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ABSTRACT

The NTRK1 gene encodes Tropomyosin-related kinase A (TRKA), the high-affinity Nerve
Growth Factor Receptor. NTRK1 was originally isolated from a colorectal carcinoma
(CRC) sample as component of a somatic rearrangement (TPM3-NTRK1) resulting in expres-
sion of the oncogenic chimeric protein TPM3-TRKA, but there has been no subsequent
report regarding the relevance of this oncogene in CRC. The KM12 human CRC cell line ex-
presses the chimeric TPM3-TRKA protein and is hypersensitive to TRKA kinase inhibition.
We report the detailed characterization of the TPM3-NTRK1 genomic rearrangement in
KM12 cells and through a cellular screening approach, the identification of NMS-P626, a
novel highly potent and selective TRKA inhibitor. NMS-P626 suppressed TPM3-TRKA phos-
phorylation and downstream signaling in KM12 cells and showed remarkable antitumor
activity in mice bearing KM12 tumors.
Finally, using quantitative reverse transcriptase PCR and immunohistochemistry (IHC) we
identified the TPM3-NTRK1 rearrangement in a CRC clinical sample, therefore suggesting
that this chromosomal translocation is indeed a low frequency recurring event in CRC
and that such patients might benefit from therapy with TRKA kinase inhibitors.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

The Neurotrophic Tyrosine Kinase Receptor 1 gene (NTRK1)
encodes the TRKA receptor tyrosine kinase, the high affinity
receptor for Nerve Growth Factor (NGF). TRKA is a member
of the neurotrophin receptor family of receptor tyrosine ki-
nases that also includes TRKB and TRKC (encoded by the
NTRK2 and NTRK3 genes respectively), receptors for Brain-
derived Neurotrophic Factor (BDNF) and neurotrophin 3
(NT3) (Levi-Montalcini, 1987; Kaplan et al., 1991a, 1991b;
Barbacid, 1995). During embryogenesis, TRKA expression is
critical for development and maturation of the central and pe-
ripheral nervous systems. In adults it is expressed in basal
forebrain where it plays a role in memory processes, and in
sympathetic and sensory neurons, where it is implicated in
pain and temperature sensing (Snider, 1994; Greco et al.,
1999; Indo, 2012). In normal tissues TRKA undergoes physio-
logical activation through NGF-mediated dimerization, which
induces autophosphorylation of specific tyrosine residues and
transphosphorylation of a series of substrates, leading to acti-
vation of the PI3K/AKT, Ras/MAPK and PLC-y pathways
(Kaplan and Miller, 1997, 2000).

Genetic alterations of the NTRK1 gene, including translo-
cations, amplifications, deletions and point mutations, have
been observed in different tumor types, suggesting a poten-
tial role for TRKA in oncogenesis. In fact, the NTRK1 gene
was originally identified as a component of a chimeric
fusion oncogene in a functional transformation screen per-
formed with a cDNA library derived from a colorectal cancer
biopsy (Martin-Zanca et al., 1986). The “TPM3-TRK” onco-
gene identified in that screen was the result of an intrachro-
mosomal rearrangement at 1q22-23 leading to the fusion of
the tropomyosin 3 gene (TPM3) with a sequence encoding
the transmembrane and intracellular domains of a putative
novel transmembrane tyrosine kinase, TRK (tropomyosin
receptor kinase). The entire NTRK1 gene, encompassing
also the extracellular domain, was subsequently cloned
and found to encode a high affinity NGF receptor (Kaplan
et al., 1991b).

Several chromosomal rearrangements involving the
NTRK1 gene were subsequently described in human papillary
thyroid carcinoma (PTC). Besides the TPM3-TRK oncogene
described above, the TRK-T1 and TRK-T2 oncogenes were re-
ported, in which chimeric proteins containing activated TRK
kinase are produced as a result of gene fusion with different
portions of the Translocated Promoter Region (TPR) gene on
chromosome 1q25, as well as the TRK-T3 oncogene, activated
by fusion with TRK Fused Gene (TFG) on chromosome 3q11-12
(Greco et al., 1992; Greco et al., 1997). The frequency of NTRK1
rearrangements in PTC is around 12%, with the TPM3-NTRK1
fusion (as we now better know it) being the most common
event (Greco et al., 2010).

Very recently, large scale sequencing of 36 ‘pan-negative’
(i.e. wild-type for EGFR, KRAS, ALK, and ROS1) lung adenocar-
cinoma tumor samples led to the identification by Doebele
and colleagues of the novel MPRIP-NTRK1 and CD74-NTRK1
gene fusions in NSCLC (Vaishnavi et al., 2013). Expression of
either of these predicted chimeric proteins in NIH-3T3 murine
fibroblasts and Ba/F3 cells induced transformed growth and

sensitivity to TRKA kinase inhibition, indicating a role for
TRKA as a driver oncogene in a small subset of NSCLC.

In a rapidly evolving landscape, recent months have seen
the identification from large scale sequencing efforts of
further NTRK1 chromosomal rearrangements in additional tu-
mor types, including Spitz tumors, intrahepatic cholangiocar-
cinoma, glioblastoma and pediatric high grade glioma
(Wiesner et al., 2014; Ross et al., 2014; Kim et al., 2014; Wu
et al., 2014), suggesting that oncogenic rearrangement of this
gene might occur at low frequency across many cancer types.

Despite the fact that NTRK1 was originally identified as a
component of the TPM3-NTRK1 oncogene in a CRC sample,
there was no significant follow up in this tumor type.

We originally described (Ardini et al., 2010) the expression
of a TPM3-TRKA chimeric protein, consistent with the pres-
ence of the TPM3-NTRK1 rearrangement in the KM12 cell
line, which is derived from a primary colon carcinoma tumor
biopsy (Morikawa et al., 1988) and preliminarily described the
sensitivity of these cells to TRKA inhibition.

Here we describe detailed and complete characterization of
the genomic TPM3-NTRK1 rearrangement present in the KM12
cell line and disclose for the first time the structure of NMS-
P626, a potent and selective TRKA inhibitor. Oral treatment
with NMS-P626 potently blocks the growth of KM12 tumor xe-
nografts in nude mice, prompting our investigation of NTRK1
gene rearrangements in the clinical setting of CRC, the second
leading cause of oncology deaths in western countries.

