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Abstract

Neurotrophic receptor tyrosine kinase 1 (NTRK1) gene rearrange-
ment leads to constitutive activation of NTRK1, which induces
high-transforming ability. NTRK-rearranged cancers have been
identified in several cancer types, such as glioblastoma, non–
small cell lung cancer, and colorectal cancer. Although there are
currently no clinically approved inhibitors that target NTRK1,
several tyrosine kinase inhibitors (TKI), such as entrectinib and
LOXO-101, are in clinical trials. The purpose of this study was
to identify potential mechanisms of resistance to NTRK inhi-
bitors and find potential therapeutic strategies to overcome the
resistance. We examined the sensitivity of TPM3-NTRK1-trans-
formed Ba/F3 cells and TPM3-NTRK1-harboring KM12 cells to
multiple NTRK inhibitors. Acquired NTRK inhibitor-resistant
mutations were screened by N-ethyl-N-nitrosourea mutagene-
sis with Ba/F3-TPM3-NTRK1 cells or by the establishment of
NTRK-TKI-resistant cells from KM12 cells continuously treated

with NTRK-TKIs. We identified multiple novel NTRK-TKI
resistance mutations in the NTRK1 kinase domain, including
G595R, and insulin growth factor receptor type 1 (IGF1R)
bypass pathway-mediated resistance. After identifying the
resistance mechanisms, we performed drug screening with
small-molecule inhibitors to overcome the resistance. As a
result, we found that ponatinib and nintedanib effectively
inhibited the survival of TPM3-NTRK1-G667C but not G595R
mutants, both of which showed resistance to entrectinib or
larotrectinib (LOXO-101). Furthermore, cabozantinib with an
IGF1R inhibitor such as OSI-906 could overcome bypass
pathway-mediated resistance. We developed a comprehensive
model of acquired resistance to NTRK inhibitors in cancer
with NTRK1 rearrangement and identified cabozantinib as a
therapeutic strategy to overcome the resistance. Mol Cancer Ther;
16(10); 2130–43. �2017 AACR.

Introduction
The neurotrophic receptor tyrosine kinase 1 (NTRK1) gene was first

identified as a fusion oncogene, trkA (tropomyosin receptor kinase),
in a colorectal cancer in 1986 (1). The NTRK1 gene belongs to a
family of nerve growth factor receptor genes consisting ofNTRK1,
NTRK2, and NTRK3, encodes a single transmembrane receptor
tyrosine kinase (RTK) protein (also called as Trk A, B, and C).
NTRK1, 2, and3 are receptors of nerve growth factor (NGF), brain-
derived growth factor (BDNF), and neurotrophin 3 (NTF-3),
respectively. They aremainly expressed inhumanneuronal tissues
and play critical roles in the development and homeostasis
of the nervous system. The high-affinity ligand of NTRK1, NGF
(a member of the neurotrophins), leads to dimerization and

activation of NTRK1 and its downstream signaling, which plays
an important role in the survival, development, and function of
neurons (2). In contrast, the NTRK1 fusion oncogenes, such as
tropomyosin 3 (TPM3) and NTRK1, both located on chromosome
1, induce constitutive activation of NTRK1 tyrosine kinase medi-
ated by constitutive expression by the promoter of the fusion
partner gene and oligomerization using domains, such as the
coiled-coil domain, in the fusion partner protein. Various fusion
partner genes of NTRK1 (e.g., TPR, PPL, and LMNA) have been
reported, and almost all the reported fusion partner genes possess
oligomerization domains. NTRK1 fusion oncogenes have been
identified in many types of cancers, including thyroid cancer
(12%), glioblastoma (2.5%), lung cancer (1%), and others
(3, 4). However, there are no clinically approved drugs for the
treatment of NTRK-rearranged cancers. More than seven drug
candidates have been developed, and some of them have been
evaluated in clinical trials (5). Among them, entrectinib and
LOXO-101 have been reported to induce marked tumor shrink-
age in patients with NTRK-rearranged cancers (6–9). However,
the emergence of tumors resistant to NTRK-TKIs is inevitable, as
has been seen in EGFR mutant, ALK-, or ROS1-fusion positive
lung cancer (10–13). A case of entrectinib resistance mediated
by secondary mutations in NTRK1 (G595R and G667C muta-
tions), and a case of entrectinib resistance by the G623R
mutation in NTRK3 (corresponding to G595R in NTRK1) in
mammary analogue secretory carcinoma (MASC) were recently
reported (14, 15).
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In this study, we screened and identified resistance mutations
by N-ethyl-N-nitrosourea (ENU) random mutagenesis using
TPM3-NTRK1-overexpresseing Ba/F3 cells and established the
NTRK-TKI-resistant cells using colon cancer KM12 cells harboring
TPM3-NTRK1. We also conducted a drug screening with FDA-
approved inhibitors and other well-known TKIs against both KM-
12 cells and wild-type or our identified resistant mutant TPM3-
NTRK1 Ba/F3 cells. We identified several potential inhibitors,
including cabozantinib (XL-184; FDA-approved for medullary
thyroid carcinoma), nintedanib (BIBF-1120; FDA-approved for
idiopathic pulmonary fibrosis), and ponatinib (AP24534; FDA-
approved for T315I-positive chronic myeloid leukemia and
T315I-positive Philadelphia chromosome positive acute lympho-
blastic leukemia). From the establishment of cabozantinib- resis-
tant KM12 cells and analysis using the resistant cells, we found
that insulin growth factor receptor type 1 (IGF1R) mediated
resistance to cabozantinib and other NTRK-TKIs and that com-
bination therapy targeting IGF1R and NTRK1 completely
reversed the resistance. We also found that a G595R mutation
harbored by NTRK1-TKI-resistant cells emerged in monoclonal
KM12 cells, and that a TKI-resistant minor population, called
the "persister clone," existed in both parental and single clone-
derived KM12 cells, which could be eradicated by the combi-
nation of IGF1R with NTRK1 inhibitors. Our study suggests
potential resistance mechanisms and therapeutic strategies to
overcome the resistance.

Materials and Methods
Cell lines

Ba/F3, immortalized murine bone marrow-derived pro-B
cells, were obtained from the RIKEN BRC Cell Bank (RIKEN
BioResource Center) in 2012 and were cultured in DMEM
(low glucose) containing 10% FBS with or without mIL-3.
KM12 cells originally provided from NCI-60 in 1991 were
cultured in DMEM (low glucose) containing 10% FBS. All cells
were routinely tested and verified to be free of mycoplasma
contamination. KM12 cell line was authenticated by short
tandem repeat profiling analysis (BEX) in 2016, and all the cell
lines were used within 6 month periods after thaw the original
authenticated cell line stocks.

Reagents
Inhibitors were purchased from each companies as shown

below. Stock solutions of the inhibitors were prepared by
dissolving them in 10 mmol/L DMSO or 10 mmol/L ethanol.
17-AAG (16), GDC0941, Gefitinib, Imatinib, Lapatinib, and
Erlotinib were purchased from LC Laboratories. LOXO-101,
AEW541, Alectinib, OSI906, Trametinib, cabozantinib, ceriti-
nib, CH5183584, and PF-06463922 were from ActiveBiochem.
Crizotinib, brigatinib (AP26113), vandetanib, and BGJ398
were purchased from Biochempartner. Nintedanib, Ponatinib,
Sorafenib, Ponatinib, Sunitinib, Vemurafenib, E7080, and
AZD9291 (Osimertinib) were from Selleck, and ASP3026,
AZD6244 (17), BIBW2992 (Afatinib), and TAE684 (18) were
from ChemieTek. PHA665752 and SB218078 were from Tocris
Bioscience, Entrectinib was from MedChem Express, MS209
was from Sigma, AZD3463 (19) was from BioVision, CEP701
was from Calbiochem, Foretinib and PP242 were from AdooQ
Bioscience, Rapamycin was from AG Scientific, and Everolimus
was purchased from Chem Scene.

