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Summary

Lung cancer is one of the most aggressive tumors. Targeted therapies stratified by oncogenic
drivers has remarkably improved therapeutic outcomes in patients with non-small cell lung cancer
(NSCLC) 1. However, such oncogenic drivers are not found in 25-40% of NSCLC cases 2. Here,
we identified a novel fusion transcript of CL/PIand LTK using whole transcriptome sequencing
in a multi-institutional genome screening platform (LC-SCRUM-Asia, UMIN000036871). The
CLIPI-LTK fusion was present in 0.4% of NSCLCs and was mutually exclusive with other known
oncogenic drivers. We show that kinase activity of CLIP1-LTK fusion protein is constitutively
activated and has transformation potential. Treatment of Ba/F3 cells expressing CLIP1-LTK with
lorlatinib, an ALK inhibitor, inhibited CLIP1-LTK kinase activity, suppressed proliferation, and
induced apoptosis. One NSCLC patient harboring the CL/P1-LTK fusion showed dramatic clinical
responses to lorlatinib treatment. To our knowledge, this is the first description of L7K alterations
with oncogenic activity in cancers. Our results demonstrate that the CL/PI-L TK fusion is a novel
target in NSCLC, which could be treated with lorlatinib.

The discovery of oncogenic drivers has uncovered the pathogenesis of non-small cell lung
cancer (NSCLC). Comprehensive molecular analyses revealed that somatic driver events

can be identified in the receptor tyrosine kinase (RTK)/RAS/RAF pathway in the 76% of
lung adenocarcinoma samples. These include somatic mutations (e.g. KRAS, EGFRand
BRAF mutations) and fusions (e.g. ROSI, ALK, and RET) 3. Furthermore, transcriptome
sequencing-based approach identified additional actionable oncogenic drivers such as CD74-
NRG1 fusion in NSCLC 4. Development of corresponding kinase inhibitors has changed
treatment strategies and improved survival for patients with targetable oncogenic drivers.
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Nonetheless, no targeted therapies have been developed for the large proportion of advanced
NSCLC patients whose tumors lack such known oncogenic drivers.

In 2013, we established a multi-institutional lung cancer genome screening platform (LC-
SCRUM-Asia) to identify lung cancer patients with oncogenic drivers and to clinically
develop molecular-targeted therapies. Here, we apply this platform to search for novel
oncogenic drivers that could be targeted in patients with currently untreatable NSCLC.

Identification of the CLIP1-LTK fusion

To identify novel oncogenic gene fusion, we initiated whole transcriptome sequencing
(WTS) of NSCLC samples negative for known oncogenic drivers in the LC-SCRUM-Asia
cohort °. Of consecutive 75 samples analyzed between October of 2020 and December of
2020 (Extended Data Table 1), we identified an in-frame fusion transcript of CL/P1 on
chromosome 1224 and L7K on chromosome 15915 in one patient (patient #1) (Fig. 1a).
LTK and ALK constitute the ALK/LTK subfamily of receptor tyrosine kinases (RTKs) 6,
while CLIP1 is a member of the microtubule plus-end tracking protein family”. A CLIP1-
LTK fusion protein is predicted to harbor multiple coiled-coil domains found in CLIP1
upstream of the full LTK kinase domain (Fig. 1b). To confirm that transcripts encoding

the fusion protein were present in tumors from patient #1, we used two sets of RT-PCR
primers to detect amplicons of the predicted size in tissues from two metastatic sites,

the supraclavicular lymph node and liver (Fig. 1¢). Sanger sequencing verified the fusion
sequence of CL/PIexon 16 to L7K exon 11 in the expressed transcript (Extended Data Fig.
1). In addition, we performed break-apart fluorescence /n situ hybridization (FISH) assay for
further validation of the L7K rearrangement in this patient. Hybridization of these probes
showed orange (5’)-green (3”) fused signals in non-tumoral cells (Extended Data Fig. 2: left
panel). However, 82 % of scored tumor cells showed 1= sole green (3”) signals including
the kinase domain, which indicates the presence of L7K rearrangement (Extended Data
Fig. 2: right panel). Lack of orange signals (5’) in tumor cells may suggest deletion in this
chromosomal region.