For this purpose, we set up and validated an immunohisto-
chemistry (IHC) method for identification of TRKA positive
clinical specimens, choosing this type of assay because of its
immediate and broad applicability for detection of NTRK1
rearrangements in different tumor types. We thus identified
the TPM3-NTRK1 rearrangement in 1 out of 66 examined colo-
rectal carcinoma biopsy specimens.

Our findings suggest that NTRK1 rearrangement, leading to
expression of fusion proteins with constitutively activated
forms of TRKA, is a low frequency but recurring event in
CRC and that TRKA kinase inhibition may represent an inno-
vative therapy for cancer patients whose tumors harbor
NTRK1 rearrangements.

2. Material and methods
2.1. Compound

NMS-P626, N-[5-(3,5-difluoro-benzenesulfonyl)-4,5,6,7-tetrahy
dro-1H-pyrazolo[4,3-c]pyridin-3-yl]-2-((R)-2-methoxy-1-meth
yl-ethylamino)-4-(4-methyl-piperazin-1-yl)-benzamide, was
synthesized at Nerviano Medical Sciences S.r.1. The compound
was synthesized as previously reported (W02007/068619).

2.2. Cell culture

Human cancer cell lines were obtained from ATCC (AU-565,
COLO-205, G-361, HCT-116, HCT15, HPAC, HT-29, KU812,
LoVo, Malme-3M, MCF7, MDA-MB-436, MDA-MB-468, Mewo,
NCI-H2087, NCI-H2228, NCI-H929, PANC-1, SK-MEL-2, SK-
MEL-3, SK-MEL-5, SK-N-SH, SW48, TF-1, TF-1a, TT, U-138MG,
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WM-115), from DSMZ (697, CAL-148, CAL-51, CAPAN-1, CL-11,
COLO-320, COLO 800, DLD-1, EVSA-T, GRANTA-519, HCC-78,
HEL, IGR-39, Jurkat, KARPAS-299, MEC-1, OPM-2, RPMI-7951,
RS4-11, SH-SY5Y, SKM-1, SK-N-MC, SW480, THP-1), from
ECACC (A2780, A375, BxPC-3, HuP-T3, K-562, MDA-MB-231,
MIA-PaCa-2, PSN1, RPMI-8226, U-937), from Interlab Cell Line
Collection (ICLC) (COLO-741, IST-MEL1, IST-MEL2, SW1417),
from Istituto Nazionale Tumori of Milan (KMS-11, MZ-CRC-1,
TPC1) and from NCI (KM12, LOX IMVI, M14, MDA-MB-435,
SF539, SK-MEL-28, U251, UACC-257, UACC-62). Cells were
maintained in the media recommended by the suppliers, in
a humidified 37 °C incubator with 5% CO,. The identity of all
cell lines used in this study was verified using DNA finger-
printing technology (AmpFISTR Identifiler Plus PCR Amplifica-
tion kit, Applied Biosystems) (Somaschini et al., 2013).

2.3. Kinase biochemical profiling

Evaluation of the selectivity of inhibitors (ICses) against a
panel of kinases was performed using a radiometric assay
format as previously described (Beria et al., 2011). All assays
were performed in house, with the exception of TRKB and
TRKC, for which ICsos were extrapolated from percentage in-
hibition values at 10 and 100 nM of inhibitor in duplicate ob-
tained from Invitrogen, using the equation: ICsp extrap = ([I] *
100/% inhibition)- [I], with the assumption that Hill
Slope = 1. The ICs, reported in Table S1 is the average of the
ICsos calculated at each concentration.

2.4. Plasmids

To generate the TRK kinases fused to the human ETV6/TEL
partner, a plasmid based on a pcDNA3.1 DEST backbone was
constructed that allowed rapid in-frame cloning of the TRK ki-
nase domains downstream of a Tel cassette using a Gateway
system.

The TEL-TRK constructs obtained were the result of the 336
NH2-residues of TEL fused to the amino acid residues of TRKA
(440-796), TRKB (455—822) and TRKC (454—825).

2.5. Generation of TRK-driven Ba/F3 cell lines

The murine pro-B cell line Ba/F3, which is normally dependent
on interleukin-3 (IL-3), but can be rendered IL-3 independent
by transfection with oncogenic kinases (Daley and
Baltimore, 1988) was grown in RPMI 1640 medium containing
10% fetal bovine serum and 10 ng/ml IL-3.

The pcDNA expression vectors containing TRKA, TRKB and
TRKC were introduced into the Ba/F3 cells by electroporation
(Amaxa Nucleofector II Device). Stable strains of IL-3 indepen-
dent Ba/F3 cells were established by post-transfection selec-
tion of cells for two weeks with 800 pg/ml G418 (Enzo Life
Sciences) and subsequent growth in medium lacking IL-3.

2.6. Cell proliferation analysis

To evaluate the antiproliferative activity of test compounds,
cells were seeded in 384-well plates with appropriate com-
plete medium. Twenty-four hours after seeding, medium
was replaced with medium containing serial dilutions of test

compound and incubated for an additional 72 h. All media
contained a final DMSO concentration of 0.1% (v/v). Cell
viability was assessed using the CellTiter-Glo luciferase-based
ATP detection assay (Promega) following manufacturer’s in-
structions. CellTiter-Glo is a homogeneous assay method
based on the quantification of ATP present, an indicator of
the number of metabolically active cells. Growth inhibitory ac-
tivity was evaluated at the end of incubation, comparing data
for treated versus control samples, using Accelrys® Assay Ex-
plorer software. ICso values were calculated using sigmoidal
interpolation curve fitting.

2.7. Clinical tumor samples

The tumor samples used in this study consisted of Formalin-
Fixed Paraffin-Embedded (FFPE) patient surgical specimens
with histological diagnosis of colorectal adenocarcinoma.
Written informed consent for sample collection and subse-
quent histological and molecular analysis was obtained in
all cases.

2.8. DNA extraction

Genomic DNA was isolated from cell lines using the Nucleo-
Spin Tissue kit (Macherey—Nagel, Diiren, Germany), according
to manufacturer’s instructions.

DNA yield and purity was evaluated by measurement of UV
absorption at 280 nm and analysis of the 260/280 ratio using a
Nanodrop 1000 Spectrophotometer (Thermo Scientific, Wal-
tham, Massachusetts, USA).