Establishment of TPM3-NTRK1 induced Ba/F3 cells
cDNA of TPM3-NTRK1 extracted from KM12 cells was cloned

into a pLenti6.3 vector and then was induced into Ba/F3 cells (IL3
dependent), as previously reported (20). In brief, Ba/F3 cells were
infected with lentivirus produced in 293FT cells using a lentiviral
infection system (ViraPower packaging plasmid: Invitrogen) and
pLenti6.3 viral plasmid. After viral infection, Ba/F3 cells were
selectedwith blasticidin (7 mg/mL) for about 1week. IL3was then
removed from the media, and the TPM3-NTRK1-dependently
growing Ba/F3 cells were established.

ENU mutagenesis screening
A single clone (clone 28) was selected from the TPM3-NTRK1

Ba/F3 cells and was exposed to ENU (a DNA alkylating com-
pound, 100 mg/mL, purchased from Sigma) for 24 hours at 1.0�
106 cells/mL. The mutated cells were then washed with PBS, and
resistant cells were selected under various concentrations of
cabozantinib (300, 1,000, 2,000 nmol/L), nintedanib (700,
1,000, 2,000 nmol/L), and foretinib (100, 300, 1,000 nmol/L)
in 96-well plates (5.0�104 cells/well) and cultured up to 4weeks.
The resistant cells were then expanded and assayed. Everything
that came in contact with ENU was decontaminated with 1 M
NaOH.

Establishment of KM12-resistant cell lines
Single clones from KM12 colorectal cancer cells were obtained

by limiting dilution. Parental or single clone-derived KM12 cells
were treated with 1 mmol/L of cabozantinib or 600 nmol/L of
Entrectinib, and multiple cabozantinib-resistant KM12 CR cell
lines were established.

Cell viability assay
From 2,000 to 3,000 cells per well were seeded into a 96-well

plate, and inhibitors were added at various concentrations. After
72 hours of incubation, CellTiter-Glo (Promega) was added, and
the cells were incubated for 10minutes at room temperature. The
luminescence of the cells was thenmeasured with a Tristar LB 941
microplate luminometer (Berthold Technologies). The data were
graphically displayed with a GraphPad Prism version 5.0 (Graph-
Pad Software). A nonlinear regressionmodel determined the IC50

with a sigmoidal dose response in GraphPad.

Immunoblotting
From 3.0 � 105 to 1.0 � 106 cells were treated with various

concentrations of inhibitors and were collected after 3 hours.
Equal amounts of lysates were electrophoresed and transferred to
a membrane. Indicated proteins were detected using antibodies
against phospho-NTRK1 (Tyr 674/675, C50F3), NTRK1 (C17F1),
phospho-AKT (Ser 473, D9E), AKT (C67E7), phospho-ERK (Thr
202/204), ERK, phospho-IGF1R (Tyr 1135/1136, 19H7), IGF1R
(111A9), phospho-S6 (Ser 240/244, D68F8), S6 (54D2) (Cell
Signaling Technology), and b-actin (Sigma). Phospho-RTK array
(R&D) was performed as indicated in the manufacturer's instruc-
tion using the cell lysates from the KM12 cell line and its resistant
cells treated with or without the indicated inhibitors.

Colony formation assay
KM12 cells were cultured in soft agar (0.3%) layered on 0.6%

soft agar, with or without the inhibitors (cabozantinib or Entrec-
tinib, 0 and 300 nmol/L; LOXO-101, 1000 nmol/L; OSI906, 300
nmol/L; cabozantinibþOSI906, 300 nmol/L) and incubated for
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7 to 14 days. After the incubation, the live cells were stained with
0.1% crystal violet. After washing out the excessive crystal violet,
images of the live cells were obtained by the EPSON ES2200
scanner.

In vivo evaluation of ponatinib, cabozantinib, or entrectinib
All mouse studies were conducted through Institutional Ani-

malCare andUseCommittee–approved animal protocols accord-
ing to the institutional guidelines. KM12 cells (3 � 106) were
suspended in 50 mL of HBSS and subcutaneously implanted into
Balb-c nu/numice (Charles River). Tumor growth was monitored
twiceweekly by bilateral calipermeasurement, and tumor volume
was calculated as 0.5� length�width�width (mm3).When the
average tumor volume reached approximately 200mm3, themice
were randomized into vehicle and treatment groups using the
restricted randomization such that the mean tumor size of each
group was equivalent. The mice were treated once daily by oral
gavage for the indicated period. Relative tumor volume was
calculated by dividing by the tumor volume on day 0. The body
weights of the mice were measured twice weekly. Implanted
tumors were resected from the mice on day 3 of drug treatment
and were examined by immunoblot. The sample size (minimum
n ¼ 5 per treatment group) was selected to ensure satisfactory
inter-animal reproducibility. The Mann–WhitneyU test was used
for the statistical analysis of the mice experiments.

Results
Establishment of TPM3-NTRK1 dependently growing Ba/F3
cells

For the treatment of NRTK-rearranged cancers, multiple NTRK-
TKIs have been developed and are being evaluated in clinical
trials. Among the inhibitors, Entrectinib, and LOXO-101 have
been reported to be effective in patients with NTRK fusion-
positive cancers (6). KM12 colorectal cancer cells have been
reported to harbor TPM3-NTRK1 fusion gene and addicted to
the TPM3-NTRK1-mediated growth signaling (21). To study the
mechanisms of resistance toNTRK-TKI, we established the TPM3-
NTRK1-dependently growing Ba/F3 cell line model. IL3 depen-
dently growing Ba/F3 cells were infected with the lentivirus
expressing TPM3-NTRK1. The infected Ba/F3 cells were able to
grow in the absence of IL3, as previously reported (21). Cabo-
zantinib, entrectinib, and LOXO-101 were confirmed to inhibit
TPM3-NTRK1 Ba/F3 cell growth. Through a focused kinase inhib-
itor screening using TPM3-NTRK1 Ba/F3 cells, we also found that
nintedanib (22, 23) and foretinib (24) were potent NTRK1
inhibitors (Fig. 1A). Consistent with other studies, crizotinib also
inhibited NTRK1 (Fig. 1A). These inhibitors, but not OSI-906
(25), an IGF1R inhibitor, were also effective at inhibiting KM12
cell growth (Fig. 1B). The calculated IC50 of Ba/F3-TPM3-NTRK1
or KM12 cells to NTRK inhibitors were not largely different from
the previous studies (Fig. 1A and B, right). Foretinib and entrec-
tinib completely inhibited NTRK1 phosphorylation at 10 nmol/L
in both cell lines. Cabozantinib and LOXO-101 inhibited NTRK1
phosphorylation at 100 nmol/L, whereas nintedanib only par-
tially inhibited NTRK1 phosphorylation at 100 nmol/L (Fig. 1C).

