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phosphorylation and downstream AKT and ERK phos-
phorylation to a greater extent than crizotinib and alecti-
nib (Figs. 5B and 2C). Consistent with these results,
treatment of patient MGHO56 with ceritinib led to sig-
nificant tumor regression (Fig. 5C), with a confirmed
partial response lasting over 7 months. These preclinical
and clinical results suggest that ceritinib may be effective
in treating cancers that have become resistant to alectinib
due to a secondary mutation such as 11171T or V1180L.

Discussion

ALK-rearranged NSCLC represents one of the newest
oncogene-addiction paradigms in clinical oncology. As
with other oncogene-addicted cancers, ALK-rearranged lung
cancers are initially sensitive to the first-generation targeted
agent, but eventually become resistant through a variety of
different mechanisms. Remarkably, the vast majority of
crizotinib-resistant tumors remain ALK-dependent and
re-respond to more potent, next-generation ALK inhibitors
such as alectinib and ceritinib (21, 31). However, despite
their promising activity in early-phase studies, resistance to
next-generation ALK inhibitors invariably develops and
ultimately limits the clinical benefit afforded by these new
agents.

In this study, we focused on acquired resistance to alecti-
nib, one of the most advanced of the next-generation ALK
inhibitors in the clinic. We identified two novel ALK muta-
tions, V1180L in a cell line made resistant to alectinib, and
I1171T in a tumor specimen from a patient who had
relapsed on alectinib. Both mutations confer resistance to
crizotinib as well as alectinib, and hence add to the growing
list of secondary ALK mutations that can mediate crizotinib
resistance. Mutation of the V1180 residue has not yet been
reported in patients, but was observed at very low frequency
in an in vitro mutagenesis screen for crizotinib-resistant
mutants in EML4-ALK (25). On the basis of the crystal
structure of ALK (32), V1180 resides at the back of the ATP
pocket and likely makes direct contact with crizotinib and
alectinib, similar to the L1196 gatekeeper residue. Our
computational modeling revealed weaker binding of alec-
tinib to the V1180L-mutant compared with WT ALK, sup-
porting the notion that substitution of leucine for valine at
this residue interferes with the ability of alectinib to bind
effectively to the kinase.

The second alectinib-resistant mutation, I1171T, has not
been previously reported in crizotinib-resistant patients,
but mutation of this residue has been described in 2 patients
with neuroblastoma (26). In neuroblastoma, mutation at
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this residue results in an [1171N amino substitution and
leads to activation of ALK, though the mutant kinase is
unable to transform Ba/F3 cells (33). On the basis of our
computational modeling studies, we would predict that
11171T disrupts a hydrogen bond between alectinib and
E1167 (Fig. 3D), destabilizing the complex of alectinib with
the mutant kinase. Whether ALK 11171T is weakly onco-
genic like I11171N and whether this could contribute to
crizotinib resistance is unknown.

Compared with V1180L, which conferred high-level TKI
resistance, the I11171T mutation was associated with inter-
mediate resistance to alectinib in cell line studies. This
mutation was discovered in a patient who had relapsed
after 4 months of alectinib therapy. Before alectinib, the
patient had received crizotinib with a response lasting 8
months. Although no tumor specimens were available
before or after crizotinib therapy for genetic analyses, we
suspect that the 11171T mutation emerged during the
course of alectinib treatment, given his previous durable
response to crizotinib followed by a re-response to alecti-
nib. Of note, this patient was treated with alectinib at a dose
of 300 mg twice daily. This represents half of the recom-
mended phase II dose (RP2D) of alectinib established in a
recent phase I study (NCT01588028; ref. 20). The relatively
low drug exposure at this dose may have been a factor in
selecting and/or expanding a clone with intermediate resis-
tance to alectinib. As higher drug exposures are predicted at
the RP2D, we speculate that patients treated at this dose
could develop more highly resistant mutations such as
V1180L.

Recently, several other mechanisms of resistance have
been reported in patients who have relapsed on next-gen-
eration ALK inhibitors. The solvent front mutation G1202R,
first discovered in a crizotinib-resistant tumor (11), appears
to mediate high-level resistance to both alectinib and cer-
itinib. In one case, a patient who had relapsed on crizotinib
was treated with alectinib at the RP2D and showed no
evidence of response, consistent with intrinsic resistance
(34). Molecular studies performed on a resistant specimen
revealed the G1202R mutation. Similarly, in a series of
11 ceritinib-resistant tumors, three were found to harbor
a new G1202R mutation and two had acquired a muta-
tion at residue F1174 (17). Importantly, neither of these
mutations was detectable in biopsies taken before ceritinib
treatment. In the absence of a secondary ALK mutation,
activation of alternative signaling pathways could also
mediate resistance to alectinib. Indeed, in 1 patient who
had relapsed on alectinib, amplification of ¢cMET was
reported in a resistant specimen, although it is unknown
if it was driving resistance (35). In the case of our
alectinib-resistant patient with 11171T, cMET was likely
not driving the development of resistance, because
ceritinib, which has no anti-cMET activity, was able to
induce a durable response lasting over 7 months.

The observation that other structurally distinct, next-
generation ALK inhibitors may overcome alectinib resis-
tance in vitro and in vivo is clinically significant. Currently,
nine next-generation ALK inhibitors have entered the clinic,

with several showing potent activity in both crizotinib-
naive and crizotinib-resistant patients (19-21). One of the
nine next-generation ALK inhibitors has already been
approved by the U.S. FDA for the treatment of advanced,
crizotinib-resistant, ALK-positive NSCLC. Until now, it was
unknown whether patients could continue to derive benefit
from ALK inhibition after failure of a next-generation ALK
inhibitor. Our results suggest that patients may benefit from
multiple, sequential ALK inhibitor therapies, depending on
the underlying mechanism of resistance. In those cases with
susceptible resistance mutations, such as V1180L and
11171T, ceritinib may be highly effective, even in a third-
line, post-crizotinib, post-alectinib setting. However, in
cases where resistance is mediated by a highly recalcitrant
mutation, such as G1202R or by a completely different
tyrosine kinase, ceritinib may not be helpful, and alternative
treatment strategies, such as hsp90 inhibition or combina-
torial therapeutics, may be required. Overall, these findings
highlight the importance of serial biopsies to track the
dynamic evolution of drug resistance, and to enable the
rational selection of therapies most likely to be effective
based on the underlying molecular alterations.
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The interactions of tumor cells with platelets contribute to the progression of
tumor malignancy, and the expression levels of platelet aggregation-inducing
factors positively correlate with the metastatic potential of osteosarcoma cells.
However, it is unclear how tumor-platelet interaction contributes to the prolifera-
tion of osteosarcomas. We report here that osteosarcoma-platelet interactions
induce the release of platelet-derived growth factor (PDGF) from platelets, which
promotes the proliferation of osteosarcomas. Co-culture of platelets with MG63
or HOS osteosarcoma cells, which could induce platelet aggregation, enhanced
the proliferation of each cell line in vitro. Analysis of phospho-antibody arrays
revealed that co-culture of MG63 cells with platelets induced the phosphorylation
of platelet derived growth factor receptor (PDGFR) and Akt. The addition of su-
pernatants of osteosarcoma-platelet reactants also increased the growth of MG63
and HOS cells as well as the level of phosphorylated-PDGFR and -Akt. Sunitinib
or LY294002, but not erlotinib, significantly inhibited the platelet-induced prolif-
eration of osteosarcoma cells, indicating that PDGF released from platelets plays
an important role in the proliferation of osteosarcomas by activating the PDGFR
and then Akt. Our results suggest that inhibitors that specifically target osteosar-

