to
C0010 as compared to the parental lines. Mechanistic investigation
a RNAseq-based profiling study revealed that H1975-AVR cells
d BCL-2 overexpression, whereas H1975-P cells had c-MET
erexpression. Importantly, AC0010 resistance can be partially
ercome by targeting either BCL-2 or c-MET via either
armacological (small molecule inhibitors) or genetic (siRNA
ockdown) approach, respectively. Our study, therefore, provides
e proof-of-concept evidence for rational drug combinations to
ercome AC0010 resistance for maximal therapeutic efficacy.

aterials and Methods

hemicals
Gefitinib was purchased from Sciencechem (Jinan), afatinib was
rchased from Langchem (Shanghai), crizotinib was purchased from
harmaBlock (Nanjing), and ABT-263 was purchased from Lollane
hanghai). All other experimental compounds, including AC0010,
o-1686, and AZD9291, were synthesized in-house by ACEA
harmaceutical Research, Hangzhou, Zhejiang, China. Stock
lutions of all drugs were prepared in DMSO and stored at −80°C.

ell Culture
Human NSCLC adenocarcinoma cell line NCI-H1975 was obtained
om the American Type Culture Collection and maintained at 37°C
ith 5% CO2 in the RPMI-1640 medium (Life Technologies)
pplemented with 10% fetal bovine serum (HyClone), penicillin
00 U/ml), and streptomycin (100 μg/ml). All cells were routinely
sted and verified to be free of mycoplasma contamination.

esistant Cell Lines
AC0010-resistant H1975-P1 cells were derived via in vivo
lection of NCI-H1975 cells injected into nude mice that developed
sistance to AC0010. AC0010-resistant H1975-AVR1 cells were
tablished in vitro by culturing parental H1975 cells in escalating
ses of AC0010 (20 nM to 5 μM) for a prolonged period. For the
velopment of drug resistance, culture media were replaced with
esh drug twice per week. DNA was extracted from H1975-P1 and
1975-AVR1 cells using the DNeasy Kit (Qiagen), and specific
GFR mutations were assessed using the therascreen EGFR RGQ
CR Kit (Qiagen).
To isolate single-cell clone, H1975-P1 or H1975-AVR1 cells were
eded into 96-well plates at a density of 0.5 cell/well. Wells
ntaining only a single cell were expanded to form clones. DNA was
tracted from each clone using the DNeasy Kit (Qiagen), and Sanger
quencing was performed on PCR products of exons 19, 20, and 21
EGFR at the Sequencing Group of the Tsingke.

ell Proliferation Assays
Cell proliferation was assayed by a cell viability reagent, WST-1,
cording to the manufacturer (Roche). Cells were seeded at 3000
lls per well onto 96-well plates and incubated for 24 hours,
llowed by compound treatment for 72 hours. Cell viability was
en assayed by incubating cells with WST-1 reagent for 2-3 hours.
bsorbance was measured at OD450/620 using the Beckman
TX880. The IC50 were determined using a nonlinear regression
odel with a sigmoidal dose response.

olony-Forming Assay
H1975-P1-R1 and H1975-AVR1-R2 cells were cultured in RPMI
lture medium. H1975-P1-R1 cells were seeded in 6-well plates at a
nsity of 250 cells per well and then treated with AC0010 (2.0 μM),
izotinib (0.5 μM), or the combination. H1975-AVR1-R2 cells were
eded at a density of1000 cells per well in 6-well plates and then
eated with AC0010 (1.8 μM), ABT-263 (0.065 μM), or the
mbination. The medium was changed every 3 days for a treatment
riod of 14 days to allow colony formation. The colonies were fixed
d stained with Diff-Quick staining kit (SIEMENS).

NA-seq Analysis
Total RNA was isolated using the RNeasy Mini Kit (Qiagen). A
tal of 5 μg of RNA per sample was used for RT reaction.
quencing libraries were generated using NEBNextUltra RNA
ibrary Prep Kit for Illumina (NEB, USA) following manufacturer's
commendations. The clustering of the index-coded samples was
rformed on a cBot Cluster Generation System using TruSeq PE
luster Kit v4-cBot-HS (Illumina). After cluster generation, the
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rary preparations were sequenced on an Illumina Hiseq 2500
atform, and paired-end reads were generated. The expression level
each gene was measured as numbers of reads per kilobase of exon
gion in a gene per million mapped reads (RPKM). DESeq R
ckage (1.18.0) was used to analyze differential expression of two
nditions/groups. The P value was adjusted using q value [36]. FDR
0.05 and |log2Ratio| ≥ 1 found by DESeq were set as the threshold
r significantly differential expression. The top Gene Ontology
ftware was used to analyze differentially expressed genes (DEGs).
ene set enrichment analysis for KEGG pathways was performed to
ucidate affected pathways.

