1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2024 November 18.

-, HHS Public Access
«

Published in final edited form as:
Cell Rep. 2024 October 22; 43(10): 114829. doi:10.1016/j.celrep.2024.114829.

ERK signaling promotes resistance to TRK kinase inhibition in
NTRK fusion-driven glioma mouse models

Sebastian Schmidl-8, Zachary R. Russell18, Alex Shimura Yamashita?, Madeline E. West!,
Abigail G. Parrishl, Julia Walkerl, Dmytro Rudoy?, James Z. Yan!, David C. Quist?,
Betemariyam N. Gessessel, Neriah Alvinezl, Kimberly D. Hill3, Larry W. Anderson3,
Patrick J. Cimino4, Debra K. Kumasakal, Ralph E. Parchment?, Eric C. Holland-®, Frank
Szulzewsky1:6.7.9.*

IHuman Biology Division, Fred Hutchinson Cancer Center, Seattle, WA 98109, USA

2Clinical Pharmacodynamic Biomarkers Program, Applied/Developmental Research Directorate,
Frederick National Laboratory for Cancer Research, Leidos Biomedical Research, Inc., Frederick,
MD 21701, USA

SPharmacokinetics Laboratory, Developmental Therapeutics Program, Frederick National
Laboratory for Cancer Research, Frederick, MD 21701, USA

4Surgical Neurology Branch, National Institute of Neurological Disorders and Stroke, National
Institutes of Health, Bethesda, MD 20892, USA

5Seattle Translational Tumor Research Center, Fred Hutchinson Cancer Center, Seattle, WA
98109, USA

SHuntsman Cancer Institute, University of Utah, Salt Lake City, UT 84112, USA

"Department of Neurosurgery, Clinical Neurosciences Center, University of Utah, Salt Lake City,
UT 84112, USA

8These authors contributed equally

9Lead contact

SUMMARY

Pediatric-type high-grade gliomas frequently harbor gene fusions involving receptor tyrosine
kinase genes, including neurotrophic tyrosine kinase receptor (NTRK) fusions. Clinically, these
tumors show high initial response rates to tyrosine kinase inhibition but ultimately recur
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due to the accumulation of additional resistance-conferring mutations. Here, we develop a

series of genetically engineered mouse models of treatment-naive and -experienced NTRK1/2/3
fusion-driven gliomas. All tested NTRK fusions are oncogenic /7 vivo. The NTRK variant,
N-terminal fusion partners, and resistance-associated point mutations all influence tumor histology
and aggressiveness. Additional tumor suppressor losses greatly enhance tumor aggressiveness.
Treatment with TRK kinase inhibitors significantly extends the survival of NTRK fusion-

driven glioma mice, but fails to fully eradicate tumors, leading to recurrence upon treatment
discontinuation. Finally, we show that ERK activation promotes resistance to TRK kinase
inhibition and identify MEK inhibition as a potential combination therapy. These models will

be invaluable tools to study therapy resistance of NTRK fusion tumors.
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In brief

Here, Schmid et al. develop a series of NTRK fusion-driven GEMMs of pediatric-type glioma.
Treatment with TRK kinase inhibitors significantly prolongs survival, but tumors eventually recur
due to treatment-resistant persister cells. These tumors upregulate the Ras-Raf-MEK-ERK and
PI3K-AKT-mTOR pathways, and MEK inhibition by itself leads to a significant growth inhibition.
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INTRODUCTION

Gene fusions involving the three NTRK (neurotrophic tyrosine kinase receptor) genes are
estimated to be present in up to 1% of all solid tumors and occur with a multitude of
different upstream fusion partners.1:2 Large-scale next-generation sequencing efforts have
identified recurrent NTRK gene fusions in subsets of pediatric-type high-grade gliomas3-
with a prevalence ranging from 0.4% to 40%, depending on the exact tumor type.® In these
pediatric-type tumors, the NTRK fusions are frequently the only known oncogenic drivers
and potentially the tumor-initiating events. In addition to being found in pediatric-type
gliomas, NTRK fusions are also found in adult-type gliomas, albeit at a lower frequency and
frequently along with other common aberrations (such as gain of chromosome 7 and loss
of chromosome 10), suggesting that they may not be the initiators or main oncogenic driver
mutations in these tumors. Recurrent N7TRK fusions have also been identified in a variety
of peripheral cancers (including salivary gland tumors, soft-tissue sarcomas, and infantile
fibrosarcoma, as well as thyroid, colon, skin, and lung cancers), in both pediatric and adult
patients.’