O steosarcoma is the most common primary malignant bone
tumor of children and adolescents and is derived from
primitive mesenchymal cells.”’ This disease is highly aggres-
sive, and distant metastasis develop in approximately 45% of
patients despite treatment with a potent neoadjuvant, which
consists of high doses of multiple chemotherapeutic agents.®
Approximately 20% of patients have metastatic sites in the
lungs or bones at diagnosis © and have a poor prognosis despite
aggressive surgery and chemotherapy. Thus, more effective
therapeutic approaches are required for treating these patients.
The interactions of tumor cells with platelets play a critical
role in the progression of tumor malignancy. Tumor cell-induced
platelet aggregation enhances the rate of tumor embolization in
the microvasculature and protects tumor cells from immunologi-
cal assault and blood-shear stress.” Moreover, several factors
such as transforming growth factor-f, vascular endothelial
growth factor, and platelet-derived growth factor (PDGF) are
stored in _Blatelet granules and are released during platelet aggre-
gation.®” Such platelet-derived factors promote the epithelial-
mesenchymal transition, tumor vascular angiogenesis, and
vascular permeability.®? Further, experimentally induced
thrombocytopenia and antiplatelet agents decrease the rate of
lung metastasis in mouse models, indicating the requirement for
platelets in the formation of hematogenous metastasis. °%
Osteosarcoma cells possess the potential to induce platelet
aggregation, and there is positive correlation between the
expression level of platelet aggregation-inducing factors and the

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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coma-platelet interactions may eradicate osteosarcomas.

potential of osteosarcomas to metastasize to the lungs."** How-
ever, the effect of osteosarcoma-platelet interactions on the pro-
liferation of osteosarcoma cells is unknown. We report here that
osteosarcoma-platelet interactions induce the release of PDGF
from platelets and enhance the proliferation of osteosarcomas.
Co-culture of osteosarcoma cells with platelets promoted the
proliferation of osteosarcoma cells. Analysis of phospho-anti-
body arrays revealed that the osteosarcoma-platelet interaction
increased the phosphorylation of PDGFR and Akt. Using kinase
inhibitors, phosphorylation of PDGFR and Akt were shown to
be important for the platelet-dependent proliferation of osteosar-
coma cells. These results suggest that osteosarcoma-platelet
interactions initiate platelet aggregation, release PDGF from
activated platelets, and activate the PDGFR-Akt signaling path-
way to increase the growth of osteosarcoma cells.

Materials and Methods

Plasmid construction. The open reading frame (ORF) of a
human codon-optimized variant of wild-type Zoanthus sp.
green fluorescence protein (ZsGreen) was subcloned from the
pZsGreen-N1 vector (Takara Bio, Shiga, Japan) into the
pQCXIN retroviral vector (Takara Bio), and the resulting con-
struct was designated pQCXIN-ZsGreen. Retroviral infection
was performed according to the manufacturer’s protocols.

Cell lines. The human osteosarcoma cell lines, MG63 and
HOS, were purchased from the American Type Culture

Cancer Sci | August 2014 | vol. 105 | no.8 | 983-988
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Collection (ATCC, Manassas, VA, USA) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich, St. Louis, MO, USA) containing 10% FBS (DMEM
growth medium). MG63 and HOS cells that had stably
transfected with ZsGreen gene (MG63/ZsGreen and HOS
/ZsGreen, respectively) were cultured in DMEM growth
medium containing 400 pg/mL of G418 (Life Technologies,
Carlsbad, CA, USA).

Immunoblot analysis. Sample preparation was performed as
described previously.*” Briefly, cells were lysed in TENSV
buffer (50 mM Tris—HCI (pH 7.5), 2 mM ethylenediaminetetra-
acetic acid (EDTA), 100 mM NaCl, 1 mM Naz;VO,, 1% NP-40,
0.1% aprotinin, and 2 mM phenylmethylsulfonyl fluoride), and
electrophoresed in sodium dodecyl sulfate (SDS)-polyacryl-
amide gel. The proteins were transferred to a membrane and
immunoblotted with an anti-Akt (pan) monoclonal antibody
(mAD) (clone C67E7, Cell Signaling Technology, Danvers, MA,
USA), anti-phospho-Akt (Ser473) mAb (clone DIE, Cell Signal-
ing Technology), anti-PDGFRf polyclonal antibody (P-20,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-phos-
pho-PDGFRf mAb (clone 42F9, Cell Signaling Technology),
and anti-o-tubulin mAb (clone YL1/2, AbD Serotec, Kidlington,
UK). The LAS-3000 mini system (Fujifilm, Tokyo, Japan) was
used for visualization and quantification of signals.

Human phospho-RTK and human phospho-kinase arrays. Phos-
phorylation of signaling molecules was estimated using the
Human Phospho-RTK Array Kit (ARY001B, R&D Systems,
Minneapolis, MN, USA) and Human Phospho-Kinase Array Kit
(ARY003B, R&D Systems) according to the manufacturer’s
protocols. Briefly, MG63 cells were co-cultured with buffer or
platelets for 2 h. Three hundred micrograms of total cell lysates
were incubated with each array. Proteins were detected using
horse radish peroxidase (HRP)-conjugated mouse anti-phospho-
tyrosine antibody or streptavidin-HRP. Data were acquired
using the LAS-3000 mini system. Image quantification was
performed using Multi Gauge ver.3.0 software (Fujifilm). The
signal intensities of duplicate spots were quantified.

Platelet preparation and aggregation assay. Whole blood was
drawn by cardiac puncture from Jcl: ICR mice terminally anes-
thetized with chloroform and taken with 0.38% sodium citrate
solution or 10 units/mL of heparin. The blood was centrifuged
at 150 g for 8 min to obtain platelet-rich plasma (PRP) from
the supernatant. Washed platelets were prepared from pellets of
PRP by centrifugation at 500 g for 10 min following washing
with modified Tyrode’s buffer (137 mM NaCl, 11.9 mM NaH-
CO;, 0.4 mM Na,HPO,, 2.7 mM KCl, 1.1 mM MgCl,, and
5.6 mM glucose). Washed platelets were resuspended in modi-
fied Tyrode’s buffer containing 1-2% murine platelet-poor
plasma (PPP), and 200 or 250 pM CaCl, (each concentration
used are shown in figure legends) was added to the platelet sus-
pensions before starting the experiments. Platelet suspensions
(200 pL) in the reaction tubes were stirred at 37°C and preincu-
bated for 2 min before the addition of osteosarcoma cells. The
platelet aggregation assay was performed using a platelet aggre-
gometer (MCM HEMA TRACER 313M; SSR Engineering,
Kanagawa, Japan) as previously described.">

Cell viability assay. MG63/ZsGreen and HOS/ZsGreen cells
were suspended in DMEM medium containing 0.5% FBS
(0.5 x 10* and 2.0 x 10* cells/mL, respectively) and seeded
0.1 mL in a 96-well plate. After overnight incubation, cells
were co-cultured with washed platelets resuspended in modi-
fied Tyrode’s buffer containing 200 pM CaCl,. At the appro-
priate times, supernatants were removed, and TENSV buffer
was added to the cultured cells. The fluorescence of ZsGreen
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in cell lysates was measured using a TriStar LB941 Multimode
Microplate Reader (Berthold Technologies, Bad Wildbad, Ger-
many). Buffer alone indicates the treatment of the cells with
modified Tyrode’s buffer containing 200 uM CaCl,. In some
experiments, the supernatant harvested from osteosarcoma-
platelet reactants was added to the cultured osteosarcoma cells
instead of platelets.

