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Tivantinib Overcomes Drug Resistance by ABC Transporter

Organisation-European Society for Medical Oncology
(ECCO-ESMO) 2013, no benefit was observed in KRAS-
mutant patients (7, 8). In addition, an original study by
Munshi and colleagues (3) showed that tivantinib inhib-
ited the cell growth of KRAS-mutated A549 cells that had
been reported to be insensitive to another c-MET inhibitor,
PHA-665752 (9, 10). These results suggest that tivantinib
shows cytotoxic activity in addition to c-MET inhibition.
Furthermore, we and Basilico and colleagues indepen-
dently reported that tivantinib showed cytotoxic activity
in various cancer cells by disrupting microtubule function
independent of cellular ¢-MET status (11-13). Related to
the report (13), there is published letter explaining that the
activity of tivantinib in clinical trials is related to the MET
inhibition; however, there is the counterargument (14, 15).
In addition, recently Remsing Rix and colleagues (16)
reported that tivantinib bound and inhibited glycogen
synthase kinase 3 (GSK3) alpha and beta to a greater
degree than did c-MET. Molecular target of tivantinib is
still uncertain.

Because microtubules have a crucial role in cancer cell
division and motility, microtubules have been recognized
as highly attractive targets for cancer chemotherapy.
Tubulin binding agents, such as vincristine and paclitaxel,
have been commonly used as chemotherapeutic drugs in
various cancers. However, as with all chemotherapeutic
agents, the appearance of drug-resistant cells is a major
obstacle. It has been reported that microtubule inhibitor—
treated cells acquired resistance through various mechan-
isms, including overexpression of BIlI-tubulin, alteration
of the B-tubulin gene, and overexpression of ABC trans-
porters, such as P-glycoprotein (17-20). Thus, to overcome
chemoresistance to tubulin binding agents, a new class of
microtubule-targeting agents is currently being evaluated
in clinical trials, and several drugs have recently been
approved and used clinically. For example, microtubule-
stabilizing agent ixabepilone, which is an analogue of
epothilone B, was approved by the FDA in 2007 for
treatment of patients with metastatic or advanced breast
cancer whose tumors are resistant or refractory to anthra-
cyclines, taxanes, and capecitabine. Ixabepilone showed
low susceptibility against taxane-resistant cells caused by
overexpression of P-glycoprotein in vitro and in vivo (21).
Eribulin, a synthetic analogue of halichondrin B, has been
approved by the FDA for treatment of patients with
metastatic breast cancer who have previously received at
least two chemotherapeutic regimens to treat metastatic
disease. It has been reported that the underlying mecha-
nism of eribulin activity is unique and that the drug
suppressed the growth rates of microtubules, but unlike
vinblastine, eribulin did not affect shortening rates of
microtubules (22).

In the present study, we aimed to elucidate the mech-
anism underlying the cytotoxic activity of tivantinib in
which cellular microtubules are disrupted. To determine
if tivantinib shows cytotoxic activity by inhibition of
tubulin polymerization, we quantified assembled micro-
tubules in cells and a xenograft model. To determine if

tivantinib directly binds to tubulin, we performed a
tubulin binding competition assay using tivantinib and
other ®H-labeled microtubule inhibitors. We found that
tivantinib directly bound to tubulin and competitively
inhibited binding of colchicine to tubulin. We also used
computational modeling to predict a structural model of
the tubulin-tivantinib complex in the colchicine binding
pocket of o- and B-tubulin complexes. On the other hand,
tivantinib showed cytotoxic activity against ATP-binding
cassette sub-family B member 1 (MDR1)-overexpressing
cells that acquired resistance to vincristine, vinblastine,
and colchicine. Tivantinib equally inhibited growth and
induced apoptosis in ATP-binding cassette sub-family C
member 1 (MRP1)- or ATP-binding cassette sub-family G
member 2 (BCRP)-overexpressed cells. These results sug-
gest that tivantinib, differently from other tubulin inhibi-
tors, might be effective against multidrug-resistant cells
that overexpress ABC transporters.

Materials and Methods

Cell lines and reagents

EBC-1, SK-MEL-28, DLD-1, K562, K562/VCR, CEM,
and CEM/VBL were cultured in RPMI-1640 medium
with 10% FBS. 293T, KB3-1, KB3-1 MDR1, KB3-1 MRP1,
and KB3-1 BCRP were cultured in RPMI medium with
10% FBS. All cells were maintained at 37°C in a humid-
ified atmosphere at 5% CO,. EBC-1 and CEM cells were
obtained from the Japanese Cancer Research Resources
Bank, SK-MEL-28 was obtained from the ATCC, and
293FT was purchased from Invitrogen. K562/VCR and
CEM/VBL were established in our institute (23, 24).
KB3-1 cells were provided by Dr. I. Pastan (National
Cancer Institute), and MDR1-, MRP1-, or BCRP-expres-
sing subclones were provided by Dr. Y. Sugimoto (Keio
University, Japan). K562 and DLD-1 cells were provided
by Drs. E. Ezaki and T. Tsuruo in our institute, respec-
tively. SK-MEL-28, DLD-1, K562, K562/VCR, 293T,
KB3-1, KB3-1 MDR1, KB3-1 MRP1, and KB3-1 BCRP
cells were authenticated by short tandem repeat anal-
ysis. CEM and CEM/VBL cells have not been tested by
the authors. Tivantinib (ARQ 197) and crizotinib were
purchased from ChemieTek. Vincristine, vinblastine,
colchicine, and paclitaxel were purchased from Sigma.
Streptavidin-coated yttrium scintillation proximity
assay (SPA) beads, [PH]colchicine, and [PHlvincristine
were purchased from PerkinElmer. [*Hlvinblastine was
purchased from American Radiolabeled Chemicals. The
CSII-EF-MCS  vectors encoding mCherry-hCdtl and
mVenus-hGem were kindly provided by Dr. Atsushi
Miyawaki (RIKEN).

Time-lapse imaging

Lentiviral plasmid for fluorescent ubiquitination-based
cell cycle indicator (Fucci) expression [mCherry-hCdtl
(30/120) or mVenus-hGem (1/110)] was transfected by
using a packaging plasmid into 293FT cells (25). Both viral
solutions were prepared and infected into EBC-1 or SK-
MEL 28 cells. Fucci-expressed clones were obtained by
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limiting dilution. For time-lapse fluorescence microscopy,
Fucci-expressing cells were plated onto a 35-mm glass-
bottom dish. After 24 hours, the medium was replaced
with drug-containing medium, and dishes were placed in
37°C humidified chamber of an FV10i confocal laser
microscope (Olympus).

Immunoblot analysis

Cell lysates were prepared as described previously
(11, 26). Equal amounts of lysates were electrophoresed
and immunoblotted with the antibodies against phos-
pho-c-MET (Tyr1234/1235) (3D7), c-MET (25H2), phos-
pho-p42/44 ERK/MAPK (Thr202/Tyr204), p42/44
ERK/MAPK, phospho-AKT (Ser473) (D9E), panAKT
(C67E7), B-actin (13ES5), cleaved PARP (Asp214; Cell
Signaling Technology), MDR1 (C219; MILLIPORE),
MRP1 (MONOSAN), BCRP (C219; Santa Cruz Biotech-
nology), and o-tubulin (DM1A; Sigma). An ECL Prime
Western Blotting Detection Reagent (GE Healthcare) or
SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Scientific) was used to detect immunoreactive
signal.

Measurement of in-cell microtubule assembly
Separation of polymerized tubulin from tubulin dim-
mers and analysis of the effect of tivantinib on tubulin
polymerization in cells were performed as described pre-
viously with some modification (27). In brief, EBC-1 or
DLD-1 cells were treated with the indicated concentrations
of agents. After treatment, the cells were washed with PBS,
and subsequently lysis buffer containing 20 mmol/L Tris-
HCI, pH 8.6, 1 mmol /L MgCl,, 2 mmol/L EGTA, 1 mmol/
L PMSF, 20 pg/mL aprotinin, and 0.5% Nonidet P-40
(tubulin detection buffer) was added to the treated agents.
Supernatants were collected after centrifugation at 15,000

rpm for 15 minutes at 4°C. The pellets were dissolved in a

Laemmli Sample Buffer. Equal amounts of supernatants
and dissolved pellets were electrophoresed and immuno-
blotted with the indicated antibodies.