2.9. RNA extraction

RNA was extracted from tumor cell lines using the RNeasy
Mini Kit (Qiagen, Venlo, Netherlands); RNA from FFPE clinical
samples was extracted from 8 um slices with the RecoverAll™
Total Nucleic Acid Isolation Kit for FFPE (Ambion/Life Technol-
ogies, Carlsbad, CA) after tumor area selection (>70% tumor)
and deparaffinization with xylene and absolute alcohol. RNA
yield and purity were evaluated by measurement of UV ab-
sorption at 280 nm and analysis of the 260/280 ratio using a
Nanodrop 1000 Spectrophotometer (Thermo Scientific, Wal-
tham, Massachusetts, USA).

RNA was reverse transcribed to complementary DNA
(cDNA) using TagMan Reverse Transcription Reagents (Invi-
trogen/Life Technologies, Paisley, UK) and random hexamer
priming, according to manufacturer’s instructions.

2.10. PCR analysis and sequencing

Primers for PCR and sequencing were designed using the
freely available Primer3 software package (http://www.broa-
dinstitute.org/genome_software/other/primer3.html) and syn
thesized using an Applied Biosystems 3900 Synthesizer.
End-point PCR reactions for characterization of TPM3-
NTRK1 rearrangement were performed in a total reaction vol-
ume of 50 pul containing 1X AmpliTaq Gold 360 Master Mix (Life
Technologies, Paisley, UK), 1 uM of each primer and 50 ng
(KM12 cell line) or 100 ng (clinical sample) of cDNA template,
using the primer couples and the conditions reported in


http://www.broadinstitute.org/genome_software/other/primer3.html
http://www.broadinstitute.org/genome_software/other/primer3.html
http://dx.doi.org/10.1016/j.molonc.2014.06.001
http://dx.doi.org/10.1016/j.molonc.2014.06.001
http://dx.doi.org/10.1016/j.molonc.2014.06.001

1498

MOLECULAR ONCOLOGY 8 (2014) 1495-1507

Table S3. PCR reactions were run in a GeneAmp PCR System
9700 Thermocycler (Life Technologies, Paisley, UK).

For direct sequencing, the PCR product obtained from
the KM12 cell line DNA using the “chimeric” TPM3-TRKA
primer pair was electrophoresed in agarose gel, then
purified using NucleoSpin Gel and PCR clean-up (Macher-
ey—Nagel, Diren, Germany), according to the manufac-
turer’s protocol, and subjected to Sanger sequencing with
an ABI Prism 3100 Genetic Analyzer instrument (Applied
Biosystems), using the same primers utilized for PCR
amplifications.

The TPM3-NTRK1 PCR product from the T27 clinical sample
was electrophoresed in an agarose gel and subsequently
cloned into the pCR 2.1 vector using the TOPO TA cloning kit
(Life Technologies, Paisley, UK), according to the manufac-
turer’s protocol, prior to Sanger sequencing analysis using
M13 universal primers.

End-point PCR reactions for the identification of the
genomic breakpoints in the KM12 cell line and characteriza-
tion of the zygosity status of the rearrangement were per-
formed in a total reaction volume of 50 pl containing 1X
GoTaq Long PCR Master Mix (Promega, Madison, WI, USA),
1 uM of each primer and 500 ng of genomic DNA template
and the conditions reported in Table S3. The band encompass-
ing the genomic breakpoint region was purified by agarose gel
electrophoresis and recovered as described above and then
subjected to Sanger sequencing.

Characterization of KRAS and BRAF mutational status in
the KM12 cell line was performed in a total reaction volume
of 50 ul containing 1X AmpliTaq Gold 360 Master Mix (Life
Technologies, Paisley, UK), 1 uM each primer and 100 ng of
genomic DNA template using primer couples and conditions
reported in Table S3. PCR products were purified by agarose
gel electrophoresis and recovered as described above and
then subjected to Sanger sequencing.

KRAS, NRAS, BRAF and PI3KCA mutational status of T27 tu-
mor sample was determined by Sanger sequencing.

Real Time quantitative PCR (RT-qPCR) was carried out on a
ABI Prism 7900HT Applied Biosystems Sequence Detector (Life
Technologies) using SYBR Green technology, with reagents
and materials from Applied Biosystems/Life Technologies (Po-
wer SYBR® Green PCR Master Mix), according to manufac-
turer’s instructions, in a volume of 12.5 pl per reaction, each
containing approximately 5—10 ng cDNA (diluted in TE buffer
1x), 300 nM primers for the different gene target regions as
described in Table S4 and for 4 endogenous reference control
genes (ACTB, GUSB, PPIA, 18S rRNA). Each sample was assayed
in duplicate for every indicated target and for all reference
controls. Expression levels were quantified following the
manufacturer-suggested AACt method [Livak, Applied Bio-
systems Sequence Detector User Bulletin 2, https:/
www?2.appliedbiosystems.com].

2.11. Immunoprecipitation and western blotting analysis
Cells washed twice with ice-cold phosphate
buffered saline (PBS) and lysed in buffer containing 50 mM
Tris—HCI pH 7.5, 150 mM NacCl, 1% Triton-X-100, 10 mM

EDTA, 1 mM DTT, 1 mM sodium orthovanadate, protease
and phosphatase inhibitor cocktails (Sigma). TPM3-TRKA

were

was immunoprecipitated from 1 mg of cell lysate proteins us-
ing a rabbit polyclonal antibody directed against the C-termi-
nal domain of TRKA (Calbiochem). Immune complexes were
recovered with protein A Sepharose and eluted with SDS-
PAGE loading buffer.

Cellular mechanism of action of NMS-P626 was investi-
gated by treating KM12 cells with the compound at 10, 50
and 250 nM for 2 h at 37 °C. Whole-cell extracts were obtained
by lysing cells in a buffer containing 100 mM Tris—HCI pH 7.4,
2% SDS, 1 mM DTT, 1 mM sodium orthovanadate and 1 mM
EDTA. Cell lysates were immediately boiled for 10 min, briefly
sonicated, clarified by centrifugation and analyzed for protein
content (BCA Protein Assay Kit, Pierce).

Immunoprecipitates and total cell extracts (20 pg per lane)
were separated by SDS-PAGE using Criterion-XT 10% Bis-Tris
precasted gels with MOPS-SDS running buffer (Bio-Rad).
Immunoblotting was run according to standard procedures
and staining performed with the following antibodies: TRKA
from Calbiochem and Santacruz, TPM3 from Sigma,
Phospho-TRKA-Tyr490 from Calbiochem, while Phospho-
PLC-y-Tyr783, PLC-y, AKT, Phospho-AKT-Ser473, p42/44 ERK
and Phospho-p42/44 ERK-Thr202/Tyr204 were from Cell
Signaling.