Preparation of supernatants of osteosarcoma cell-platelet reac-
tants. Washed mouse platelets were prepared using 0.38%
sodium citrate as described in the platelet preparation. Platelets
(2.0 x 10® platelets/mL) were resuspended in modified Ty-
rode’s buffer containing 1% murine PPP and 200 pM CaCl,
and then incubated with phosphate-buffered saline (PBS) or
osteosarcoma cells (2.5 x 10° cells/mL) for 30 min, at 37°C.
After centrifuging twice at 10 000 g for 10 min, the superna-
tants of the reaction mixtures were designated PBS-platelet
reactant and osteosarcoma-platelet reactant, respectively.

Animals. JcLICR mice were purchased from Clea Japan
(Tokyo, Japan). The animal procedures followed protocols
approved by the Japanese Foundation for Cancer Research
Animal Care and Use Committee.

Statistical analysis. The Student’s #-test was performed to
determine the statistical significance of the results of the prolif-
eration assays. Significant P-values are defined as **P < 0.01,
*P < 0.05. NS indicates a value that is not significant. All
statistical tests were two-sided.

Results

Osteosarcoma-platelet interaction promotes platelet aggrega-
tion and osteosarcoma cell growth. Osteosarcomas form pulmo-
nary metastasis by inducing platelet aggregation."®!'” To
assess the role of osteosarcoma-platelet interactions in deter-
mining the malignant phenotype of osteosarcomas, we first
measured the abilities of the human osteosarcoma cell lines
MG63 and HOS to induce platelet aggregation. We found that
each osteosarcoma cell line induced platelet aggregation to an
extent that is consistent with published studies (Fig. 1a). We
next examined the influence of platelets on the growth of the
osteosarcoma cell lines. Because of the high concentration of
adenosine triphosphate (ATP) in platelets, we were unable to
determine the growth of osteosarcoma cells using proliferation
assays that measure ATP. Therefore, we generated stable trans-
fectants of MG63 and HOS cells that expressed ZsGreen
(MG63/ZsGreen and HOS/ZsGreen, respectively) and mea-
sured ZsGreen fluorescence to determine the number of viable
cells. Although the growth rates of MG63/ZsGreen and HOS
/ZsGreen cells were slow in the presence of 0.5% FBS, the
growth rate of each cell line was significantly enhanced in pro-
portion to the number of washed platelets added to the cul-
tured cells (Fig. 1b). We found that the addition of the
supernatant of an osteosarcoma-platelet reactant, but not that
of the PBS-platelet reactant, significantly enhanced the growth
of MG63/ZsGreen and HOS/ZsGreen cells (Fig. 1c). These
results indicate that the proliferation of osteosarcoma cells is
increased in the presence of platelets as well as by superna-
tants of osteosarcoma-platelet reactant.

Activation of the PDGFR-Akt axis in platelet-induced osteosar-
coma proliferation. Platelets contain many growth factors and
cytokines, including transforming growth factor-f, vascular
endothelial growth factors, and PDGFs,(6’7) which are stored in
platelet granules and released on platelet aggregation. Such
platelet-derived factors promote the epithelial-mesenchymal
transition, tumor vascular angiogenesis, and tumor growth.®
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To identify the mechanism that mediated the effects of platelets
and supernatants of osteosarcoma-platelet reactants on osteosar-
coma cell proliferation, we used arrays comprising a panel of
antibodies specific for cytokines, growth factor receptors, or
downstream signaling components. Incubation of the array with
cell lysates prepared from reactants of MG63 cells and platelets
increased the intensity of the spots corresponding to the posi-
tions of antibodies against phosphorylated PDGFRa., phosphor-
ylated PDGFRp, phosphorylated epidermal growth factor
receptor (EGFR), and phosphorylated Aktl/2/3 antibodies
(Figs. 2a—d). To exclude the possibility that the addition of
platelets altered the respective protein expression levels in
MG63 cells, we performed western blot analysis. Consistent
with the array data, we confirmed the increase in phospho-
PDGFRP in MG63 cells that were co-cultured with platelets
(Fig. 2e). Because PDGFRJ was not detected in the platelet
lysate, indicating that co-culture induced PDGFR 3 phosphoryla-
tion in MG63 cells. An increase in the level of phospho-Akt
induced by co-culture was also detected using western blotting
(Fig. 2e). Because the elecrophoretic mobility of mouse Akt in
platelets appeared higher compared with human Akt in MG63
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cells, the intensity of the phospho-Akt signal may represent
phosphorylation of human but not mouse Akt. We obtained sim-
ilar results using another HOS cell line (Fig. 2f). These data
suggest that osteosarcoma-platelet interactions activate the
PDGFR-Akt signaling pathway.

PDGFs released on the osteosarcoma cell-induced platelet
aggregation contribute to the activation of the PDGFR-Akt
signaling axis. Activation of PDGFRo and PDGFRJ is medi-
ated by PDGFs, and only PDGF-BB can activate both PDGFRs.
To determine whether PDGF-BB was released during the osteo-
sarcoma cell-mediated platelet aggregation, we measured the
amount of PDGF-BB in the supernatants of the osteosarcoma-
platelet reactants using an enzyme linked immunosorbent assay
(ELISA). The level of PDGF-BB was increased in supernatants
of osteosarcoma-platelet aggregates compared with platelets
alone (Fig. 3a). To assess the contribution of PDGFs to the
activation of PDGFR-Akt axis, we treated MG63/ZsGreen and
HOS/ZsGreen cells with the supernatant of the osteosarcoma-
platelet reactant in the absence or presence of PDGFRs inhibi-
tor, sunitinib. We found that the levels of phospho-PDGFRf
and phospho-Akt ‘increased in osteosarcoma cell lines in the
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absence of, but not in the presence of sunitinib (Figs 3b,c).
These results indicate that PDGFs released from activated
platelets by the initiation of osteosarcoma-platelet interactions
activated the PDGFR-Akt signaling axis.

Activation of the PDGFR-Akt signaling axis contributes to the
platelet-dependent proliferation of osteosarcoma cell lines. To
assess the role of the activation of the PDGFR-Akt axis in the
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Fig. 2. Activation of the platelet derived growth
factor receptor (PDGFR)-Akt signaling axis in MG63
cells co-cultured with platelets. (a, b) Platelets
prepared with heparin from the whole blood of Jcl:
ICR mice were resuspended in modified Tyrode's
buffer containing 200 pM CaCl,. MG63/ZsGreen
cells were co-cultured with buffer alone
(MG63 + Buffer) or platelets (MG63 + Platelet) for
2 h. The preparation of cell lysates and incubation
with the human phospho-RTK array were
performed according to the manufacturer’'s
protocol. Representative images of the probed
arrays are shown (a). The signal intensity of each
spot was determined using an LAS-3000 mini and
quantified using Multi Gauge ver.3.0 software. The
signal intensities of eight reference spots (within
red squares) in each membrane were measured and
defined as 100%. The relative intensities of
duplicate spots are shown (b). (¢, d) Analysis of the
human phospho-kinase array using lysates prepared
from MG63 cells co-cultured with platelets in
modified Tyrode’s buffer containing 200 pM CaCl,.
MG63/ZsGreen cells were cultured with buffer
alone  (MG63 + Buffer) or  with platelets
(MG63 + Platelet) for 2 h. The preparation of cell
lysates and incubation with the human phospho-
kinase array were performed according to the
manufacturer’s protocol. Representative images of
reacted membranes are shown (c). The signal
intensity of each spot was measured using a LAS-
3000 mini and quantified using Multi Gauge ver.3.0
software. The signal intensities of six reference
spots (red squares) in each membrane were defined
as 100%. The relative intensities of duplicate spots
are shown (d). (e, f) Platelets prepared with 0.38%
sodium citrate were resuspended Tyrode's buffer
containing 200 uM CaCl,. MG63/ZsGreen (e) or
HOS/ZsGreen (f) cells were incubated with buffer
alone or platelets (2.0 x 107/24-well) for 2 h.
Platelets alone, osteosarcoma cells alone (+Buffer)
or co-cultures of osteosarcoma cells with platelets
(+Platelet) were lysed and immunoblotted using the
antibodies to phospho-PDGFRB, PDGFRB, phospho-
Akt (5473), Akt, or a-tubulin.