Xenograft studies

Six-week-old female athymic nude mice (Charles River
Laboratory) were inoculated s.c. at 1 x 10° EBC cells per
mouse. Five days after inoculation, tivantinib was admin-
istered at 200 mg/kg twice per day for 5 consecutive days,
followed by a 2-day dosing holiday. Mouse body weight
and tumor volume (0.5 x length x width?) were measured
twice per week. Tivantinib was formulated in polyethyl-
ene glycol 400/20% Vitamin E tocopheryl polyethylene
glycol succinate (60:40) at 30 mg/mL as previously
described (3). The nonparametric Mann-Whitney U test
was used to perform statistical analysis. Nineteen days
after drug treatment, the tumors were resected from the
nude mice and homogenized with tubulin detection buff-
er (above). Cell lysates were filtered through a 0.80-um
filter, centrifuged, and subsequently immunoblotted
according to the same protocol described above. All ani-
mal procedures were performed according to protocols

approved by the Japanese Foundation for Cancer
Research Animal Care and Use Committee.

[’H]colchicine-tubulin binding assay

The tubulin binding assay was performed as reported
previously with slight modification (28). In brief,
[®*Hlcolchicine was diluted with ethanol and concentrated
by evaporation on a SpeedVac centrifuge for 40 minutes.
After centrifugation, [PHlcolchicine with or without
unlabeled compounds was diluted in binding buffer
[1 mmol/L GTP, 1 mmol/L EGTA, 1 mmol/L MgCl,,
and 80 mmol/L PIPES (pH 6.8)], and the buffer was
subsequently transferred into a 96-well plate (90 uL per
well). After transfer, 0.5 ug of biotin-labeled tubulin pre-
pared in 10 pL of binding buffer was added. The total
reaction buffer volume was 100 pL/well, and the final
concentration of [*Hlcolchicine was indicated in figure
legends. The plates were incubated for 2 hours at 37°C
with gentle shaking. After incubation, 0.08 mg of SPA
beads in 20 pL of binding buffer was added. After further
incubation for 10 minutes under agitation at 37°C, the SPA
beads were allowed to settle for 1 hour. A TopCount
microplate scintillation counter (PACKARD) was used to
perform scintillation counting.

Structural modeling of tivantinib and tubulin by
genetic optimization for ligand docking

We predicted the binding poses of tivantinib for the
colchicine binding site of tubulin using docking software
GOLD version 5.1. The docking score was calculated by
GOLD version 5.1. Higher genetic optimization for ligand
docking (GOLD) scores correspond to better pose ranks.
The X-ray crystal structure of tubulin in a complex with
colchicine (PDB code: 1SA0) was used as the initial struc-
ture. The statistics program package R was used to per-
form clustering of 50 tivantinib structures.

Survival assays

Cell survival assay was performed as described previ-
ously (11). In brief, 3,000 cells were seeded into 96-well
plates in triplet or sextuplet. On the following day, the
cells were incubated with the indicated drugs for 72 hours.
Cell viability was determined by adding the CellTiter-Glo
assay reagent (Promega) for 10 minutes, and using a
TriStar LB 941 Multimode Microplate Reader (Berthold
Technologies). GraphPad Prism version 5.0 (GraphPad
Software) was used to graphically display the data and to
determine ICsq values.

Apoptosis assay

Atotal of 1 x 10° cells were seeded into 6-well plates. On
the following day, the cells were treated with the indicated
concentrations of drugs and incubated for another 72
hours. After incubation, the cells were collected and stained
with FITC-labeled Annexin V and 1 pg/mL propidium
iodide (PD) for 10 minutes. A Cytomics 500 flow cytometer
(Beckman Coulter) was used to assay the cells, and FlowJo
software (Tree Star) was used to analyze the data.
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Resulis

Tivantinib inhibits tubulin polymerization and
induces G,-M cell-cycle arrestindependent of c-MET
inhibition

Previously, we reported that tivantinib disrupts micro-
tubule assembly in vitro and in wvivo (11). However,
detailed mechanism underlying inhibition of tubulin
polymerization by tivantinib and whether tivantinib
shows antitumor activity by microtubule depolymeriza-
tion were not known.

Because drugs that disrupt microtubules induce aber-
rant mitotic phenotypes, it is expected that the influence of

tivantinib on the cell cycle would be different from other c-
MET inhibitors. To monitor the cell cycle in real time, we
established Fucci-expressing EBC-1 or SK-MEL-28 cells
and observed the cell-cycle progression after treatment
with tivantinib or crizotinib. In the Fucd system, human
Cdtl deletion mutants were fused to red fluorescent pro-
tein mKO2 (monomeric Kusabira Orange 2), and the N-
terminus of human geminin was fused to green fluorescent
protein mAG1 (monomeric Azami Green 1). Because Cdtl,
a substrate of SCF**P? complex, expression is highest dur-
ing G; and geminin, a substrate of APC*™ complex,
expression is highest during S-G,-M phases, Fucci-

A Control Crizotinib 100 nmol/L Tivantinib 1 pmol/L

e i

Figure 1. Tivantinib shows effects
different from those of another
c-MET inhibitor, crizotinib. A,
tivantinib induces G-M arrest
(green), whereas crizotinib
induces G arrest (red) in Fucci-
induced EBC-1 cells. Fucci-
induced EBC-1 cells were cultured
with the indicated concentration
of tivantinib and crizotinib for 22
hours. Cell cycles were monitored
by time-lapse fluorescence
microscopy. Shown are
photographs taken at time zero
and 22 hours after treatment

with each drug. White scale bars
indicate 100 pm. Table below
indicates the ratio of red
fluorescent (G1 arrest) or green
fluorescent (Ge—M) cells measured
by flow cytometry 22 hours after
treatment with each drug. B, cells
were cultured with the indicated B C

Crizotinib 100 nmol/L
95.2%
4.2%

Control
39.5%
50.2%

Ratio at 22h
Red (Gy—Gy)
Green (G,—~M)

14.6%
79.5%

EBC-1 (6 h treatment)

concentrations of drugs for 24 o u
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immunoblotted with the indicated s E £
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paclitaxel, 300 nmol/L vincristine, g % £ ._3 insoluble o-tubulin Im o (G |
or various concentrations of § g E & .
tivantinib. After the cells were > Soluble o-tubulin
cultured for 6 hours (B), they were Cyclin A p-MET
lysed with NP-40 lysis buffer and (Y1234/1235)
centrifuged at 15,000 g; )
subsequently, the insoluble pellets Cyclin B
were lysed in Laemmli Sample c-MET
Buffer. Both soluble and insoluble mAG1
lysates were electrophoresed and P-AKT (8473)
immuncbiotted with the indicated
antibodies. mKO2 AKT | sow s moe g o 228 22
p-ERK — o
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expressing cells emit red light when the cells are in G,
phase and emit green fluorescence when the cells are in 5-
G-M phase (25). EBC-1 cells are reported as c-MET-
addicted cells because of ¢-MET amplification, and SK-
MEL-28 cells are known to have BRAF mutation and barely
express c-MET (Supplementary Fig. S1; refs. 11, 29). After
exposure to tivantinib, EBC-1 cells induced G,—M cell-cycle
arrest, whereas crizotinib induced Gg-G; arrest (Fig. 1A;
Supplementary Fig. S2A; Supplementary Movies 1-3).
Consistent with the report that microtubule inhibitors
induce metaphase arrest (30), tivantinib treatment reduced
cyclin A (which is required for S phase entry) and markedly
upregulated cyclin B (which functions in late M phase).
Furthermore, crizotinib treatment decreased both cyclin A
and B, suggesting the accumulation of Gg-G;-phase cells
(Fig. 1B). In addition, Fucci-expressing SK-MEL-28 cells
also showed Go-M cell-cycle arrest after 3 pmol/L tivanti-
nib treatment, similar to the behavior of the cells treated
with 30 nmol/ L of vincristine (Supplementary Fig. S2B and
52C; Supplementary Movies 4-6). To quantify the Gg-Gr-
phase cells and G-M-phase cells, we counted the ratio of
the cells emit red or green fluorescence. Consistent with the
previous result, tivantinib treatment increased G-M-
phase cells.