Clinical trials with the first-generation TRK-specific tyrosine kinase inhibitors (TKIs)
larotrectinib (LOXO-101) and entrectinib (RXDX-101) have reported high overall response
rates in NTRK fusion-positive solid tumors, including both peripheral tumors and brain
tumors (both primary and metastatic).1:7-10 However, these responses are transient, and
tumors ultimately progress due to the presence of residual persister cells that ultimately
acquire additional primary mutations in the kinase domain of the N7RK fusion or secondary
mutations in downstream pathway effectors such as Ras or Raf and eventually lead to tumor
recurrence. Although novel second-generation TKIs, such as selitrectinib (LOX0-195) and
repotrectinib (TPX-0005), can overcome some of these resistances, tumors frequently also
become resistant to these inhibitors.11-13 The inability of current clinical inhibitors to elicit
a long-term tumor regression highlights the necessity to better understand the biology of
NTRK fusions and of fusion-positive tumors, as well as the cellular responses of these
tumors to tyrosine kinase inhibition /n vivo.

Genetically engineered mouse models (GEMMs) of human cancers are valuable tools for
preclinical drug testing and for studying the underlying oncogenic drivers and activated
molecular pathways in these tumors.14.15 GEMMs have several advantages over traditional
patient-derived xenograft models, including the use of immune-competent mice as well

as the ability to introduce specific driver mutations in a defined genetic background. We
have previously used the RCAS/tv-a system (RCAS stands for replication-competent ASLV
long terminal repeat [LTR] with a Splice acceptor) for somatic cell gene transfer to study
the functions of common genetic drivers in glioma (such as PDGF or loss of NF1) as

well as gene fusions found in meningioma or ependymoma.26-19 This system has specific
advantages over germline GEMM maodels, such as the ability to rapidly modify or mutate the
oncogenic driver or introduce additional drivers or tumor suppressor losses.

Although the genomic landscapes differ between adult-type and pediatric-type tumors,
understanding what pathways are dysregulated by strong oncogenic drivers (such as
gene fusions) in pediatric-type gliomas can be used to understand the overall biology
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of cancer and adult glioma. Several unanswered questions remain about the biology and
oncogenic capacities of these fusions. Are these gene fusions sufficient to induce tumors
experimentally /n vivoand do the different fusions vary in their oncogenic potential? Do the
different NTRK fusions respond to each TKI equally and does the therapeutic response seen
in culture mimic that seen /n vivo?

In this study, we addressed these questions by modeling eight different NTRK fusion-driven
mouse gliomas using the RCAS/tv-a system. We found that all eight tested NTRK fusions
were able to induce tumors when expressed in mice but observed significant differences in
the oncogenic potentials of different fusions. The oncogenesis was significantly enhanced
when introducing additional tumor suppressor losses, most importantly CaknZaloss. We
then determined the therapeutic responses of N7RK fusion-driven cell-line models to TKIs
in vitro and subsequently performed preclinical /n vivotrials, treating mice harboring NTRK
fusion-driven gliomas with the two first-generation TKIs larotrectinib and entrectinib.

In vivo, we observed significantly increased survival rates for all fusion tumor types;
however, all tumors ultimately recurred after treatment discontinuation due to the presence
of treatment-resistant persister cells. Finally, we identify MEK inhibition as a potential
combination therapy. In summary, our results suggest that NV7/RK gene fusions are strong
oncogenic drivers and the likely tumor-initiating events in pediatric-type N7RK fusion-
positive gliomas. Tyrosine kinase inhibition is able to significantly extend survival; however,
it ultimately failed to completely eliminate tumors, eventually resulting in tumor recurrence.