growth of MG63 cells, we determined the effects of sunitinib,
or erlotinib, which
the PDGFRs, phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K), or EGFR, respectively. Sunitinib and 1.Y294002, but
not erlotinib, inhibited the growth of MG63 and HOS cells
when they were co-cultured with platelets
These results indicate that activation of the PDGFR-Akt axis

inhibit the activity of

(Figs 4a,b).
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Platelet-derived growth factors (PDGFs) released on the osteosarcoma-induced platelet aggregation contribute to the activation of the

PDGFR-Akt signaling axis. (a—c) Washed mouse platelets (2.0 x 107 platelets) were resuspended in modified Tyrode’s buffer containing 1% PPP
and 200 pM CaCl, followed by incubation with PBS or with the indicated osteosarcoma cells (2.5 x 10° cells) for 30 min. After centrifuging twice
at 10 000 g for 10 min, the concentration of PDGF-BB in the supernatants was measured using an enzyme linked immunosorbent assay (ELISA)
(a). The cultured MG63/ZsGreen (b) and HOS/ZsGreen (c) cells were treated with (+) or without (=) the supernatant of osteosarcoma-platelet
aggregates in the presence of DMSO or 1 uM sunitinib. After a 30-min incubation, cells were lysed with TENSV buffer and immunoblotted with

the indicated antibodies.
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Involvement of the platelet-derived growth factor receptor (PDGFR) -Akt signaling axis in the platelet-induced growth of osteosarcoma

cells. (a, b) MG63/ZsGreen (a) or HOS/ZsGreen (b) cells in 24-well were co-cultured with platelets (2 x 107 in Tyrode’s buffer containing 200 uM
CaCl,) in the presence of DMSO, the epidermal growth factor receptor (EGFR) inhibitor erlotinib (1 pM), the PDGFR inhibitor sunitinib (1 pM), or
the PI3K inhibitor LY294002 (20 uM). After a 48-h incubation, cells were lysed and the fluorescence of ZsGreen was measured to determine rela-
tive cell growth. The error bars indicate the mean =+ SD of triplicate experiments. **P < 0.01 and *P < 0.05 (Student’s t-test). NS, not significant.

contributes to the platelet-dependent proliferation of osteosar-
coma cells.

Discussion

Osteosarcoma is highly aggressive with distant metastasis, and
approximatel(y 20% of patients have metastases in lung or bone
at diagnosis.'® Although the frequency of 5-year disease-free
survival of patients with nonmetastatic osteosarcoma is approxi-
mately 70%,"? the average survival rate after recurrence in dis-
tant organs is only 1 year.®® Therefore, metastasis is the most
common cause of death of patients with osteosarcomas as well
as other cancers. There is a positive correlation between the
expression level of platelet aggregation-inducing factors and the
potential of osteosarcomas to metastasize to the lung. "> Mehta
et al.®Y suggest that stimulation of platelets by osteosarcoma
cells correlates with their potential to metastasize to the lung.

The platelet receptor glycoprotein Ibo, sialyl Lewis™/sialyl
Lewis?, integrins, thrombospondin-1 (TSP-1), and Aggrus/po-
doplanin has been reported to induce platelet aggrega-
tion. 12229 Among them, TSP-1 and Aggrus are key
molecules that mediate osteosarcoma-induced platelet aggrega-
tion.7'® TSP-1 and Aggrus are expressed on cell surface,
indicating that they may serve as targets of therapeutic anti-
bodies against osteosarcoma. In fact, we confirmed Aggrus
expression in the used two human osteosarcoma cell lines
(Fig. Sla) and the addition of our established neutralizing
anti-Aggrus antibody (MS-1)"* suppressed the MG63-depen-
dent platelet aggregation and the PDGF release from platelets
at a significant level (Fig. Slb,c). These results suggest that
Aggrus expression on osteosarcomas contributes to the interac-
tion with platelets and that Aggrus could be a therapeutic tar-
get of osteosarcoma. We also observed the MG63-induced
platelet aggregation was suppressed by the addition of anti-
body against von Willebrand factor, which is one of the plate-
let aggregation-mediating molecules and known to be
overexpressed in metastatic osteosarcoma (Fig. 52).(13) Thus,
von Willebrand factor also plays some roles in osteosarcoma-
mediated platelet aggregation.

Platelet derived growth factor (PDGF) and the PDGFR are
implicated in the pathogenesis of sarcomas such as Ewing sar-
coma, chondrosarcoma, rhabdomyosarcoma, intimal sarcoma,
and  osteosarcoma.*’ %  Immunohistochemical  analysis
revealed that PDGFRa and PDGFR( are frequently expressed
in osteosarcomas (79.6% and 86%, respectively, n = 54), and
the prognosis of patients with co-expression of PDGFRa and
PDGF-AA is significantly poorer.™ In the present study,
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osteosarcoma-platelet interactions promoted the proliferation
of osteosarcoma cell lines through the activation of the
PDGFR-Akt signaling axis (Fig. 2). However, sunitinib treat-
ment partially suppressed the platelet-dependent proliferation
of osteosarcoma cells (Fig. 4). Moreover, the inhibitory effects
of a PI3K inhibitor 1.Y294002, which functions downstream
in the signaling pathways of certain receptor tyrosine kinases,
were increased compared with sunitinib (Fig. 4). These results
suggest the participation of other signaling pathways in the
platelet-dependent proliferation of osteosarcoma cells. For
example, insulin-like growth factor-1 (IGF-1), which is
released from the o-granules of activated platelets, increases
the growth of MG63 cells.®" Although we did not detect
other phosphorylated proteins, including the IGF-1 receptor,
using antibody arrays, other proliferative signals may contrib-
ute to the platelet-dependent proliferation of osteosarcomas.
Therefore, specific inhibitors that block osteosarcoma-platelet
interactions may be useful for the suppression of platelet-
dependent proliferation of osteosarcoma.

The use of chemotherapeutic agents is essential for the
treatment of osteosarcoma patients; however, the efficacy of
the current treatment regimen including adriamycin, which
was originally developed in the mid-1980s, is limited."'
Apoptosis induced by adriamycin was attenuated by co-cul-
ture with platelets in osteosarcomas (Fig. S3). Moreover, their
invasiveness was promoted by co-culture with platelets (Fig.
S4). Because prior administration of neutralizing anti-Aggrus
antibodies has been reported to prevent hematogenous metas-
tasis of Aggrus-positive tumor cells in mouse models (8.14.32)
and to attenuate PDGF release from platelets (Fig. Slc), the
combination therapy of anti-Aggrus antibodies with standard
chemotherapeutic agents may be effective for inhibiting the
proliferation of osteosarcomas and for preventing metastasis.
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© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltdl 39

on behalf of Japanese Cancer Association.
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Non-small cell lung cancers (NSCLC) harboring anaplastic lymphoma kinase (ALK)

gene rearrangements invariably develop resistance to the ALK tyrosine kinase
inhibitor (TKI) crizotinib. Herein, we report the first preclinical evaluation of the next-generation ALK
TKI, ceritinib (LDK378), in the setting of crizotinib resistance. An interrogation of in vitro and in vivo
models of acquired resistance to crizotinib, including cell lines established from biopsies of patients
with crizotinib-resistant NSCLC, revealed that ceritinib potently overcomes crizotinib-resistant muta-
tions. In particular, ceritinib effectively inhibits ALK harboring L1196M, G1269A, 11171T, and S1206Y
mutations, and a cocrystal structure of ceritinib bound to ALK provides structural bases for this
increased potency. However, we observed that ceritinib did not overcome two crizotinib-resistant ALK
mutations, G1202R and F1174C, and one of these mutations was identified in 5 of 11 biopsies from
patients with acquired resistance to ceritinib. Altogether, our results demonstrate that ceritinib can
overcome crizotinib resistance, consistent with clinical data showing marked efficacy of ceritinib in
patients with crizotinib-resistant disease.