To further clarify the effect of tivantinib on microtu-
bule dynamics, we examined the microtubule assembly
state in the cells treated with tivantinib or other drugs.
First, c-MET-amplified lung cancer EBC-1 cells were
treated with 1 pmol/L tivantinib or 100 nmol/L of
crizotinib, anaplastic lymphoma receptor tyrosine
kinase (ALK) and ¢-MET inhibitor, for 16 hours and
subsequently immunostained with anti-o-tubulin anti-
body. The tivantinib-treated cells showed cellular
microtubule depolymerization with short microtubules
in the cytoplasm, whereas the microtubules in the cri-
zotinib-treated cells were not affected (Supplementary
Fig. S3). Second, GFP o-tubulin—expressing KRAS-
mutant lung cancer A549 cells or melanoma SK-MEL-
28 cells were treated with tivantinib and observed by
time-lapse confocal microscopy. Tivantinib treatment
caused disruption of microtubules within 30 minutes
(Supplementary Fig. 54).

These results suggest that tivantinib inhibits tubulin
polymerization and induces Go-M cell-cycle arrest inde-
pendent of c-MET inhibition.

Tivantinib inhibited tubulin polymerization in cells

In our previous study, we performed an in vitro
tubulin polymerization assay and observed that tivan-
tinib inhibited tubulin polymerization in a dose-depen-
dent manner similar to that by vincristine (11). To
determine if tivantinib inhibited tubulin polymerization
in cells, we quantified assembled microtubules in cells
after tivantinib, paclitaxel, vincristine, or crizotinib
treatment. As previously reported, 6-hour paclitaxel
treatment significantly increased polymerized tubulin
in EBC-1 cells. In contrast, vincristine treatment
decreased assembled microtubules (31). As expected,

tivantinib treatment inhibited tubulin polymerization in
a concentration-dependent manner similar to that by
vincristine treatment but surprisingly did not inhibit
¢-MET and its downstream AKT and ERK signaling
pathways. On the other hand, crizotinib treatment did
not affect tubulin polymerization but significantly sup-
pressed phosphorylation of c-MET, AKT, and ERK (Fig.
1C). After 24-hour treatment, tivantinib still inhibited
tubulin polymerization (Supplementary Fig. S5A). To
confirm whether the reduction of polymerized tubulin
was independent of ¢-MET activity, we used ¢-MET
non-addicted H460 cells which expressed ¢-MET and
had weak activity. In previous report, we showed H460
cells were unaffected by knockdown of c-MET (11).
Equally to EBC-1 cells, tivantinib treatment inhibited
tubulin polymerization dose-dependently in H460 cells
(Supplementary Fig. S5B). It was recently reported that
tivantinib induced microtubule stabilization in colon
cancer DLD-1 cells when the cells were treated with
a lower concentration of tivantinib (13). To see if tivan-
tinib would similarly affect DLD-1 cells, we treated
DLD-1 cells and quantified the amount of assembled
microtubules. Similar to EBC-1 cells, the DLD-1 cells
treated with tivantinib also showed a decrease in assem-
bled microtubules in a dose-dependent manner
(Supplementary Fig. S5C). These results suggest that
tivantinib disrupts microtubule assembly and inhibits
tubulin polymerization in cells without regard to c-MET
activity.

Tivantinib showed antitumor activity by affecting
microtubules

From the results of phase I clinical trials, the mean Cpax
in plasma from patients treated with tivantinib was
approximately 5 umol/L (5, 32-34). After confirming that
<5 umol/L tivantinib induced reduction of polymerized
tubulin in cells, we assessed the effect of tivantinib on
xenografted human tumors in mice to see if tivantinib
inhibited tubulin polymerization in vivo. Tivantinib
showed antitumor effects at doses of 200 mg/kg twice
per day for 5 consecutive days, followed by a 2-day dosing
holiday (Fig. 2A). Following this dosing regimen, tivanti-
nib did not show serious side effects, such as body weight
loss (Supplementary Fig. S6A). After 19 days of drug
treatment, the tumor xenografts were resected from nude
mice. The resected tumors were minced, homogenized,
and subsequently lysed with tubulin detection buffer
according to the same method as used in the experiment
with cultured cells. The tivantinib-treated tumors showed
significant decreases in tubulin polymerization (insoluble
o-tubulin) compared with the levels in the control tumors
(Fig. 2B). Furthermore, tivantinib-treated tumor xeno-
grafts of the H460 cells also showed antitumor activity
and reduction of polymerized tubulin (Fig. 2C and D and
Supplementary Fig. S6B). In addition, tivantinib did not
induce obvious change on c-MET and GSK-3 status (Sup-
plementary Fig. S6C and S6D). These results suggest that
tivantinib exhibits the antitumor effect and disrupting
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microtubule assembly in vivo as well as in vitro indepen-
dent of c-MET status.

Tivantinib directly binds to tubulin at colchicine
binding site

It is well known that microtubule-destabilizing agents,
such as vincristine and colchicine, directly bind to tubu-
lins at several different binding sites (35, 36). To determine
if tivantinib directly binds to tubulin in a manner similar
to that by other microtubule inhibitors, we estimated
the effect of tivantinib or other small-molecule
inhibitors on [°H]colchicine binding to tubulin using a
competition binding SPA. Interestingly, tivantinib inhib-
ited [°H]colchicine binding to tubulin in a dose-depen-
dent manner similar to that by unlabeled colchicine (Fig.
3A). As expected, vincristine, vinblastine, and crizotinib
did not affect [’H]colchicine binding to tubulin. To deter-
mine if tivantinib interferes with the tubulin binding of
vincristine or vinblastine, which have been shown to bind
to the vinca domain of tubulin, DEAE-cellulose filters
were used to test the effect of tivantinib on [*H}vincristine
or [*H]vinblastine binding to tubulin. As expected, unla-
beled vincristine and vinblastine, but not tivantinib, col-

chicine, or crizotinib, inhibited both [*H]vincristine and
[*Hlvinblastine binding to tubulin (Supplementary Fig.
S7A and S7B). These results suggest that tivantinib affects
colchicine-tubulin binding. To determine if tivantinib
competitively or noncompetitively inhibits colchicine
binding to tubulin, we performed a binding assay with
increasing concentrations of [*H]colchicine in the pres-
ence of tivantinib and calculated the B, and Kd values
for colchicine binding to tubulin using nonlinear regres-
sion analysis. Consistent with the increase in tivantinib
concentration, the Kd values for colchicine but not for
Bumax binding to tubulin increased (Fig. 3B). These results
suggest that tivantinib directly interacts with tubulin via
the colchicine binding site, and competitively inhibits
colchicine binding to tubulin.

On the basis of these in vitro results, we perform a
computational simulation of the binding model in which
tivantinib binds to the colchicine binding site of tubulin
using GOLD docking program. In this study, we used the
well-known tubulin—colchicine structure reported by
Ravelli and colleagues (35). To validate the GOLD simu-
lation findings, we pulled colchicine out of the binding site
and consequently redocked colchicine into the structure.
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Figure 3. Analysis of binding modes of tivantinib with tubulin. A, competition assay of various small-molecule inhibitors, including tivantinib with [*Hcolchicine,
for binding to purified tubulin. Biotin-labeled tubulin was incubated with 0.3 pmol/L. [*H]colchicine and the indicated concentration of each compound

at 37°C for 2 hours. After incubation, the binding of [*H]colchicine to tubulin was quantified by scintillation proximity assay. Each data point represents
the mean + SD. B, tivantinib shows competitive inhibition of colchicine-tubulin binding. The following concentrations of [*Hcolchicine (*HICLC) were
incubated with the indicated concentrations of tivantinib (0.08, 0.16, 0.32, 0.64, and 1.28 umol/L each). Graphpad Prism was used to perform

nonlinear regression analysis to calculate the Bmax and Kd for colchicine-tubulin binding. Data are represented by the mean -+ SD. In this figure, "Tiv" indicates
tivantinib and "CLC" indicates colchicine. C, structure model of tubulin-DAMA colchicine (red) was drawn with PyMOL software using a reported

crystal structure data (PDB ID: 1sa0; top). The GOLD docking program was used to calculate the predicted binding structure mode! of tubulin-tivantinib
(blue), which was illustrated using PyMOL. software (bottom). D, shown is an overlay of colchicine (cyan) and tivantinib (magenta) on tubulfin.