Expression of NTRK1/2/3 fusions alone is sufficient for the formation of gliomas in mice

To determine if the expression of different N7TRK1/2/3 gene fusions is sufficient to induce
the formation of glioma-like tumors in mice, we cloned the human coding sequences of
eight NTRK fusions frequently found in human pediatric-type high-grade gliomas into

the RCAS retroviral vector, including two NTRK1 fusions (TPM3-NTRK1[TNI], CHTOP-
NTRKI1[CNI]), three NTRKZfusions (GKAPI-NTRK2[GNZ|, NACC2-NTRKZ2 [ NNZ],
and QKI-NTRKZ2[QNZ]), and three NTRK3fusions (ETV6-NTRK3[ETV6-N3|, EML4-
NTRK3[EMLA4-N3|, and BTBDI-NTRK3[BN3]) (Figures S1A and S1B).

We used the RCAS/tv-a system for somatic cell gene transfer in combination with Nestin/tv-
a (N/tv-a) micel® to intracranially express the different NTRK fusion constructs in Nestin-
positive stem and progenitor cells. While NTRK gene fusions are enriched in infantile/
pediatric patients,3 they are also found in adult patients?%-21; we therefore intracranially
expressed the different N7TRK fusion constructs in mice of different ages (postnatal day 0-2
[p0-p2], 1-week-old mice (p7), and 5- to 7-week-old adult mice).

Each of the analyzed NTRK gene fusions was able to induce the formation of tumors
from Nestin-expressing cells in the brain on their own without the loss of additional
tumor suppressors (Figure S1C). We observed prominent differences in tumor penetrance
and aggressiveness depending on the age of transgene expression (Figures 1A-1C and
S1C-S1F). Tumors induced in pO—p2 mice were frequently of high penetrance and
generally more aggressive, whereas tumors induced in 1-week-old mice displayed a high
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penetrance but were generally slow growing and remained non-symptomatic even 120

days postinjection (study endpoint). In rare instances when tumors grew to a larger size

and became symptomatic, these were usually centered around the third ventricle (Figure
S1G), suggesting that Nestin-positive cells in that area are more susceptible to oncogenic
transformation by NV7TRK fusions compared to cells near the lateral ventricles at that point
in development. Of note, NTRK gene fusions have been observed in human pediatric diffuse
midline gliomas.21 Upon expression in adult Cakn2Za wild-type mice, only CHTOP-NTRK1
was able to induce the formation of small non-symptomatic tumors (two of three mice),
whereas the other tested N7RK fusions failed to do so. In these adult CdknZa wild-type
tumors, only a minority of cells in the tumor stained positive for the TRK fusion kinase
domain.

Taken together, our data suggest that expression of NTRK fusions alone is sufficient

to induce tumor formation without the loss of additional tumor suppressor and that

these fusions are the likely tumor-initiating events in N7RK fusion-positive pediatric-type
high-grade gliomas. The age of transgene expression has a significant influence on the
aggressiveness of the resulting tumors.

Additional loss of tumor suppressors (Cdkn2a and Pten) increases aggressiveness of
NTRK fusion-driven gliomas

Deletions in CDKNZA/B have been reported in 12%-25% of N7TRK1/2/3fusion-positive
pediatric-type high-grade gliomas3->; inactivating mutations in P7EN have been reported in
at least one NTRK1/2/3fusion-positive pediatric-type high-grade glioma.3 To assess if the
loss of CdknZa affects the growth behavior of N7RK fusion-driven gliomas in our system,
we intracranially expressed the different NTRK fusions in Nestin-positive cells of N/tv-a
CdknZanull mice. In addition, we intracranially co-expressed 7A/Z and CNZ in combination
with a short hairpin against Pter’ in N/tv-a Cakn2a wild-type mice to model Pten loss.