T-PCR
The total RNA was isolated from H1975, H1975-P1-R1, and
1975-AVR1-R2 cells with RNeasy Mini kit (Qiagen), and cDNA
as obtained by reverse transcription using the SuperScript III First-
rand Synthesis System for RT-PCR kit (Invitrogen). The expression
c-MET, BCL-2, and CDH11 was measured using the TaqMan
ene Expression Assay (Hs01565584_m1, Hs00608023_m1, and
s00901479_m1, Applied Biosystems). The qRT-PCR was per-
rmed in triplicate with TaqMan One-Step RT-PCR Master Mix
pplied Biosystems). Thermal cycler conditions are as follows: 50°C
r 2 minutes, 95°C for 10 minutes, and 95°C for 15 seconds
llowed by 60°C for 1 minute for 40 cycles. Control gene primer
d probe pairs were purchased from Applied Biosystems (GAPDH,
s02786624_g1). Relative expression of specific transcripts was
termined by the following calculation: relative expression = 2−Ct, where
t = (Cttarget − Ctcontrol)drug-resistant cell − (Cttarget − Ctcontrol)vehicle cell.

RNA and Transfection
The siRNA oligonucleotides targeting c-MET (ON-TARGET
us SMART pool) and negative control siRNA (ON-TARGET plus
ntargeting pool) were purchased from Dharmacon. The cells were
ansfected with siRNA at a final concentration of 50 nM using
ffectene (Qiagen, Carlsbad, CA) according to the manufacturer's
structions. The cells were harvested 48 hours posttransfection for
otein extraction, followed by Western blotting or 72 hours for cell
ability analysis.

munoblotting Analysis
Cells were seeded onto 6-well plates at the density of 1 × 106 cells
r well. After 24 hours of culture in serum-containing media, cells
ere treated with test compound for 2 hours. Immunoblotting
alysis was performed using the whole-cell extracts, and the blots
ere probed with following antibodies: phosphospecific EGFR (p-
1068), total EGFR, phospho-AKT (Ser-473), total AKT, phospho-
ET (Tyr1234/1235), phospho-ERK1/2 (p-T202/p-Y204), total
RK1/2 and BCL-2,BCL-XL,MCL-1,BIM (Cell Signaling Technol-
y), and total c-MET and β-tubulin (Santa Cruz).
To perform immunoblotting analysis of xenograft tumors, the
mor tissues were diced into very small pieces using a clean razor
ade and then transferred to microcentrifuge tubes containing RIPA
ffer supplemented with protease inhibitors and phosphatase
hibitors. The tissues were homogenized, and the homogenized
lutions were incubated on ice for 30 minutes followed by two
unds of centrifugation at 14,000 rpm for 30 minutes at 4 C. The
pernatants were collected for immunoblotting analysis to probe p-
GFR, total EGFR, p-Akt, total Akt, p-Met, total Met, p-ERK1/2,
d total ERK1/2. β-Tubulin was used as the loading control.
low Analysis
Apoptosis was determined by flow cytometry using a PE rabbit
ti-active caspase-3 antibody (BD Biosciences). Briefly, cells were
eded at 1.8 × 106 cells per well onto 6-well plates and incubated for
hours, followed by compound treatment for 24 hours. After

eatment, cells were collected by trypsinization, washed once with
osphate-buffered saline, then fixed and permeabilized using the BD
ytofix/Cytoperm Kit (BD Biosciences) for 20 minutes at room
mperature. Cells were washed with BD Perm/Wash buffer and
bsequently stained with the PE rabbit anti-active caspase-3
tibody. Finally, cells were washed and resuspended in BD Perm/
ash buffer before analyzing by NovoCyte Flow cytometer (ACEA
iosciences).