2.12.
analysis

Efficacy studies and ex-vivo target modulation

All procedures adopted for housing and handling of animals
were in strict compliance with Italian and European guide-
lines for Laboratory Animal Welfare. A total of 5 x 10°
KM12 cells/animal were inoculated subcutaneously into
the flanks of nu/nu mice (Harlan). Mice subsequently
bearing a minimal tumor mass in the range of
180—200 mm? were randomized into vehicle and treated in
groups of 7 animals/group. NMS-P626 was dissolved at the
appropriate dose in water containing 0.5% (w/v) Methocel
suspension and administered by oral gavage. Treatment
started the day after randomization, with different sched-
ules as reported. Tumor dimensions were measured regu-
larly using Vernier calipers and tumor volume was
calculated according to the following formula: length
(mm) x width? (mm?y/2. The percentage of tumor growth in-
hibition (% TGI) was calculated as follows:

Mean tumor volume of treated group “

%TGI = 100 —
%G 0 Mean tumor volume of control group

100

For ex-vivo target modulation analysis, animals bearing
established KM12 xenograft tumors were treated with a sin-
gle orally administered dose and sacrificed at six and 12 h
following treatment. Tumor samples were excised and
immediately stored at —80 °C until analyzed. The frozen
samples were homogenized using an Ultra Turrex T25 potter
(Janke & Kunkel) at a 5:1 ratio (v/w) in RIPA buffer (50 mM
Tris—HCI pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% Deoxycholate,
0.1% SDS) supplemented with 10 mM EDTA, protease and
phosphatase inhibitor cocktails (Sigma). Following homoge-
nization, lysates were centrifuged at 15,000 xg for 15 at
4 °C following which the resulting supernatants were
assayed for total protein content, and used for SDS-PAGE
and Western blotting analysis.
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2.13. Immunohistochemistry

TrkA protein expression was assessed in cell lines and
paraffin-embedded tumor tissue sections using a rabbit
monoclonal antibody (clone EP1058Y; Epitomics, Burlingame,
CA) that recognizes the carboxy-terminus of the protein.
Immunohistochemical detection was performed on auto-
mated BenchMark Ultra platform (Ventana Medical Systems,
Tucson, AZ) using Ultra View Universal Alkaline Phosphatase
Red Detection Kit (Ventana), according to manufacturer’s in-
structions, and with a 1:200 dilution of anti-TRKA primary
antibody. TRKA protein expression in the KM12 cell line,
which carries the TPM3-TRKA rearrangement, was used as
positive control. The HT-29 cell line, which does not express
TRKA, as well as healthy colon tissue samples were used as
negative controls.

3. Results

3.1 KM12 cells are hypersensitive to NMS-P626, a small
molecule inhibitor of TRKA kinase

The Nerviano Medical Sciences (NMS) chemical collection in-
cludes a dedicated Purine Targeted Library (PTL) of ca. 70,000
compounds, intrinsically designed to be suitable ligands for
purine binding pockets, such as the ATP binding pocket found
in kinases (Felder et al., 2012). In order to characterize these
compounds, we developed the Kinase Selectivity Screen
(KSS), a panel of biochemical assays used internally to
generate ICso kinase inhibition data for selectivity profiling
of NMS compounds. KSS data, because of high diversity and
broad overall coverage of kinase subfamilies, allow a good
assessment of inhibitor selectivity, comparable to larger
panels (Felder et al., 2012).

In the course of testing sub-libraries of the PTL against
panels of human tumor cell lines, we observed a striking cor-
relation between their antiproliferative activity on KM12
cells and high biochemical potency against TRKA (Fig. S1).
In fact, all compounds with a biochemical activity <50 nM
on TRKA showed a KM12 cell proliferation ICsy < 500 nM,
and conversely, all compounds which were active against
KM12 cells were potent TRKA inhibitors, with the exception
of a few Aurora and Plk cell cycle kinase inhibitors that are
very active on most cell lines tested. Among the compounds
tested, NMS-P626 (Figure 1A), a pyrazolo-pyridine which in-
hibits TRKA with an ICso of 8 nM and which has favorable
pharmacokinetic properties, was selected for further charac-
terization. NMS-P626 also inhibits the closely related TRKB
and TRKC kinases, with ICses of 7 nM and 3 nM respectively.
The cellular activity of NMS-P626 on the TRK family mem-
bers was confirmed by its strong antiproliferative activity
against Ba/F3 cell lines engineered to be dependent on
TRKA, TRKB or TRKC expression for IL3-independent sur-
vival, with respective ICso values of 29 nM, 28 nM and
62 nM and high selectivity towards the parental Ba/F3 cell
line (ICsp > 10 uM).

Profiling using the KSS panel showed an ICso > 500 nM for
all the kinases tested with the exception of IGF-1R, ACK and IR,
for which an IC50 activity of 38, 92 and 244 nM was observed,

respectively (Table S1). There is absolutely no correlation be-
tween inhibition of these kinases and KM12 sensitivity and
these cross reactivities are only seldom observed among the
inhibitors active on KM12 (Fig. S1).

NMS-P626 possesses potent antiproliferative activity
against KM12 cells, with an ICso of 19 nM (Figure 1B, C and
Table S2) and high selectivity, as confirmed by testing against
a panel of 78 tumor cell lines of diverse tissue origin. Against
this panel, NMS-P626 exhibited only modest activity against
the SH-SYSY neuroblastoma line (ICso = 291 nM) and the
NCI-H2228 Non Small Cell Lung Cancer (NSLC) cell line
(ICso =433 nM) and very low, or no activity against the remain-
ing 75 tested cell lines.