Loss of CdknZasignificantly enhanced tumor growth and increased tumor histologic grade
(Figures 1D, 1E, and S1H-S1K). The age at initial transgene expression significantly
impacted tumor latency. Mice with tumors induced at p0 frequently became symptomatic
before 21 days of age; however, the tumors also caused hydrocephalus formation in a large
percentage of mice, whereas tumors induced in adult mice showed a significantly longer
latency compared to either pO or p7 tumors. Adult-initiated tumors—regardless of the gene
fusion—frequently developed an extra-axial and extracranial component in addition to the
intraparenchymal tumor component.

We observed significant differences in the latency of CdknZanull tumors derived from
different NTRK fusions, in part even if they were derived from the same NTRK1/2/3
variant (Figures 1D and S1H-S1I). Tumors induced by 7N, CN1, GN2, EML4-N3, or
BN3 generally showed the lowest latency (17-21 and 26-28 days median survival for p7
and adult tumors, respectively), followed by either QN2 or NN2 (23-24 and 41-42 days
median survival for p7 and adult tumors, respectively), whereas tumors induced by £7V6-
N3displayed the longest latency (38 and 53 days median survival for p7 and adult tumors,
respectively). The ETV6-N3fusion sequence reported from glioma samples contains a
breakpoint that generates a shorter kinase domain sequence compared to the other two
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NTRK3fusions in our cohort (Figures S1A and S1B). A variant of E7V6-N3with a longer
kinase domain sequence—equal to EML4-N3and BN3—has been reported in other cancers
(Figure S1A and S1B).22 Expression of this longer variant led to a non-significant trend (p
= 0.09) toward longer latency (55 days versus 38 days median survival) (Figure S1L). These
results suggest that the longer latency of tumors induced by £7V6-N3 compared to tumors
induced by EML4-N3or BN3is not caused by the truncated N7RK3 kinase domain present
in ETV6-N3.

All analyzed tumors involved supratentorial structures (cerebral hemisphere, hippocampus,
thalamus, or striatum). A large number involved the cerebral hemispheres (cerebral cortex
and/or subcortical white matter). A small number of supratentorial tumors were not observed
in the cerebrum but instead were intraventricular (lateral ventricles) or were found deeper, to
involve the thalamus and striatum. Tumors involving the cerebral hemispheres frequently
also invaded deeper structures (hippocampus, thalamus, and/or striatum). None of the
tumors involved infratentorial structures (brain stem or cerebellum) or the spinal cord. The
overall neuroanatomical localization of these mouse fusion tumors, mainly involving the
cerebral hemispheres, is inline with human NTRK-fusion gliomas, particularly the infant-
type hemispheric glioma.

The majority of the NTRK gene-fusion-driven tumors (7TNZ, CN1, GNZ, adult NN2, ETV6-
N3, and pediatric QN2) appeared histologically as diffuse astrocytic gliomas, demonstrating
an infiltrating growth pattern, and were of glial origin (Figures 1E, S1J-S1K, and S1M).

In general, these gliomas had variable mitotic activity and occasionally showed palisading
necrosis. The astrocytic-appearing neoplastic cells in these tumors were characterized by
enlarged, angulated, and hyperchromatic nuclei present on a fibrillary background. A couple
of the NTRK fusion tumors (EML4-N3and pediatric NN.2) appeared to have a more
compact arrangement, with the cells appearing more epithelioid, characterized by round
cells with more defined cell borders, abundant eosinophilic cytoplasm, and variably enlarged
and round nuclei with prominent nucleoli. One of the N7TRK gene fusion tumors (adult
ON2) had a predominantly spindled cell component, which was almost sarcomatous-like,
and the cells had a compact fascicular arrangement.

