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Abstract

The mechanisms responsible for the development of resistance to alectinib, a second-generation anaplastic
lymphoma kinase (ALK) inhibitor, are still unclear and few cell lines are currently available for investigating
ALK-rearranged lung cancer. To identify the mechanisms underlying acquired resistance to alectinib, two
patient-derived cell lines were established from an alectinib-naive ALK-rearranged lung cancer and then after
development of alectinib resistance. The properties acquired during treatments were detected by comparisons of
the two cell lines, and then functional analyses were performed. Co-activation of c-Src and MET were identified
after the development of alectinib resistance. Combinatorial therapy against Src and MET significantly restored
alectinib sensitivity in vitro (17.2-fold). Increased apoptosis, reduction of tumor volume, and inhibition of
MAPK and PI3K/AKT signaling molecules for proliferation and survival were observed when the three kinases
(Src, MET, and ALK) were inhibited. A patient-derived xenograft from the alectinib-resistant cells indicated that
combination therapy with a saracatinib and crizotinib significantly decreased tumor size in vivo. To confirm the
generality, a conventional alectinib-resistant cell line model (H2228-AR1S) was established from NCI-H2228
cells (EML4-ALK variant 3a/b). In H2228-AR1S, combination inhibition of Src and MET also restored alectinib
sensitivity. These data reveal that dual salvage signaling from MET and Src is a potential therapeutic target in
alectinib-resistant patients.

Implication: This study demonstrates the feasibility to elucidate personalized drug-resistance mechanisms from

individual patient samples.
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Introduction

The discovery of driver oncogenes and development of targeted therapy have contributed to improved prognoses
in patients with non-small cell lung cancer (NSCLC). (1,2) In 2007, a novel driver oncogene, the echinoderm
microtubule-associated protein-like 4 and anaplastic lymphoma kinase (EML4-ALK) fusion caused by
chromosomal rearrangements was identified in patients with NSCLC (3) and its first-generation targeted therapy,
crizotinib became the standard first-line therapy for patients with ALK-rearranged NSCLC. (4) Although
crizotinib improved median progression-free survival (PFS) over that with conventional chemotherapy (10.9 vs
7.0 months; HR 0.45: 95% CI 0.35-0.60) (5) tumors relapsed due to the acquisition of resistance. Secondary
mutations, such as L1196M, C1156Y, and G1202R, occur in the kinase domain of ALK, and decrease the affinity
of crizotinib to ALK and maintain EML4-ALK activity. (6-8) Salvage signaling pathways, such as epidermal
growth factor receptor (EGFR) and KIT, maintain downstream proliferation and survival signaling, such as
PI3K/Akt or MAPK, independent of the ALK-fusion protein, which promotes growth and survival if oncogenic
ALK signaling is inhibited. (8,9) Secondary mutations have been implicated as frequent causes of ALK inhibitor
resistance than salvage signaling, and one possible explanation for this is that crizotinib exhibits relatively low

affinity to ALK and targets multiple tyrosine kinases, such as c-MET and ROSI1.

The second generation ALK inhibitors, alectinib and ceritinib, which exhibit higher specificities and affinities to
ALK than crizotinib, (10) may inhibit several secondary-mutated ALKs and achieve promising clinical efficacies
in crizotinib-resistant patients and ALK-inhibitor naive patients. (11-13) However, tumors also eventually
relapse. Based on this high specificity and affinity to ALK, some researchers hypothesized that the frequency
and number of gatekeeper mutations may be limited and that more bypass signals may occur during treatments
with second generation ALK inhibitors. (14) Few studies have investigated the mechanisms responsible for the
development of alectinib resistance, and the extensive evidence obtained for acquired resistance to crizotinib

may not be applicable to alectinib.

The establishment of drug-resistant tumor models has contributed to the elucidation of novel mechanisms for
acquired drug resistance. (14,15) However, ALK-rearranged NSCLC are relatively rare (5% of NSCLC) and few
cell line models are currently available for investigating ALK-rearranged lung cancer; (16) only one cell line is
presently offered on a commercial basis. To clarify the mechanisms underlying the development of alectinib
resistance in ALK-rearranged lung cancer, we established patient-derived ALK-rearranged NSCLC cell line
models from a treatment-naive patient and from the same subsequently alectinib-refractory patient. We
hypothesized that the establishment of the paired cell line model will clarify the mechanisms responsible for the
development of alectinib resistance by comparing its properties, and will provide a new bioresource for future
research on ALK-rearranged NSCLC. To the best of our knowledge, a patient-derived paired cell line model has
not yet been successfully established to investigate ALK inhibitor resistance. We herein report that MET and Src

played a key role in alectinib resistance as a dual salvage signaling pathway using the model.
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Materials and Methods

Clinical information and procedures for obtaining informed consent

Clinical information was obtained from electronic medical records at the institution. The study protocol had been
prepared in accordance with the Declaration of Helsinki. The patient provided written informed consent for this
study. This study was approved by the Kyoto University Graduate School and Faculty of Medicine Ethics

Committee (certification number: R0996).

Establishment of a clinical paired resistant model (CPRM)

The CPRM for alectinib consisted of 2 cell lines, KTOR1 and KTOR1-RE (EML4-ALK variant 1 E13; A20),
which were established from a patient with ALK-rearranged NSCLC who regularly visited Kyoto University
Hospital. The schematic explanation for this model was shown in Fig. 1A. Two-hundred milliliters of pleural
effusion was obtained before first-line treatment with alectinib (KTOR1). When the disease progressed, pleural
effusion was again collected (KTOR1-RE). Tumor cells were immediately separated from pleural effusion by
centrifugation. Red blood cells were removed using Red Blood Cell Lysis Buffer by Roche Diagnostics (Basel,
Switzerland). Tumor cells were cultured and maintained in alectinib-free RPMI 1640 medium (Nacalai Tesque,
Kyoto, Japan) supplemented with 8% heat-inactivated FBS (Sigma-Aldrich, St. Louis, Missouri United States)
and 1% Penicillin/Streptomycin (Gibco, Waltham, Massachusetts, USA) at 37.0°C in 5% CO,.