Identification of NTRK1-resistant mutations by ENU
mutagenesis screening

Molecular targeting drugs such as TKIs often induce marked
tumor shrinkage; however, the emergence of drug-resistant cancer

is inevitable in most of the cases. To identify potential NTRK1
mutations that will occur in NTRK1-TKI resistance, we conducted
ENU mutagenesis screening. Single clones were selected from
TPM3-NTRK1 Ba/F3 cells by limiting dilution and expanded. All
the clones were confirmed to express the NTRK1 fusion protein
(Supplementary Fig. S1A). All of the picked-up mono clones
showed similar sensitivity to NTRK inhibitors (Supplementary
Fig. S1B–S1D), and clone 28, which had sensitivity similar to that
of TPM3-NTRK1 Ba/F3 polyclonal cells, was selected to conduct
ENUmutagenesis (Fig. 1A and Supplementary Fig. S1E). From the
results of ENU mutagenesis screening selected by cabozantinib,
nintedanib, or foretinib, we identified five resistant mutations in
the NTRK1 kinase domain: L564H, G595L, G595R, F646I, and
D679G (Fig. 2A). Except for D679G, which is located in the
activation loop, all themutationswere located in the ATP-binding
pocket (Fig. 2B). The G595R mutant, which was selected by
cabozantinib, nintedanib, or foretinib, was the most common
mutation. The L564H,G595L, F646I, andD679Gmutations were
only obtained through cabozantinib selection in the screening.
Therewere also a total of 221 resistant cellswithout anymutations
in the NTRK1 kinase domain (Fig. 2A). All the resistant cells with
secondary mutations obtained from ENU were also resistant to
foretinib andnintedanib as comparedwith thewild-type clone 28
cells (Fig. 2C and Supplementary Fig. S2). The NTRK1 phosphor-
ylation level of all the mutants was maintained even when they
were treated with 100 nmol/L cabozantinib (Fig. 2D). Notably,
the G595L mutant did not decrease its NTRK1 phosphorylation
level upon treatment with 1000 nmol/L cabozantinib.

Overcoming the NTRK1-resistant mutation by repurposing
different TKIs

Recently, two acquired resistance mutations to entrectinib in
the catalytic domain of NTRK1, p.G595R, and p.G667C were
found by the analysis of circulating tumor DNA (ctDNA), KM12
xenograft model, and xenopatient, which was established by
directly transplanting tumor biopsy tissue of a patient with
LMNA–NTRK1 fusion positive colorectal cancer to the mouse
(14). Thus, we subsequently established BaF3 cells that had the
identified NTRK1 mutations and the G667C mutation (Fig. 3A).
We then examined the sensitivity of G667C or G595R mutant
TPM3-NTRK1-harboring Ba/F3 cells toNTRK inhibitors in clinical
trials (Entrectinib, LOXO-101, and Cabozantinib). The results
showed that theG595Rmutantwashighly resistant to entrectinib,
LOXO-101, and cabozantinib. In contrast, G667C mutants were
highly resistant to entrectinib and LOXO-101, but very sensitive to
cabozantinib, with approximately 10-fold lower IC50 than that of
TPM3-NTRK1 (wild-type) Ba/F3 cells (Fig. 3B–D). To identify the
inhibitors that could overcome these resistant mutant NTRK1s,
we performed a focused drug screening by treating the mutant,
wild-type TPM3-NTRK1-expressing, or parental Ba/F3with the 36
inhibitors consisting of various kinase inhibitors targeting tyro-
sine or serine/threonine kinases that are now available clinically
or are being evaluated in clinical trials, referring to the report by
Duong-Ly and colleagues that showed the potential to repurpose
inhibitors against disease-associated or drug-resistant mutant
kinases (26). Foretinib, ponatinib (27, 28), and nintedanib, in
addition to cabozantinib, were identified as potential inhibitors
of G667C mutants. However, no inhibitors except for the inhi-
bitors targeting downstream signaling, such as MEK inhibitor
trametinib (29–31), could inhibit the growth of G595R mutants
(Fig. 3E). Consistent with the results of the focused drug
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Figure 1.

Sensitivity of TPM3-NTRK1 Ba/F3 cells and KM12 cells to NTRK1 inhibitors. Sensitivity of (A) TPM3-NTRK1-induced Ba/F3 cells and (B) TPM3-NTRK1-harboring
KM12 cells to inhibitors. Cellswere treatedwith a range of inhibitor doses for 72hours. Cell viabilitywas assessedbyCellTiter Glo assay. Calculated IC50swere shown in
right. C, Inhibition of NTRK1 phosphorylation by NTRK1 inhibitors in TPM3-NTRK1 Ba/F3 cells and KM12 cells. Both cell lines were treated with increasing
concentrations of inhibitors for 3 hours. Cell lysates were immunoblotted to detect the indicated proteins.
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Identification of resistant mutations by ENU mutagenesis screening. A, NTRK1 kinase domain mutations and number of clones identified by ENU mutagenesis
screening. B, Three-dimensional mapping of identified NTRK1 mutations based on the ribbon diagram of crystal structure of NTRK1 kinase domain. The figure was
drawnusing PyMOL softwarewith crystal structure information fromProteinData Bank ID4F0I.C, Sensitivity of TPM3-NTRK1wild-type clone 28 and clones obtained
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G595R clone 69, F646I clone 70). Both cell lines were treated with increasing concentrations of inhibitors for 3 hours. Cell lysates were immunoblotted to
detect the indicated proteins.
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Sensitivity of TPM3-NTRK1 mutant Ba/F3 cells to various NTRK1 inhibitors. A, Expression levels of TPM3-NTRK1 L564H, G595R, G595L, F646I, D679G, and
G667C mutants compared with polyclonal TPM3-NTRK1-WT-expressing cells or parental Ba/F3 cells. All cell lysates were immunoblotted to detect the indicated
proteins. B–D, Sensitivity of G595R or G667C mutated TPM3-NTRK1-expressing Ba/F3 cells to entrectinib (B), LOXO-101 (C), and cabozantinib (D). Cells were
treated with a range of inhibitor doses for 72 hours. Cell viability was assessed by CellTiter Glo assay. E, The results of screening the growth-inhibitory activity of
36 drugs in Ba/F3 cells expressing TPM3-NTRK1, with or without G667C mutation or G595R mutations, are shown in a heat map; green color indicated cells
grew as same as control, and red color indicates suppression of cell viability. Ba/F3 cells expressing each wild-type or mutant NTRK1 were treated with 100 nmol/L
of the indicated inhibitors. After 72 hours of drug treatment, cell viability was measured by CellTiter-Glo assay. Relative cell viability was calculated from
each value divided by the DMSO control. (F-H) Sensitivity of G595R- or G667C-mutated, TPM3-NTRK1-expressing Ba/F3 cells to ponatinib (F), nintedanib (G), and
foretinib (H). Cells were treated with a range of inhibitor doses for 72 hours. Cell viability was assessed by CellTiter Glo assay.
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screening, G667C mutants showed lower IC50 to ponatinib,
nintedanib, and foretinib than did the wild type (Fig. 3F–H).