Loss of Pren expression had a more subtle impact on tumor growth compared to CdknZa
loss (Figures 1F, S1D, S1N, and S10). There was no significant difference in the survival of
TNI or CNItumors upon loss of Pten expression; however, a subset of tumors originating
from the lateral ventricles were of larger size and became symptomatic. Histologically, these
tumors often demonstrated oligodendroglial-like perinuclear clearing, which differed from
that of Ptenwild-type or CaknZanull tumors.23

As described above, adult-initiated tumors frequently consisted of an intraparenchymal and
a connected extraparenchymal component. The extraparenchymal component frequently
grew as an extra-axial tumor and also grew out through the needle tract as extracranial
tumor tissue. Similar to the intraparenchymal tumor component, tumor cells in the
extraparenchymal tumors were also Olig2 positive, indicating a glial tumor lineage

(Figure S1P). Magnetic resonance imaging (MRI) (T1 weighted and T2 weighted, pre-

and postcontrast) on mice harboring intracranial 7PM3-NTRK1 tumors that exhibited
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extracranial tumor growth showed that the extracranial and, to a lesser degree, the extra-
axial tumor components were contrast enhancing, whereas the intraparenchymal tumor
component was not. This suggests that the extracranial and extra-axial tumor components
are more permeable to the contrast agent and therefore potentially also to small-molecule
inhibitors (Figure S1Q).

Since NTRK gene fusions are also found in non-CNS cancers (including lung, liver, and
colon cancers), we also expressed these gene fusions in the flank and abdominal cavity of
N/tv-a CdknZanull mice and observed the formation of highly aggressive sarcomatous-like
spindle cell neoplasms that appeared to have arisen from the soft tissue and encased nearby
organs such as colon and kidney (Figures SIR-S1U).

Taken together, these results suggest that additional loss of tumor suppressors substantially
increases the aggressiveness of NTRK fusion-driven gliomas. The N-terminal fusion
partners can influence tumor aggressiveness and latency.

Modeling of NTRK fusion-driven mouse gliomas harboring resistance-associated kinase
domain point-mutant variants

Targeted sequencing of recurrent patient tumors has recurrently identified point mutations in
the kinase domain of NTRK gene fusions, suggesting that these mutations may constitute an
early escape mechanism for N7RK fusion-positive tumor cells to bypass TKIs.” The most
common mutation hotspots include the gatekeeper residue (F589L in NTRK1), the solvent
front residue (G595R in NTRK1), and xXDFG mutations in the activation loop (G667C in
NTRK1). The gatekeeper and the solvent front mutations are also frequently observed in
combination.2

To assess if these kinase domain mutations influence tumor latency, we intracranially
expressed the different 7PM3-NTRKI kinase point-mutant variants in 1-week-old N/tv-a
CdknZanull and wild-type mice (Figures S1V-S17). Similar to unmutated TPM3-NTRK1,
all four mutant variants were able to rapidly induce tumor formation in CaknZa null mice
(Figures S1X and S1Y). The F589L, G595R, and F589L-G595R mutant variants displayed
a latency similar to that of unmutated TPM3-NTRK1, whereas the G667C mutant version
displayed a significantly longer latency (27 days versus 21 days, p = 0.0048).

In N/tv-a CdknZa wild-type mice, the F589L, G595R, and G667C mutant variants displayed
a similar oncogenic potential compared to unmutated TPM3-NTRKZ1, with a high tumor
penetrance, but tumors generally remained small and non-symptomatic even 120 days
postinjection (Figures S1V and S1W), apart from a small number of symptomatic tumors
originating from the third ventricle. By contrast, tumors induced by the expression of TPM3-
NTRK1-F589L-G595R were significantly faster growing compared to tumors induced by
unmutated TPM3-NTRK1 (p= 0.026), although the majority of tumors still remained
non-symptomatic 120 days after induction. In addition, we observed the formation of large
symptomatic tumors originating from the lateral ventricles in 2 of 14 mice injected with
TPM3-NTRK1-F589L-G595R (Figure S1Z), something not observed upon expression of
any of the other constructs.
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Taken together, our data suggest that by expressing NTRK fusion variants that harbor
resistance-associated kinase point mutations, we can induce the formation of gliomas that
mimic treatment-experienced tumors. Some of these kinase point mutations influence tumor
aggressiveness.