enograft Models
All studies involving animals handing, care, and treatment reported
re were conducted in Hangzhou ACEA Pharmaceutical Research
o., Ltd., and performed according to the guidelines and SOPs
proved by Department of Science and Technology of Zhejiang
ovince, China.
The Nu/Nu nude mice were purchased from Beijing Vital River
aboratories of China. Six- to 8-week-old female mice were
oculated subcutaneously at the right flank with approximately
5 × 106 NCI-H1975-P1-R1 cells in 0.2 ml of medium for tumor
velopment. The treatments were started when the tumor size
ached approximately 200 mm3. Animals were randomly divided
to four groups (eight animals per group) including vehicle control
.5%methylcellulose], crizotinib (12.5mg/kg), AC0010 (100 mg/kg),
AC0010 plus crizotinib (12.5 mg/kg). The drugs were administrated
ally once daily for continuous 14 days.
During the experimental period, mouse body weight and tumor
lume were measured twice weekly. Tumor volumes were measured
two dimensions using a caliper, and the volume was expressed in
m3 using the formula: V = 0.5 a × b2, where a and b are the long
d short diameters of the tumor, respectively. The tumor volume
as then used for the calculation of tumor inhibitory rate (IR), which
as an indication of antitumor effectiveness calculated by following
uation: IR = (1 − relative mean tumor volume of treatment groups/
lative mean tumor volume of control group) × 100%. Here relative
ean tumor volume = mean tumor volume at the end of the
periment/mean tumor volume before dosing. SPSS 17.0 software
test) was used for statistical analysis.
esults

eneration and Characterization of AC0010-Resistant Cells
To establish the resistance to third generation of EGFR inhibitor
C0010 for mechanistic study, we used H1975 NSCLC cells
arboring T790M/L858R double mutations) and generated two
C0010-resistant lines with two different approaches. The H1975-
cells were derived from in vivo passing of xenograft tumors in mice

ceiving AC0010 at 50 mg/kg for 17 days and continuous dosing at
0 mg/kg for another 98 days. The H1975-AVR1 cells were
tained by a series of in vitro culture exposure to AC0010 by dose
calation from 20 nM to 5 mM (Figure 1A). Cell proliferation assays
owed that the IC50s against AC0010 were 2.8 μM and 1.6 μM,
spectively, for H1975-P1 and H1975-AVR1 cells as compared to
nM for parental H1975 cells, indicating the successful establish-

ent of AC0010-resistant lines (Figure 1B). The sensitivity of
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Figure 1. Establishment of lung cancer cell lines resistant to AC0010.(A) Schematic representation of generation of H1975-P1 and H1975-
AVR1 cells resistant to EGFR inhibitor AC0010. (B) Sensitivity of H1975, H1975-P1, and H1975-AVR1 cells to various EGFR inhibitors. Two
lines of resistant cells, along with parental H1975 cells, were treated with various concentrations of indicated EGFR inhibitors for 72 hours
followed by MTT-based growth assay. Growth inhibition curves were generated and plotted. Shown are calculated IC50 values. The data
are represented as mean ± SD of three independent experiments.
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C0010 resistant cells to the clinically relevant EGFR-TKIs gefitinib,
atinib, osimertinib, as well as CO-1686 was also examined. As
pected, unlike parental H1975 cells which are only resistant to the
rst-generation EGFR TKI gefitinib, both H1975-P1 and H1975-
VR1 cells were resistant to all three generations of EGFR TKIs,
cluding gefitinib (first); afatinib (second); and AC0010, osimerti-
b, and CO-1686 (third) (Figure 1B). Supplemental Figure 1 listed
e chemical structures of several third-generation EGFR TKIs,
cluding abivertinib (AC0010), osimertinib (AZD9291), rociletinib
O-1686), olmutinib (HM61713), nazartinib (EGF816), lazertinib
H25448), and naquotinib (ASP8273).
Sequencing analysis of EGFR exons 19-21 in H1975-P1-R1 or
1975-AVR1-R1 cell line, derived respectively from the single clone
H1975-P1 and H1975-AVR1 (Figure 1A), revealed that the