We then examined the sensitivity of other identified resistant
mutants to these inhibitors and obtained IC50 values. The L564H
mutant was highly sensitive to entrectinib but resistant to pona-
tinib, cabozantinib, and foretinib. The F646Imutantwas sensitive
to ponatinib but resistant to cabozantinib and foretinib. The
D679G mutant was sensitive to entrectinib and LOXO-101 but
resistant to ponatinib, cabozantinib, and foretinib. However,
both G595R and G595L (solvent front) mutants were highly
resistant to all the tested NTRK1 inhibitors (Fig. 4A, Supplemen-
tary Fig. S3A and S3B, and Supplementary Table S1). Consistent
with the cell viability assay of Ba/F3 mutants, the inhibition of
NTRK1 phosphorylation corresponded to the IC50 of each
mutant's growth to each NTRK1 inhibitor (Fig. 4B). When the
cells were treated with higher concentrations of the focused
inhibitor library, we found that the Hsp90 inhibitor 17-AAG
caused marked growth inhibition in both wild-type and resistant
mutants, and the growth inhibition by 17-AAG was also con-
firmed by treating KM12 parental cells with 17-AAG. When we
examined the effect of 17-AAGby immunoblotting, we found that
17-AAG treatment not only decreased NTRK1 phosphorylation
and phosphorylation of the downstream signalingmolecules, but
also drastically decreased total TPM3-NTRK1 protein, an effect
different from the effects of other NTRK-TKIs, such as cabozanti-
nib, crizotinib, and ponatinib (Supplementary Fig. S4A–SAC). To
check whether ponatinib can inhibit NTRK1 and induce tumor
growth inhibition, we performed in vivo experiments by admin-
istering ponatinib, cabozantinib, or entrectinib to nudemice into
which KM12 cancer cells had been subcutaneously injected. As a
result, the mice treated with entrectinib or cabozantinib showed
significant inhibition of the growth of KM12 cells, and ponatinib
also showed statistically significant suppression of tumor growth
compared with vehicle controls without explicit toxicity (Supple-
mentary Fig. S5A). Phosphorylation of NTRK1 and its down-
stream phosho-AKT were actually inhibited by entrectinib, cabo-
zantinib, or ponatinib in tumor samples obtained from mice
(Supplementary Fig. S5B). The observed effect and potential
usefulness of the Hsp90 inhibitor, and the induction of the
degradation of NTRK fusion proteins, could be similar phenom-
enon observed in ALK-rearranged lung cancer cells (20, 32–36).

IGF1R activation-mediated cabozantinib resistance in KM12
colorectal cancer cells

To identify resistance mechanisms besides resistant mutations
in NTRK1, such as bypass pathway activation, we exposed KM12
cells to 1 mmol/L of cabozantinib. A small number of KM12 cells
remained after 1 week of cabozantinib treatment. Then the
resistant cells that could survive in the presence of cabozantinib
were selected and cloned in the presence of cabozantinib, and
cabozantinib-resistant monoclonal cells were established. All the
resultant-resistant clones had similar sensitivity to cabozantinib,
with more than a 10-fold increase in IC50 values (Supplementary
Fig. S6A and Fig. 5A and B). None of the more than 20 isolated
clones that we obtained had any mutations in the NTRK1 kinase
domain. Wemainly used cabozantinib-resistant clone 20 (CR20)
for the following experiments. Unlike the mutants obtained from
ENU mutagenesis screening, NTRK1 phosphorylation of CR20
cells was inhibited at the same concentration of cabozantinib,
entrectinib, or LOXO-101 as was that of the parental KM12 cells
(Figs. 1C and 5C). However, downstream AKT phosphorylation

was maintained in CR20 and CR4 cells, even when they were
treated with 1 mmol/L of cabozantinib (Fig. 5C and Supplemen-
tary Fig. S6B). CR20 and other CR clones also showed cross-
resistance to the other NTRK1 inhibitors nintedanib, foretinib,
entrectinib, and LOXO-101 (Fig. 5D and Supplementary Fig.
S6C). We hypothesized that there was an alternative bypass
pathway responsible for the resistance, and therefore we per-
formed a phospho-RTK array to identify other active RTKs. We
detected higher phosphorylation levels of IGF1R and ephrin
receptor B3 (EphB3) in cabozantinib-treated CR20 cells (Fig.
5E). The same signals indicating phosphorylated RTKs were also
detected in cabozantinib-treated CR4 cells (Supplementary
Fig. S6D). To determine whether either of these two RTKs was
inducing resistance, we treated the cells with either 1 mmol/L of
dasatinib (a BCR-ABL inhibitor and also active against EphB3) or
AEW541 (an IGF1R inhibitor) in combination with cabozantinib.
We also performed focused drug screening in combination with
cabozantinib, and IGF1R inhibitor AEW541, MEK inhibitor
AZD6244, or ALK and IGF1R inhibitor ceritinib effectively resensi-
tized theCR20 cells to cabozantinib (Supplementary Table S2). The
combination of AEW541 and cabozantinib, nintedanib, foretinib,
entrectinib, or LOXO-101 treatment was able to reverse the resis-
tance in CR20 cells (Fig. 5F and Supplementary Fig. S7A–S7D).
Similar results were observed when we treated CR4 cells with
cabozantinib and AEW541 in combination (Supplementary Fig.
S7E).We then confirmed this effect usingOSI906, a distinct IGF1R-
specific inhibitor, and compared the sensitivity of KM12 parental
cells and CR20 cells to NTRK-TKIs and OSI906 cotreatment (Fig.
5G, Supplementary Fig. S8A–S8C, and Supplementary Table S2).
With the combination of cabozantinib and 300 nmol/L OSI906,
although the IC50 of KM12 parental cells was slightly decreased
from25.7 to 12.2 nmol/L, CR20 cells improved IC50 from1,910 to
37.3 nmol/L, overcoming the resistance. Compared with KM12
parental cells, CR20 cells had higher phospho-IGF1R and total
IGF1R levels, and although cabozantinib alone did not inhibit
IGF1R or the downstream signaling pathways, the combination of
cabozantinib with an IGF1R inhibitor inhibited IGF1R phosphor-
ylation and downstream phosphorylation (Fig. 5H). Of note,
AZD3463, reported as a dual inhibitor of ALK and IGF1R, also
inhibited NTRK1. Indeed, AZD3463 monotherapy inhibited both
NTRK1 and IGF1R phosphorylation and its downstream signaling
(Fig. 5H), andAZD3463showedsimilar IC50 inKM12parental cells
and cabozantinib-resistant CR20 cells (Supplementary Fig. S8D).