Next, to determine how prevalent the CL/P1-LTK fusion is in lung cancers, we examined
572 tumor samples from patients with various types of lung cancer in LC-SCRUM-Asia,
irrespective of oncogenic driver status, using RT-PCR described above. Of 30 small cell
lung cancers, all were negative for this fusion. Of 542 NSCLC samples analyzed, two
were positive for CL/P1-LTK fusion transcripts (0.4% in NSCLC) (see patient #2 and #3
in Fig. 1e). Overall, the 3 tumors positive for the fusion (the tumors from patient #1-3)
were negative for other known oncogenic drivers, suggesting that the CL/PI-LTK fusion
is mutually exclusive with other defined oncogene drivers. ALK immunohistochemistry
analysis, which was approved as an assay for detecting ALK fusions, was also performed,
and all 3 tumors were negative. All 3 tumors with CL/P1-LTK fusion were classified
histologically as adenocarcinoma (Extended Data Fig. 3 and Extended Data Table 2).
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Transforming potential of CLIP1-LTK

As coiled-coil domains reportedly facilitate protein dimerization 8, we asked whether

the CLIP1-LTK protein formed dimers that might constitutively activate LTK kinase. To

do so, we transiently transfected NIH3T3 cells with either CLIP1-LTK, wild-type (WT)
LTK or Mock control expression constructs and probed immunoblots of cell extracts

using an antibody which detects LTK phosphorylated at tyrosine 672. We detected robust
phosphorylation in CLIP1-LTK-expressing cells but much weaker phosphorylation when
cells were transfected with WT LTK (Fig. 2a). Next, we asked whether CLIP1-LTK

protein could transform mouse lines commonly used to analyze transforming potential,
namely NIH3T3 fibroblasts ? and the Ba/F3 pro-B line 10. To do so, we transduced both
lines with MIGRL retroviral constructs to allow expression of human CLIP1, LTK, CLIP-
LTK as well as GFP, or Mock virus. As an additional control we transduced cells with
CLIP1-LTK harboring a K1140M mutation (CLIP1-LTK-K1140M), which corresponds to
EML4-ALK K589M and renders the fusion protein kinase-dead 1. GFP positive cells were
sorted and immunoblot analysis of cell extracts with a phospho-LTK antibody revealed

a strong band in NIH3T3 or Ba/F3 cells expressing CLIP1-LTK (NIH3T3-CLIP1-LTK

or Ba/F3-CLIP1-LTK) but no visible bands in Mock cells or in cells expressing LTK
(NIH3T3-LTK or Ba/F3-LTK) or CLIP1-LTK-K1140M (NIH3T3-CLIP1-LTK-K1140M or
Ba/F3-CLIP1-LTK-K1140M) (Extended Data Fig. 4). These results confirm that CLIP1-
LTK is constitutively activated in stably transduced cell lines. The flow cytometry analysis
of Mock-transduced NIH3T3 cells, NIH3T3-LTK, and NIH3T3-CLIP1-LTK revealed that
LTK, but not CLIP1-LTK, was expressed on the cell surface (Extended Data Fig. 5a), while
both LTK and CLIP-LTK were detected in the cytoplasm (Extended Data Fig. 5b). These
results suggest that CLIP1-LTK is located in the cytoplasm as it lacks the transmembrane
domain of LTK.

Further analysis indicated that NIH3T3 cells expressing CLIP1 (NIH3T3-CLIP1) or
NIH3T3-LTK cells as well as Mock-transduced cells were contact inhibited and

showed normal cobblestone-like morphology, while NIH3T3-CLIP1-LTK cells showed a
round-shape morphology (Fig. 2b) and lack of contact-inhibition (Extended Data Fig.

6a). Interestingly, that analysis also showed that NIH3T3-CLIP1-LTK-K1140M cells
showed phenotypically resembled Mock-transduced cells and normal contact inhibition.
Furthermore, analysis of colony formation in soft agar revealed significantly larger NIH3T3-
CLIP1-LTK colonies compared to either Mock-transduced or NIH3T3-CLIP1 or NIH3T3-
LTK cells after two weeks of growth (Extended Data Fig. 6b). In fact, NIH3T3-CLIP1-LTK
colonies were larger in diameter than positive control NIH3T3 cells expressing EGFR-
L858R, which has transforming activity 12 (Fig. 2c). Finally, as expected, NIH3T3-CLIP1-
LTK-K1140M cells did not exhibit anchorage-independent growth (Fig. 2c).

Ba/F3 cells require IL-3 for growth, but expression of oncogenic kinases renders them

IL-3 independent 10-13.14 |ndeed, AKT and ERK remained activated in Ba/F3-CLIP1-LTK
cells but not in Ba/F3 cells transduced with either Mock, CLIP1, LTK, or CLIP1-LTK-
K1140M cells in the absence of WEHI medium as a source of IL-3 (Fig. 2d). Consistent
with this observation, unlike other Ba/F3 stable cells, Ba/F3-CLIP1-LTK cells showed IL-3-
independent growth (Fig. 2e), suggesting that CLIP1-LTK harbors transforming activity.
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To further confirm the transforming activity of CLIP1-LTK /n vivo, we subcutaneously
injected NIH3T3 cells transduced with either Mock, CLIP1, LTK, CLIP1-LTK, or CLIP1-
LTK-K1140M cells into the flank of nude mice. Tumors were detected only in nude mice
injected with NIH3T3-CLIP1-LTK cells (Fig. 2f). Interestingly, no tumor was observed

in mice injected with NIH3T3-CLIP1-LTK-K1140M. Taken together, these results support
the conclusion that CLIP1-LTK fusion induces oncogenic transformation dependent on its
kinase activity.