SIGNIFICANCE: The second-generation ALK inhibitor ceritinib can overcome several crizotinib-
resistant mutations and is potent against several in vitro and in vivo laboratory models of acquired
resistance to crizotinib. These findings provide the molecular basis for the marked clinical activity of
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INTRODUCTION

Chromosomal rearrangements of anaplastic lymphoma
kinase (ALK) are detected in 3% to 7% of non-small cell lung
cancers (NSCLC; refs. 1, 2). These rearrangements result in
constitutively active ALK fusion proteins with potent trans-
forming activity (2, 3). Lung cancers with ALK rearrange-
ments are highly sensitive to ALK tyrosine kinase inhibition,
underscoring the notion that such cancers are addicted to
ALK kinase activity. On the basis of early-phase studies, the
mulritargeted tyrosine kinase inhibitor (TKI) crizotinib was
approved by the FDA in 2011 to treat patients with advanced
NSCLC harboring ALK rearrangements (1). However, despite
a high response rate of 60% in ALK-rearranged NSCLC, most
patients develop resistance to crizotinib, typically within 1
to 2 years.

Studies of ALK-rearranged lung cancers with acquired
resistance to crizotinib have identified ALK fusion gene
amplification and secondary ALK tyrosine kinase (TK)
domain mutations in about one third of cases (4-6). To
date, seven different acquired resistance mutations have been
identified among crizotinib-resistant patients. The most fre-
quently identified secondary mutations are L1196M and
G1269A. In addition to these mutations, the 1151T-ins,
L1152R, C1156Y, G1202R, and S1206Y mutations have also
been detected in crizotinib-resistant cancers (4, 6-10). In
approximately one third of crizotinib-resistant tumors, there
is evidence of activation of bypass signaling tracts such as
EGFR or ¢KIT (6, 9). In the remaining one third of crizo-
tinib-resistant tumors, the resistance mechanisms remain to
be identified.

Next-generation ALK inhibitors with improved potency
and selectivity compared with crizotinib have been devel-
oped to overcome crizotinib resistance in the clinic. We pre-
viously evaluated the ability of several ALK TKIs (TAE684,
AP26113, ASP3026, and CH5424802) to inhibit ALK activ-
ity in models harboring different ALK secondary muta-
tions (6, 11). These studies revealed variable sensitivity to
these ALK inhibitors depending on the specific resistance
mutation present. For example, the gatekeeper L1196M
mutation was sensitive to TAE684, AP26113, and ASP3026,
whereas 1151T-ins conferred resistance to all next-gener-
ation ALK TKIs. Ceritinib is an ATP-competitive, potent,
and selective next-generation ALK inhibitor (12). The kinase
selectivity has been tested in a cellular proliferation assay
against 16 different kinases, and aside from ALK, no inhi-
bition below 100 nmol/L was observed (12). In the phase I
study of ceritinib in ALK-positive NSCLC, marked antitu-
mor activity has been observed in both crizotinib-relapsed
and crizotinib-naive patients (13, 14). On the basis of this
impressive clinical activity, ceritinib received FDA approval
on April 29, 2014.

Herein, we present the first report examining the activity
of ceritinib in preclinical models of ALK-positive lung can-
cer with acquired resistance to crizotinib, as well as an early
biologic insight into mechanisms of resistance to ceritinib
arising in patients.

Published OnlineFirst March 27, 2014; DOI: 10.1158/2159-8290.CD-13-0846

Table 1. Ceritinib is a potent ALK inhibitor

Glsg (nmol/L)

Crizotinib  Ceritinib Fold
ALK enzymatic assay 3 0.15 20
H2228 107 3.8 28
H3122 245 6.3 39

NOTE: Glsq values for in vitro ALK enzymatic assay or H3122 and
H2228 cell survival assay for crizotinib and ceritinib are shown.

RESULTS

Ceritinib Exhibits Potent Activity in
Crizotinib-Naive ALK-Positive NSCLC Models

In vitro enzymatic studies revealed that ceritinib was
approximately 20-fold more potent against ALK than cri-
zotinib (Table 1). Similarly, ceritinib was more potent than
crizotinib against two ALK-rearranged lung cancer cell lines,
H3122 and H2228 (Fig. 1A and B, Table 1). Accordingly,
ceritinib led to suppression of ALK phosphorylation as well
as the downstream PI3K-AKT, MEK-ERK, and mTOR signal-
ing pathways at lower doses than crizotinib (Fig. 1C and D).

To further assess the cellular specificity of ceritinib, we deter-
mined the Gl (concentration needed to reduce the growth of
treated cells to half that of untreated cells) of ceritinib against
a panel of tumor cell lines bearing different oncogenic driv-
ers. Whereas ceritinib was potent against the two lung cancer
cell lines with ALK rearrangements, it was not potent against
NSCLC or breast cancer cell lines driven by KRAS, EGFR, PI3K,
or HER2, with GIgs >1 pmol/L (Supplementary Fig. S1A).

We next compared the efficacy of ceritinib and crizotinib in
vivo using treatment-naive H2228 xenograft models (Fig. 1E).
Tumor-bearing animals were treated with either high-dose cri-
zotinib (100 mg/kg) or ceritinib (25 mg/kg or 50 mg/kg) once
daily for 14 days. Both crizotinib (100 mg/kg) and ceritinib
(25 and 50 mg/kg) were well tolerated in this study (Supple-
mentary Fig. S1B). As expected, marked tumor regression was
observed in all groups during the treatment. After treatment
was stopped, the animals were monitored for tumor progres-
sion. Although recurrent tumors were detected within 11 days
of drug withdrawal in mice treated with crizotinib, mice treated
with ceritinib at 50 mg/kg remained in complete remission with
no discernible tumor growth for 4 months. In the mice treated
with ceritinib at 25 mg/kg, tumor regrowth was observed in 4
of 8 animals after 1 month, whereas complete remission was
maintained in the other 4 animals for 4 months. Thus, ceritinib
had more durable antitumor activity than crizotinib, even after
the drugs were discontinued. It is also worth noting that the
exposure of crizotinib at 100 mg/kg is approximately 3-fold to
S-fold greater than the exposures achieved at the human maxi-
mum tolerated dose (MTD; 250 mg, twice a day; ref. 15) and
that ceritinib at 25 to 50 mg/kg is predicted to be achievable at
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Figure 1. Ceritinib is a potent ALK inhibitor in crizotinib-naive models. A and B, cell survival assay of H3122 (A) and H2228 (B) cells treated with the
indicated doses of crizotinib or ceritinib for 72 hours. Cell survival was assayed by CellTiter-Glo. C and D, H3122 (C) and H2228 (D) cells were treated
with the indicated concentrations of crizotinib or ceritinib for 6 hours. Lysates were probed with antibodies directed against the specified proteins.

E, SCID beige bearing H2228 cells were administered crizotinib or ceritinib orally once daily for 14 days. The arrow indicates when treatments were
stopped, and tumor growth was monitored in animals up to 4 months. Tumor volumes, mean £ SD (n =8). p, phosphorylated.

the human MTD (750 mg every day). We also evaluated the effi-
cacy of ceritinib in a primary explant model derived from a cri-
zotinib-naive NSCLC tumor MGHO06 (6). Treatment of these
mice with 25 mg/kg ceritinib also led to tumor regressions
(Supplementary Fig. S1C). Altogether, these data demonstrate
that ceritinib is potent against crizotinib-naive ALK-rearranged
cell lines and tumor models # vivo and in vitro.