Because the cabozantinib-resistant clones are thought to come
from the surviving persister clones after 1 week of high-dose (1
mmol/L) cabozantinib treatment (Supplementary Fig. S5A), we
examined whether the persister clones existed in KM12 parental
cells and whether cotreatment with IGF1R inhibitor could erad-
icate these persister cells. When treated with OSI906 or vehicle
(DMSO) only, parental KM12 cells formed many colonies after 7
days according to soft agar assay. Survival of the persistently
resistant clones was observed when the cells were treated with
cabozantinib, entrectinib, or LOXO-101 for 14 days, but the
emergence of these cells was dramatically inhibited when they
were treated with a combination of cabozantinib, entrectinib, or
LOXO-101 with OSI906 (Fig. 5I and Supplementary Figure S9).
To understand how the persistently resistant clones emerged, we
subsequently performed exactly the same procedures using
monoclonal KM12 cells, clone 5 (WT-5) obtained by limiting
dilution (Supplementary Fig. S10A). The WT-5 clone had the
same sensitivity as the parental cells and other sensitive clones
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Sensitivity of TPM3-NTRK1 mutant induced
Ba/F3 cells toNTRK1 inhibitors.A, Sensitivity
of parental Ba/F3 cells (with IL3), TPM3-
NTRK1-wild-type or each mutated TPM3-
NTRK1 expressing Ba/F3cells to various
NTRK inhibitors, including newly identified
inhibitors. The relative IC50 was calculated
from each average IC50 (Supplementary Fig.
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Inhibition of NTRK1 phosphorylation by
multiple NTRK1 inhibitors in TPM3-NTRK1-
wild-type or mutant NTRK1-expressing Ba/
F3 cells. Each cell line was treated with
increasing concentrations of inhibitors for 3
hours. Cell lysates were immunoblotted to
detect the indicated proteins.
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(Supplementary Fig. S10B). Similar to the existence of parental
KM12 cells, the existence of persister cells was confirmed in the
colony formation assay by treating them with cabozantinib, and
the persister cells were also eradicated by treating with cabozan-
tinib and OSI-906 in combination (Fig. 5I).

Identification of de novo TPM3-NTRK1 G595R mutation in
KM12 clone

To further examine the mechanisms of resistance to NTRK1
inhibitors, we chose a different sensitive clone, WT clone 6 (WT-
6), which had the same sensitivity as the parental cells and other
sensitive clones. WT-6 cells were also sensitive to cabozantinib
and foretinib (Supplementary Fig. S10B and S10C). We then
exposed the WT-6 cells to high concentrations of cabozantinib
or entrectinib until the fully resistant cells proliferated. A small
population ofWT-6 cells survived after 2months of exposure to 1
mmol/L of cabozantinib or 600 nmol/L of entrectinib, and the
resultant 6-CR cells or 6-EntreR1 were able to grow normally in
the presence of cabozantinib or entrectinib (Fig. 6A and Supple-
mentary Fig. S11A). The cabozantinib-resistant 6-CR cells showed
considerable resistance to all NTRK1 inhibitors, and the resistance
could not be overcome by a combination of cabozantinib and
OSI906 (Fig. 6B). Similarly, the entrectinib-resistant 6-EntreR1
cells were highly resistant to entrectinib (Supplementary Fig.
S11B). To understand the mechanisms of resistance, cDNA was
extracted from the 6-CR cells and 6-EntreR1 cells, and sequencing
revealed that the both cells had a G595R (1783 G!A) mutation
that did not exist initially in the sensitive monoclonal WT-6 cells
(Fig. 6C and Supplementary Fig. S11C). This mutation was the
same solvent front mutation that was detected in our ENU
mutagenesis screening and reported from the entrectinib-resistant
patient. Western blot analysis revealed the similar sensitivity to
various inhibitors in the Ba/F3 cell line (Fig. 6D and Supplemen-
tary Fig. S11D). In this study, we have not identified a potential
inhibitor candidate to overcome G595R resistance. Thus, further
study is needed to overcome G595 solvent front mutation-medi-
ated resistance.

Discussion
The NTRK gene was first identified as a rearranged fusion

oncogene, and various NTRK fusion oncogenes have been iden-
tified in many cancers, such as colorectal cancer, non–small cell
lung cancer, thyroid cancer, and glioblastoma (5). TheNTRK gene
family comprises three genes: NTRK1, NTRK2, and NTRK3. All
three genes have been observed in cancer and are thought to
function as fusion oncogenes in similar fashion. To target these

three fusion oncogenes, multiple NTRK inhibitors (cabozanti-
nib, entrectinib, LOXO-101, DS-6051b, and others) have been
evaluated in clinical trials. However, no NTRK inhibitor is
approved for the treatment of NTRKs rearranged cancer patient
at this moment. A few reports have found a dramatic effect in
patients with cancer treated with NTRK-TKI (8, 14, 37). Cur-
rently, NTRK-rearranged cancer patients can be found by the
NGS-based methods or the break apart FISH (37). The frequen-
cy and numbers of patients with NTRK-rearranged cancers are
unclear. From the results of a next-generation sequencing
(NGS)-based screening study, NTRK-rearranged cancer is pre-
dicted to exist in less than 1% of cases of lung and colorectal
cancer. Thus, establishment of screening methods will be very
important to deliver the potent NTRK inhibitors to the right
patients. For patients with NTRK-rearranged cancers, even
though marked tumor shrinkage can be achieved by treatment
with NTRK-TKIs, the tumor will inevitably relapse due to
acquired resistance. In one patient with entrectinib-resistant
colorectal cancer, two acquired resistance mutations in the
ntrk1 kinase domain, p.G595R and p.G667C, were found from
analysis of the patient's ctDNA (14). This study suggested that
tumor heterogeneity also exists and would be a critical issue for
the development of effective therapy to overcome resistance.

In this study, we found multiple new resistance mutations to
NTRK inhibitors by ENU mutagenesis screening and by the
establishment of resistant cells from KM12, NTRK1-rearranged
colorectal cancer cells. We also found an IGF1R activation-medi-
ated resistance, which seemed to play an important role in innate
cabozantinib-persistent clones of KM12 cells. By establishing
monoclonal cabozantinib-sensitive KM12 clones by limiting
dilution, we confirmed that IGF1R activation-mediated drug-
tolerant clones were detectable even in the monoclone derived
from KM12 cells, suggesting that IGF1R-mediated persistence
emerges with a certain probability during expansion of the sin-
gle-clone-derived cells. We also observed that cells harboring
G595R-resistant mutations emerged from the single-clone-
derived KM12 cells during 2 months of culture with high-dose
cabozantinib treatment, which suggests that the bona fide resis-
tant mutation could also be acquired. Hata and colleagues, using
EGFR exon19 deletion positive lung cancer cells, recently showed
that drug-resistant cancer cells are both preexisting and evolve
from drug-tolerant cells (38). As we showed in this study, drug-
tolerant cells existed (and emerged) at a low frequency by
unknown mechanisms, such as altered epigenetic state and/or
feedback reactivation of other RTKs such as IGF1R. Sharma and
colleagues, using EGFR-mutated PC9 cells, showed that individ-
ual cancer cells transiently assume a reversible drug-tolerant state