Lorlatinib inhibits CLIP1-LTK activity

As LTK and ALK share nearly 80% identity in their respective kinase domains, we
hypothesized that compounds developed as ALK tyrosine kinase inhibitors would inhibit
constitutive kinase activity of the CLIP1-LTK fusion protein. To test this hypothesis, we
treated NIH3T3 cells transiently transfected with a CLIP1-LTK expression construct with
varying concentrations of 7 FDA-approved or investigational tyrosine kinase inhibitors
known to inhibit ALK. We then prepared immunoblots from cell extracts and probed each
with a phospho-LTK antibody. Among inhibitors tested, lorlatinib was most potent and
nearly completely blocked CLIP1-LTK phosphorylation at 10 nM (Fig. 3a). Lorlatinib is

a third-generation ALK/ROS1 inhibitor with 1C5q of <0.07 nM, based on a biochemical
kinase assay using WT ALK 15, Consistent with these observations, in a cell viability assay
using Ba/F3-CLIP1-LTK cells, the lorlatinib 1C5y was 1.1 nM, while values obtained using
other ALK inhibitors were in the 10-20 nM range (Fig. 3b). In contrast, osimertinib was
not as effective as ALK inhibitors and showed an ICgq value of >100 nM. Lorlatinib did
not inhibit cell viability when Ba/F3-CLIP1-LTK cells were cultured in the presence of
WEHI medium containing IL-3, excluding the possibility of nonspecific toxicity (Extended
Data Fig. 7). Moreover, lorlatinib treatment inhibited anchorage-independent growth of
NIH3T3-CLIP1-LTK cells in soft agar (Extended Data Fig. 8), suggesting that lorlatinib
may be effective for tumors induced by CLIP1-LTK.

A previous report indicated that LTK activates AKT and ERK 16, Thus, we asked whether
inhibition of CLIP1-LTK Kkinase activity by lorlatinib would impact downstream signaling
responsible for cell proliferation or apoptosis. To do so, we treated Ba/F3-CLIP-LTK

cells for 24 hours with various concentrations of lorlatinib and then prepared cell lysates

for immunoblotting with indicated antibodies (Fig. 3c). That analysis revealed decreased
phosphorylation of CLIP1-LTK, AKT, and ERK relative to untreated controls, as well as
induction of a non-phosphorylated, stabilized form of Bim and cleavage of full-length PARP
(also indicative of apoptosis) at lorlatinib concentrations as low as 10 nM. These results
suggest that activation of AKT and ERK downstream of CLIP1-LTK enhances proliferation
and cell survival, while inhibition of CLIP1-LTK kinase activity induces apoptosis.

To further evaluate the activity of lorlatinib against CLIP1-LTK expressing tumor, we
subcutaneously injected NIH3T3-CLIP1-LTK cells into the flanks of nude mice and
treated them with lorlatinib or vehicle control for 2 weeks when tumors reach a volume
of approximately 100 mm3. Consistent with cell viability assay, lorlatinib treatment
significantly inhibited tumor growth (Fig. 3d).
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CLIP1-LTK as a therapeutic target

Patient #1 described above (Extended Data Table 2) received first-line therapy with 4 cycles
of carboplatin, pemetrexed and pembrolizumab, resulting in tumor shrinkage. However,
after subsequent maintenance therapy with pemetrexed plus pembrolizumab, computed
tomography (CT) images showed rapid disease progression with enlargement of both the
primary tumor and multiple metastatic tumors, including liver metastases (Fig. 3e). WTS
and Sanger sequencing of the patient’s tumor cDNA revealed the CL/P1-L TK fusion (Fig.
1a, ¢ and Extended Data Fig. 1), and the L7K rearrangement was confirmed by break-apart
FISH (Extended Data Fig. 2). The patient, who was advised of potential benefits and risks
of lorlatinib treatment and informed of our preclinical findings, then provided consent for
treatment with LTK-targeted therapy. After the off-label use was approved by National
Cancer Center Hospital East review board, lorlatinib was started at a regular dosage of 100
mg once daily every day. The patient’s two- and five-month follow-up CT images showed
rapid and dramatic shrinkage of the primary tumor and multiple metastatic tumors (Fig. 3e).
In addition, as shown by Positron Emission Tomography (PET) images of whole body, all
the primary and metastatic tumors at baseline responded dramatically to lorlatinib treatment
(Fig. 3f). These results indicate that NSCLC patients with the CL/P1-LTK fusion may be
candidates for lorlatinib therapy.

Discussion

In this study, we identified the CL/PI-LTK fusion in NSCLC patients without known
oncogenic drivers and demonstrated that CLIP1-LTK kinase is constitutively activated and
has transforming capacity that can be suppressed by lorlatinib treatment. Clinically, we
report that a NSCLC patient harboring the CL/P1-LTK fusion showed a robust positive
response to lorlatinib.