NTRK fusion-induced mouse gliomas show activation of the PI3K-AKT-S6 and RAF-MEK-
ERK pathways

To characterize these mouse gliomas in more detail, we performed immunohistochemistry
(IHC) stainings for the TRK kinase domain and the glial markers Olig2 and GFAP, as

well as the proliferative marker Ki67 (Figures 2 and S2A-S2H). Tumors derived from 7N,
CN1, GN2, NN2, or ETV6-N3were uniformly positive for the glial marker Olig2 regardless
of the age of injection, whereas tumor cells frequently also stained positive for GFAP in
pediatric but not in adult tumors. Tumors derived from QNZ2, EML4-N3, or BN3 fusions
predominantly stained negative for GFAP (both pediatric and adult), and only a subset of
tumor cells stained positive for Olig2. All tumors showed a high abundance of Ki67-positive
cells.

Two of the main mitogenic downstream pathways activated by receptor tyrosine kinases,
including NTRK receptors, are the PI3K-AKT-S6 and RAF-MEK-ERK pathways. To
analyze if these pathways are also activated in the different NTRK fusion-driven mouse
gliomas, we performed IHC stainings for phospho-ERK, phospho-AKT, and phospho-S6
and observed robust staining for all three epitopes in the different tumors, suggesting that
both the PI3K-AKT-S6 and the RAF-MEK-ERK pathway are activated in these tumors
(Figures 2 and S2A-S2H).

Taken together, our results indicate that NV7RK fusion-driven mouse tumors are of glial
lineage and activate both the PI3K-AKT-S6 and the RAF-MEK-ERK pathway.

Development of NTRK fusion cell-line-based models to test the efficacy of various TKls
against resistant-associated kinase point mutations in vitro

To assess the efficacy of TKI treatment against N7RK fusion-driven cells /n vitro, we
established several NTRK fusion-driven cell-line models. We first transduced NIH-3T3-tv-
a cells with RCAS viruses encoding GFP, TN1, GN2, or ETV6-N3 and subsequently
performed 3D spheroid growth assays (Figures 3A, S3A, and S3B). In the absence of a
strong oncogenic driver, NIH 3T3 cells are unable to grow in 3D spheroid conditions,
whereas oncogenic signaling can induce the growth of these cell spheroids.18:19.24 While
GFP-expressing cells did not grow as spheroids, spheroids derived from N7RK gene-fusion-
expressing cells continued to grow in size over several days (Figures 3B and S3C). We tested
the efficacy of four different TKIs—Ilarotrectinib, entrectinib, and the two second-generation
inhibitors, repotrectinib (TPX-0005) and selitrectinib (LOXO-195)—to inhibit the growth

of these spheroids (Figures 3C-3E and S3C-S3E). Treatment with any of the four TKIls did
not influence the growth of GFP-expressing spheroids, whereas the growth of NTRK fusion-
driven spheroids was inhibited by all four TKIs in a dose-dependent manner. Entrectinib
treatment was more effective in TA/Z-expressing cells compared to cells expressing GN2
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or ETV6-N3, but there was otherwise no difference in the efficacy of the different TKls
between the different NTRK fusions (Figure S3E).

Resistance to therapy against first-generation TKIs frequently occurs via the accumulation
of NTRK kinase domain point mutations. To analyze how the different point mutations
influence treatment response /n vitro, we transduced NIH-3T3-tv-a cells with RCAS viruses
encoding the different TPM3-NTRK1 mutants (F589L, G595R, G667C, and F589L-G595R)
and tested the efficacy of the different TKIs to inhibit the growth of these spheroids (Figures
3F-3M, S3B, and S3F-S3J). Cells expressing the F589L gatekeeper residue mutation were
resistant to larotrectinib but still susceptible to entrectinib, repotrectinib, and selitrectinib
(Figures 3F and S3J), whereas the G595R solvent front mutation conferred resistance to both
larotrectinib and entrectinib (Figures 3J and S3J). Cells expressing either the G667C XDFG
mutation or a combination of the F589L and G595R mutations were completely resistant to
selitrectinib and showed a decreased sensitivity to repotrectinib (Figures S3F-G, and S3J).
Western blots of TKI-treated cells showed a decrease in p-TRK, p-ERK, and p-AKT levels
that reflected the susceptibilities of the different resistance point mutations to the different
TKIs (Figures 3E-31, 3M, and S3F-G).