Figure 5.
IGF1R activation mediated cabozantinib resistance in KM12 cells. A, Scheme to establish the cabozantinib-resistant cells. KM12 parental cells were treated with
1 mmol/L of cabozantinib, and the remaining persister cells were cloned by limiting dilution in the presence of 1 mmol/L of cabozantinib. The resultant grown clones
were expanded and examined for their resistance mechanisms. B, Sensitivity of parental KM12 and the other cabozantinib-resistant clones CR4 to CR35 to
cabozantinib. Cellswere treatedwith a range of inhibitor doses for 72 hours. Cell viabilitywas assessed by CellTiter Glo assay.C,KM12 or CR20 cellswere treatedwith
increasing concentrations of cabozantinib, entrectinib, or LOXO-101 for 3 hours. Cell lysates were immunoblotted to detect the indicated proteins. D, Sensitivity of
CR20 cells to nintedanib, foretinib, entrectinib, and LOXO-101. Cells were treated with a range of inhibitor doses for 72 hours. Cell viability was assessed by
CellTiter Glo assay. E, Activated RTKs in KM12 and CR20 cells treated with or without 1 mmol/L cabozantinib for 3 hours. Phosphorylated RTKs were detected
by RTK array. F, Sensitivity of CR20 cells to cabozantinib only, a combination of cabozantinib with 1 mmol/L dasatinib, or a combination of cabozantinib with
AEW541. Cells were treated with a range of inhibitor doses for 72 hours. Cell viability was assessed by CellTiter Glo assay. G, Sensitivity of KM12 parental or
CR20 cells to cabozantinib only or a combination of cabozantinib with 300 nmol/L of OSI-906. Cells were treated with a range of inhibitor doses for 72 hours. Cell
viability was assessed by CellTiter Glo assay. H, KM12 or CR20 cells were treated with the indicated doses of inhibitors in combination for 3 hours. Cell lysates
were immunoblotted to detect the indicated proteins. I, Colony formation assay of KM12 parental cells or single clone-derived KM12 clone 5 (WT-5) cells in
soft agar. Final concentrations of OSI906 and cabozantinib were 300 nmol/L. After 7 or 14 days, cells were stained with crystal violet.
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to protect the population from eradication by potentially lethal
exposures. They also showed that IGF1R signaling is required for
the emergence of reversibly drug-tolerant cells (39).

Among our identified or previously reported TKI-resistant
mutations in NTRK1, the p.L564H mutation, located in the
alpha-C helix within the N-lobe of the NTRK1 tyrosine kinase
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resistance mechanisms. B, Sensitivity ofWT6-CR cells to cabozantinib, with or without OSI906, or other NTRK inhibitors. Cells were treated with a range of inhibitor
doses for 72 hours. Cell viability was assessed by CellTiter Glo assay. C, Sequencing analysis of the NTRK1 kinase domain in WT6 and WT6-CR cells by
Sanger sequencing revealed a de novo p.G595R mutation (g1783a). D, KM12-WT6 or WT6-CR (G595R) cells were treated with the indicated doses of NTRK
inhibitors for 3 hours. Cell lysates were immunoblotted to detect the indicated proteins.
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domain, would probably distort the alpha-C helix by the
substitution of an amino acid from leucine to cationic histidine
residue. This L564H showed higher resistance to cabozantinib
and nintedanib but was sensitive to entrectinib. The F646
residue is equivalent to F1245 of ALK, which is required for
sustaining the interaction between the alpha-C helix within the
N-lobe and the C-lobe (p–p interaction between F1174 in the
N-lobe of ALK and F1245 in the C-lobe, and hydrophobic
interaction between L563, L567, and F646 in NTRK1), and the
p.F646I mutation probably weakens the hydrophobic interac-
tion between these residues. The F646I mutant was resistant to
cabozantinib and nintedanib but sensitive to entrectinib and
ponatinib. Interestingly, ponatinib showed higher sensitivity to
F646I than wild-type NTRK1. D679G is the only resistant
mutation that is located far from the ATP- and drug-binding
pocket but close to the activation loop in the C-lobe of NTRK1.
The p.D679G mutation is predicted to change the conforma-
tion of the ATP-binding pocket by affecting the structure of the
activation loop. The D679G mutation conferred resistance to
cabozantinib and foretinib, but not to entrectinib and LOXO-
101, suggesting that the binding mode of inhibitors might
differ between cabozantinib (or foretinib) and entrectinib (or
LOXO-101). Foretinib and cabozantinib have similar struc-
tures, and it was reported that both are predicted to preferen-
tially bind the inactive conformation of ROS1 with an apo-
simulated docking pose different from that of other ROS1-TKIs,
such as crizotinib (40). The G667 residue is the next of the
conserved DFG motif, a core motif regulating kinase activity,
and equivalent to G1269 in ALK and G2101 in ROS1. The p.
G1269A mutation in ALK was found in a patient with crizo-
tinib-resistant, ALK-rearranged lung cancer, and the p.G667C
mutation was also found in the ctDNA of an entrectinib-
resistant patient. Interestingly, however, we found that the
G667C mutation confers higher sensitivity to cabozantinib and
foretinib as well as to ponatinib and nintedanib; the sensitivity
is even higher than that of wild-type NTRK1. The reported
human plasma concentration of cabozantinib, ponatinib,
and nintedanib are 3 to 5 mmol/L, 200, and 70 nmol/L, and
the IC50 of each drugs against G667C mutants were 12, 7, and
24 nmol/L, respectively. However, cabozantinib and ponatinib
have extensive plasma protein binding (over 99% bound to
plasma proteins) and the in vitro protein binding of nintedanib
in human plasma is known to be more than 97%. In addition,
when we consider the induction of tumor shrinkage, it is
important to consider IC70s or IC90s rather than IC50s. From
our in vivo experiment, cabozantinib and ponatinib were
shown to be able to inhibit the growth of TPM3-NTRK (WT)
expressing KM12 cells. However, it is important to carefully
evaluate whether or not the exposures of these compounds in
vivo experiments are achievable and tolerable dose in human.
Therefore, the further studies are needed to investigate whether
or not clinical dose of cabozantinib, ponatinib, or nintedanib
could be able to potently inhibit NTRK1 especially G667C
mutated NTRK1.

This glycine residue followed by DFG in NTRK1, ALK, or ROS1
is a cysteine in cKIT, PDGFRA, and FLT3; therefore, the change of
glycine to cysteine might not impair the activity of NTRK1, but it
might change the core conformation of the ATP-binding region of
NTRK1 similar to that of the other related tyrosine kinases.
Therefore, distinct TKIs for targeting other tyrosine kinases, such
as ponatinib and nintedanib, might work better against resistant

mutants than against the wild type. For example, ponatinib is
known to potently inhibit ABL, KIT, FGFR, FLT3, and PDGFRa in
vitro, and in our study, ponatinib had a 10-fold lower IC50 to the
G667C mutant than to wild-type NTRK1 (41). Of course, further
studieswill be needed to examinewhether ponatinib, nintedanib,
or cabozantinib can effectively inhibit G667C and/or wild-type
NTRK1 at achievable concentrations in humans. These drugs will
also have to be evaluated in vivo and, eventually, in clinical trials.

Compared with the above mutations, the mutations in the
G595 residue, G595R and G595L, which are called solvent front
mutations, showed significant resistance to all the tested NTRK
inhibitors and TKIs in our focused screening, except for the
inhibitors targeting downstream pathways, such as trametinib,
an MEK inhibitor. The G595R mutation is equivalent to G1202R
in ALK and G2032R in ROS1. The G1202R mutation of ALK has
been shown to be relatively sensitive to lorlatinib (PF-06463922)
(42), and the G2032R mutation is sensitive to cabozantinib and
foretinib (43). However, NTRK1-G595R mutants were highly
resistant to lorlatinib, cabozantinib, and foretinib. An Hsp90
inhibitor such as 17-AAG had similar potency to all the mutant
andwild-typeNTRK1 fusionproteins, whichwas accompanied by
the induction of enhanced NTRK1 fusion protein degradation by
the Hsp90 inhibitor, suggesting that the NTRK1 fusion protein is
required for proper folding by Hsp90, whichwas also observed in
ALK fusion. Therefore, an Hsp90 inhibitor might represent an
alternative candidate to overcome secondary mutation-mediated
NTRK-TKI resistance.