The top-ranked docking pose of tivantinib with tubulin on the tubulin-colchicine binding model is shown.

The top-ranked tubulin—colchicine structure simulated by
the GOLD program showed a conformation quite similar
to that of the original crystal structure. Next, we extracted
colchicine from the reported structure and docked tivan-
tinib (Fig. 3C). In this docking study, the top 50 structures
calculated by the GOLD program were clustered into 10
groups (Fig. 3D and Supplementary Fig. S8). As shown
in Fig. 3D, the top-scored tivantinib molecule was highly
overlapped with the colchicine molecule in the binding
pocket of tubulin. These results predict that tivantinib
directly binds to the colchicine site of tubulin without
steric hindrance.

Tivantinib showed cytotoxic activity against tubulin
binder-resistant cells

The microtubule inhibitors, paclitaxel, vincristine, and
vinblastine, are commonly used in the treatment of var-
ious cancers, but development of acquired resistance can
prevent success. For example, overexpression of the drug
efflux pump is one major mechanism of drug resistance.
To determine if tivantinib could overcome drug resis-
tance, we tested the cytotoxic activity of tivantinib against
tubulin binding agent-resistant cells. In this assay, we
used clones of K562 and CEM cells that showed acquired
resistance to vinca alkaloid. These resistant clones of
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Figure 4. The effect of tivantinib on
vinca alkaloid-resistant cells. A, the
expression of ABC transporters.
Cells were cultured with the
indicated concentrations of drugs
for 24 hours. Cell lysates were
immunoblotted with the indicated
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K562/VCR and CEM/VBL were obtained by growing the
cells in the presence of sublethal concentrations of drug,
and the cells were shown to acquire resistance by over-
expressing MDR1 (23, 24; Fig. 4A). As expected, K562/
VCR or CEM/VBL cells showed cross-resistance to vin-
blastine, vincristine, or colchicine, but surprisingly, these
microtubule inhibitor-resistant cells were still sensitive to
tivantinib (Fig. 4B).

Tivantinib overcomes drug resistance mediated by
major ABC transporters

Next, we examined the sensitivity of tivantinib in KB3-1
cells that overexpressed various ABC transporters
(Fig.5A; ref. 37). Ectopic overexpression of MDR1 resulted
in acquired resistance to vincristine and slight resistance
to adriamycin in KB3-1 cells. In addition, BCRP-over-
expressed KB3-1 cells exhibited resistance to SN-38, and
MRP1 overexpression resulted in resistance to adriamycin
and slightly to vincristine (38). To our surprise, tivantinib

showed the same cytotoxic activity in these ABC trans-
porter—overexpressing cells (Fig. 5B). Next, we used PI
and FITC-labeled Annexin V staining to measure induc-
tion of apoptosis. Consistent with the results from a
cell viability assay, MDR1-overexpressing KB3-1 cells
acquired resistance to vincristine, but all of the cells
similarly induced apoptosis after tivantinib treatment
(Fig. 6A and Supplementary Fig. S9A). Because of the
fluorescence of SN-38 or adriamycin, we could not assess
the apoptosis by FITC-Annexin V/PI staining. Therefore,
we measured apoptotic cells by sub-G; analysis. As
expected, we observed that KB3-1 cells that overexpressed
BCRP did not undergo apoptosis by SN-38 treatment and
KB3-1 cells that overexpressed MRP1 did not increase
apoptosis by adriamycin (Supplementary Fig. S9B). After
24-hour treatment with tivantinib, cleaved PARP expres-
sion was equally induced in all of the cells, whereas
vincristine did not induce PARP cleavage in the MDR1-
overexpressed cells, SN-38 did not induce PARP cleavage
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Figure 5. The effect of tivantinib on
various cells overexpressing ABC
transporters. In this figure, MDR1-
overexpressed KB3-1 cells are
indicated as "KB3-1 MDR1";
similarly, MRP1- or BCRP-
overexpressed cells are indicated
as "KB3-1 MRP1" or "KB3-1
BCRP," respectively. A, the
expression of ABC transporters.
Cells were cultured with the

-u- KB3-1 indicated concentrations of drugs
- KB3-1 BCRP for 24 hours. Cell lysates were
~+- KB3-1 MDR1

immunoblotted with the indicated
antibodies. B, MDR1-, MRP1-, or
BCRP-overexpressed KB3-1 cells
and parental KB3-1cells were
treated with the indicated
concentrations of tivantinib (top
left), vincristine (top right), SN-38
(bottom left), or adriamycin
(bottom right) for 72 hours. Cell
viability was assessed by
CellTiter-Glo assay. Error bars
show the SDs; n = 6.
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in BCRP-overexpressed cells, and adriamycin did not
induce PARP cleavage in MRP1-overexpressed cells
(Fig. 6B).

Discussion

Tivantinib was first reported as a highly selective inhib-
itor of c-MET and is currently being investigated in a
phase III clinical trial based on the result of early clinical
trials that increased OS and PFS in MET-high population
(3, 6, 8). Because c-MET activation by c-MET gene ampli-
fication or HGF upregulation is related to acquired resis-
tance to EGFR-TK], a phase Il study of EGFR-TKI erlotinib
with or without tivantinib treatment for patients with
advanced NSCLC was initiated. Although that study did
not meet the primary endpoint, a small cohort of patients
with KRAS mutations significantly improved PFS in the
tivantinib combined with erlotinib-treated patients (7).

This result is surprising because KRAS is downstream of
¢-MET, and KRAS-mutated cells have been reported to be
insensitive to other c-MET inhibitors, such as PHA-665752
and crizotinib (9, 13). To explain these inconsistencies,
we and Basilico and colleagues recently showed that
tivantinib inhibited cell proliferation independent of
addiction to ¢-MET and disrupted microtubule dynam-
ics (11, 13, 14). Considering that tivantinib is currently in
a phase III clinical trial and has shown encouraging
antitumor activity, it is very important to clarify the true
target of tivantinib. To investigate the mechanism
underlying how tivantinib affects cell growth, we first
used Fucci-expressing cells to compare the effect of
tivantinib on cell cycling. The tivantinib-treated cells
primarily emitted green fluorescence, which showed
that tivantinib treatment induced G,-M arrest and that
the treatment with the potent c-MET/ALK inhibitor,
crizotinib, induced G; arrest (Fig. 1A and B and
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Figure 6. Tivantinib induces apoptosis in cells overexpressing various ABC transporters. A, flow cytometry analyses of apoptotic cells. Cells were treated with
the indicated concentrations of SN-38, adriamycin, vincristine, or tivantinib for 72 hours. After 72 hours, tivantinib- or vincristine-treated cells were stained
with Pl and FITC-labeled Annexin V and analyzed on a FC 500 flow cytometer. B, expression of cleaved PARP and ABC transporters. Cells were

cultured with the indicated concentrations of drugs for 24 hours. Cell lysates were immunoblotted with the indicated antibodies.

Supplementary Fig. S2A-S2C). It has been reported that
treatment with microtubule inhibitors, such as vincris-
tine or paclitaxel, induced G,-M arrest in cancer cells,

and cells treated with tyrosine kinase inhibitors, such as
erlotinib or gefitinib, often showed G, arrest in various
EGFR-mutated NSCLC cell lines (39, 40). Consistent
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with our previous report, these results indicate that the
mode of action of tivantinib is different from that of
other tyrosine kinase inhibitors (11).

To clarify the effect of tivantinib on microtubule status
in cells and in vivo, we quantified polymerized tubulin
after tivantinib treatment. In EBC-1 cells, tivantinib
decreased polymerized tubulin in a dose-dependent man-
ner (Fig. 1C). Moreover, at this concentration of tivantinib,
¢-MET and downstream AKT/ERK were not inhibited.
From the phase I dose-escalation study, the reported Cpax
of tivantinib was approximately 5 umol/L (5, 32-34).
Because we confirmed that <5 pmol/L tivantinib could
inhijbit tubulin polymerization in EBC-1 cells, we deter-
mined if tivantinib also could inhibit tubulin polymeri-
zation in vivo. Similar to the in vitro study results, tumor
xenografts of tivantinib-treated mice showed reduction
of polymerized tubulin compared with the level in the
controls (Fig. 2B and D). This result suggests that the
antitumor effect of tivantinib is associated with tubulin
polymerization inhibition. Previous confocal analysis
suggested that treatment with several hundred nanomo-
lar concentrations of tivantinib induced microtubule sta-
bilization in DLD-1 cell (13). To determine if tivantinib
inhibited tubulin polymerization in DLD-1 cells, we mea-
sured cellular polymerized tubulin and confirmed that
tivantinib reduced tubulin polymerization at an approx-
imate 3 umol/L concentration, which is lower than the
Cmax of tivantinib (Supplementary Fig. S5C). These results
again suggested that tivantinib impairs microtubules by
inhibiting tubulin polymerization.