To identify novel oncogenic gene fusions, we used an enriched cohort of pan-negative for
oncogenic drivers determined by molecular analyses in LC-SCRUM-Asia. In addition, we
used an RNA-based targeted approach, which is more accurate than DNA sequencing but
occasionally limited by RNA quality and quantity, particularly when samples are derived
from formalin-fixed, paraffin-embedded tissues 17. However, in the LC-SCRUM-Asia,
fresh-frozen tissues have been submitted for molecular analyses and derived RNA samples
were of sufficient quantity and quality, being factors that likely contributed to successful
identification of the CL/P1-LTK fusion transcript as a novel oncogenic driver in NSCLC.

In our Japanese cohort, 0.4% of NSCLC specimens harbored the CL/P1-LTK fusion.
Oncogenic fusions such as ALK, ROS1, RET are rare fractions, less than 5% in NSCLC,
and their prevalence was observed to be similar in any racial/ethnic cohort 18, Therefore, it
is predicted that there are more than 7,500 cases with NSCLC harboring CL/PI-LTK fusion
worldwide. However, due to the limited number of patients who exhibit this fusion, it is not
yet clear whether NSCLC marked by CL/PI-LTK fusion will emerge as showing unique
clinical characteristics. An ongoing retrospective screening for the CL/P1-LTK fusion using
LC-SCRUM-Asia cohort (n=1,500) will provide more detailed information on prevalence
and clinicopathologic features. Moreover, additional effort is required to determine the
prevalence of the fusion in other racial or ethnic groups.

Nature. Author manuscript; available in PMC 2022 June 01.
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To our knowledge, this is the first report of functional oncogenic alterations in L7TK

in cancers. Although the non-recurrent UACA-LTK fusion was identified in a thyroid
carcinoma by The Cancer Genome Atlas Research project 19, it seems to be an out-of-
frame fusion and its oncogenic potential has been unknown 29, However, previous reports
suggested that LTK hyperactivation can induce transformation®21. In addition, WT LTK is
expressed in brain, placenta, and hematopoietic cells such as those of B cell lineages &, while
CLIP1 is ubiquitously expressed 22. Transcription of the CL/PI-LTK fusion is driven by the
CLIP1 promoter, and thus CLIP1-LTK protein could be expressed in a variety of cell types,
including alveolar cells. It is also predicted that fusion to CLIP1 constitutively activates
LTK due to dimerization through CLIP1 coiled-coil domains. This idea is supported by
observations that CL/P1 is also a fusion partner of the RTK genes ALK, RET, and ROS1in
multiple cancers such as Spitz tumors, renal cell carcinoma, and NSCLC 23-26,

Tumor tissues from 3 patients described here harboring the CL/PI-L TK fusion did not
exhibit other known oncogenic drivers. Thus, it is likely that in these cases, CLIP1-LTK

is a sole driver of lung tumorigenesis. Although no LTK-specific inhibitors are currently
available, we evaluated known ALK inhibitors, as most inhibit LTK kinase activity /n
vitro. Among inhibitors tested, lorlatinib was most potent, with an 1C5q of 1.1 nM in Ba/
F3-CLIP1-LTK cells, a value similar to that seen in Ba/F3 cells expressing EML4-ALK?7.
Successful treatment of patient #1 with loratinib justifies immediate investigation using a
larger cohort of lung cancer patients with the CL/P1-LTK fusion. Indeed, a large-scale
prospective CL/PI-LTK screening using LC-SCRUM-Asia platform (n=5,000) is planned to
answer this question. Furthermore, our study provides a rationale for development of more
specific LTK inhibitors.

In summary, we identified the CL/P1-LTK fusion as a novel oncogenic driver in NSCLC,
and the fusion protein can be targeted by lorlatinib. Urgent clinical development of
molecular targeted agents as well as routine screening and clinical validation for this new
oncogenic driver are now warranted.

METHODS

Multi-institutional lung cancer genome screening platform (LC-SCRUM-Asia)

As of May 2021, more than 13,000 lung cancer patients were enrolled from a total of 307
institutions across Japan. For the molecular screening, DNA and RNA were extracted from
fresh and frozen tissues and/or from formalin-fixed paraffin-embedded (FFPE) samples.
Between February of 2013 and March of 2015, RT-PCR and FISH analysis revealed ALK,
ROS1, and RET fusions. From March 2015, a targeted next-generation sequencing (NGS)
system (Oncomine Comprehensive Assay, Thermo Fisher Scientific, MA, USA) has been
used for the molecular screening, and from September 2019, a multi-gene quantitative PCR
(gPCR) assay (Amoy 9-in-1 kit, AmoyDx, Xiamen, China) has been also implemented.
The research protocol (#2018-010) was approved by the Research Ethics Committees at
National Cancer Center and all institutions participating in LC-SCRUM-Asia, and written
informed consent was provided from each subject. This research protocol includes whole-
transcriptome sequencing described below.
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Whole-transcriptome sequencing (WTS)