Cell lines and reagents

The NCI-H2228 (EML4-ALK variant 3a/b E6; A20) cell line was purchased from the American Type Culture
Collection in 2016. PC-9 cells (epidermal growth factor receptor: EGFR Ex19 del) were purchased from
European Collection of Cell Cultures in 2014. The alectinib-resistant cell line, H2228-AR1S, was established by
exposing NCI-H2228 cells to 300 nM of alectinib in vitro for 3 months. All experiments, including those using
KTOR1 and KTOR1-RE cells, were performed with cells that were within 10 passages. All cells were tested in
2017 for Mycoplasma using the MycoAlert™ Mycoplasma Detection Kit (Lonza, Basel, Switzerland). Alectinib
was kindly provided by Chugai Pharmaceutical Co., Ltd. Saracatinib and crizotinib were purchased from LC
Laboratories (Woburn, MA, USA). PHA-665752 was purchased from Sigma-Aldrich. Alectinib, crizotinib,
saracatinib, and PHA-665752 were dissolved in dimethyl sulfoxide (DMSO) (Nacalai Tesque) at a concentration

of 5 mmol/L. DMSO was also used as a vehicle control.

Detection of the EML4-ALK rearrangement

Total RNA was extracted from the cell lines and purified using the PureLink® RNA Mini Kit (Ambion, Waltham,
Massachusetts, USA). The expression of mRNA for the fusion protein EML4-ALK was examined using a reverse
transcription polymerase chain reaction (RT-PCR). Previously described primers were used. (17) (Table S2) The
PCR product was sequenced by Sanger’s method using a 3130x]1 Genetic Analyzer (Applied Biosystems,

Waltham, Massachusetts, USA). The protein expression of EML4-ALK was examined by immunoblotting.
4
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Cell viability and drug sensitivity assays

Cells (5,000 cells/well) were cultured in 96-well plates overnight and incubated with stepwise concentrations of
indicated drugs or vehicle control medium for 72 hours. Three independent experiments were performed. Viable
cells were quantified using the CellTiter-Glo 2.0 Luminescent Cell Viability Assay (Promega, Fitchburg,
Wisconsin, United States). Luminescence was measured by ARVO X3 (PerkinElmer, Waltham, MA, USA). Half
maximal (50%) inhibitory concentration (ICso) values were calculated using a non-linear regression model with

a sigmoidal dose response by GraphPad Prism 7.0 (GraphPad software, La Jolla, CA, United States).

Cell growth assay

Cell growth assays were performed in accordance with previous reports. (18) Cells (5,000 cells/well) were
cultured in 96-well plates. At 24 hours, all plates were brought to the indicated drug concentration or vehicle
controls, and one plate representing the baseline plate was immediately frozen (-80°C). After incubations for 6-
80 hours, remaining value plates were frozen (-80°C). After freezing, the value and baseline plates were thawed
simultaneously, and viable cell numbers were quantified using CellTiter-Glo. The relative cell number was
calculated with the formula: (Value-Baseline)/Baseline. Three independent experiments were performed. We had
verified that one freezing and thawing procedure has little effect on CellTiter-Glo luminescence signals in our
laboratory. (Fig. S1A)

Apoptosis assay

Cells (2,000 cells/well) were cultured in 386-well plates overnight and incubated with stepwise concentrations
of drugs for 24 hours. Caspase 3/7 activities were tested using the Caspase-Glo 3/7 Assay (Promega) according

to the manufacturer’s recommendations. Three independent experiments were performed.

Immunoblotting

SDS-PAGE and immunoblotting were performed as described previously. (19) tALK, pALK (pY1604), tAkt,
pAkt (pS473), tERK1/2, pERK1/2 (pT202/pY204), cMET, tSrc, pPaxillin (pY118), GAPDH, and secondary
antibodies were purchased from Cell Signaling Technology (Danvers, Massachusetts, United States). The pMET
(pY1234) antibody was purchased from GeneTex (Irvine, CA, United States). The vinculin antibody was
purchased from Abcam (Cambridge, UK). The primary (1:1000) and secondary (1:2000) antibodies were diluted
with 2.5% bovine serum albumin (BSA) / tris-buffered saline with tween 20 (TBS-T). BSA was purchased from

Nacalai Tesque.

Phosphoproteome analysis

Cells were solubilized with lysis buffer (8§ M urea and 4% (w/v) SDS in 50 mM Tris—HCI, pH 7.5) and incubated
at 95°C for protein extraction. Cell lysates were sonicated on ice using the Bioruptor UCD-250T (Cosmo Bio,
Tokyo, Japan). The solution was subjected to chloroform/methanol precipitation. (20) Proteins were reduced by

dithiothreitol (10 mM) at 37°C for 30 min, and iodoacetamide (50 mM) was added. Sequencing-grade modified
5
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trypsin (Promega, 2 pug) was added to the protein solution and incubated overnight. Peptide concentrations were
measured using the BCA assay and adjusted to 10 pg/uL. Phosphopeptides were enriched using Titansphere
Phos-TiO reagents (GL science, Osaka, Japan). The phosphopeptides obtained were labeled with a tandem mass
tag (Thermo Fisher Scientific), as described by Aburaya et al. (21) Proteome analyses were performed using an
LC-MS system (LC, UltiMate 3000 RSLCnano System, and MS, LTQ Velos Orbitrap mass spectrometer;
Thermo Fisher Scientific) equipped with a long monolithic silica capillary column (490 cm in length, 0.075 mm
ID; Kyoto Monotech, Kyoto, Japan). Combined spectrometric data were used for phosphopeptide identification
and quantification. Phosphopeptides were identified using MASCOT (Matrix Science, London, UK) against
UniProt (2002-2015 UniProt Consortium, EMBL-EBI) containing 20210 sequences, with a precursor mass
tolerance of 20 ppm, fragment tolerance of 50 mmu, and strict specificity allowing for up to one missed cleavage.