Most tubulin-targeting drugs are known to directly
bind to B-tubulin at three different sites, such as the vinca
binding site, taxane binding site, or colchicine binding site
(36). In this study, we showed that tivantinib dose-depen-
dently inhibited [*H]colchicine binding to tubulin and did
not affect [PH]vincristine or [°H]vinblastine binding to
tubulin (Fig. 3A; Supplementary Fig. S7A and S7B). More-
over, the By, for colchicine binding to tubulin was not
changed, and the Kd value for colchicine binding to
tubulin was increased in the presence of tivantinib (Fig.
3B). These results imply that tivantinib directly binds to
tubulin at the colchicine binding site. It is known that
classical tubulin inhibitors, such as paclitaxel and vincris-
tine, produce a painful peripheral neuropathy; however,
previous clinical trials have shown that there is no neu-
rotoxicity at all in patients treated with tivantinib. This
finding of minimal neuropathy is similar to that for
recently approved tubulin-targeted inhibitors, such as
eribulin and the semi-synthetic vinca alkaloid, vinflunine,
for which the incidence of peripheral neuropathy was
lower than those for paclitaxel or vinblastine. In addition,
the Ki value of tivantinib was calculated to be approxi-
mately 9 pumol/L by using the Cheng-Prusoff equation,
and the Ki value was lower than those of other colchicine-
site binding agents previously reported (28), which sug-
gests that tivantinib might have a slightly weak effect on
tubulin polymerization. However, vinflunine is known to
have less affinity for the vinca binding site of tubulin than

does vincristine in mouse models and to show a potent
antitumor effect with lower neurotoxicity in clinical trials
(41, 42). The mechanism of microtubule inhibition by
vinflunine has been reported to involve increase of micro-
tubule growth duration and suppression of the tread-
milling rate, but the effects were weaker than vinblastine.
In addition, vinflunine has been reported to induce reduc-
tion of the microtubule growth rate (43). On the other
hand, the molecular mechanism underlying how tivanti-
nib inhibits microtubules remains unknown. Moreover,
Remsing Rix and colleagues (16) recently reported that
GSK3o. and GSK3p are new target kinases of tivantinib.
Further study is needed to elucidate the mechanism in
detail.

Consistent with the results of the tubulin binding
competition assay, computational prediction of tubu-
lin-tivantinib binding also suggested that tivantinib
directly binds to the colchicine site of tubulin without
steric hindrance (Fig. 3C and D). However, because the
resolution of the reported tubulin-DAMA colchicine
structure was low, the predicted model of tivantinib-
tubulin has a higher degree of uncertainty. Further
experiments would be required to elucidate the binding
mode of tivantinib.

Microtubule-targeting agents have been widely used in
cancer chemotherapy; however, the emergence of resis-
tant tumors is a major obstacle. As one of the resistant
mechanisms to microtubule-targeting drugs, MDR1 over-
expression was identified in various cancer cells (18).
MDR1 is one of the ABC transporter proteins that confers
resistance by pumping out various microtubule inhibi-
tors, such as colchicine, taxol, and vincristine. In our
previous report, the result of a COMPARE analysis
involving in silico screening of a database of drug sensi-
tivities across 39 cancer cell lines showed that tivantinib
exhibited similar ICsy values across 39 cancer cells includ-
ing HCT-15 cells known to naturally overexpress MDRI1
(11, 44). Consistent with this previous result, tivantinib
showed cytotoxic activity equally against vinca alkaloid—
resistant cells or MDR1-overexpressed cells compared
with the effect on parental cells (Figs. 4B and 5B). In
addition, it is widely known that other ABC transporter
BCRP confers resistance to topotecan and that MRP1
confers resistance to adriamycin. Tivantinib equally
inhibited growth of cells overexpressing BCRP or MRP1
(Figs. 5B and 6A and B).

In clinical trials, tivantinib showed encouraging anti-
tumor activity and was well tolerated. However, the
additional possible targets of tivantinib were unknown.
In this study, we showed that tivantinib inhibited tubu-~
lin polymerization in cells and tumors. Moreover, we
suggest that tivantinib directly interacts with tubulin at
the colchicine binding site and overcomes the effects of
drug resistance-mediating ABC transporters. However,
the detailed mechanism underlying inhibition of tubu-
lin polymerization by tivantinib remains unknown.
Moreover, it is expected that cells may acquire resis-
tance to tivantinib in a manner similar to that for other
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drugs. However, the mechanism of acquired resistance
to tivantinib remains unknown. Currently, tivantinib is
under clinical evaluation as a selective c-MET inhibitor
and showed lower toxicity. Our finding that tivantinib
shows cytotoxic activity by disrupting tubulin polymer-
ization, directly interacts with tubulin, and overcomes
ABC transporter-mediated drug resistance suggests
that tivantinib may be useful for treatment of a variety
of other cancers.
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Two Novel ALK Mutations Mediate Acquired Resistance to
the Next-Generation ALK Inhibitor Alectinib

Ryohei Katayama'?%, Luc Friboulet'?, Sumie Koike®, Elizabeth L. Lockerman'*, Tahsin M. Khan’,
Justin F. Gainor'2, A. John lafrate™*, Kengo Takeuchi®, Makoto Taiji®, Yasushi Okuno’, Naoya Fujita®,
Jeffrey A. Engeiman®?, and Alice T. Shaw'+?

Abstract

Purpose: The first-generation ALK tyrosine kinase inhibitor (TKI) crizotinib is a standard therapy for
patients with ALK-rearranged non-small cell lung cancer (NSCLC). Several next-generation ALK-TKIs have
entered the clinic and have shown promising activity in crizotinib-resistant patients. As patients still relapse
even on these next-generation ALK-TKIs, we examined mechanisms of resistance to the next-generation ALK-
TKI alectinib and potential strategies to overcome this resistance.

Experimental Design: We established a cell line model of alectinib resistance, and analyzed a resistant
tumor specimen from a patient who had relapsed on alectinib. We developed Ba/F3 models harboring
alectinib-resistant ALK mutations and evaluated the potency of other next-generation ALK-TKIs in these
models. We tested the antitumor activity of the next-generation ALK-TKI ceritinib in the patient with
acquired resistance to alectinib. To elucidate structure-activity relationships of ALK mutations, we
performed computational thermodynamic simulation with MP-CAFEE.

Results: We identified a novel V1180L gatekeeper mutation from the cell line model and a second novel
11171T mutation from the patient who developed resistance to alectinib. Both ALK mutations conferred
resistance to alectinib as well as to crizotinib, but were sensitive to ceritinib and other next-generation ALK-
TKIs. Treatment of the patient with ceritinib led to a marked response. Thermodynamics simulation suggests
that both mutations lead to distinct structural alterations that decrease the binding affinity with alectinib.

Conclusions: We have identified two novel ALK mutations arising after alectinib exposure that are
sensitive to other next-generation ALK-TKIs. The ability of ceritinib to overcome alectinib-resistance
mutations suggests a potential role for sequential therapy with multiple next-generation ALK-TKIs. Clin
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Introduction

The EML4-ALK fusion oncogene was first reported in
non-small cell lung cancer (NSCLC) in 2007 (1). Approx-
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imately 3% to 5% of NSCLC tumors harbor ALK rearrange-
ments. In addition to EML4, other fusion partners such as
TFG, KIF5B, and KLC1 have been identified in NSCLC (2-4).
Fusion with any of these partner proteins is believed to
mediate oligomerization of ALK, which then leads to con-
stitutive activation of the tyrosine kinase (TK) and aberrant
downstream signaling (5). As a result, ALK fusions function
as potent "oncogenic drivers," and cancers harboring these
rearrangements are highly sensitive to ALK kinase inhibition.