Based on results of the molecular screening in LC-SCRUM-Asia, we selected consecutive
non-squamous NSCLC samples lacking previously defined oncogenic drivers (namely,
EGFR, ALK, ROS1, BRAF, MET, NTRK, HERZ, RET, NRG1, and KRAS) described

in the National Comprehensive Cancer Network (NCCN) guidelines. cDNA libraries were
prepared from residual RNA samples (20-100 ng) using the TruSeq RNA Exome system
(IMumina) according to the manufacturer’s protocol. Libraries were subjected to paired-
end sequencing of 75-bp reads using the NextSeq 500/550 High Output Kit v2.5 on the
NextSeq 550 system (Illumina). Alignment of sequencing reads and detection of fusion
transcripts were performed using the STAR-fusion pipeline (v1.9.0) 28, and detected fusion
transcripts were annotated using the CTAT database (Release v0.2.0: https://github.com/
FusionAnnotator/CTAT _HumanFusionLib/releases/tag/v0.2.0).

RT-PCR and Sanger sequencing

Total RNA (20-200 ng) was reverse-transcribed to cDNA using Superscript™ VILO™
MasterMix (Invitrogen). cDNA was subjected to PCR amplification using HotStarTag DNA
polymerase (QIAGEN). PCR reactions were performed under the following conditions: 95
°C for 15 min, 40 cycles of 94 °C for 1 min, 55 °C for 1min, and 72 °C for 1min, followed
by final extension for 10 min at 72 °C. PCR products were directly sequenced in both
directions using an ABI PRISM 3500xI Genetic Analyzer (Applied Biosystems). Sequences
of primers used for PCR in this study are listed in Supplementary Table 1. The study
protocols (2016-288 and 2018-404) for RT-PCR and Sanger sequencing were approved by
the Research Ethics Committee at National Cancer Center.

Fluorescence in situ hybridization

Reagents

Fluorescence in situ hybridization (FISH) analysis was performed with 4 um-sectioned
FFPE samples. LTK BA Probe Set (LTKBA20-GROR, Empire Genomics) which were
designed to flank the L7K gene, were used as probes, following manufacturer’s protocol.

NIH3T3 and Phoenix-AMPHO cells were purchased from ATCC. Ba/F3, WEHI, and
BOSC23 cells were kindly provided by Dr. Daniel G. Tenen (Harvard Medical School).

PC9 cells were kindly provided by Dr. Pasi Janne (Dana Farber Cancer Institute). Crizotinib,
ceritinib, alectinib, brigatinib, lorlatinib, entrectinib, and reptrectinib were purchased from
Selleck.

CLIP1-LTK constructs used for functional analysis

Empty pCMV3 vectors as well as those harboring CL/PI and L7K were purchased

from SinoBiological. CL/P1-LTK fusion cDNA was constructed using the In-fusion HD
Cloning Plus kit (Takara). The kinase-dead CL/P1-LTK-K1140M expression plasmid was
generated using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). CL/P1,
LTK, CLIPI-LTK, and CL/PI-LTK-KD cDNA were also subcloned into the MIGR1
retroviral vector 29 (gift from Dr. Warren Pear: Addgene plasmid # 27490; http:/n2t.net/
addgene:27490 ; RRID:Addgene_27490) using the In-fusion HD Cloning Plus kit. MIGR1
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vector harboring EGFR-1L858R was previously described 14. The integrity of all vector
constructs was confirmed by Sanger sequencing. Oligonucleotides used for cloning are listed
in Supplementary Table 1.

Viral transduction

BOSC23 or Phoenix-AMPHO cells were transfected with empty MIGR1 vectors or those
harboring CL/IP1, LTK, CLIPI-LTK, CLIP1-LTK-K1140M, or EGFR L858R constructs

to produce retrovirus particles. Retrovirus-containing supernatants were harvested and
concentrated with a Retro-X™ concentrator (Takara). Ba/F3 cells were transduced using
the RetroNectin-bound Virus Infection Method (Takara). NIH3T3 and PC9 cells were
transduced in the presence of 8 pg/ml polybrene. Transduced cells were selected by GFP
sorting. Ba/F3 stably-transduced cells were maintained in RPMI supplemented with 10%
FBS, 5% WEHI conditional medium (as a source of 1L-3), and 100 units/ml penicillin and
100 pg/ml streptomycin (P/S). NIH3T3 and PC9 stably-transduced cells were maintained in
DMEM supplemented with 10% FBS and P/S.