Ceritinib Is Active against Patient-Derived Cell
Lines from Crizotinib-Resistant Cancers with and
without Resistant Mutations

To investigate the activity of ceritinib against crizotinib-
resistant mutations, we used crizotinib-resistant cell line
models harboring the two most common EML4-ALK
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mutations, L1196M and G1269A. We have previously
described the H3122 CR1 crizotinib-resistant cell line, which
developed resistance in vitro by chronic exposure to crizotinib.
This cell line harbors both the L1196M EMIL4-ALK gate-
keeper mutation and amplification of the EML4-ALK allele
(11). In addition, we also examined two novel cell lines estab-
lished from biopsies of patients whose ALK-rearranged lung
cancers had become resistant to crizotinib in the clinic. These
two patient-derived resistant lines, MGHO045 and MGHO021-
4, harbor the L1196M and G1269A mutations, respectively.
The MGHO021-4 line is a clonal cell line established from
MGHO021, a tumor harboring both 1151T-ins and G1269A
mutations; MGHO021-4 cells harbor only the G1269A mura-

ies directed against the indicated proteins. E, nude mice bearing the
MGHO045 cell line were treated with 100 mg/kg crizotinib or ceritinib
25 mg/kg. Tumor volumes, mean  SD (n=6). p, phosphorylated.

tion (5). This clone, therefore, represents an early generation
of the patient-derived cell line. The Gls, values of ceritinib
against all of these resistant cell lines were decreased 6-fold
to 36-fold compared with crizotinib (Fig. 2A and Supplemen-
tary Fig. S2A-S2C). Accordingly, phosphorylation of ALK
and downstream ERK and AKT were more effectively sup-
pressed by lower doses of ceritinib compared with crizotinib
(Fig. 2B-D).

To further assess the activity of ceritinib against crizotinib-
resistant ALK-positive tumors i vivo, we examined the effi-
cacy of ceritinib against xenografts derived from MGHO045
cells that harbor the L1196M resistance mutation. As shown
in Fig. 2E, treatment of MGHO04S tumor-bearing mice with
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Figure 3. Ceritinib is active in ALK wild-type (WT) crizotinib-resistant cell line. A, abdominal computed tomography (CT) images of patient MGHO51 before
treatment with crizotinib and after 11 weeks of crizotinib. Several new hepatic metastases (yellow arrows) were detectable after crizotinib treatment con-
sistent with disease progression. A repeat biopsy of a hepatic metastasis was performed within 2 weeks of crizotinib discontinuation. B, MGHO51 cells were
treated with the indicated doses of crizotinib or ceritinib for 7 days. After the incubation, the cell survival was assayed by CellTiter-Glo. C, MGHO51 cells
were treated with the indicated concentrations of crizotinib or ceritinib for 24 hours. Lysates were probed with antibodies directed against the indicated

proteins.

low-dose ceritinib (25 mg/kg) was more effective than with
high-dose crizotinib in controlling tumor growth. These data
demonstrate that ceritinib is active against cancers derived
from patients with acquired resistance to crizotinib and is
more potent than crizotinib against ALK-rearranged cancers
harboring the L1196M and G1269A resistance mutations.
The ongoing clinical trial of ceritinib demonstrates that
crizotinib-resistant ALK-positive tumors, including tumors
without ALK mutation or gene amplification, are respon-
sive to ceritinib treatment (13). This raises the possibility
that many of these resistant tumors may develop because
of inadequate target suppression. We investigated the effi-
cacy of crizotinib and ceritinib against a crizotinib-resistant
ALK-positive cell line without ALK resistance mutations,
MGHO51. As shown in Fig. 3A, this cell line was derived
from a biopsy of a liver lesion that developed in a patient on

crizotinib. Assessment of the biopsy sample revealed no ALK
mutations or gene amplification. The cell line derived from
the biopsy also did not harbor any ALK resistance mutations.
This resistant cell line was highly sensitive to ceritinib in vitro,
and, surprisingly, the MGHOS1 cell line was also sensitive to
crizotinib (Fig. 3B). Accordingly, phosphorylation of ALK
and downstream AKT and ERK was efficiently suppressed
by crizotinib and ceritinib (Fig. 3C). These data suggest that
cancers with acquired resistance to crizotinib without ALK-
resistant mutations may remain sensitive to ALK inhibition
(please see “Discussion”).

Assessment of Ceritinib Activity against
a Panel of ALK Mutations

To systematically assess the potency of ceritinib against
ALK resistance mutations, we used Ba/F3 cells engineered
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to express wild-type EML4-ALK or one of the nine dif-
ferent resistance mutations. In this system, ceritinib was
approximately 10-fold more potent against wild-type EML4—
ALK than crizotinib. Whereas all these secondary muta-
tions induced crizotinib resistance, ceritinib was potent in
inhibiting the growth of Ba/F3 cells expressing four of the
resistance mutations, including L1196M, G1269A, S1206Y,
and 111717 (Fig. 4A; Supplementary Fig. S3; Supplementary
Table S1). However, C1156Y, G1202R, 1151T-ins, L1152R,
and F1174C mutations also conferred resistance to ceritinib,
although ceritinib was still more potent than crizotinib
against these mutations. Thus, the most common crizo-
tinib-resistant mutations were substantially more sensitive
to ceritinib than crizotinib, whereas less common resist-
ance mutations conferred resistance to both crizotinib and
ceritinib.

Structural Basis for Increased Potency of Ceritinib
against ALK Crizotinib-Resistant Mutations

To glean insights into the structural basis for the ability
of ceritinib to maintain activity toward select crizotinib-
resistant mutants, the structure of the ALK catalytic domain
complexed with ceritinib was determined (Fig. 4B; PDB
4MKC) and compared with the structure of the ALK cata-
lytic domain bound to crizotinib (Fig. 4C; PDB 2XP2; ref.
16). As shown in Fig. 4A, ceritinib retains potency toward
the most common G1269A and L1196M crizotinib-resist-
ant mutants. The cocrystal structure reveals that G1269 is
situated just proximal to D1270 of the activation loop DFG-
motif. Although mutation to Ala in the G1269A mutant
would not be predicted to present any steric obstruction to
ceritinib binding, it would be predicted to introduce a steric
clash to crizotinib binding due to the proximity of the phe-
nyl ring of crizotinib. The Cl moiety of the pyrimidine hinge-
binding core of ceritinib is juxtaposed with the L1196 side
chain and participates in a hydrophobic interaction with
the Leu side chain. In the L1196M mutant, the Cl moiety
of ceritinib can interact with Met, which may compensate
for the loss of interaction between Cl and the Leu side chain
in wild-type ALK. In contrast, introduction of a Met at the
gatekeeper position 1196 likely adversely affects crizotinib
binding through both steric interference and unfavorable
interactions with the 2-amino substituent of the pyridinyl
hinge-binding core and the methyl substituent of the alkoxy
moiety of crizotinib. These structural findings are in agree-
ment with the increased potency of ceritinib versus crizo-
tinib against these resistance mutations.