Data were then filtered at a g-value < 0.01 corresponding to a 1% false discovery rate on a spectral level.

Quantitative reverse transcriptional polymerase chain reaction (qRT-PCR)

Total RNA was extracted from cultured cells using PureLink® RNA mini kit (Thermo Fisher Scientific). Gene
expression was measured via a qRT-PCR assay with each reaction containing 100 ng of total RNA with One
Step SYBR® PrimeScript™ RT-PCR Kit II (Takara-Bio, Shiga, Japan) and a primer pair designed to amplify
target mRNA. (Table S3) Reactions were run on a 7300 Real Time PCR System (Applied Biosystems) for

quantitation.

Transfection of small interfering RNA (siRNA)

siRNA oligonucleotides for MET and SRC were purchased from Thermo Fisher Scientific (Stealth RNAi™
siRNA). Cells (5.0x10%) were transfected with siRNA oligonucleotides with a final RNA concentration of 20
nM using Lipofectamine® RNAIMAX Transfection Reagent (Invitrogen, Waltham, Massachusetts, United
States). A reverse transfection method was performed according to the manufacturer’s instructions. After a 48-h
incubation, medium was changed and transfected cells were exposed to the indicated concentrations of drugs.
After 6 hours of drug exposure (54 hours after transfection), total protein was extracted for immunoblotting. In
the cell viability assay, transfected cells were detached 24 hours after transfection, and cells (5000/well) were
cultured in 96-well plates for 24 hours. Forty-eight hours after transfection, the indicated concentrations of drugs
were applied to 96-well plates, which were then incubated for 72 hours. Cell viability was assessed as described

above.

Xenograft models

Male or female SCID beige (CB17.Cg-Prkdc*“Lyst*®’/CrlCrlj) mice were purchased at 6 weeks of age from
Charles River Laboratories, Japan (Yokohama, Kanagawa, Japan). In order to generate the xenograft model, cells
(1.5 x 10% were suspended in Matrigel® (Corning, NY, United States) and injected subcutaneously into the
backs of mice. Twenty days after the tumor inoculation the treatment was started (day 0). Mice were randomized

to receive vehicle, crizotinib (25 mg/kg/day), saracatinib (25 mg/kg/day), or a combination daily by oral gavage.
6
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Tumor volumes were assessed using caliper measurements and calculated with the formula (Length x Width x
Width) *0.51. All animal experiments and research plans were approved by the Animal Research Committee of

Kyoto University (ID: MedKyo 17270) and were conducted in accordance with ARRIVE guidelines.

Statistics

Continuous variable data were expressed as the mean + SEM. The significance of differences was assessed by
the two-tailed unpaired Mann-Whitney U test. When the mean values of more than three groups were compared,
P-values of all combinations were calculated using Tukey’s multiple comparison test. P-values of <0.05 were
defined as significant. All statistical analyses were performed using JMP Pro version 12.0 (SAS Institute, Inc.,

Cary, NC, United States) and visualized by GraphPad Prism 7.

Results

Establishment of the patient-derived ALK-rearranged paired resistant model

A CPRM for alectinib was established (Fig. 1A). A 29-year-old female was diagnosed with ALK-rearranged
NSCLC in 2014 at Kyoto University Hospital. The EML4-ALK rearrangement was clinically diagnosed using
fluorescent in situ hybridization. The patient was enrolled in a phase III clinical trial of alectinib (J-ALEX). (11)
An evaluation performed 8 weeks after the initiation of alectinib revealed a strong response to the treatment;
pleural effusion on the right side markedly decreased. Seven months later, disease progression, as indicated by
increased pleural effusion on the left side, was observed (Fig. 1B). During the treatment, pleural effusion was
collected twice: when the patient was treatment naive (KTORI1 cell, in 2014) and when the tumor was refractory
to alectinib (KTOR1-RE cell, in 2015), and 2 cell lines were established (Fig. 1 B). In the presence of 300 nmol/L
(nM) of alectinib, the number of KTORI cells decreased, whereas KTOR1-RE cells grew slowly (Fig. 1C). Total
RNA was extracted from the two cell lines and RT-PCR using EML4-ALK detection primers indicated mRNA
for the EML4-ALK fusion protein in the KTOR1 and KTOR1-RE cells. Sequencing of the amplified PCR
product revealed that the fusion type of EML4-ALK was variant 1 (Fig. 1D). Immunoblotting detected the
expression and phosphorylation of EML4-ALK (EML4-pALK) fusion protein variant 1 in KTOR1 and KTORI1-
RE cells (Fig. 1E). Exon sequencing using ALK exon sequencing primers (Table S1) indicated no secondary
mutations in the coding region of ALK tyrosine kinase in KTOR1 or KTORI1-RE (Fig. 1F, Fig. SIB-G).