In this study, we identified five resistance mutations and an
IGF1R-mediated resistance, and also provided potential thera-
peutic strategies to overcome the resistance of NTRK1-rearranged
cancers. Considering that the resistance mutations identified in
ALK and ROS1 using ENU mutagenesis screening have been
observed in crizotinib-treated patients, there is a high possibility
that the results in post-treated patients with NTRK1-rearranged
cancers will agreewith our results. However, the frequency of each
resistance mechanism and the applicability of these findings to
otherNTRK2 fusionproteins has yet tobe clarified. Further studies
are needed to find additional resistance mechanisms, the clinical
applicability of the findings, and potent inhibitors that can
overcome the resistance mutations, especially G595R/L solvent
front mutations.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: R. Katayama
Development of methodology: R. Katayama
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): M.J. Fuse, K. Okada, T. Oh-hara, H. Ogura,
R. Katayama
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): M.J. Fuse, K. Okada, T. Oh-hara, R. Katayama
Writing, review, and/or revision of the manuscript: M.J. Fuse, R. Katayama
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): M.J. Fuse, K. Okada, N. Fujita
Study supervision: N. Fujita, R. Katayama

Acknowledgments
We thank Ms. Sumie Koike and Mr. Shigeo Sato at Japanese Foundation for

Cancer Research (JFCR) for help with the in vitro and in vivo experiments.

Ponatinib and Nintedanib Overcome NTRK1–TKI Resistance

www.aacrjournals.org Mol Cancer Ther; 16(10) October 2017 2141

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/10/2130/1853694/2130.pdf by guest on 19 M
ay 2023



Grant Support
This study was supported in part by MEXT/JSPS KAKENHI grant

numbers 15H02368 and17H06327 (toN. Fujita), 16H04715 (toR. Katayama),
the grant from the MHLW/AMED grant numbers 17cm0106203h0002 and
17ck0106231h0002 (to R. Katayama), and the grant from the Vehicle Racing
Commemorative Foundation (to R. Katayama).

The costs of publication of this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received December 26, 2016; revised May 3, 2017; accepted July 6, 2017;
published OnlineFirst July 27, 2017.

References
1. Martin-Zanca D, Hughes SH, Barbacid M. A human oncogene formed by

the fusion of truncated tropomyosin and protein tyrosine kinase
sequences. Nature 1986;319:743–8.

2. Snider WD. Functions of the neurotrophins during nervous system
development: what the knockouts are teaching us. Cell 1994;77:627–38.

3. Vaishnavi A, LeAT,Doebele RC. TRKing down anoldoncogene in a newera
of targeted therapy. Cancer Discov 2015;5:25–34.

4. Lee SJ, LiGG,KimST,HongME, Jang J, YoonN, et al.NTRK1 rearrangement
in colorectal cancer patients: evidence for actionable target using patient-
derived tumor cell line. Oncotarget 2015;6:39028–35.

5. Amatu A, Sartore-Bianchi A, Siena S. NTRK gene fusions as novel targets
of cancer therapy across multiple tumour types. ESMO Open 2016;1:
e000023.

6. Farago AF, Le LP, Zheng Z, Muzikansky A, Drilon A, Patel M, et al. Durable
clinical response to entrectinib in NTRK1-rearranged non-small cell lung
cancer. J Thorac Oncol 2015;10:1670–4.

7. Doebele RC, Davis LE, Vaishnavi A, Le AT, Estrada-Bernal A, Keysar S, et al.
An oncogenic NTRK fusion in a patient with soft-tissue sarcoma with
response to the tropomyosin-related kinase inhibitor LOXO-101. Cancer
Discov 2015;5:1049–57.

8. Nagasubramanian R, Wei J, Gordon P, Rastatter JC, Cox MC, Pappo A.
Infantile fibrosarcoma with NTRK3-ETV6 fusion successfully treated with
the tropomyosin-related kinase inhibitor LOXO-101. Pediatr BloodCancer
2016;63:1468–70.

9. Menichincheri M, Ardini E, Magnaghi P, Avanzi N, Banfi P, Bossi R, et al.
Discovery of entrectinib: a new 3-aminoindazole as a potent anaplastic
lymphoma kinase (ALK), c-ros oncogene 1 kinase (ROS1), and pan-
tropomyosin receptor kinases (Pan-TRKs) inhibitor. J Med Chem 2016;59:
3392–408.

10. Awad MM, Katayama R, McTigue M, Liu W, Deng YL, Brooun A, et al.
Acquired resistance to crizotinib from amutation in CD74-ROS1. N Engl J
Med 2013;368:2395–401.

11. Choi YL, Soda M, Yamashita Y, Ueno T, Takashima J, Nakajima T, et al.
EML4-ALK mutations in lung cancer that confer resistance to ALK inhibi-
tors. N Engl J Med 2010;363:1734–9.

12. Katayama R, Shaw AT, Khan TM,Mino-KenudsonM, Solomon BJ, Halmos
B, et al. Mechanisms of acquired crizotinib resistance in ALK-rearranged
lung Cancers. Science Translat Med 2012;4:120ra17.

13. Kobayashi S, BoggonTJ,DayaramT, Janne PA,KocherO,MeyersonM, et al.
EGFR mutation and resistance of non-small-cell lung cancer to gefitinib.
N Engl J Med 2005;352:786–92.

14. Russo M, Misale S, Wei G, Siravegna G, Crisafulli G, Lazzari L, et al.
Acquired resistance to the TRK inhibitor entrectinib in colorectal cancer.
Cancer Discov 2016;6:36–44.

15. Drilon A, Li G, Dogan S, Gounder M, Shen R, Arcila M, et al. What hides
behind the MASC: clinical response and acquired resistance to entrectinib
after ETV6-NTRK3 identification in a mammary analogue secretory carci-
noma (MASC). Ann Oncol 2016;27:920–6.

16. Egorin MJ, Rosen DM, Wolff JH, Callery PS, Musser SM, Eiseman JL. Metab-
olism of 17-(allylamino)-17-demethoxygeldanamycin (NSC 330507) by
murine and human hepatic preparations. Cancer Res 1998;58:2385–96.

17. HuynhH, SooKC,ChowPK, Tran E. Targeted inhibitionof the extracellular
signal-regulated kinase kinase pathway with AZD6244 (ARRY-142886)
in the treatment of hepatocellular carcinoma. Mol Cancer Thera 2007;6:
138–46.

18. Garcia-EcheverriaC, PearsonMA,Marti A,Meyer T,Mestan J, Zimmermann
J, et al. In vivo antitumor activity of NVP-AEW541-A novel, potent, and
selective inhibitor of the IGF-IR kinase. Cancer Cell 2004;5:231–9.

19. Wang Y, Wang L, Guan S, Cao W, Wang H, Chen Z, et al. Novel ALK
inhibitor AZD3463 inhibits neuroblastoma growth by overcoming crizo-
tinib resistance and inducing apoptosis. Sci Rep 2016;6:19423.

20. Katayama R, Khan TM, Benes C, Lifshits E, Ebi H, Rivera VM, et al.
Therapeutic strategies to overcome crizotinib resistance in non-small cell
lung cancers harboring the fusion oncogene EML4-ALK. Proc Nat Acad Sci
USA 2011;108:7535–40.