790M and L858R mutations found in parental H1975 cells were
tained and no additional mutations were detected (Table S1),
cluding the possible contribution of EGFR mutations within this
gion to drug resistance.
NAseq Analysis Revealed Distinct Mechanisms Underlying
e AC0010 Resistance
To understand the mechanism of resistance, we employed
nbiased genome-wide RNAseq analysis of H1975-P1 and
1975AVR1 cells along with parental sensitive NCI-H1975 cells
an attempt to identify DEGs in the resistant cells. The genes with a
o-fold change in RPKM and a false discovery rate–adjusted P value
5 in a pairwise analysis were considered as DEGs. Gene set
richment analysis for KEGG pathways revealed top 20 statistics of
thway enrichment for H1975-P1 and H1975-AVR1, respectively
upplemental Figures 2 and 3). Gene ontology–based functional
tegories of DEGs revealed that c-MET and MAPK signaling
thways showed high correlations with resistance in H1975-P1 cells,
hereas BCL-2 and NF-κB pathways were correlated with that of
1975-AVR1 cells among many others (Figure 2, A and B, and
ables S2). A total of 109 or 146 genes were upregulated (Table S3),
d 359 or 210 genes were downregulated by more than eight-fold in
1975-P1 and H1975-AVR1 cells, respectively. Large number of
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terations in gene expression strongly suggests involvement of
ultiple signal pathways in conferring AC0010 resistance,
We next focused genes with following three criteria: a) highly
fferentially expressed, 2) known to be involved in drug resistance,
d 2) have small molecule inhibitors currently in preclinical or
inical development. The c-MET and BCL-2 genes were chosen
hich had a 16-fold or 8.6-fold upregulation in H1975-P1 and
1975-AVR1 cells, respectively (Figure 2, A and B). We first used
T-PCR to confirm their overexpression (Figure 2C). Western
otting analysis was also used to examine the levels of c-Met and
CL-2 in AC0010-resistant cells as well as the phosphorylation status
c-Met, EGFR, and their downstream molecules (AKT1 and

RK1/2) (Figure 2D). Development of AC0010 resistance led to a
amatic decrease of phosphorylated EGFR in both H1975-P1 and
1975-AVR1 cells as compared to NCI-H1975 cells (Figure 2D).
onsistent with the c-MET overexpression at mRNA level, the c-Met
otein level also significantly increased in H1975-P1 cells. The
ncurrent increase of the phosphorylated c-MET as well as
wnstream ERK phosphorylation further suggests that the activated
MET pathway is likely associated with acquired AC0010 resistance
H1975-P1 cells. Likewise, a high level of BCL-2 protein was
tected in H1975-AVR1 cells (Figure 2D). Finally, we determined
e levels of a few additional BCL-2 family members and found that
e levels of BCL-XL and MCL-1 maintained the same, whereas BIM
vel was higher in two resistant lines, likely due to the cellular
mpensatory response. Together, these data suggest the distinct
echanism underlying the AC0010 resistance acquired via in vivo
d in vitro approaches, respectively.

ombination of AC0010 with Crizotinib Overcomes AC0010
esistance in H1975 P1-R1 Cells
To investigate whether elevated c-MET is causally related to
C0010 resistance, we used two loss-of-function approaches to
activate c-MET for AC0010 resensitization. Transfection of a
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NA oligonucleotide targeting c-MET into H1975-P1-R1 cells, a cell
e derived from the single clone of H1975-P1 xenograft (Figure 1A),
used up to 60%-70% knockdown of c-MET level and resulted in a 10-
ld increase in AC0010 sensitivity (IC50 reduced from 1013 nM to
nM) (Figure 3A). Likewise, crizotinib, a specific inhibitor of c-MET,

hibited H1975-P1-R1 cell proliferation in a dose-dependent manner
igure 3B).We used the concentration of crizotinib that resulted in 20%
.5 μM, IC20) or 50% (2.0 μM, IC50) inhibition of cell proliferation
r AC0010 sensitization. Indeed, while H1975-P1-R1 cells are very
sistant to AC0010, combination with crizotinib at either concentration
nificantly sensitized cells to AC0010 (Figure 3C). Reciprocally, we
ed AC0010 concentration at 1.0 μM, measured cellular sensitivity to
izotinib, and found a significant sensitization with IC50 reduction from
4 μM to 0.0075 μM (Figure 3D). Finally, we measured overcome of
ug resistance using clonogenic assay. The colony formation of H1975
-R1 cells was inhibited moderately with the treatment of AC0010
.0 μM) or crizotinib (0.5 μM), and their combination completely
hibited the colony formation (Figure 3E). Biochemically, while
C0010 alone (1.5 μM) had minimal, if any, effects on the
osphorylation of EGFR, c-MET, AKT1, and ERK, combination
ith crizotinib fully inhibited the phosphorylation of EGFR and c-MET,
well as the phosphorylation of their downstream AKT and ERK1/2.
igure 3F), providing molecular basis for abrogation of AC0010
sistance. Collectively, these cell-based results supported a causal role
c-MET overexpression in conferring AC0010 resistance in H1975
cells.
To further confirm the combinational effects in vivo, the efficacy of
C0010 in combination with crizotinib was evaluated in H1975-P1-
1 xenograft mouse model. Compared with vehicle control, oral
ministration of AC0010 alone at 100 mg/kg or crizotinib alone at
.5 mg/kg caused minor or moderate suppression of tumor growth
ith tumor volume inhibitory rate at 11.7% and 48.1%, respectively.
ombination of both significantly suppressed tumor growth with a
mor volume inhibitory rate of 73.5% (Figure 4, A and B). It is
orth noting that, during the entire experimental period, no
gnificant changes in animal body weights were observed among
l the treatment groups (Figure 4C), suggesting that dosage used for
ch drug alone or in combination did not have apparent toxicity to
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imals. To confirm that drugs indeed hit the corresponding targets,
e performed Western blotting analysis in harvested tumor tissues
d found that drug combination did inactivate EGFR, c-MET,
KT1, and ERK, which correlated with its maximal antitumor
tivity (Figure 4D). Taken together, both in vitro and in vivomodels
owed that c-MET overexpression is responsible for AC0010
sistance, which is resensitized by combination of a c-MET inhibitor
via siRNA targeting c-MET.