In contrast with G1269A and L1196M mutations, ceritinib
' is not potent against the G1202R crizotinib-resistant muta-
tion (Fig. 4A). The crystal structure reveals that mutation
of G1202 to a larger, bulky, and charged side chain would
be incompatible with ceritinib or crizotinib ALK binding
due to steric hindrance (6). This steric obstruction leads
to a loss in potency as reflected by the shift in ICy, values
observed for ceritinib and crizotinib. In contrast with the
G1202R mutation, the T1151 insertion, L1152P, C1156Y,
and F1174C inhibitor-resistant mutants all map to the
N-terminal lobe of the ALK catalytic domain and flank
opposing ends of the oC-helix. The locations of these
mutants do not directly contribute to inhibitor binding

in cocrystal structures. Interestingly, positions T1151 and
F1174 in ALK have been previously identified as sites of
activating gain-of-function mutations in neuroblastoma
(17). Although difficult to predict without structural and
biochemical analyses of these mutants, T1151 is adjacent
to the catalytically important K1150, and insertion at this
position, along with the F1174C, L1152P, and C1156Y
inhibitor-resistant mutants, likely influences oC-helix
mobility and conformational dynamics of the catalytic
domain. Previously reported structures of nonphospho-
rylated ALK in the apo, ADP, and inhibitor-bound forms
suggest the ALK catalytic domain structure possesses a
“DFG-in” conformation (18) with a unique activation loop
conformation. It is conceivable that these mutations desta-
bilize the ALK conformation and shift the conformational
equilibrium toward those that are no longer able to bind
the inhibitor. It is also possible that these mutations could
decrease the K., for ATP, rendering ceritinib/crizotinib a less
effective ATP competitive inhibitor.

Crizotinib-Resistant Tumors Harboring EML4~-ALK
Wild-Type, I1171T, or C1156Y Mutations Are
Sensitive to Ceritinib In Vivo

To evaluate the activity of ceritinib against crizotinib-
resistant tumors im vivo, crizotinib-resistant H2228
xenograft tumors were generated by treatment with esca-
lating doses of crizotinib (from 50 to 100 mg/kg). Tumors
that progressed during treatment with 100 mg/kg crizotinib
were analyzed for resistance mechanisms. Typical tumor
responses and resistance are shown for 3 animals in Sup-
plementary Fig. S4, and are representative of the 80 animals
used in this study. To determine mechanisms of resistance
to crizotinib, we sequenced the ALK kinase domain of all 80
tumors and identified three distinct resistance mutations
in six tumors. The G1202R, C1156Y, and I1171T muta-
tions were detected in three, two, and one resistant tumors,
respectively. Of these three mutations, G1202R and C1156Y
have been previously reported in patients with NSCLC who
relapsed on crizotinib (6, 7). Interestingly, I1171T has not

yet been reported from crizotinib-resistant patients but was

identified in an in vitro mutagenesis screen for resistance
mutations (19).

The efficacy of ceritinib was tested against these crizo-
tinib-resistant H2228 xenograft tumor models as well as
one of the resistance models that did not harbor a resist-
ance mutation nor ALK amplification (data not shown).
Alrthough each was resistant to crizotinib at 100 mg/kg,
ceritinib suppressed tumor growth in multiple resistance
models (Fig. SA-D). In the wild-type and I1171T resist-
ant models, ceritinib demonstrated impressive antitumor
activity, whereas it was less active in the C1156Y-resist-
ant model and was inactive against the G1202R-resistant
model. These data are consistent with the Ba/F3 models
in which ceritinib was more potent against I11171T than
the C1156Y and G1202R mutants (Fig. 4A). The studies
shown herein provide evidence that ceritinib can overcome
resistance in vivo, especially in tumors harboring wild-type,
L1196M, or I1171T ALK fusions at a dose that is predicted
to be achievable in humans. Of note, it is rather interest-
ing that ceritinib overcame crizotinib resistance in the
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tumor that did not harbor an ALK resistance mutation,
as this recapitulates observations in the clinic and with
the patient-derived cell line shown in Fig. 3 (please see
“Discussion”).

Acquired Resistance to Ceritinib in Patients

Ceritinib has demonstrated impressive activity in the clinic
in crizotinib-resistant patients (13). However, similar to
other targeted therapy successes, despite initial and durable

responses, tumors do develop resistance. We have now biop-
sied 11 cancers with acquired resistance to ceritinib (two of
which were from different sites from the same patient). As
shown in Fig. 6A, five of these biopsies revealed the develop-
ment of mutations at either G1202 or F1174 in the ceritinib-
resistant cancers. In the patient JFCR021, who had two sites
of disease biopsied, two different ceritinib-resistant mutations
were identified, underscoring the heterogeneity of resistance
mechanisms that can be identified in a single patient (6). Of
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Baseline After 8 weeks After 34 months After 12 weeks After 15 months
of crizotinib of crizotinib of ceritinib of ceritinib
EML4-ALK
sequence: WT S1208Y G1202R

Figure 6. Ceritinib-resistant tumors acquired mutations at positions G1202 or F1174. A, ALK mutational status in ceritinib-resistant patient tumors
before and after ceritinib treatment. B, thoracic computed tomography (CT) images of patient MGHO11 during crizotinib or ceritinib treatments. Sites of
biopsies (red arrows) revealed the presence of different ALK secondary mutations throughout the treatments. Tumor growth observed during ceritinib

treatment is consistent with disease progression. WT, wild-type.

note, 2 of the patients had crizotinib-resistant mutations
before enrolling on ceritinib (MGHO11; Fig. 6B; and JFCR021)
that our laboratory studies suggested would be sensitive to
ceritinib. In the ceritinib-resistant cancers, those mutations
were no longer detected, but the G1202R mutation emerged
(Fig. 6B). These findings are consistent with preclinical studies
presented in this article demonstrating the activity of ceritinib
against G1269A and S1206Y crizotinib-resistant mutations,
and its lack of potency against the G1202R mutation.

DISCUSSION

Since its approval in the United States in 2011, the ALK
inhibitor crizotinib has emerged as a standard of care for
patients with advanced NSCLC harboring the ALK fusion
oncogene. Unfortunately, as has been observed with other
targeted therapies, the emergence of resistance has ultimately
limited the benefit of this therapy. Next-generation ALK
inhibitors (ceritinib, CH5424802, ASP3026, AP26113, and
X-396) have been developed with the hope that they may
overcome acquired resistance to crizotinib. We previously

reported differential activity of some of these ALK inhibitors
depending on the resistance mutations present within the
ALK TK domain (6, 11). In an ongoing early-phase clinical
study, ceritinib has exhibited dramatic activity in patients
with ALK-rearranged NSCLC (13).

In these studies, we find that ceritinib is a more potent
ALK inhibitor than crizotinib, and has marked activity in
crizotinib-naijve models of ALK-positive NSCLC, including
H2228, H3122, and Ba/F3 cell lines in vitro and MGHO006
primary explants in vive. To better characterize the activity
of ceritinib in crizotinib resistance, we developed a variety of
crizotinib-resistant models, including cell lines derived from
biopsies from patients whose cancers had developed resist-
ance to crizotinib in the clinic. These models harbored differ-
ent resistance mechanisms, including various ALK resistance
mutations. The activity of ceritinib varied depending on the
specific ALK resistance mutation. For example, in Ba/F3
models, ceritinib was highly active against L1196M, G1269A,
S1206Y, and 11171T EML4-ALK mutants, and less active
against the less common mutations C1156Y, G1202R, 1151T-
ins, L1152P, and F1174C. It is notable that in the phase I
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study of ceritinib, five of 19 crizotinib-resistant tumors har-
bored resistance mutations at residues 1196, 1269, and 1206,
with one tumor harboring both G1269A and 1151T-ins. The
patients harboring these resistance mutations all exhibited
significant tumor shrinkage (13).