We then established cell lines from primary mouse flank tumors induced by the injection of
RCAS viruses encoding TPM3-NTRK1-F589L, TPM3-NTRK1-G595R, or TPM3-NTRK1-
F589L-G595R into N/tv-a CaknZanull mice and performed 3D spheroid assays with these
cells. We again observed that TKI treatment was able to inhibit the growth of these spheroids
in a resistance-mutation-dependent manner that mirrored our findings from the NIH-3T3-tv-
a cell-line models (Figures 3G, 3K, and S3H-S3lI).

Taken together, the results show that N7TRK fusion-driven cell-line models can predict the
response of different kinase point mutants to first- and second-generation TKIs.

Resistance-associated kinase domain point mutations influence the response of NTRK
fusion-driven cells to TKI treatment in vivo

To evaluate if the different TKIs can induce the regression of intracranial N7RK fusion-
driven gliomas /in vivo, we expressed EML4-N3in N/tv-a CdknZanull mice and treated
these mice 17 days after tumor induction (upon occurrence of first tumor-related symptoms)
with either vehicle (four mice) or larotrectinib (100 mg/kg), entrectinib (60 mg/kg),
repotrectinib (20 mg/kg), or selitrectinib (20 mg/kg) (three mice per TKI group) twice a
day (b.i.d.) for 25 h (three injections in total). Mice were euthanized 1 h after the third
treatment and brains were formalin fixed and subsequently analyzed by IHC for markers

of apoptosis (cleaved caspase 3 [CC3]) and proliferation (phospho-histone H3 [pHH3] and
Ki67) as well as p-ERK and p-S6.

All four TKIs were able to reduce the levels of p-S6 and p-ERK staining in the tumor
tissues (Figure 4A). Treatment with either entrectinib or repotrectinib (2.86% and 3.36%
CC3-positive cells in the tumor tissue, respectively) or, to a lesser degree, selitrectinib
(1.07%) significantly increased the number of CC3-positive cells compared to vehicle-
treated mice (0.45%), whereas larotrectinib did not (0.66%) (Figure 4B). By contrast,
only treatment with larotrectinib (1.51% pHH3- and 5.73% Ki67-positive cells) led to a
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reduction in proliferating cells compared to vehicle-treated mice (6.42% pHH3- and 14.18%
Ki67-positive cells) (Figures 4B and S4A). While we observed a decrease in overall p-S6
and p-ERK staining, a small subset of tumor cells still showed ERK/S6 activation (Figures
S4B and S4C), suggesting that these cells may be less affected by TKI treatment. Especially
in entrectinib-treated mice, we observed higher residual levels of p-ERK and p-S6 staining
in tumor cells at the invasive front (Figures S4B and S4C).

We then performed TKI treatments in mice harboring intracranial gliomas driven by EML4-
N3-G623R, which harbors a point mutation in the solvent front residue of the NTRK3
kinase domain (analogous to the G595R mutation of NTRK1). Mice were again treated 17
days after tumor induction for 25 h with either vehicle (five mice) or the four TKIs (same
concentrations as before, four mice per TKI group).