Stable resistance to ALK inhibitors in alectinib-resistant cells (KTORI-RE)

The sensitivities of KTOR1 and KTOR1-RE to ALK inhibitors were examined. NCI-H2228 and PC-9 cells were
also assessed simultaneously as responding and non-responding controls, respectively. KTORI1 cells were as
sensitive to alectinib and crizotinib as H2228 cells. KTOR1-RE cells were resistant to alectinib, but seemed to
be relatively sensitive to crizotinib (Fig. 2A. B, Fig. S2A, B). KTOR1 and KTOR1-RE cells were bulk cell lines
without single cell cloning; therefore, they were potentially heterogeneous. In order to confirm the stability of
the experiment, KTOR1 and KTOR1-RE were cultured for 6 months in alectinib-free medium and passaged 20

times. No significant difference was observed in alectinib sensitivity between the high and low passage cell lines
7



O© 0 1 O G B W N =

W W W W W W W W N DN NN DN DY P P P = = = = = = =
N O O W= O 000NN 0N REWwNY RO O 0NNy RO

(Fig. S2C).

Alectinib resistance in KTOR1-RE was independent of ALK

In order to clarify whether the survival of KTOR1-RE cells depends on ALK signaling during the alectinib
treatment, we assessed the phosphorylation of EML4-ALK and its downstream signaling molecules in the
presence of stepwise concentrations of alectinib. EML4-pALK was inhibited in KTOR1 and KTOR1-RE by a
low dose of alectinib (30 nM), whereas that of its downstream signaling molecules, Akt (pAkt) and ERK1/2
(pERK1/2), was only inhibited in KTORI1. pAkt and pERK1/2 are key molecules and activation markers for
phosphatidylinositol-3 kinase (PI3K) /Akt pathway and mitogen activated protein kinase (MAPK) pathway,
respectively, which maintains survival, cell proliferation, and anti-apoptosis. The downstream signaling
molecules of KTOR1-RE were not inhibited in the presence of a high dose of alectinib (1,000 nM). This result
suggested that as yet unidentified salvage signaling pathways maintained downstream signaling independent of
EMLA4-ALK (Fig. 2C). Next, the phosphorylation of EML4-ALK and its downstream signaling molecules in the
presence of crizotinib was evaluated. A high dose of crizotinib (300 nM-3,000 nM) inhibited EML4-pALK and
pAkt both in KTOR1 and KTOR1-RE. pERK1/2 was also inhibited more by the high dose of crizotinib than in
its absence, whereas phosphorylation was maintained slightly better than that with alectinib in KTOR1, which
strongly inhibited pERK1/2 (Fig. 2D). MET phosphorylation (pMET) was greater in KTOR1-RE cells than in
KTORI cells. As expected, crizotinib inhibited pMET, whereas alectinib did not (Fig. 2C., D). We focused on
MET as a key molecule in the salvage pathway that maintained downstream signaling. The clinical course of the
patient was partially consistent with the hypothesis that MET is involved in salvage signaling. Although the
crizotinib treatment achieved stable disease in the patient after KTOR1-RE cells were derived, its PFS was
limited to 15 weeks (Fig. 2E, F). The limited effects of crizotinib in the patient and in KTOR1-RE cells (Fig. 2A,

B. E. F) suggested that another salvage pathway other than MET maintained cell proliferation and downstream

signaling, MAPK pathway.

Activation of Src in KTORI-RE

Phosphoproteomic approaches were performed to examine altered signaling pathways when KTOR1-RE cells
were exposed to alectinib. We detected 1005 phosphorylated peptides (589 proteins) from the lysate of KTOR1
or KTOR1-RE cells, which included 35 phosphorylated tyrosines (Fig. 3A, Fig. S3A). Of the 35, three peptides
(Paxillin, Protocadherin-1, and SSRP1) increased, particularly in KTOR1-RE cells, when cells were exposed to
0.3 uM of alectinib (Fig. 3B). Paxillin is a known substrate of the proto-oncogene tyrosine-protein kinase Src,
and its phosphorylation is a marker for Src activity. Among the 1005 phosphorylated peptides (589 proteins), the
phosphorylation status changed by more than 2-fold in 210 peptides (174 proteins) (Fig. 3A, S3A, Data File S1).
Gene ontology (GO) analysis of the 174 proteins revealed enrichment of “cell-cell adherens junctions” (GO:
0005913, P value: 7.30 x 107%5) as a cellular component, and enrichment of “cadherin binding involved in cell-
cell adhesion” (GO: 0098641, P value: 4.80 x 1072%) as a molecular mechanism, which are consistent with Src

activation (Fig. 3C, S3B, S3C). qRT-PCR suggested increased gene expression of SRC among Src kinase family
8
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genes (Fig. 3D). Immunoblotting indicated that the protein expression of Src and phosphorylation of Paxillin
(pPaxillin, Y118) increased in KTORI-RE cells as well as pMET (Fig. 3E). Then, combination drugs that
enhanced crizotinib sensitivity were examined. KTORI-RE cells restored crizotinib sensitivity in combination
with saracatinib, a selective Src family kinase inhibitor (ICso of crizotinib: 9.4 uM with vehicle, and 1.2 pM in

combination with 3 uM of saracatinib, relative ratio (RR): 7.83) (Fig. 3F).