Crizotinib is a potent small-molecule inhibitor targeting
cMET, ALK, and ROSI1 tyrosine kinases. On the basis of its
activity in phase I, II, and III clinical trials, crizotinib is
approved in many countries for the treatment of advanced,
ALK-rearranged NSCLC (6-8). Although crizotinib often
induces marked and durable responses, most patients will
relapse within 1 to 2 years due to the development of
Tesistance.

Multiple different mechanisms of resistance to crizotinib
have been reported previously (9-14). In approximately
one third of crizotinib-resistant cases, resistance is mediated
by a genetic alteration in ALK itself, typically a missense
mutation in the tyrosine kinase domain, though amplifi-
cation of the ALK fusion gene has also been observed. In
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contrast to EGFR-mutant NSCLC, in which T790M repre-
sents the sole EGFR resistance mutation in the clinic, cri-
zotinib resistance can be mediated by a variety of different
secondary mutations in ALK. To date, eight different crizo-
tinib resistance mutations have been identified, including
the gatekeeper L1196M substitution (9, 15). In some cases,
resistant tumors have been found to harbor multiple non-
overlapping mutations within the ALK-TK domain
(9, 11, 16). In addition, some cancers may develop resis-
tance because the crizotinib fails to fully suppress ALK
signaling despite the absence of an ALK resistance mutation
(17), possibly secondary to inadequate drug exposures.
Other mechanisms of crizotinib resistance appear to be
independent of ALK and involve activation of alternative
signaling pathways, so-called bypass tracks, such as EGFR
and cKIT (11, 13, 14).

To overcome acquired resistance to crizotinib, a number
of structurally distinct, next-generation ALK inhibitors have
been developed and are in various phases of clinical devel-
opment. In general, these drugs are more potent inhibitors
of ALK and may be effective against many of the known
resistance mutations, including L1196M (10, 18). Alectinib
(RO5424802/CH5424802) is one of the most advanced
next-generation ALK inhibitors. In preclinical studies, alec-
tinib demonstrated strong antitumor activity against cancer
cells harboring ALK fusions, both in vitro and in vivo (18). In
aphase I/l study conducted in Japan, alectinib was found to
be highly effective and safe in crizotinib-naive, ALK-rear-
ranged NSCLC, inducing responses in 94% of treated
patients (19). Alectinib has also been tested in a phase I/
II study in the United States. Preliminary data from this
study suggest that alectinib is also highly active in crizotinib-
resistant patients, with a reported response rate of 55% (24
of 44 patients; ref. 20). A similarly high response rate in
crizotinib-resistant disease has also been reported with the
next-generation ALK inhibitor ceritinib (LDK378; ref. 21).
On the basis of these promising results, alectinib received

Breakthrough Therapy Designation by the U.S. FDA, and
ceritinib was recently approved by the U.S. FDA for ALK-
positive patients with crizotinib-resistant or crizotinib-
intolerant disease.

As with crizotinib, patients eventually develop resis-
tance to next-generation ALK inhibitors. In this study, we
have explored acquired resistance to alectinib in a cell line
model and in a primary tumor specimen from an alecti-
nib-refractory patient. We have identified two novel sec-
ondary mutations within the ALK-TK domain, both of
which mediate resistance to alectinib: V1180L, which
functions as a gatekeeper such as L1196M, and 11171T,
which resides in the aC helix within the ALK-TK domain.
The thermodynamic stability of different alectinib-ALK
complexes suggests that both V1180L and 11171T sub-
stitutions cause resistance by decreasing the binding
affinity of alectinib for the mutated kinases. Although
cancer cells expressing either V1180L- or 1117 1T-mutated
EML4-AIK are resistant to alectinib as well as crizotinib,
they remain sensitive to other structurally distinct ALK
inhibitors and to hsp90 inhibitor. Thus, two different
therapeutic strategies may be effective in overcoming
resistance to alectinib, including the use of an alternative
next-generation ALK inhibitor in tumors with susceptible
resistance mutations such as V1180L or 11171T.

Materials and Methods

Patients

The ALK-positive NSCLC patient with acquired alectinib
resistance underwent biopsy of a resistant tumor in October
2012. Standard histopathology was performed to confirm
the diagnosis of malignancy and the histologic subtype.
Total nucleic acid was isolated as described. We also per-
formed fluorescence in situ hybridization (FISH) and IHC
studies as described below. The cell line was also established
when we obtained sufficient tissue. The established ALK-
positive patient-derived cell line has been previously tested
for mutation status to confirm their authenticity. The elec-
tronic medical record was reviewed retrospectively to obtain
clinical information under an Institutional Review Board
(IRB)-approved protocol.

Reagents

Alectinib and LDK378 were purchased from ActiveBio-
chem, 17-AAG was from LC-Laboratories, NVP-TAE-684
and ASP3026 were from ChemieTek, and crizotinib was
from ShangHai Biochempartner. AP26113 was from Sell-
eck. Each compound was dissolved in DMSO for cell culture
experiments.

Isolation of gDNA or total RNA preparation,
sequencing of ALK fusion gene

Genomic DNA (gDNA) was isolated from cell pellets or
fresh-frozen specimen with the DNeasy Blood & Tissue Kit
(QIAGEN) according to the manufacturer’s protocol. Total
RNA was isolated from cell pellets or fresh-frozen specimen
with an RNeasy Mini Kit (Qiagen) according to the man-
ufacturer’s instructions. Each exon of ALK kinase domain
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(exon 21 to 27) or ALK kinase domain was PCR-amplified
from gDNA or ¢cDNA synthesized from total RNA with
Oligo dT using KOD Plus ver.2 (TOYOBO), and sequenced
bidirectionally by Sanger sequencing.

Fluorescence in situ hybridization

Two-color, break-apart FISH to detect ALK rearrange-
ments was performed using formalin-fixed paraffin-embed-
ded tissues with in-house ALK FISH probes [ALK-5' terminal
(red)/ALK-3' terminal (green)] made from BAC clones.
Isolated or split signals indicate ALK rearrangement, while
overlapping signals indicate a nonrearranged ALK gene.
Images were captured with an Olympus BX51 fluorescent
microscope equipped with a charge-coupled device camera
(DP71; Olympus).

Reagents and cell culture conditions

The H3122 human NSCLC cell line was obtained
as previously described (22). PC9 cells were kindly pro-
vided by Dr. Kazuto Nishio (Kinki University, Osaka,
Japan) and have been previously characterized (23).
HCC827 was kindly provided by Dr. Adi Gazdar (Uni-
versity of Texas Southwestern Medical Center, Dallas, TX)
and has been previously characterized (24). H460 and
A549 human NSCLC cells were obtained from American
Type Culture Collection. Ba/F3, immortalized murine
bone marrow-derived pro-B cells were obtained from
the RIKEN BRC Cell Bank (RIKEN BioResource Center).
H3122, H3122-derived alectinib-resistant cells (H3122
CHR-A1l), HCC827, PC9, H460, and A549 cells were
cultured in RPMI-1640 supplemented with 10% FBS
(R-10). Human embryonic kidney 293FT cells were
cultured in DMEM supplemented with 10% FBS (D-10).
Ba/F3 cells, immortalized murine bone marrow-derived
pro-B cells, were cultured in D-10 with or without 0.5
ng/mL IL3 (Invitrogen).

Generation of H3122 CHR-A1 cells

H3122 CHR-A1 cells were established in the same
manner as H3122 CR1 (10). Briefly, H3122 cells were
seeded at approximately 50% confluence in 15-cm dishes
in R-10. Alectinib was added at a starting concentration of
10 nmol/L, and cells were maintained in fresh drug-
containing medium changed every 72 to 96 hours. Cells
were passaged once they reached confluence. After every
two passages at a given concentration of drug, the con-
centration of alectinib was increased until a final concen-
tration of 1 pmol/L was achieved. The resulting pool of
resistant cells (designated H3122 CHR-A1) was main-
tained in R-10 with 1 pmol/L alectinib.

Survival assays

For 72-hour drug treatments, 2,000 to 3,000 cells were
plated in replicates of three to six into 96-well plates.
Following drug treatments, cells were incubated with the
CellTiter-Glo Assay reagent (Promega) for 10 minutes and
luminescence was measured using a Centro LB 960 micro-
plate luminometer (Berthold Technologies). The data were

graphically displayed using GraphPad Prism version 5.0
(GraphPad Software). ICs, value was determined by a
nonlinear regression model with a sigmoidal dose response
in GraphPad.