3.2. Genetic characterization of the TPM3-NTRK1
rearrangement in KM12 cells

While NTRK1 mRNA is not normally present in colorectal tis-
sue, the TPM3 promoter presumably drives ectopic expression
of the TPM3-NTRK1 oncogene. Therefore, we performed PCR
analysis using separate pairs of primers specific for either
extracellular or intracellular regions of the receptor on cDNA
samples prepared from KM12 and K-562 cells. By comparison
with K-562 cells, which express full-length NTRK1, this anal-
ysis showed that KM12 cells selectively express mRNA encod-
ing the cytoplasmic domain, but not the extracellular domain
of TRKA (Figure 2A, panel a and panel b). Additionally, PCR
primer pairs which straddle the predicted junction in the
chimeric TPM3-NTRK1 cDNA selectively amplified a band in
KM12, but not in K-562 cells, while primers corresponding to
wild-type TPM3 gave amplification products in both cell lines
(Figure 2A, panel ¢ and panel d). These results further sup-
ported our hypothesis that KM12 cells harbor a TPM3-NTRK1
gene rearrangement. Direct DNA sequencing of the PCR prod-
uct obtained using the “chimeric” primer pair 3F/R (Table S3)
confirmed the junction sequence expected from previous de-
scriptions of the TPM3-NTRK1 rearrangement, predicting a
fusion protein of the N-terminal domain of TPM3 (codons 1-
221) with the C-terminal portion of TRKA comprising the
transmembrain domain and the entire tyrosine kinase
domain (codons 419-end) (Fig. S2A). In addition to the ex-
pected band of 163 bp, we reproducibly observed a band of
~200 bp as a minor product of the chimeric primer PCR reac-
tion (Figure 2A, panel c) which was sequenced and found to
encode an alternative exon splicing form which cannot result
in TRKA protein synthesis due to a frame-shift which intro-
duces a premature stop codon (Fig. S2B).

The TPM3-NTRK1 rearrangement first reported in litera-
ture (Martin-Zanca et al., 1986) results from an inversion on
the long arm of Chromosome 1 at the juxtaposition of the
TPM3 gene located on chromosome 1q22-23 and the NTRK1
gene located on chr1q21-22.

In order to characterize the rearrangement event in the
KM12 cell line and map its breakpoints, a long extension PCR
was performed on genomic DNA using a primer set across
TPM3 exon 7 and NTRK1 exon 9. Direct DNA sequence analysis
of the resulting 6293 bp PCR product allowed identification of
the TPM3 breakpoint in the intronic region between exons 7
and 8, while the NTRK1 breakpoint was located within exon
8, as schematically shown in Figure 2B. We next performed
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Figure 1 — NMS-P626: Chemical structure and cellular activity A) Chemical structure of NMS-P626, B) ICs( determination of NMS-P626
activity against KM12 cell line, C) Antiproliferative activity of NMS-P626 on a panel of 78 tumor cell lines, expressed as 1/ICs, in micromoles/
liter (uM ™).

PCR on genomic DNA from KM12 and K-562 cell lines using a presence of a highly expressed, N-terminally truncated form
primer pair for wild-type NTRK1 which straddles the predicted of TRKA (Fig. S4). Western blot analysis with anti-TPM3 anti-
breakpoint (Fig. S3) and in both cases we were able to amplify bodies of pull-down immunoprecipitates from KM12 using
a WT genomic region of 9865 bp spanning from exon 4 to exon anti-TRKA antibody revealed that the 70 kDa protein is

9 of NTRK1, confirming the presence in the KM12 of the germ- strongly recognized, confirming the expression in these cells
line allele and thus showing that the TPM3-NTRK1 rearrange- of a TPM3-TRKA chimeric protein (Figure 3A).
ment is present in heterozygosity, as described for the known Confocal fluorescent microscopy analysis using anti-TRKA
rearrangement in a colorectal cancer specimen (Martin-Zanca antibodies showed that TRKA immunoreactivity, rather than
et al., 1986). being located at the cell surface, as expected for the full-
Finally, we also performed PCR/DNA sequencing on KM12 length receptor, was confined to the cytoplasm of KM12 cells
genomic DNA to determine the mutational status of KRAS (co- (Fig. S5).
dons 12 and 13) and BRAF (V600) and found both to be wild- To analyze the effects of KM12 treatment with NMS-P626,
type. cells were treated for 2 h with increasing doses of the com-
pound, followed by cell lysis and Western Blot analysis for
3.3. NMS-P626 inhibits TPM3-TRKA-dependent cell phospho-TRKA (Tyr490), a major autophosphorylation site of
proliferation and induces apoptosis in KM12 cells TRKA, as well as for phosphorylated forms of PLCy, AKT and

ERK1/2, known transducers of TRKA signaling (Stephens
We characterized the ability of NMS-P626 to inhibit TRKA ki- et al.,, 1994; Cunningham et al., 1997; Ulrich et al., 1998). As

nase activity and downstream signaling in the KM12 cells. shown in Figure 3B, in untreated KM12 cells, TPM3-TRKA pro-

As already described (Ardini et al., 2010), Western Blot anal- tein is present in highly phosphorylated form. Treatment with
ysis performed on KM12 cell lysates with an antibody directed NMS-P626 for 2 h at a concentration as low as 10 nM is suffi-
against the C-terminus of TRKA evidenced the presence of a cient to almost completely suppress autophosphorylation of

protein with an MW of ca. 70 kDa, consistent with the TPM3-TRKA, as well as phosphorylation of its substrates/
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Figure 2 — Genomic characterization of TPM3-NTRK1 fusion in KM12 cell line A) End-point PCR was performed on cDNA from KM12 cells
with F/R primer couples designed to amplify regions in a) 1F/R: NTRK1 cytoplasmic domain, b) 2F/R: NTRK1 extracellular domain, c) 3F/R:
TPM3-NTRK1 rearrangement, d) 4F/R: TPM3 extracellular domain. See Supplementary Table S3 and Supplementary Figure S2 for primers
sequence and position. B) Schematic representation of TPM3-NTRK1 genomic DNA breakpoints in the KM12 cell line. The position of the

breakpoints leading to the TPM3-NTRK1 rearrangement is indicated with respect to genome reference hgl9 version. Dark boxes: exons. Light

boxes: introns. Striped box: alternative splicing exon in the TPM3 sequence.

downstream transducers PLCy, AKT and ERK. This concentra-
tion is consistent with the antiproliferative activity of NMS-
P626 in KM12 (ICso 19 nM).

Cell cycle analysis of KM12 at 24 h of treatment showed
that treatment with NMS-P626 leads to an increase in the pro-
portion of cells in G1 phase, with a concomitant decrease in S
phase. An increase in the number of apoptotic cells, i.e. cells
with a DNA content <2 N, was observed at 48 h and 72 h treat-
ment (Fig. S6).