Combination of saracatinib and MET inhibitors overcame alectinib resistance

The inhibition of Src and/or MET in KTORI1-RE cells using saracatinib and PHA-665752, a specific MET
inhibitor, was evaluated. No significant differences were observed in sensitivity to saracatinib or PHA-665752
monotherapy among KTOR1, KTOR1-RE, and H2228 cells. (Fig. 4A). We then examined the effects of
combination therapy with a fixed dose of saracatinib and PHA-665752. The exposure dose of saracatinib was
selected as 3 uM, since the cell viability of KTOR1-RE was not altered in the presence of 3 uM of saracatinib,
but incubation with 10 uM of the agent significantly reduced cell number (Fig. 4A). The 3 uM of saracatinib
was sufficient to inhibit phosphorylation of Paxillin (Fig. S4A). In the same manner, the exposure dose of PHA-
665752 was selected as 3 uM (Fig. 4A). The cell number of KTOR1-RE increased during monotherapy with
alectinib, PHA-665752, or saracatinib, but decreased during triple therapy with the three agents (Fig. 4B, C). An
apoptosis assay using Caspase-glo indicated that caspase 3/7 activity was significantly (3.56-fold) increased in
KTORI1-RE cells treated with the triple therapy (Fig. 4B, D). Exposure to both alectinib and PHA-665752
downregulated pAkt in KTOR1-RE, but pERK1/2 was inhibited only when cells were exposed to three inhibitors
(Fig. 4B. E). A drug sensitivity assay indicated that KTORI1-RE cells partially restored alectinib sensitivity in
the presence of saracatinib, and greatly (17.2-fold in ICso) restored sensitivity in combination with saracatinib
plus PHA-665752 (Fig. 4B, F). The first generation ALK inhibitor crizotinib is clinically available and the
compound also inhibits MET. In KTOR1-RE, exposure to high dose crizotinib (1 uM) inhibited pMET, EML4-
pALK, and pAkt, but pERK1/2 signaling was maintained and cell number was increased compared with baseline
(Fig. 2D, Fig. S4C, E). Combination therapy of high dose crizotinib and 3 uM of saracatinib induced inhibition
of both pAkt and pERK 1/2, decreased cell number, and increased caspase 3/7 activity (Fig. S4B-E). In order to
evaluate the therapeutic significance of salvage signaling caused by MET and Src, a xenograft tumor mouse
model of KTORI-RE was evaluated. Xenograft mice were treated with vehicle, crizotinib monotherapy,
saracatinib monotherapy, or combination therapy. Vehicle, saracatinib monotherapy, and crizotinib monotherapy
did not inhibit tumor growth, whereas combination therapy with crizotinib and saracatinib blocked the growth

of KTOR1-RE xenograft tumors (Fig. 4G).

Inhibition of salvaged downstream signaling was specific for Src and MET activity

In order to clarify whether the inhibition of growth and downstream signaling was specific to Src and MET
activities, SRC and MET gene knockdown using siRNA was evaluated. The knockdown of SRC or MET did not
suppress EML4-pALK, pAkt, and pERK1/2 (Fig. 5A, B). Knockdown of MET in the presence of alectinib

inhibited pAkt, but did not inhibit pERK1/2. The combined knockdown of MET and SRC in the presence of
9
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alectinib suppressed both pAkt and pERK1/2 (Fig. 5C, Fig. S5A), reduced cell number of KTOR1-RE (Fig. 5D,
E, S5B), and increased caspase 3/7 activity as compared with alectinib monotherapy (1.69-fold in siMETSRC-
A and 1.90-fold in siMETSRC-B) (Fig. 5D, F, Fig. S5C). The knockdown of SRC in the presence of crizotinib
also suppressed downstream signaling (Fig. S5D), reduced cell number (Fig. SE, S5E), and increased caspase
3/7 activity. (Fig. SF, Fig. SSF).

Cells with high MET and/or Src activity were present under treatment-naive conditions (KTORI)

To obtain evidence to support cells with high MET and/or Src activity initially being present, the single cell
cloning of KTORI1 using limited dilution was performed. We seeded KTOR1 at the concentration of 0.3-1.0
cells/well to three 96-well plates (288 wells) for three times (total 864 wells), but only 3 clones (KTOR1-A, B,
C) were obtained, that might suggest the majority of KTORI1 cells could not survive in a single cell environment.

The 3 cloned strains had high MET and/or Src activity and less sensitivity to alectinib than KTOR1 parental cells
(Fig. 6A, B). Next, in order to evaluate whether Src and MET are associated with the initial survival of KTOR1

cells, we explored signal alterations when exposing KTORI1 to 300 nM of alectinib or vehicle for several days.

Although the activity of EML4-ALK in KTOR1 was suppressed after 4 or 8 days of alectinib exposure, pAkt
was maintained, and the phosphorylation of ERK1/2 and Paxillin was increased (Fig. S6A).

Activation of MET and Src in another alectinib-exposed ALK-rearranged cell line

To confirm the generality, an alectinib-resistant ALK-rearranged NSCLC cell line (H2228-ARI1S) was
established from NCI-H2228 cells. (Fig. 6C) The H2228-AR1S cell line grew in the presence of 1 uM of alectinib,
3 uM of crizotinib, 3 uM of saracatinib, or 3 uM of PHA-665752. Triple therapy with alectinib, saracatinib, and
PHA-665752 or combination therapy with crizotinib and saracatinib reduced the number of H2228-ARI1S cells
(Fig. 6D, E), increased caspase 3/7 activity (Fig. 6D, F), and inhibited both MAPK and PI3K/Akt signaling (Fig.
6D, G, S6B). Immunoblotting of the 4 sub-clones of H2228-ARIS cells suggested that the H2228-ARIS cell
line had heterogeneity, containing subpopulations with high MET and/or Src activity (Fig. 6H). These results
demonstrated that inhibition of MET was sufficient to inhibit pAkt in the presence of alectinib, but did not
downregulate MAPK pathway, pERK1/2, and that MET, Src, and ALK maintained MAPK pathway (Fig. 7).
The inhibition of both Src and MET was needed to sensitize cells to ALK inhibitors.

Discussion

We herein provided a CPRM with an ALK rearrangement from a patient with NSCLC. We consider the KTOR1
and KTOR1-RE cell lines to be new bioresources that may be cultured, passaged, and applied to investigations
on ALK-positive lung cancer. Using this CPRM for alectinib, we demonstrated that two salvage signaling
pathways, Src and MET, were involved in drug resistance, anti-apoptosis, and tumor growth. Triple inhibition
of Src, ALK, and MET effectively overcame drug resistance. To the best of our knowledge, drug-resistant

mechanisms have not yet been investigated using CPRM.