Immunoblot analysis

Lysates were prepared as described previously (ref. 11).
Equal amounts of lysates were electrophoresed and
immunoblotted with the antibodies against phospho-
ALK (Tyr1604), ALK (C26G7), phospho-p42/44 ERK/
MAPK (Thr202/Tyr204), p42/44 ERK/MAPK, phospho-
Akt (Ser473; DIE), panAkt (C67E7), phospho-S6 Ribo-
somal Protein (Ser240/244, D68F8), S6 Ribosomal
Protein (54D2; Cell Signaling Technology), GAPDH
(6C5, Millipore), and B-actin (Sigma).

Retroviral infection

cDNAs encoding EML4-ALK variant 1, EML4-ALK var-
iant 1 V1180L, or I1171T mutants were cloned into 1,520
retroviral expression vectors (pLenti), and virus was pro-
duced as previously described (ref. 10). After retroviral
infection, Ba/F3 cells were selected in puromycin (1.0 pg/
mL) for 2 weeks. For Ba/F3 cells infected by EML4~ALK
variants, IL3 was withdrawn from the culture medium for
at least 2 weeks before experiments.

Statistical analysis

All data are shown as mean = SD. Statistical analysis was
performed using a two-tailed Student t test. Significance was
established for P < 0.05.

Resulis

Generation and characterization of alectinib-resistant
cells

The EML4-ALK-expressing NSCLC cell line H3122 is
more sensitive to alectinib than crizotinib, as reported
previously (Supplementary Fig. S1; ref. 11). To explore
mechanisms of alectinib resistance, we generated resistant
H3122 cells by exposing the sensitive parental cells to
increasing concentrations of alectinib for 7 months. The
fully resistant cells, H3122 CHR-A1 cells, were maintained
in 1 pmol/L of alectinib. H3122 CHR-A1 cells were as
resistant to alectinib as cancer cell lines that do not harbor
ALK rearrangement (Fig. 1A and B). In contrast to parental
H3122 cells, H3122 CHR-A1 cells maintained ALK phos-
phorylation and downstream AKT and ERK phosphoryla-
tion in the presence of 300 nmol/L of alectinib (Fig. 1C).
As amplification of ALK fusion genes has been shown to
mediate crizotinib resistance (10), we examined ALK gene
copy number by FISH. Like the parental H3122 line, CHR-
A1 cells showed no evidence of amplification of the ALK
fusion gene (Fig. 1D).

We next examined the entire coding sequencing of
EML4-ALK in both H3122 parental and CHR-A1-resistant
cells. In the resistant cells, we detected a G to C substitution
at nucleotide 3538 of EML4-ALK variant 1, which was not
detected in the parental line (Fig. 1D). This 3538 G to C
substitution results in a valine to leucine change at codon
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Figure 1. H3122 CHR-AT1 cells are resistant to alectinib and harbor a V1180L mutation in the ALK kinase domain. A, cells were seeded in 96-well black plates

and treated with

increasing concentrations of alectinib for 72 hours. Cell survival was analyzed using the CellTiter-Glo Assay. Although H3122 cells showed

high sensitivity to alectinib (red line), H3122 CHR-A1 cells (green line) were as insensitive to alectinib as non-ALK-rearranged cell lines. B, table summarizing

ICs0 values (nmo!
hours. Cell extra

I/L) of each cell line against alectinib. C, parental H3122 and CHR-A1 cells were treated with alectinib at the indicated concentrations for 6
cts were immunoblotted to detect the indicated proteins. D, two-color FISH [ALK-5' region (red)/ALK-3' region (green)] analysis was

performed on parental H3122 and CHR-A1 cells. Most of the cells harbor isolated or split green signals (arrowhead, EML4-ALK). Shown on the right are
electrophoretograms of EML4-ALK cDNA from parental H3122 and CHR-A1 cells. The g3538c mutation within exon 23 results in a V1180L substitution that
corresponds to a gatekeeper mutation in ALK,

1180 within the ALK-TK domain. On the basis of structural of cell lines and patient biopsies with acquired resistance to
modeling studies of ALK (25), V1180 is predicted to lie near crizotinib (9-11, 14, 16). No other tyrosine kinase muta-

the L1196 gatekeeper residue, which is mutated in a subset tions were detected in resistant cells.
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Identification of a novel ALK resistance mutation in a
crizotinib- and alectinib-refractory patient

To identify the mechanisms of alectinib resistance that
develop in patients, we examined a resistant tumor sample
from a patient with advanced ALK-positive NSCLC who had
relapsed on alectinib. This patient had previously received
three lines of chemotherapy and had initially responded to
crizotinib, as indicated by an improvement in disease
burden on CT scans. After 8 months of crizotinib therapy,
the patient developed disease progression and was then
treated with alectinib (300 mg twice daily). Restaging CT
scans demonstrated a response to alectinib, but after 4
months, the patient again experienced disease progression,
including worsening liver metastases. The patient was dis-
continued from alectinib, and underwent biopsy of a resis-
tant liver lesion. Cytopathology of the tumor cells demon-
strated adenocarcinoma histology, and ALK FISH analysis
confirmed the presence of ALK rearrangement in the resis-
tant tumor specimen. In addition, a cell line was established
directly from the biopsy specimen that we designated
MGHO056-1.

To determine whether a secondary mutation within ALK
might underlie the development of alectinib resistance in
this patient, we extracted total nucleic acid from a flash-
frozen specimen, and the entire tyrosine kinase domain of
ALK was amplified from ¢cDNA and sequenced. We identi-
fied aTto C missense mutation at codon 3512, leadingtoan
11171T amino acid substitution (Fig. 2A). The 11171 residue
is located in the oC helix. Mutation of 11171 has been
reported previously in neuroblastoma (26), but not in ALK-
rearranged NSCLC. The MGHO056-1 cell line also harbored
the I1171T mutation.

To determine whether MGHO056-1 cells are resistant to
ALK tyrosine kinase inhibitor (TKI) therapy, we compared
the sensitivity of the parental H3122, H3122 CHR-A1, and
MGHO056-1 cells to crizotinib and alectinib. As shown in Fig.
2B, both H3122 CHR-A1 and MGHO056-1 cells were simi-
larly resistant to crizotinib in cell viability assays. With
respect to alectinib, H3122 CHR-AL1 cells were highly resis-
tant, whereas the MGHO056-1 cells displayed intermediate
resistance (Fig. 2B). Furthermore, compared with parental
H3122 cells, MGH 056-1 cells required substantially higher
concentration of alectinib (or crizotinib) to suppress the
phospho-ALK and downstream signaling intermediates
(compare Figs. 1C with 2C). These results suggest that
11171T-mutant ALK is relatively insensitive to both crizo-
tinib and alectinib.

ALK I1171T and V1180L mutations mediate resistance
to alectinib in Ba/F3 models

To determine whether the I1171T and V1180L muta-
tions are sufficient to cause resistance to alectinib, we
engineered Ba/F3 cells expressing EML4-ALK harboring
each mutation. In cell survival assays, Ba/F3 lines expres-
sing the mutant EML4-ALK proteins were significantly
less sensitive to alectinib than those expressing wild-type
(WT) EML4-ALK (Fig. 3A). Ba/F3 cells with EML4-ALK
V1180L were more resistant than Ba/F3 cells with EML4~

ALK I11171T (Fig. 3A), consistent with greater resistance
observed in the H3122 CHR-A1 cells compared with the
MGHO056-1 cells. We next examined the effect of alectinib
on ALK phosphorylation in the presence or absence of
each resistance mutation. Consistent with the cell survival
assays and the immunoblotting results with H3122 CHR-
Al and MGHO056-1 cells, alectinib was much less potent at
suppressing the phosphorylation of EML4-ALK harbor-
ing V1180L and, to a lesser extent, [1171T, compared with
WT EML4-ALK (Fig. 3B). Thus, in Ba/F3 cells, both the
V1180L and 11171T mutations confer resistance to alec-
tinib, with V1180L appearing to confer a higher degree of
resistance than 11171T.