3.4. NMS-P626 inhibits growth of KM12 tumor
xenografts

Preliminary investigation of the pharmacokinetic properties
of NMS-P626 in the mouse indicated a favorable profile, char-
acterized by low plasma clearance, good volume of distribu-
tion at steady state, and high oral availability (Table S5), all
confirming the suitability of this compound for in vivo studies.

An efficacy study was therefore conducted to assess the
in vivo antitumor activity of NMS-P626 in nude mice bearing

subcutaneously implanted KM12 tumors. NMS-P626 was
administered orally at 50 and 100 mg/kg twice a day for 10
consecutive days, starting when animals had well-
established tumors. Greater than 90% tumor growth inhibition
was observed at both doses (TGI) as compared with vehicle-
treated animals. In these studies, we observed good tolera-
bility, with no body weight loss or other overt toxicities
(Figure 3C).

To evaluate TRKA inhibition by NMS-P626, tumors were
excised at 6 and 12 h following single oral administration of
100 mg/kg compound and Western Blot analysis of TRKA
and PLCy phosphorylation was performed on tumor lysates.
As shown in Figure 3D, complete inhibition of both TRKA
and PLC-y phosphorylation was observed at the 6 h time-
point in treated compared to control animals, whereas partial
recovery was observed at 12 h.

The data presented above indicate that the TPM3-TRKA
protein expressed in KM12 cells is constitutively active and
that TRKA kinase activity is required to drive cell growth
and tumorigenesis in vitro and in vivo. Inhibition of TPM3-
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Figure 3 — Characterization by Western Blot analysis of the TPM3-TRKA fusion protein and in vitro and in vivo mechanism of action of NMS-
P626 in the KM12 tumor model A) Anti-TRKA-immunoprecipitated proteins were subjected to Western Blot analysis using anti-TRKA antibody
(left panel) or anti-TPM3 antibody (right panel). KM12: total cell lysates, C: control lane (lysis buffer), B) In vitro inhibition of TRKA

phosphorylation and downstream signaling pathways in KM12 cells. Cells were treated for 2 h with increasing concentrations of NMS-P626 and
total protein lysates were analyzed by Western Blot with the indicated Ab, C) In vivo efficacy of NMS-P626 in KM12 xenograft model. Nu/Nu
mice bearing established KIM12 xenografts were administered NIMS-P626 per os bid at the indicated doses or vehicle for 10 consecutive days, D)
Ex-vivo target modulation analysis. Nu/Nu mice bearing established KM12 xenografts were administered a single dose of 100 mg/kg NMS-P626

per os and animals were sacrificed 6 h or 12 h after treatment. Tumors were resected, snap frozen and protein lysates were analyzed by Western Blot

with the indicated Ab.

TRKA signaling with NMS-P626 results in cell growth arrest
and apoptosis in vitro and antitumor efficacy in vivo, with mod-
ulation of corresponding biomarkers.

3.5.  Analysis of NTRK1 rearrangement in colorectal
carcinoma cases

In order to estimate the frequency of TRKA rearrangements in
human colorectal carcinomas, we first evaluated the expres-
sion of TRKA by Western Blot analysis in a panel of 22 human
colorectal carcinoma cell lines (Fig S7). No additional TRKA
positive cell lines were identified. We then analyzed publicly
available microarray gene expression data present in the Can-
cer Cell Line Encyclopedia (CCLE) (Barretina et al., 2012) for
NTRK1 expression. Also in this case, KM12 was the only CRC
cell line expressing TRKA mRNA out of 56 such lines present
in the database. Interestingly, we then analyzed microarray
data from 289 clinical samples of colorectal cancer made pub-
licly available thanks to the effort of the International Geno-
mics Consortium (IGC) and the Expression Project for
Oncology (expO) (http://www.intgen.org/expo) and observed
relatively high expression of NTRK1 in 3—5% of the colon car-
cinoma samples present in this database. Although it cannot

be concluded per se that TRKA overexpression is ascribable
to NTRK1 rearrangement in these tumors, these data do sug-
gest the existence of a low-frequency subset of colorectal car-
cinoma tumors with anomalous expression of this kinase.

We next developed a parallel two-step analytical proce-
dure suitable for reliable identification of NTRK1 rearrange-
ments in clinical specimens and applied this to a series of 66
FFPE preparations from CRC surgical samples.

First, we used the RT-qPCR method previously developed
(see Section. 3.2) to quantify relative expression levels of
mRNA encoding the intracellular and extracellular domains
of NTRK1 in RNA extracted from each sample, using RNA
from KM12 cells as a positive control.

Out of 66 clinical samples analyzed, we identified one sam-
ple, T27, which was found to express readily detectable levels
of mRNA encoding the intracellular domain, but not that
encoding the extracellular domain of NTRK1, while all other
samples were negative (data not shown). From sample
T27 and using the primers reported in Table S4, we were
able to selectively amplify by RT-qPCR a region spanning the
TPM3-NTRK1 rearrangement junction, detectable at levels
comparable to those observed in the KM12 cell line
(Figure 4A). We then amplified the junction region by end-
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Figure 4 — Identification of the TPM3-NTRK1 rearrangement in a clinical sample RNA extracted and reverse transcribed from T27 colorectal

cancer sample was analyzed for the presence of TPM3-NTRK1 rearrangement using primers specifically designed across TPM3-NTRK1 junction
by A) RT-qPCR (Supplementary Table S4, primers juncF/R) and B) end-point PCR (Supplementary Table S3, primers 7F/R). We used the
KM12 cell line as positive control and the K562 cell line expressing full-length TRKA as negative control. T29 is a representative clinical sample

showing no expression of the chimeric cDNA. C is the no template control.

point PCR (Figure 4B) and confirmed by direct DNA sequencing
the presence of the same TPM3-NTRK1 fusion transcript as
found in KM12 cells.

The T27 sample was then investigated for the presence of
mutations in KRAS (exons 2 and 3), NRAS (exons 2 and 3),
BRAF (exon 15) and PI3KCA (exons 9 and 20) genes, and was
wild-type for all of these.