The present study suggested potential advantages of CPRM that will advance research on drug resistance. Data
10
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obtained from clinical samples reflect events in the patient, but evaluation of a few clinical samples may be
ambiguous because clinical patients have intra- and inter-tumor heterogeneity. (22,23) Using CPRM, however,
comparisons of patient-derived resistant cells with patient-derived treatment-naive cells reduce noise and provide
clear information on properties acquired during treatments. For example, a phosphoproteome analysis indicated
numerous phosphorylated proteins in KTORI-RE cells treated with alectinib, whereas most
phosphopeptides/phosphoproteins were excluded because these were phosphorylated to a similar extent in
KTORI cells treated with alectinib. We may not have been unable to focus on the phosphorylation of Paxillin if
treatment-naive KTORI cells had not been available. This approach permits drug-resistant mechanisms to be
elucidated while investigating relatively fewer patients, without exploring the common characteristics of

numerous drug-resistant patients, and may be suitable for research on rare cancers.

Extensive efforts are needed to refine and continuously establish CPRM. Patients need to be followed up in one
institution from biopsy to diagnosis, treatment, and the acquisition of resistance. Furthermore, efforts should be
made to establish cell lines for all potential patients, because biopsy is usually performed before definite
diagnosis. Additionally, the success rate of cell line establishment from pleural effusion is approximately 50%,
and lower from biopsy samples. (18) We established 5 treatment-naive cultivable cell lines from NSCLC and are

now following patient treatment courses.

This is the first study to show that dual salvage signaling from Src and MET is associated with the development
of alectinib resistance. (Fig. 7) Src is a non-receptor tyrosine kinase, the activity of which correlates with a poor
prognosis and advanced malignancy in a number of human cancers. (24) The Src/Paxillin pathway plays an
important role in anchorage-independent growth and, in our results, phosphoproteome analysis detected
significant enrichment in phosphoproteins related to cell adhesion when KTOR1-RE was incubated with
alectinib (Fig.3C). Anchorage-independent growth is potentially involved in determining response. In addition,
we isolated only 3 single cell clones from KTOR1 cells, which supports majority of KTORI cells could not
survive in the single cell environment. Considering that days of alectinib exposure induced increased
phosphorylation of Paxillin in KTOR1 (Fig. S6B), Src/Paxillin signals also could be associated with initial

response to alectinib exposure.

Src is also a key molecule conferring resistance to crizotinib in ALK-rearranged lung cancer. Crystal et al.
demonstrated that the inhibition of Src using saracatinib enhanced crizotinib sensitivity in 7 out of 12 crizotinib-
resistant cell lines. (18) In second generation ALK inhibitors, only in vitro studies suggested that saracatinib
sensitized ceritinib-resistant ALK-rearranged lung cancer. (25) Various Src inhibitors have been developed
including dasatinib, bosutinib, and saracatinib, and their safety profiles have been confirmed. (26-28) Our result
provided a rationale to conduct future clinical trials on Src inhibitors in combination with ALK inhibitors in

patients with no secondary mutations.

11
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MET bypass signaling as a cause of ALK-TKI resistance has not yet been reported in detail because crizotinib,
which also inhibits MET signaling, has taken a leading role in the treatment of ALK-rearranged NSCLC. A
previous study showed that MET alternative signaling was not associated with ALK-TKI resistance in 12 ALK-
TKlI-resistant cell lines. (18) Our results were not contradictory to these findings because the resistant cell lines
in that study had been established by exposing ALK-rearranged cell lines to crizotinib or were derived from
patients who had received crizotinib. There is a supportive evidence that HGF/cMET signaling pathway
potentially salvages downstream signaling and combination inhibition of HGF/cMET and ALK limitedly inhibit
downstream signaling, but the generality has not been confirmed because the report demonstrated bypass
signaling from MET in one alectinib-resistant cell line established in vitro. (14,29) In a case report, crizotinib
was effective after the development of alectinib resistance in a patient with a MET gene amplification. (30) Our
results added a novel evidence that MET bypass signaling was associated with alectinib resistance in the clinical
settings . The importance of MET bypass signaling may be going to increase since inhibitors with high affinity
and specificity to ALK may replace crizotinib as the favored first-line therapy and the mechanisms of ALK
inhibitor resistance may also change. (10-12) The identification of gatekeeper mutations and the development of
more specific inhibitors, such as third generation ALK inhibitors brigatinib and lorlatinib (31-33), are important,

but resistance due to salvage signaling also needs to be overcome.

In the development of novel targeted therapy for salvage signaling, the potential of two or more bypass salvage
pathways complicates appropriate combinations of inhibitors. For example, research on targeted therapy for
salvage signaling is more advanced in EGFR-TKI, (15) whereas clinical trials targeting MET, the most common
salvage signal, were negative. (34) Since multiple salvage signaling pathways have been implicated and clinical
surrogate markers have not yet been identified, difficulties are associated with establishing appropriate
combination treatments for EGFR-positive NSCLC. This is also the case for ALK-TKIs. Preclinical and clinical
studies showed that EGFR, HER2, KIT, KRAS, and IGF were associated with ALK inhibitor resistance as
alternative salvage signaling pathways, (8,14,35) which indicates numerous potential combination therapies.
Biomarkers to screen and individualize various bypass signaling pathways are needed. Drug arrays and shRNA

libraries are potential solutions to these issues. (18,36)