Ba/F3 transformation Assay

Ba/F3 stably-transduced cells in RPMI 1640 supplemented with 10% FBS plus P/S were
plated in triplicate at a density of 5 x 104 cells/ml in 12-well plates. Cell viability and
changes in cell number were determined using trypan blue staining.

Western blotting

Cells were lysed in SDS sample buffer and immediately boiled for 5 minutes. Lysates were
subjected to SDS polyacrylamide gel electrophoresis and blotted on to P\VDF membranes
(Millipore). The antibodies and dilutions used are listed in Supplementary Table 2. Images
were captured using ImageQuant LAS 4000 (GE Healthcare) and analyzed using ImageJ
software (ver. 1.53). All images were assembled and figures were generated using Microsoft
PowerPoint 2016 software (ver. 2108).

Cell viability assay

Ba/F3 cells (10,000 cells per well) were seeded in 96-well plates, treated with inhibitors
of interest for 48 hours, and then viability was evaluated using the Cell Counting Kit-8
(Fujifilm). Data were captured using Spectra Max Paradigm (Molecular Devices) with
SoftMax Pro software (ver.7.10). Absorbance was read at 450 nm. 1Cs value was
determined with a nonlinear regression model (four parameter) using GraphPad Prism
software (ver. 9.0.2).

Soft agar colony formation assay

Anchorage-independent growth was assayed as described 30. A total of 10,000 cells/well
was plated in 6 well plates, and colonies were counted or measured after 14 days. Cell
images were captured using BZ-I1 Viewer software (ver. 2.10) and analyzed using BZ-II
Analyzer software (ver. 1.42).
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Flow cytometry

NIH3T3 cells transduced with transduced with either Mock, LTK, or CLIP1-LTK were
stained with primary antibody specific for LTK (ab129155, Abcam, 1:200 dilution) for 30
min at 4°C, followed by washing and incubation with anti-rabbit antibody conjugated to
Alexa Fluor 488 (A-21206, Invitrogen, 1:100 dilution) for 30 min at 4°C, and then acquired
on FACSCanto™ Il (BD Biosciences). Data were captured using FACSDiva software (ver.
9.0) and analyzed using FlowJo software (ver. 10.7.1).

Immunofluorescence microscopy

Cells were seeded at 1 x 10° cells on glass coverslip and fixed with 4% paraformaldehyde
and permeabilized with 0.5% Triton X-100 in PBS, followed by incubation with anti-
DDDDK-tag antibody conjugated to Alexa Fluor 594 (M185-A59, MBL, 1:200 dilution).
Samples were mounted on slides with DAPI-containing ProLong Diamond Antifade
Mountant (Thermo Fisher Scientific) and images were acquired with a Biorevo BZ-9000
fluorescence microscope (Keyence).

Xenograft experiments

All animal experiments were approved by the Institutional Animal Care and Use Committee
of National Cancer Center (K20-009). The mice were housed on a 12:12 light/dark cycle,
and temperature was kept at 24°C (23-25°C) and humidity at 49% (40-60%). To establish
tumor xenografts, NIH3T3 cells transduced with Mock, CLIP1, LTK, CLIP1-LTK, CLIP1-
LTK-K1140M, or EGFR L858R (3 x 106 cells) were transplanted into the flanks of athymic
nude mice (BALB/cAlcl-Foxn1™, CLEA Japan). To evaluate the efficacy of lorlatinib, nude
mice bearing NIH3T3-CLIP1-LTK tumors were used. Lorlatinib was formulated in 2%
DMSO + 30% polyethylene glycol 300 in H,O. When the mean tumor volume reached
100-200 mms3, mice were randomized into two groups and treated with either lorlatinib (10
mg/kg once daily) or vehicle control by oral gavage. Tumor volumes (6 tumors per each
group) were calculated by the following fomula: 1/2(length x width?) 31,

Statistics and Reproducibility

Group size was based on previous experience. No statistical method was used to
predetermine sample size. Unless otherwise noted, each experiment was repeated three or
more times with similar results. Statistical analysis was conducted on data from three or
more biologically independent experimental replicates. Student’s t-test (two-tailed) was used
to determine statistical significance.
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Extended Data

CLIP1 exon 16 LTK exon 11
GCTG AGAAAGCAAGCCGACAAAGCCAAAGTGGGGCTTGGCCCGGCCCAGTCCTGGCCTC

Extended Data Fig. 1: Electropherogram showing Sanger sequencing of the CLIP1-LTK fusion
transcript.

cDNAs were generated from RNAs isolated from patient tumors and amplified by RT-
PCR with CLIP1-LTK F3 and R3 primers. PCR products were directly sequenced using
respective primers.

Scale bar: 10 um

non-tumor cells tumor cells

@ 5 LTK probe
@® 3’ LTK probe

Extended Data Fig. 2: LTK break-apart FISH assay.
Non-tumor cells from Patient #1 showed orange (5’)-green (3”) fused signals (yellow

arrows), while 82% (41/50) of scored tumor cells showed one fused (yellow arrows)
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Patient #2

Patient #3
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and at least one green (3’) signals (white arrows), which indicates the presence of L7TK
rearrangement. Bars = 10 pm.