At the same time, we developed an immunohistochemical
(IHC) method for detecting the intracellular domain of TRKA
protein as a readout for NTRK1 rearrangement in colon.
Among several commercially available antibodies recognizing
the C-terminal portion of the protein, we selected the anti-
TRKA monoclonal antibody clone EP1058Y (Epitomics, Burlin-
game, CA) based on its very good sensitivity and selectivity.
Western blot analysis of total cell lysates from engineered
Ba/F3 cells showed the antibody to be very sensitive and spe-
cific, recognizing only TRKA, with no cross-reactivity versus
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TRKB, TRKC or other cellular proteins (Fig. S8 A, B). This high
selectivity and sensitivity for TRKA was also observed for
the EP1058Y antibody when used in IHC analyses performed
firstly on cytospin preparations of Ba/F3 vs. Ba/F3-TRKA cells
and then on paraffin-embedded samples of KM12 and HT29
tumor xenografts used as positive and negative controls,
respectively (Fig. S8C).

Using this validated antibody, we independently analyzed
the same 66 tumor specimens in blind, identifying T27 as
the only sample displaying strong anti-TRKA immunoreac-
tivity (Figure 5 A—C). Localization of TRKA immunoreactivity
in sample T27 was cytoplasmic, consistent with the intracel-
lular localization we observed for the TPM3-TRKA fusion pro-
tein in KM12 cells (Fig. S5). Importantly, the same strongly
positive immunoreactivity was also observed in a preopera-
tive biopsy from the same patient performed for diagnostic
purposes (Figure 5 D—E).

Figure 5 — IHC detection of the intracellular domain of TRKA THC was performed using a commercial antibody recognizing the C-terminal

portion of TRKA (Epitomics). A—C) Surgical sample (T27) from right hemicolectomy with a diagnosis of poorly differentiated adenocarcinoma

showing strong cytoplasmic immunohistochemical reactivity to anti-TRKA. Some cells seem to show a membrane positivity that, indeed, is due to
the presence of a scant cytoplasm (black arrows). A) 50X magnification; B) 100X magnification; C) 200X magnification D—E) Bioptic sample of
the same tumor showing a strong immunoreactivity for TRKA antibody (bottom right). In the same figure normal colonic tissue (upper left) with

no positivity is found D) 50X magnification, E) 200X magnification.
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These data confirm the presence at low frequency of the
TPM3-NTRK1 rearrangement in colorectal carcinoma and vali-
date IHC with an anti C-terminal TRKA antibody as a readily
applicable method for screening colorectal carcinoma FFPE
samples, aimed at identification of patients who might be can-
didates to clinical studies with pharmacological agents that
inhibit activated/rearranged TRKA kinase.

4. Discussion

The remarkable clinical benefit observed in recent years in
NSCLC following therapy with gefitinib or erlotinib in EGFR
mutated and with crizotinib in ALK positive tumors, as well
as with vemurafenib in BRAF mutated melanoma, has estab-
lished that distinct subsets of solid tumors become addicted
to activated kinases and that targeted inhibition of a single
“driver” kinase can translate into significant clinical benefit.
The inhibition of additional targets in NSCLC such as
translocation-activated ROS and RET is also under investiga-
tion in the clinical setting (Bergethon et al.,, 2012; Minuti
et al., 2013). Indeed, such is the rate of progress in these fields
that by comparison, the era of personalized therapy in the
management of CRC appears still in its infancy.

Colorectal cancer is the third most common form of can-
cer and the second leading cause of cancer-related death in
western countries. Despite recent advances in understanding
the pathogenesis of human CRC and the molecular charac-
terization that has allowed the development of a comprehen-
sive classification system, the cure rate for this disease
remains low. Extensive molecular profiling efforts have led
to the identification of two major mechanisms of genomic
instability in CRC: approximately 15% of cases have microsat-
ellite instability (MSI) due to alterations in genes involved in
DNA mismatch-repair pathways, whereas the remaining
85% are defined as microsatellite stable and are characterized
by chromosomal instability (CIN) (Cunningham et al., 2010;
Chau and Cunningham, 2009). Mutually exclusive activating
point mutations in the KRAS (35—43% of cases) and BRAF
(11-14%) oncogenes are also found in a significant fraction
of CRCs, while extensive characterization by large scale
sequencing efforts has highlighted the presence of low fre-
quency rearrangements and point mutations of diverse ki-
nases potentially associated with constitutive enzyme
activation (Seshagiri et al., 2012; Siena et al., 2009; Bardelli
et al,, 2003; Han et al., 2013; Lipson et al., 2012; The Cancer
Genome Atlas Network, 2012). While such studies have
contributed to highlighting the complexity of development
and progression of this disease, they have so far failed to
identify a basis for the rational selection of patients for tar-
geted therapy.

Unlike NSCLC, where for example EGFR mutation and ROS
and ALK gene rearrangement predict response to inhibitors of
these kinases, the only validated biomarker today in CRC is
RAS mutation as a negative predictor of response to treatment
with monoclonal anti-EGFR-therapy (Bardelli and Siena, 2010;
Douillard et al., 2013).

Interestingly, the TPM3-NTRK1 chimeric gene was origi-
nally isolated as early as in 1986 as a transforming oncogene
from a human colon carcinoma, subsequently leading to the

cloning of the full length WT NTRK1 sequence (Martin-
Zanca et al., 1986; Kaplan et al., 1991b). However, as of today
there is no other description of this rearrangement in colo-
rectal adenocarcinomas, asides from a recent technical report
of a single sample out of 70 cases of primary CRC character-
ized by whole exome sequencing harbouring this rearrange-
ment (Seshagiri et al., 2012).

We previously identified the presence of a TPM3-TRKA
chimeric protein in KM12 cells and demonstrated using the
potent and selective TRKA inhibitor NMS-P626, as well as by
genetic ablation of NTRK1 by siRNA, that proliferation of
KM12 is highly dependent on TRKA activity (Ardini et al.,
2010). Similar findings have more recently been described by
Doebele and colleagues using siRNA as well as ARRY-470
and other kinase inhibitors with variable potency and selec-
tivity on TRKA (Vaishnavi et al., 2013).

Here we report detailed characterization of the NTRK1
rearrangement in KM12 cells at the genomic level, including
the TPM3 and NTRK1 gene breakpoints and its heterozygosis
status in this MSI colon adenocarcinoma with wild-type K-
RAS and B-RAF genes. Interestingly, the observed breakpoint
within exon 8 of NTRK1 in CRC differs from the breakpoints
previously identified for the TPM3-NTRK1 rearrangement in
PTCs, and is more similar to those observed for TRK-T3 rear-
rangements in this tumor type, which are also located within
this exon (Butti et al., 1995). The breakpoint we identified in
CRC falls in the region from exon 8 to exon 9 of NTRK1, pro-
posed to represent a hot spot for recombination (Butti et al.,
1995).