This study has 3 major limitations. First, saracatinib is a multiple kinase inhibitor that also inhibits various
tyrosine kinases. However, our in vitro experiment using siRNA supported that the resistance mechanism in
KTORI1-RE was specific for Src and MET. Second limitation is that we presented only one CPRM. Then, we
identified co-activation of MET and Src in conventional alectinib-resistant model H2228-ARI1S, and
combination inhibition of Src and MET restored alectinib sensitivity. Dual salvage signaling from MET and Src
could be generated from monoclonal cultured cells by exposing these cells to alectinib, that supports generality
of our findings. Finally, we examined the efficacy of the combination therapy of crizotinib and saracatinib in
vivo and did not evaluate the triple therapy with alectinib, PHA-665752, and saracatinib. To identify specific

resistance mechanisms with alectinib, it may be necessary to evaluate the effect on xenografts with the triple
12
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therapy. From a clinical point of view, however, preclinical evidence on crizotinib-based therapy for alectinib-
resistant models would be worthy of literature. This is because crizotinib is the most evident MET inhibitor of
safety and efficacy in human, and a phase II clinical trial evaluating crizotinib monotherapy after acquiring
alectinib-resistance is ongoing. (14) On the other hand, PHA-665752 has no phase I trials to evaluate the safety

and efficacy for humans.

In summary, the present results indicated that dual salvage bypasses were associated with the development of
alectinib resistance in a patient with ALK-rearranged NSCLC, and suggested the importance of establishing
patient-derived paired cell lines, before treatment and after the development of resistance, for research on drug
resistance. These results will contribute to the development of new therapeutic and research strategies for patients

with ALK-rearranged NSCLC.
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Fig. 1. Establishment of a patient-derived paired resistant model from a patient with ALK-rearranged

NSCLC

(A) Schematic explanation of the clinical paired resistant model (CPRM). Tumor cells were obtained twice: pre-

treatment and at disease progression. Properties acquired during the treatment were screened by comparing the

two cell lines. The acquired properties were evaluated as therapeutic targets using resistant cells. (B) CT images

in the clinical course of the patient (left side), and optical micrographs of cells stained using the Papanicolaou

stain (right side). KTORI1 cells were established from pleural effusion collected from the right side before the

treatment (white arrow) (top). The patient responded to alectinib (middle). KTOR1-RE cells were established

from pleural effusion collected from the left side (white arrow) when disease progression was observed (bottom).

Calibration bar = 200 micrometers. (C) Cell proliferation assay of KTOR1 and KTOR1-RE. Both cell lines were
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incubated in medium with vehicle or 300 nM of alectinib. (D) Detection of mRNA for the EML4-ALK fusion
protein. The PCR product specific for EML4-ALK was positive in NCI-H2228, KTOR1, and KTOR1-RE. PC-
9 (adenocarcinoma, EGFR exon 19 del) is a negative control. (left) Sequencing using Sanger’s method indicated
EMLA4-ALK rearrangement variant 1 in KTOR1 and KTORI1-RE (right). (E) The protein expression and
phosphorylation of the EML4-ALK fusion protein in NCI-H2228, KTOR1, and KTORIRE indicated by
immunoblotting. (F) Direct sequencing of the tyrosine kinase coding region in ALK. 11171 and G1202 are known

mutations that confer alectinib resistance. KTOR1-RE cells did not have known resistant mutations.
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Fig. 2. Alectinib-refractory patient-derived cells were resistant to
partially effective.
(A) Cell viability assay on KTOR, KTOR1-RE, NCI-H2228, and PC9

3 weeks 15 weeks

(SD) (PD)

alectinib, whereas crizotinib was only

cells in the presence of alectinib (left) or

crizotinib (right). (B) ICso values of cell lines treated with crizotinib, alectinib, and ceritinib. Data shown in the

figure were obtained simultaneously. (C, D) KTOR1 and KTORI-RE cells were treated with the indicated

concentrations of alectinib (C) or crizotinib (D) for 6 h. Cell lysates were analyzed by immunoblotting with the

indicated antibodies. (E, F) Clinical course of the patient during the
acquired resistance to alectinib. (E) Crizotinib achieved stable disea

effusion decreased. However, pleural effusion on the left side increase

crizotinib treatment after the tumor had
se by the 3-week evaluation and pleural

d by 3 months. (F) Changes in abdominal

lymph nodes also suggested that although crizotinib after alectinib was effective at 3 weeks, the effect was

limited; size increased at 15 weeks.
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Fig. 3. Src was another potential bypass salvage signal in KTOR1-RE cells.

(A) Summary of phosphopeptides and phosphoproteins identified by the phosphoproteome analysis. (B) Fold
changes in tyrosine phosphorylation (Log2) in cells treated with 0.3 pM of the ALK inhibitor for 6 hours. (C)
Gene ontology (GO) analysis of 174 proteins with an altered phosphorylation status. P-values were calculated
using Fisher’s test. (D) Evaluation of expressions of Src family kinase genes using quantitative reverse
transcriptional PCR. The significance of differences between KTOR1 and KTOR1-RE was assessed by Mann-
Whitney test in each gene expression. (E) Evaluation of MET phosphorylation, Src expression, and Paxillin
phosphorylation. Cell lysates of KTOR1 and KTOR1-RE were analyzed using an immunoblotting assay with
the indicated antibody. (F) Viability of KTOR1-RE cells treated with saracatinib or vehicle for 24 hours and then