21. Vaishnavi A, Capelletti M, Le AT, Kako S, Butaney M, Ercan D, et al.
Oncogenic and drug-sensitive NTRK1 rearrangements in lung cancer. Nat
Med 2013;19:1469–72.

22. Hilberg F, Roth GJ, Krssak M, Kautschitsch S, Sommergruber W, Tontsch-
Grunt U, et al. BIBF 1120: triple angiokinase inhibitor with sustained
receptor blockade and good antitumor efficacy. Cancer Res 2008;68:
4774–82.

23. Roth GJ, Heckel A, Colbatzky F, Handschuh S, Kley J, Lehmann-Lintz T,
et al. Design, synthesis, and evaluation of indolinones as triple angiokinase
inhibitors and the discovery of a highly specific 6-methoxycarbonyl-
substituted indolinone (BIBF 1120). J Med Chem 2009;52:4466–80.

24. Qian F, Engst S, Yamaguchi K, Yu P, Won KA, Mock L, et al. Inhibition of
tumor cell growth, invasion, and metastasis by EXEL-2880 (XL880,
GSK1363089), a novel inhibitor of HGF and VEGF receptor tyrosine
kinases. Cancer Res 2009;69:8009–16.

25. MulvihillMJ, Cooke A, Rosenfeld-FranklinM, Buck E, Foreman K, Landfair
D, et al. Discovery of OSI-906: a selective and orally efficacious dual
inhibitor of the IGF-1 receptor and insulin receptor. Future Med Chem
2009;1:1153–71.

26. Duong-Ly KC, Devarajan K, Liang S, Horiuchi KY, Wang Y, Ma H, et al.
Kinase inhibitor profiling reveals unexpected opportunities to inhibit
disease-associated mutant kinases. Cell Rep 2016;14:772–81.

27. O'Hare T, Shakespeare WC, Zhu X, Eide CA, Rivera VM, Wang F, et al.
AP24534, a pan-BCR-ABL inhibitor for chronic myeloid leukemia, potent-
ly inhibits the T315I mutant and overcomes mutation-based resistance.
Cancer Cell 2009;16:401–12.

28. Huang WS, Metcalf CA, Sundaramoorthi R, Wang Y, Zou D, Thomas RM,
et al. Discovery of 3-[2-(imidazo[1,2-b]pyridazin-3-yl)ethynyl]-4-methyl-
N-{4-[(4-methylpiperazin-1-y l)methyl]-3-(trifluoromethyl)phenyl}ben-
zamide (AP24534), a potent, orally active pan-inhibitor of breakpoint
cluster region-abelson (BCR-ABL) kinase including the T315I gatekeeper
mutant. J Med Chem 2010;53:4701–19.

29. Abe H, Kikuchi S, Hayakawa K, Iida T, Nagahashi N, Maeda K, et al.
Discovery of a highly potent and selective MEK inhibitor: GSK1120212
(JTP-74057 DMSO Solvate). ACS Med Chem Lett 2011;2:320–4.

30. Gilmartin AG, Bleam MR, Groy A, Moss KG, Minthorn EA, Kulkarni SG,
et al. GSK1120212 (JTP-74057) is an inhibitor of MEK activity and
activation with favorable pharmacokinetic properties for sustained in vivo
pathway inhibition. Clin Cancer Res 2011;17:989–1000.

31. Yamaguchi T, Kakefuda R, Tajima N, Sowa Y, Sakai T. Antitumor activities
of JTP-74057 (GSK1120212), a novel MEK1/2 inhibitor, on colorectal
cancer cell lines in vitro and in vivo. Int J Oncol 2011;39:23–31.

32. Heuckmann JM, Balke-Want H, Malchers F, Peifer M, Sos ML, Koker M,
et al. Differential protein stability and ALK inhibitor sensitivity of EML4-
ALK fusion variants. Clin Cancer Res 2012;18:4682–90.

33. Normant E, Paez G, West KA, Lim AR, Slocum KL, Tunkey C, et al. The
Hsp90 inhibitor IPI-504 rapidly lowers EML4-ALK levels and induces
tumor regression in ALK-driven NSCLC models. Oncogene 2011;30:
2581–6.

34. Richards MW, Law EW, Rennalls LP, Busacca S, O'Regan L, Fry AM, et al.
Crystal structure of EML1 reveals the basis for Hsp90 dependence of
oncogenic EML4-ALK by disruption of an atypical beta-propeller domain.
Proc Nat Acad Sci U S A 2014;111:5195–200.

35. Sang J, Acquaviva J, Friedland JC, Smith DL, Sequeira M, Zhang C, et al.
Targeted inhibition of the molecular chaperone Hsp90 overcomes ALK
inhibitor resistance in non-small cell lung cancer. Cancer Discov
2013;3:430–43.

Fuse et al.

Mol Cancer Ther; 16(10) October 2017 Molecular Cancer Therapeutics2142

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/10/2130/1853694/2130.pdf by guest on 19 M
ay 2023



36. Sequist LV, Gettinger S, Senzer NN, Martins RG, Janne PA, Lilenbaum R,
et al. Activity of IPI-504, a novel heat-shock protein 90 inhibitor, in patients
with molecularly defined non-small-cell lung cancer. J Clin Oncol
2010;28:4953–60.

37. Drilon A, Siena S, Ou SI, Patel M, AhnMJ, Lee J, et al. Safety and antitumor
activity of themultitargeted pan-TRK, ROS1, andALK inhibitor entrectinib:
combined results from two phase I trials (ALKA-372-001 and STARTRK-1).
Cancer Discov 2017;7:400–9.

38. Hata AN, Niederst MJ, Archibald HL, Gomez-Caraballo M, Siddiqui FM,
Mulvey HE, et al. Tumor cells can follow distinct evolutionary paths to
become resistant to epidermal growth factor receptor inhibition. Nat Med
2016;22:262–9.

39. Sharma SV, Lee DY, Li B, Quinlan MP, Takahashi F, Maheswaran S, et al. A
chromatin-mediated reversible drug-tolerant state in cancer cell subpopu-
lations. Cell 2010;141:69–80.

40. Davare MA, Vellore NA, Wagner JP, Eide CA, Goodman JR, Drilon A,
et al. Structural insight into selectivity and resistance profiles of
ROS1 tyrosine kinase inhibitors. Proc Nat Acad Sci U S A
2015;112:E5381–90.

41. Gozgit JM,WongMJ,Wardwell S, Tyner JW, LoriauxMM,MohemmadQK,
et al. Potent activity of ponatinib (AP24534) in models of FLT3-driven
acute myeloid leukemia and other hematologic malignancies. Mol Cancer
Thera 2011;10:1028–35.

42. Zou HY, Friboulet L, Kodack DP, Engstrom LD, Li Q, West M, et al. PF-
06463922, an ALK/ROS1 inhibitor, overcomes resistance to first and
second generation ALK inhibitors in preclinical models. Cancer Cell
2015;28:70–81.

43. Katayama R, Kobayashi Y, Friboulet L, Lockerman EL, Koike S, Shaw AT,
et al. Cabozantinib overcomes crizotinib resistance in ROS1 fusion-pos-
itive cancer. Clin Cancer Res 2015;21:166–74.

www.aacrjournals.org Mol Cancer Ther; 16(10) October 2017 2143

Ponatinib and Nintedanib Overcome NTRK1–TKI Resistance

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/10/2130/1853694/2130.pdf by guest on 19 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