Importantly, as has been observed in the clinic, ceritinib
showed potent efficacy i vitro and in vivo against a crizo-
tinib-resistant tumor that did not harbor an ALK resistance
mutation or gene amplification (Fig. 3B). Interestingly, the
patient-derived cell line also retained sensitivity to crizotinib
in vitro, demonstrating that these cells are still sensitive to
ALK inhibition. One potential explanation for this find-
ing is that, in the clinic, crizotinib fails to achieve tumor
levels that completely inhibit ALK, and that tumor cells can
survive through modest input from activation of bypass
tracks such as EGFR. However, these cells remain sensitive
to complete ALK inhibition. In the setting of a more potent
ALK inhibitor, ALK is inhibited fully, abrogating the func-
tional role of bypass tracks and leading to the elimination
of tumor cells. It is also possible that this patient relapsed
on crizotinib because of poor adherence to therapy or due to
a stromal contribution. Similar findings were also observed
in the H2228 xenograft model that developed resistance to
crizotinib in vive, did not develop an ALK mutation, and was
sensitive to ceritinib (Fig. 5A). These findings may explain,
at least in part, the finding that ceritinib is highly active in
crizotinib-resistant cancers with or without ALK resistance
mutations.

The initial interrogation of ceritinib-resistant patient
biopsies supports the notion that ceritinib is able to effec-
tively suppress many crizotinib-resistant mutations, but the
G1202R and F1174V/C mutants are resistant to ceritinib. It
is noteworthy that in two cases, the crizotinib-resistant muta-
tions, S1206Y and G1269A, were no longer observed in the
ceritinib-resistant biopsies in which the G1202R mutations
were observed (Fig. 6A). This suggests that predominant
clones with the S1206Y and G1269A mutations were sup-
pressed by ceritinib, whereas much more rare clones with
G1202R mutations were selected by ceritinib. These findings
give further support to the notion that there are multiple
populations of resistant clones whose emergence is depend-
ent on the selective pressure applied.

Alrogether, our i vitro and in vivo data, including cell line
models established from crizotinib-resistant patient samples,
demonstrate that the next-generation ALK inhibitor ceritinib
is active against most crizotinib-resistant tumors. This is
consistent with the marked clinical activity of ceritinib in
patients with ALK-positive NSCLC who progressed on crizo-
tinib. As resistance to ceritinib has already been observed in
the clinic, future studies will need to identify mechanisms of
resistance to ceritinib other than mutations in the G1202 and
F1174 residues to maximize the clinical benefit afforded by
next-generation ALK-targeted therapies.

METHODS

Cell Lines and Reagents

All human lung cancer samples were obtained from patients with
informed consent at the Massachusetts General Hospital (MGH)
and the Japanese foundation for Cancer Research (JFCR), and all

procedures were conducted under an Institutional Review Board
(IRB)-approved protocol. Cells in pleural effusion were collected by
centrifugation at 440 x g for 10 minutes. After red blood cells were
Iysed with the Red Blood Cell Lysis Solution (BioLegend), cells were
grown in ACL-4 (Invitrogen) supplemented with 1% FBS or RPMI-
1640 supplemented with 10% FBS and 1x Antibiotic-Antimycotic.
After the cells started growing stably, clonal cell lines were also
established.

H3122, H2228, AS49, H460, H1299, HCC827, and H522 cell lines
were provided by the Center for Molecular Therapeutics (CMT)
at Massachusetts General Hospital (Boston, MA), which performs
routine cell line authentication testing by single-nucleotide poly-
morphism and short-tandem repeat analysis. BT-474, SKBR3, and
the ALK-positive patient-derived cell lines used in this study are from
the Engelman laboratory (Boston, MA) and have been previously
tested for mutation status to confirm their authenticity. A549, H460,
H1299, HCC827, H522, SKBR3, H2228, H3122, H3122 CR1, and
MGHO021-4 cell lines were cultured in RPMI-1640 supplemented with
10% FBS. For survival assays, H2228 were cultured in 1% FBS. The
MGHO04S5 cell line was cultured in ACL-4 supplemented with 1% FBS,
and MGHOS1 and BT-474 were cultured in DMEM supplemented
with 10% FBS.

Mouse myeloma Ba/F3 cells were cultured in DMEM supple-
mented with 10% FBS with (parental) or without (EML4-ALK) IL3
(0.5 ng/mL). cDNAs encoding EML4-ALK variantl or EMIL4-ALK
variant3 containing different point mutations were cloned into
retroviral expression vectors, and virus was produced as previously
described (11). After retroviral infection, Ba/F3 cells were selected
in puromycin (0.5 pg/mL) for 2 weeks. IL3 was withdrawn from the
culture medium for more than 2 weeks before experiments.

Crizotinib was purchased from ChemieTek, and ceritinib was pro-
vided by Novartis. Both were dissolved in DMSO for in vitro experi-
ments. Ceritinib was formulated in 0.5% methyl cellulose/0.5% Tween
80 and crizotinib in 0.1 N HCI or 0.5% methyl cellulose/0.5% Tween
80 for in vivo studies.

Western Blot Analysis

A total of § x 105 cells were treated in 6-well plates for 6 hours with
the indicated drugs. Cell protein lysates were prepared as previously
described (6, 11). Phospho-ERK (T202/Y204), ERK, S6, phospho-S6,
phospho-AKT (S473 and T308), AKT, phospho-ALK (Y1282/1283),
and ALK antibodies were obtained from Cell Signaling Technology.
GAPDH was purchased from Millipore.

Survival Assays

Cells (2,000 or 5,000) were plated in triplicate into 96-well plates.
Seventy-two hours (48 hours for Ba/F3 cells and 7 days for MGHO0S51)
after drug treatments, cells were incubated with a CellTiter-Glo
assay reagent (Promega) for 15 minutes, and luminescence was
measured with a Centro LB 960 Microplate Luminometer (Berthold
Technologies).

In Vivo Efficacy Study of Ceritinib

SCID beige mice for crizotinib-resistant H2228 xenograft tumor
models, nude mice for MGHO06 primary explants and MGHO045
cells were randomized into groups of 5, 6, or 8 mice with an average
tumor volume of approximately 150 mm? and received crizotinib or
ceritinib daily treatments by oral gavage as indicated in each study.
Tumor volumes were determined by using caliper measurements and
calculated with the formula (length x width X height)/2.

In Vitro Enzymatic Assay

An enzymatic assay for the recombinant ALK kinase domain
(1066-1459) was conducted using the Caliper mobility shift method-
ology, using fluorescently labeled peptides as kinase substrates. The
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Caliper assay was performed at 30°C for 60 minutes in a total volume
of 9 pL. The reaction was terminated by the addition of 16 pL of stop
solution [100 mmol/L HEPES, 5% (v/v) DMSO, 0.1% (v/v) coating
reagent, 10 mmol/L EDTA, 0.015% (v/v) Brij 35]. After termination
of the reactions, the plates were transferred into the Caliper LabChip
3000 workstation for analysis.

Analysis of ALK/Ceritinib and ALK/Crizotinib Costructures

The ALK/ceritinib costructure was determined by the soaking of 2
mmol/L ceritinib into apo crystals grown in 0.2 mol/L sodium ace-
tate trihydrate/20% PEG3350 using protein expressed and purified as
previously described (18). The ALK/ceritinib final model determined
to 2.0 A (PDB 4MKC on hold) was superimposed with the coordi-
nates of the ALK/crizotinib costructure (PDB 2XP2) for analyses.

Patient Sample Analyses

The patients with ALK-positive NSCLC with acquired ceritinib
resistance underwent biopsy of their resistant tumors between
January 2011 and September 2013. Standard histopathology was
performed to confirm the diagnosis of malignancy as previously
described (6). The electronic medical record was reviewed retrospec-
tively to obtain clinical information under an IRB-approved protocol.
This study was approved by the IRB of MGH or the Cancer Institute
Hospital of JECR.
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