H&E

Scale bar: 100 ym

Extended Data Fig. 3: Histological findings of tumors positive for the CLIP1-LTK fusion.
a, Hematoxylin and eosin (H&E) stained images. Samples from Patient #1 and #3 were

diagnosed with adenocarcinoma morphologically. Samples from Patient #2 was diagnosed
with NSCLC. Bars = 100 um. b, Immunohistochemical analysis of samples from Patient
#2. TTF-1 positive (upper panel) and p40 negative (lower panel) staining supported the
diagnosis of NSCLC favor adenocarcinoma. Bars = 100 pum.
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Extended Data Fig. 4: Analysis of Ba/F3 (a) and NIH3T 3 (b) cells stably transduced using
MIGR1 IRES-GFP vectors harboring indicated constructs.

GFP-positive cells were sorted and expanded and then cell extracts were immunoblotted
with antibodies indicated at the left side of each graph.
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Extended Data Fig. 5: Cellular localization of LTK and CLIP1-LTK.
a, NIH3T3-Mock NIH3T3-LTK, or NIH3T3-CLIP1-LTK cells were stained with primary

antibody specific for LTK, conjugated with Alexa Fluor 488, and subjected to flow
cytometry analysis. Viable cells were gated as shown in Supplementary Information Figure
2. b, NIH3T3-Mock NIH3T3-LTK, or NIH3T3-CLIP1-LTK cells were fixed, permeabilized,
and stained with anti-DDDDK-tag antibody conjugated to Alexa Fluor 594. Cells were
subjected to immunofluorescence analysis.
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o k.

NIH3T3-Mock | NIH3T3-CLIP1 NIH3T3-Mock NIH3T3-CLIP1

NIH3T3-LTK NIH3T3-CLIP1-LTK

NIH3T3-CLIP1-LTK  NIH3T3-EGFR NIH3T3-CLIP1-LTK  NIH3T3-EGFR
K1140M L858R K1140M L858R

Extended Data Fig. 6: Light microscopy images of indicated stably-transduced NIH3T3 cells.
a, Cells were plated in 10 cm plates at 2 x 10° cells/ml and cultured in DMEM

supplemented with 10% FBS and P/S for 2-3 days until cells reached 100% confluency.
Bars = 100 pm. b, Cells were plated in 6-well plates at 1 x 10* cells/ml and cultured in a soft
agar medium for 14 days. Bars = 100 pm.
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Extended Data Fig. 7: Analysis of viability of Ba/F3-CLIP1-LTK cells.
Ba/F3-CLIP1-LTK cells were treated with various concentrations of lorlatinib in the

presence of 5% WEHI medium as a source of IL-3. Results are shown as an average +
standard deviation from three independent experiments.
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Extended Data Fig. 8: Lorlatinib suppresses anchorage-independent growth of NIH3T3-CLIP1-
LTK cell colonies.

Colony diameters were measured in lorlatinib- versus vehicle (DMSO)-treated cells and
shown as average + standard deviation from three independent experiments.
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Extended Data Table 1:

Characteristics of patients subjected to WTS (n=75)

Patient characteristics (n=75)

Median age (range) 60 (34-84)
Sex
male 54 (72%)
female 21 (28%)
Histology
adenocarcinoma 67 (89%)
others 8 (11%)
Smoking
never 15 (20%)
former 48 (64%)
current 12 (16%)
Median pack-year (range) 35 (0-132)
Stage
1" 14 (19%)
v 52 (69%)
recurrence 9 (12%)

Extended Data Table 2.

Page 18

Characteristics of lung cancer patients with the CL/P1-L TK fusion

Patient #1 #2 #3
Age/Sex 44/Female 69/Male 58/Male
TNM classification T4N3M1C T3N3MO T4N3M1C
Stage VB 1nc VB
Histology adenocarcinoma adenocarcinoma adenocarcinoma

Known driver
Smoking (pack-year)

Metastasis/recurrence
site

1% line treatment
(best response)