The rearrangement derives from a short inversion in the
long arm of chromosome 1 and the resulting chimeric gene
encodes a portion of the N-terminal sequence of the non-
muscle TPM3 fused the transmembrane and the entire cyto-
plasmic domain of TRKA. The presence of numerous overlap-
ping coiled-coil domains in the TPM3 sequence (Lupas et al.,
1991) is likely responsible for constitutive dimerization of
the chimeric protein that leads to ligand-independent activa-
tion of the TRKA kinase domain. This is strongly reminiscent
of what is observed for ALK, RET and ROS kinase domains in
lung adenocarcinoma where these kinases that acquire
constitutive activation as a consequence of illegitimate chro-
mosomal recombination have become targets for cancer ther-
apy (Shaw et al., 2013).

We also disclose the chemical structure and biological
characterization of NMS-P626, a novel pyrazolo-pyridine ki-
nase inhibitor endowed with high potency and selectivity for
TRK family kinases as well as favorable drug-like properties,
which include oral biovailability. NMS-P626 strongly sup-
pressed KM12 tumor cell growth through block of TRKA
signaling both in vitro and in vivo, supporting the rationale
for inhibition of this kinase as a new therapeutic option for
a subset of colon carcinoma patients.

In order to facilitate future efforts to isolate and further
characterize rearrangements of NTRK1 in CRC we set out to
validate an IHC approach to detect overexpression of the
intracellular domain of TRKA in CRC biopsies using a highly
selective antibody directed against the c-terminus of the pro-
tein. This approach takes advantage of the lack of TRKA
expression in normal colon, and is a method directly appli-
cable by most pathology labs for pro- or retrospective
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analysis of FFPE sample. Screening by IHC and RT-qPCR of 66
clinical FFPE CRC samples led us to the identification of a pos-
itive colon adenocarcinoma sample, which was confirmed to
selectively express TRKA mRNA encoding the cytoplasmic
domain. This sample was then confirmed by PCR/Sanger
sequencing to harbor a heterozygous TPM3-NTRK1 rear-
rangement in a wild-type RAS and B-RAF genetic background.
The strong immunostaining observed for both the surgical
section as well as the preoperative biopsies from the same
patient indicates that this rearrangement is abundantly
expressed in a significant fraction of the tumor over time.
Taken together, these observations suggest the existence of
a low-frequency recurring rearrangement of TRKA in colo-
rectal adenocarcinomas. The IHC approach described herein
makes it more feasible to screen high numbers of patient
samples for treatment with TRKA kinase inhibitors rather
than, for example relying solely on FISH, which is more
expensive and work-intensive. While identification of addi-
tional cases is needed to generalize these observations, we
speculate, also based on what is known about the genetic
background of driver kinase activation in NSCLC (Bergethon
et al, 2012; Shaw et al., 2013; Gainor et al.,, 2013), that
NTRK1 rearrangements may be mutually exclusive with
other driver mutations, and that as a consequence exclusion
of patients harboring RAS and B-RAF mutations may repre-
sent an enrichment strategy for identification of NTRK1 rear-
rangements in CRC.

With respect to aberrant activation of TRKA in colorectal
tumors, we speculated that point mutations which have
been reported for the NTRK gene family in CRC (Coulier
et al., 1990) might represent additional subsets of tumors sen-
sitive to TRK inhibition. However, although NTRK1-3 are
found mutated at high frequency (15% for NTRK1) in the 55
cell lines present in the CCLE database, there appears to be lit-
tle evidence for expression of the corresponding mRNA or pro-
tein. We therefore believe that such mutations are most likely
irrelevant as an oncogenic mechanism in CRC, where rear-
rangements that lead to expression of chimeric proteins are
today the only proven mechanism for NTRK1 activation.

In terms of NTRK family members other than NTRK1, it is
also interesting to note that an ETV6-NTRK3 DNA rearrange-
ment was also recently reported in the same subset of CRC
samples in which a TPM3-NTRK1 positive sample was found
(Seshagiri et al., 2012). The ETV6-NTRK3 gene fusion results
from a translocation between chromosome 12 and 15 in which
the 5’ region of ETV6 is fused to the 3’ region of NTRK3
(Knezevich et al., 1998). The resulting transcript encodes a
chimeric oncoprotein consisting of the helix-loop-helix
dimerization domain of ETV6 fused to the tyrosine kinase
domain of TRKC (Wai et al., 2000). The ETV6-NTRK3 rearrange-
ment was originally identified in congenital fibrosarcoma but
has since also been described in secretory breast cancer,
congenital mesoblastic nephroma and acute myeloid leuke-
mia (Tognon et al.,, 2002; Adem et al., 2001; Kralik et al,,
2011). We are currently applying IHC and RT-qPCR methods
to identify additional rearrangements of NTRK1 and 3 and to
investigate their frequency in CRC specimens.

Recurring NOTRK1 rearrangements are observed in a signif-
icant fraction of PTCs, where they predict poor outcome
(Greco et al., 2010). The newly described MRIP-NTRK1 and

CD74-NTRK1 gene fusions identified in 3 out of 91 lung adeno-
carcinoma cases with no other common driver alterations
possess oncogenic properties in fibroblasts and are sensitive
to TRKA kinase inhibitors (Vaishnavi et al., 2013). Additional
potential indications are emerging (Wiesner et al., 2014; Ross
et al.,, 2014; Kim et al., 2014; Wu et al., 2014). We believe that
the findings we describe herein of TPM3-NTRK1 rearrange-
ment in CRC and its sensitivity to NMS-P626 have all the fea-
tures of the “oncogene addiction” paradigm.

These findings support the inclusion of NTRK1 in the
growing list of kinases which are aberrantly activated by
mutagenic events in a subset of diverse tissues in which
they drive oncogenesis, rendering the advancement in appro-
priate clinical settings of potent and selective TRKA inhibitors
strongly warranted.

5. Conclusions

Our findings support the rationale for prospective, patient
subset-directed clinical trials of TRK kinase inhibitors in
various clinical settings in which NTRK gene rearrangement
occurs. For the CRC indication we provide evidence that the
TPM3-NTRK1 rearrangement is a clinically significant, low fre-
quency recurring event, easily identifiable by IHC, which could
render this subset of CRC tumors highly sensitive to TRKA in-
hibitors such as NMS-P626.
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