CL-2 Inhibitor ABT-263 Overcomes Resistance of H1975-
VR1 to AC0010
Similarly, we next investigated whether BCL-2 overexpression
igure 2D) is causally responsible for AC0010 resistance seen in
1975-AVR1 cells. We used Navitoclax/ABT263, a small molecule
hibitor of BCL-2, to treat H1975-AVR1-R2 cells, a single clone
rived from H1975-AVR1 (Figure 1A), and generated an IC50 curve
ith IC20 and IC50 values of 65 nM and 333 nM, respectively
igure 5A). We then combined ABT263 at either IC20 or IC50

ncentration with various of doses of AC0010 and found that
BT263 can sensitize cells to AC0010 with a reduction of IC50
lues from 2.3 μM to 1.2 μM or 0.97 μM, respectively (Figure 5B).
eciprocally, we fixed AC0010 concentration at 1.0 μM, measured
llular sensitivity to ABT263, and found a significant sensitization
ith IC50 reduction from 232 nM to 91 nM (Figure 5C).We also
sted ABT263 sensitization using clonogenic assay and found that
hile treatment at IC20 value alone caused minimal to moderate
ppression, the combination significantly inhibited colony forma-
on which is statistically different (Figure 5D). Finally, we found that
hile AC0010 failed to induce apoptosis, ABT-263 alone can
gnificantly induce it, which is further enhanced with drug
mbination in this AC0010-resistant line (Figure 5E). Taken
gether, it appears that BCL-2 overexpression is responsible at least
part for AC0010 resistance in H1975 AVR1 model derived from
ll culture selection. Thus, combination of ABT-263 with third-
neration EGFR inhibitors might be an effective strategy for the
eatment of EGFR-T790M positive cancers with a decreased
optotic response to EGFR inhibition.
as
m
se
A
w
ex
th
ge
to
m
m

th
in
ta
an
ov
co
su
ce
pr
iscussion
he major drawback for kinase-based targeted therapy is the
velopment of drug resistance that abrogates the therapeutic
ficacy. This is the case for the first generation of EGFR inhibitor.
vestigation of underlying mechanism of drug resistance led to
entification of acquired resistance through the T790M mutation
2]. The finding facilitated the discovery and development of the
ird-generation EGFR-TKIs that covalently bind to EGFR T790M,
rrently including irreversible pyrimidine inhibitors osimertinib
8], CO-1686 [14], and EGF-816 [37] and pyrrolopyrimidine-
sed inhibitor AC0010 [19]. Despite impressive initial outcomes
ith the third-generation EGFR-TKIs, new mutations and other
echanisms of resistance are also emerging. Preclinical studies and
tient postprogression biopsies led to the identification of multiple
sistance mechanisms to third-generation EGFR-TKIs, including
surgence of secondary mutations in the EGFR gene [38], activation
RAS pathway [39], HER2 [26], MET gene amplifications [40],
d enhanced epithelial-to-mesenchymal transition [41]. Thus,
orough understanding of drug resistance mechanisms would
ovide rational strategy for effective drug combination to overcome
quired resistance.
Cell lines derived from resistance to targeted therapies have been a
luable tool for studying acquired resistance. In the present study, we
ccessfully established two acquired resistant lines via continuous
posure of NCI-H1975 cells to AC0010 using in vivo nude mice
nograft and in vitro cell culture passaging, and confirmed their
sistance to all three generations of EGFR-TKIs, including gefitinib,
lotinib, afatinib, rociletinib, osimertinib, and certainly AC0010
elf. Although a similar resistance to the treatment of AC0010 (IC50