Radiation therapy

Co-occurring gene
alterations

Tumor mutation
burden(mutations/Mb)

negative

ex-smoker (1)
brain, lung, liver

CBDCA+PEM-+pembrolizumab
(PR)

brain

TP53p.Tyr205Ter

1.69

negative

ex-smoker (44)
none

CDDP+VNR+TRT
(SD)

thorax

TP53p.Ser240Gly

5.9

negative

ex-smoker (28)
bone

CBDCA+PEM-+pembrolizumab
(PR)
none

TP53
p.Met160_Alal61delinslleSer,
STK11 p.Asp194Tyr

N/A

CBDCA, carboplatin; PEM, pemetrexed; CDDP, cisplatin; VNR, vinorelbine; TRT, thoracic radiotherapy; PR, partial
response; SD, stable disease; N/A, not available
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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any applicable ethical approvals. The presence of L7K fusion was explored in various

types of cancer using publicly available data generated by TCGA consortium (https://
gdc.cancer.gov), accessed through cBioPortal (https://www.cbioportal.org/datasets).
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Fig. 1. Identification of the CLIP1-LTK fusion.
a, Spanning (top) and junction (bottom) reads for the CL/P1-LTK fusion transcript, as

detected by WTS. b, Schematic representations of WT CLIP1 (top), WT LTK (middle), and
the CLIP1-LTK fusion protein (bottom). CC, coiled-coil; TM, transmembrane. ¢, Detection
by RT-PCR of CL/PI-LTK transcripts in two metastatic sites, the supraclavicular lymph
node and liver from Patient #1. Primer locations are indicated at the top. cDNA isolated
from PC9 cells expressing the CL/P1-LTK fusion or Mock cells (see Methods) served as
respective positive and negative controls. GAPDH transcripts serve as an internal control.
M, 100-bp DNA ladder marker. d, Screening of lung cancer specimens for the CL/PI-LTK
transcript using the F5 and R3 primer set. Shown are representative panels of RT-PCR
screening that contain two positive samples (#2 and #3), as well as GAPDH.
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Fig. 2. Transforming activity of the CLIP1-LTK fusion.
a, Constitutive tyrosine kinase activity of CLIP1-LTK fusion protein. NIH3T3 cells were

transiently transfected with empty vector or WT LTK or CLIP1-LTK expression plasmids,
and 48 hours later cell extracts were immunoblotted with anti-phospho LTK antibodies. b,
Light microscopy images of indicated stably-transduced NIH3T3 cells. Cells were plated
in 10 cm plates at 2 x 10° cells/ml and cultured for 1-2 days until cells reached 50-60 %
confluency. Bars = 100 pm. c, A soft agar colony formation assay of indicated NIH3T3
stably-transduced cells. Colony diameters were measured and average values + standard
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deviations from three independent experiments are shown. d, Activation of AKT and ERK
downstream of CLIP1-LTK. Ba/F3 cells transduced with either Mock, CLIP1, LTK, CLIP1-
LTK, or CLIP1-LTK-K1140M were cultured at 5 x 10° cells/ml in the absence of 5%
WEHI medium for 12 hours. Cell extracts were then subjected to western blotting analysis
with indicated antibodies. e, IL-3-independent growth of Ba/F3-CLIP1-LTK cells. Prior
to plating, Ba/F3 cells transduced with indicated constructs and growing in 5% WEHI
medium were washed and resuspended in RPMI medium at 5 x 10 cells/ml. Living cells
were counted daily and shown as an average + standard deviation from three independent
experiments. f, CLIP1-LTK has tumor transforming activity. NIH3T3 cells transduced
with transduced with either Mock, CLIP1, LTK, CLIP1-LTK, CLIP1-LTK-K1140M, or
EGFR-L858R were injected into the flanks of nude mice and observed for tumor growth.
Representative pictures taken at day 10 following injection are shown. The numbers of
tumors induced in the injected animals are shown in parentheses.
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Fig. 3. Lorlatinib inhibits CLIP1-LTK kinase activity and suppresses tumor growth.
a, Screening for CLIP1-LTK inhibitors. NIH3T3 cells were transiently transfected with

pCMV3-CLIP1-LTK, cultured 24 hours, and then treated 6 hours with indicated TKIs. Cell
extracts were subjected to western blotting analysis (using antibodies against phospho-LTK
and Actin). b, Viability assays of inhibitor-treated cells. Ba/F3-CLIP-LTK cells were treated
48 hours with increasing concentrations of indicated chemicals and viability was measured
using the Cell Counting Kit-8. Results are shown as an average + standard deviation from
three independent experiments. ¢, Inhibition of CLIP-LTK kinase activity and downstream
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signaling by lorlatinib. Ba/F3-CLIP-LTK cells (4 x 10 cells/well in 6 well plates) were
treated 24 hours with increasing lorlatinib concentrations. Cell extracts were then subjected
to western blotting analysis with indicated antibodies. d, Inhibition of tumor growth by
lorlatinib /7 vivo. NIH3T3-CLIP-LTK cells (3 x 10° cells) were transplanted into the flanks
of nude mice. When the mean tumor volume reached 100-200 mm?3, mice were randomized
into two groups and treated with either lorlatinib (10 mg/kg once daily) or vehicle control by
oral gavage for 14 days and 8 days, respectively. Tumor volumes are shown as an average

+ standard error (n=6 for each group). e, Time course CT scan images of right lung (upper
panels) and liver (lower panels) in Patient #1, who had been treated with lorlatinib orally at
100 mg daily. f, Time course PET scan images of the whole body.
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