Structural analysis of resistance mutations by
computational simulation with MP-CAFEE

To understand the structure-function relationship of the
two alectinib-resistance mutations in the ALK kinase
domain, we performed computational simulation analysis
with MP-CAFEE. To evaluate the thermodynamic stability
of each complex of alectinib with WT, 11171T-, and V1180L-
mutated ALK, we performed molecular dynamics simula-
tion and estimated the free energies of each complex using
MP-CAFEE method (27). Supplementary Figure S2 shows
the comparison of experimental 1Cs, values and calculated
free energy values. A linear correlation between experimen-
tal and calculated values was observed. This result indicates
that the molecular dynamic simulation and free energy
estimation by MP-CAFEE could correctly predict the resis-
tant mechanism of each resistant mutant. In the MP-CAFEE
method, the free energy value is estimated by summation of
Coulomb and van der Waals potential energies. Figure 3C
shows the estimated interaction energies of alectinib with
WT, 111717, or V1180L ALK. Interestingly, the decrease in
binding affinities of 1117 1T-alectinib and V1180L-alectinib,
compared with WT ALK-alectinib, are caused by decreases in
Coulomb and van der Waals interactions, respectively. As
shown in Fig. 3D, the 11171T mutation distorts the C-helix,
shifting the position of the glutamic acid at 1167 inferiorly.
As the cyano group of alectinib forms a hydrogen bond with
E1167, this downward shift may disrupt binding of alecti-
nib to the I11171T mutant. In contrast, for the V1180L
mutant, our modeling predicts that the methyl group of
the leucine residue clashes with the multicyclic rings of
alectinib (Fig. 3D). This steric interference likely decreases
the van der Waals interaction between V1180L and alecti-
nib. Taken together, these results suggest that for both
11171T and V1180L mutations, drug resistance is due to
decreased binding affinity of alectinib for the mutant
kinases.

Structurally distinct next-generation ALK inhibitors
overcome alectinib-resistant mutations

In addition to alectinib, several other ALK-TKIs are cur-
rently in clinical development. To determine whether these
next-generation ALK inhibitors may have activity in alecti-
nib-resistant cancers, we used the Ba/F3 cells expressing
EML4-ALK harboring the I1171T or V1180L mutation. As
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Figure 2. Discovery of the ALK [1171T secondary mutation in a patient with acquired resistance to crizotinib and alectinib. A, secondary 111717 mutation was
only detected in the post-alectinib-treated specimen. Shown are electrophoretograms of ALK kinase domain cDNA from the post-alectinib treatment.

B, sensitivity of MGHO056-1 cells to crizotinib or alectinib. MGH056-1 cells, parental H3122, and CHR-A1 cells were treated with indicated concentrations of
crizotinib or alectinib. Cell survival was analyzed with the CellTiter-Glo Assay. C, MGH056-1 cells were exposed to increasing concentrations of

crizotinib or alectinib for 6 hours. Cell lysates were immunoblotted to detect the indicated proteins.

controls, we also tested Ba/F3 cells expressing WI' EML4-
ALK and parental, IL3-dependent Ba/F3 cells. We focused
on four ALK inhibitors: the tool compound NVP-TAE684
(28), and three drugs currently in clinical trials or clinically
available for ALK-rearranged NSCLC, ceritinib (LDK378;
refs. 17, 21), AP26113, and ASP3026. As shown in Fig. 44,
NVP-TAE684 demonstrated potent activity against Ba/F3
cells expressing V1180L EML4~ALK or the 11171T EML4~
ALK. The dinically available ALK inhibitors ceritinib and
AP26113 showed slightly different selectivity profiles
against the different ALK resistance mutations. Ceritinib

was highly active against V1180L, even more so than against
WT EML4-ALK (Fig. 4A and Supplementary Fig. $3). The
I1171T mutation was also sensitive to ceritinib, demon-
strating a dose-response similar to WT EML4-ALK. In con-
trast, AP26113 and ASP3026 were similarly active against
both V1180L-mutant and WT EML4-ALK, but AP26113
was a little less active against 11171T-mutated EML4-ALK,
whereas ASP3026 was inactive against 11171T (Supplemen-
tary Figs. $3 and S4). The suppression of phospho-ALK by
the different inhibitors across the various mutations was
consistent with the potencies observed in these Ba/F3
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studies (Supplementary Figs. S3 and S5). These results
suggest that at least two of the next-generation ALK inhibi-
tors—ceritinib and AP26113—may be able to overcome
resistance to alectinib mediated by either 11171T or V1180L
mutations.

We next tested the efficacy of several ALK inhibitors (TAE-
684, crizotinib, and ceritinib) in alectinib-resistant H3122
CHR-A1 cells harboring the V1180L EML4-ALK mutation.
Parental H3122 cells, as well as KRAS- or EGFR-mutant
cancer cell lines (A549, H460, PC-9, and HCC827), were
used as controls. As shown in Fig. 4B, TAE-684 markedly
suppressed cell growth in both sensitive H3122 and alecti-
nib-resistant H3122 CHR-A1 cells, but had almost no effect
on the viability of other, non-ALK-dependent cancer cell
lines. TAE-684 suppressed ALK phosphorylation and down-
stream signaling (Fig. 4C, left), and induced apoptosis
(Supplementary Fig. S$6). In contrast, crizotinib treatment
was significantly less effective against H3122CHR-A1 cells
compared with H3122 parental cells (Fig. 4B and C). Like
TAE-684, ceritinib demonstrated potent activity against
both parental H3122 and alectinib-resistant H3122 CHR-
A1 cells, decreasing cell growth (Fig. 4B), suppressing ALK
phosphorylation (Fig. 4C), and inducing apoptosis (Sup-
plementary Fig. S6).

The hsp90 inhibitor 17-AAG overcomes alectinib
resistance in H3122 CHR-A1 cells

Anumber of hsp90 inhibitors have demonstrated clinical
activity in ALK-rearranged NSCLC, including in 1 patient
with acquired resistance to crizotinib (29, 30). We therefore
tested whether the alectinib-resistant H3122 CHR-A1 cells
might be sensitive to the hsp90 inhibitor 17-AAG. Com-
pared with KRAS or EGFR-mutant cancer cell lines (A549,
H460, PC-9, and HCC827), CHR-A1 cells were highly
sensitive to 17-AAG treatment, and nearly as sensitive as
parental H3122 cells (Supplementary Fig. $7). On the basis
of immunoblotting, 17-AAG treatment reduced EML4-ALK
protein levels in both parental H3122 and H3122CHR-A1
cells to similar extents, as well as downstream signaling.
Thus, Hsp90 inhibition may represent an alternative ther-
apeutic strategy for overcoming resistance to alectinib due
to acquisition of a resistance mutation.

Ceritinib is active in a cell line model and a patient with
alectinib resistance

We also tested the efficacy of different ALK inhibitors in
the MGHO56-1 cells. As shown in Fig. 54, ceritinib, but
not crizotinib or alectinib, markedly suppressed the cell
growth of MGHO056-1 cells. Ceritinib also suppressed ALK
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Figure 4. Ceritinib overcomes alectinib resistance in Ba/F3 models and H3122 CHR-A1 cells. A, parental Ba/F3 cells and Ba/F3 cells expressing WT, 11171T, or
V1180L EML4-ALK were seeded in 96-well plates and treated with the indicated concentrations of TAE-684 (left), crizotinib (center), or ceritinib (right) for 72
hours. Cell viability was analyzed using the CellTiter-Glo Assay. B, cancer cell lines, including parental H3122 and alectinib-resistant H3122 CHR-A1 cells,

were seeded in 96-well plates and treated with increasing concentrations of TAE-684 (left), crizotinib (center), or ceritinib (right) for 72 hours. Cell
viability was measured using the CellTiter-Glo Assay. Both parental H3122 cells and H3122 CHR-A1 cells showed marked sensitivity to TAE-684 and
ceritinib. Non-ALK-rearranged cell lines (A549, H460, HCC827, and PC-9 cells) showed minimal growth inhibition when exposed to ALK inhibitors. C,
suppression of ALK signaling by ALK inhibitors (TAE684, crizotinib, or ceritinib) in parental H3122 and CHR-A1 cells. Cells were exposed to increasing
concentrations of TAE684, crizotinib, or ceritinib for 6 hours. Cell lysates were immunoblotted to detect the indicated proteins.
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