lues at 1-3 μM) was displayed by these two lines, distinct resistant
echanism was identified by RNAseq profiling. Specifically, both
odels revealed altered expression in many genes, but the pattern of
pression is unique and distinctive between each other.
Our follow-up validation study mainly focused on druggable
rgets, namely, c-MET identified from in vivo model and BCL-2
om in vitro model; both are overexpressed, respectively, in resistant
lls. Together with the finding that c-MET amplification is
sociated with the resistance to the treatment of osimertinib or
O-1686 [28], it appears that c-MET activation could be a common
echanism associated with the resistance to third-generation EGFR-
KIs. Furthermore, since EGFR and c-MET have been shown to act
nergistically on the activation of downstream effectors such as AKT
d ERK and ultimately regulate tumor cell proliferation, the c-MET
thway activation likely serves as a compensatory pathway in tumor
lls for the loss of EGFR-driven signaling cascade. On the other
nd, in cell culture–based resistant model, our study showed a causal
le of BCL-2 overexpression in conferring the drug resistance. BCL-
is a typical antiapoptotic survival protein whose overexpression
ould promote cancer progression and confer drug resistance to
cilitate cancer reoccurrences [42,43]. We found that the combina-
n with BCL-2 inhibitor navitoclax/ABT-263 overcomes the
sistance of H1975-AVR1 cells to AC0010, consistent with a recent
udy by Hata et al. [44], reporting navitoclax/ABT-263 sensitization
EGFR T790M-negative drug-tolerant cells with diminished

optotic response to third-generation EGFR inhibitors. Further-
ore, BCL-2 inhibitor ABT-737 can significantly enhance killing of
SCLC cells by the first-generation EGFR inhibitor genfitinib and
adicated early TKI-resistant evaders [45,46].
It is worth noting that although C797S mutant was reported to be
sociated with AZD9291 resistance [47], we did not find this
utant in AC0010-resistant cells in either cell culture or nude mice
lection settings (Table S1). In the first-in-human clinical study on
C0010, C797S mutant was not observed in a total of 16 patients
ith disease progression after AC0010 treatment [33]. Although how
actly resistant clones evolve during targeted therapy is unknown,
e results from our study, along with the reports from other third-
neration EGFR TKIs [25,26,28], would suggest that the resistance
targeted therapy may be determined in a context-dependent

anner by complex factors, such as tumor heterogeneity, tumor
icroenvironment, and drug dosing.
Tumor resistance caused by activation of accessory pathways can be
eoretically overcome by combination of the inhibitor of EGFR and
volving molecules. Availability of small molecule inhibitors
rgeting c-MET and BCL-2 in clinical development provided us
excellent opportunity to test the causal relationship between their
erexpression and AC0010 resistance. We demonstrated that the
mbination of AC0010 with crizotinib, a c-MET inhibitor,
bstantially inhibited the growth and survival of H1975-P1-R1
lls and fully inhibited the phosphorylation of EGFR and c-MET
oteins and downstream molecules, AKT1 and ERK. The
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mbination effects were further confirmed in vivo using H1975-P1-
1 xenograft mouse model, showing synergistic inhibitory effects
ith 73.5% inhibitory rate at nontoxicity dose. For H1975-AVR1-
2 cells with elevated BCL-2 expression, treatment with navitoclax/
BT-263resulted in significant growth inhibition when acting alone,
d its combination with AC0010 caused even more suppression of
owth and survival by substantially inducing apoptosis. Thus,
erexpression of c-MET and BCL-2 is causally responsible for
quired resistance to AC0010, respectively, for two established
odels. Similar combination approaches have been explored in
veral third-generation EGFR-TKIs. For example, concomitant
eatment of osimertinib with selumetinib has been demonstrated to
use regression of osimertinib-resistant tumors in an EGFR-mutant/
790M transgenic model [40]. Therefore, the combination of EGFR
KI with inhibitors targeting resistant mechanism(s) would be an
tractive strategy to overcome acquired resistance often seen during
eatment of EGFR-mutant NSCLC. Our study provides a sound
tionale for future investigation in the clinical setting.
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