with the indicated concentrations of crizotinib for 72 h. Cell viability or number was quantified using the
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Fig. 4. Combination of saracatinib and MET inhibitors overcame alectinib resistance in KTOR1-RE cells.
Cell viability or number was quantified using the CellTiter-Glo assay. ICso values are shown in the figure. (A)
Cell viabilities of the ALK-rearranged cell lines, H2228, KTOR1, and KTOR1-RE treated with stepwise
concentrations of saracatinib (left) or PHA-665752 (right) for 72 h. (B-E) Cell growth, apoptosis, and signaling
assays for KTOR1 and KTORI1-RE treated with alectinib, saracatinib, and/or PHA-665752. KTOR1 and
KTORI1-RE cells were incubated with vehicle, PHA-665752, saracatinib, or a combination for 24 h, as indicated
in the figure, and subsequently treated with alectinib. The assay time schedule was presented in (B). (C) A cell
growth assay of KTOR1 and KTOR1-RE when cells were exposed to indicated agents. All columns were
compared and P-value was calculated using Tukey test. (D) Caspase 3/7 activity was quantified using Caspase-
Glo after a 24-h treatment with alectinib or vehicle. P-value was calculated using Tukey test.(E) A cell lysate

was obtained after exposure to indicated drugs and analyzed by immunoblotting using the indicated antibody.
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(F) A cell viability assay of KTOR1-RE cells treated with vehicle, PHA-665752, saracatinib, or a combination
for 24 h, and then treated with alectinib for 72 h. (G) Effects of combination therapy with saracatinib and
crizotinib on tumor growth and body weight in KTORI1-RE xenograft models. KTOR1-RE xenograft tumors
were treated with vehicle, 25 mg/kg/day saracatinib, 25 mg/kg/day crizotinib, or a combination. Tumor sizes
were statistically analyzed by Mann-Whitney test on day 25. Tumor volume (top) and body weight (bottom)

curves. * P <0.05.
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Fig. 5. Knockdown of MET and SRC overcame alectinib resistance

(A, B) The knockdown of SRC (A) or MET (B) using small interfering RNA (siRNA) was performed on KTOR1-

RE. Cell lysate was obtained 72 h after transfection and analyzed by immunoblotting using the indicated

antibodies. (C) The knockdown of MET and/or SRC was performed on KTORI-RE. Sixty-six hours after

transfection, cells were exposed to vehicle or 300 nM of alectinib for 6 h. Cell lysate was obtained and analyzed

by immunoblotting using the indicated antibodies. (D) The time schedule for a cell growth or apoptosis assay
performed on KTOR1-RE cells transfected with SRC and/or MET siRNA and subsequently treated with vehicle
alectinib, or crizotinib. (E) A cell growth assay of KTOR1-RE. Cell numbers at baseline and after a 72-h

incubation were quantified using CellTiter-Glo. The relative cell number was calculated with “(Value — Baseline

value)/Baseline value”. P-value was calculated using Mann-Whitney test. (F) Caspase 3/7 activity was quantified
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using Caspase-Glo after a 24-h treatment with alectinib or vehicle. P-value was calculated using Tukey test. The



result of replicate experiments of Fig. 5C, D, E, and F using another siRNA oligomer, siSRC-B and siMET-B,
was presented in Fig. S5A-C.
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Fig. 6. KTORI cells and another alectinib-resistant cell line contained cells with Src and/or MET activity
(A) KTOR1 (BULK) cells and 3 clones (KTOR1-A, KTOR1-B, and KTOR1-C) established from KTORI1 cells
were analyzed by immunoblotting using the indicated antibody. (B) KTOR1 (BULK) cells and the 3 clones
(KTORI-A, KTORI1-B, and KTOR1-C) established from KTORI cells were treated with the indicated
concentrations of alectinib for 96 h (N=6). (C) H2228 cells and alectinib-resistant cells established from H2228
cells (H2228-AR1S) were treated with the indicated concentrations of alectinib for 72 h (N=6). (D-G) H2228-
ARIS cells were treated with the indicated drugs. (D) The time schedule is shown. (E) A cell growth assay of
H2228ARIS. Cell numbers at baseline and after treatment with indicated drugs were quantified using CellTiter-
Glo. The relative cell number was calculated with “(Value — Baseline value)/Baseline value”. P-value was
calculated using Tukey test. (F) Caspase 3/7 activity was quantified using Caspase-Glo after a 24-h treatment

with indicated drugs. All columns were compared and P-value was calculated using Tukey test. (G) A cell lysate
25



was obtained after a 6-h treatment with alectinib and analyzed by immunoblotting using the indicated antibody.
(H) H2228 cells and 4 representative clones (H2228 AR1S-A, B, C, and D) established from H2228-AR1S cells

were analyzed by immunoblotting using the indicated antibody.
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Fig. 7. Schematic explanation for the dual bypass signaling pathway of KTOR1-RE.

In KTOR1-RE cells, Src and MET maintained downstream survival, anti-apoptotic, and proliferation signaling
(Akt and ERK1/2) independent of oncogenic EML4-ALK signaling. In the presence of alectinib, PI3K/Akt
pathway was maintained by MET, and MAPK pathway was maintained Src and MET. KTOR1-RE cells survive

and proliferate in the presence of alectinib because alectinib does not inhibit MET or Src.
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Supplementary materials

Fig. S1. Supplementary data for Fig. 1

Fig. S2. Supplementary drug sensitivity data to ALK inhibitors in KTOR1 and KTOR1-RE.
Fig. S3. Supplementary results of the phosphoproteome analysis

Fig. S4. Saracatinib sensitized KTOR1-RE cells to crizotinib

Fig. S5. Combined knockdown of MET and SRC inhibited proliferation and induces apoptosis
Fig. S6. Supplementary data for Fig. 6

Table S1. Primer sequences for direct sequence of ALK exons

Table S2. Primer sequences for detection and sequence of EML4-ALK rearrangement
Table S3. Primer sequences for gRT-PCR

Data File S1. Data sets of the phosphoproteome analysis in KTOR1 and KTOR1-RE cells
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