Treatment with either of the two first-generation TKIs did not reduce the levels of p-S6 or
p-ERK staining in EML4-N3-G623R tumors compared to vehicle-treated mice (Figure 4C),
nor was larotrectinib able to induce a reduction in the number of pHH3-positive cells (2.42%
versus 3.16% in larotrectinib- and vehicle-treated mice, respectively) or Ki67-positive cells
(17.21% versus 25.29% in larotrectinib- and vehicle-treated mice, respectively) (Figures 4D
and S4D). Similarly, entrectinib treatment was unable to increase CC3 staining (0.52%
versus 0.49% CC3-positive cells in entrectinib- and vehicle-treated mice, respectively)
(Figures 4C and 4D). By contrast, treatment with either repotrectinib or selitrectinib was
able to reduce the levels of both p-ERK and p-S6 in the tumor bulk tissue; however,
especially in tumor cells of the invasive edge, p-ERK and p-S6 levels remained high,
suggesting that these cells are somewhat protected from or resistant to the effects of TKls
(Figures 4C and S4E). The ability of repotrectinib to induce apoptosis was significantly
reduced in EML4-N3-G623R tumors, although still significant compared to vehicle-treated
mice (1.04% versus 0.49% CC3-positive cells in repotrectinib- and vehicle-treated mice,
respectively). Selitrectinib treatment displayed a similar ability to induce CC3 staining
compared to unmutated EML4-N3 tumors (1.36% CC3-positive cells).

Taken together, our results suggest that TKI treatment can induce the regression of NTRK
fusion-driven mouse gliomas /n vivo within hours of treatment and that resistance-associated
kinase domain point mutations can significantly influence treatment responses /n vivo.

TKI treatment significantly prolongs the survival of NTRK gene fusion-driven mouse
gliomas, but tumors ultimately recur after treatment discontinuation

To assess if the two first-generation TKIs, larotrectinib and entrectinib, can prolong the
survival of NTRK fusion-driven mouse gliomas /n vivo and if there is a difference in

the response between tumors induced by different N7TRK fusions, we selected six NTRK
fusions and intracranially induced gliomas by RCAS viral injection into either p7 (ETV6-
N3and EML4-N3) or adult (TN, CNI1, GNZ, and NN2) Nitv-a CdknZanull mice and
performed preclinical /n vivotrials. To assess the initial tumor size before treatment and
ensure a distribution of similarly sized tumors into each treatment group, a first T2w MRI
was performed 15-25 days post tumor induction (depending on the N7RK fusion, see
STAR Methods), and the mice were then treated with vehicle (DMSQ), larotrectinib (100
mg/kg), or entrectinib (30 mg/kg) for 14 days (for dosing and toxicity experiments see
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STAR Methods). The day after the last treatment, the mice received a second T2w MRI
and were subsequently observed for the onset of tumor-related symptoms. No MRIs were
performed for EML4-N3 mice, since these were too young at treatment start due to the
aggressive growth of these tumors.

Treatment with either larotrectinib or entrectinib significantly extended survival compared
to vehicle treatment; however, treated tumors ultimately recurred upon treatment
discontinuation in all mice due to the presence of residual disease and treatment-resistant
persister cells (Figures 5A and S5A). The extent to which survival was prolonged differed
between the different NTRK fusions and the two TKIs (Figure S5B). The largest increase in
survival was observed for EML4-N3-driven tumors treated with larotrectinib (36 versus 16
days [vehicle] median survival, p < 0.0001) and E7V6-N3-driven tumors (57 [larotrectinib]
and 53 [entrectinib] versus 41.5 days [vehicle] median survival, p < 0.0001 and p= 0.0001,
respectively). We observed that for some fusion-driven tumor types, a specific TKI was more
effective. In CNIZ-driven tumors, entrectinib treatment led to a significant survival benefit
over larotrectinib treatment (48 versus 41 days median survival, respectively, p=0.0003),
whereas in NNZ- (56 versus 50 days median survival, respectively, p=0.001), ETV6-N3-
(57 versus 53 days median survival, respectively, p=0.05), and EML4-N3-driven tumors
(36 versus 19 days median survival, respectively, o< 0.0001), larotrectinib treatment led to
a significantly better outcome compared to entrectinib treatment. There was no significant
difference between the two TKIs at the tested concentrations for 7A/Z and GNZ fusion-
driven tumors.

We calculated the fold-change increase in tumor size based on pre- and posttreatment

MRIs and observed that intraparenchymal tumors were less susceptible to TKI treatment
than extraparenchymal tumors (Figure 5B). Extraparenchymal (extra-axial and extracranial)
tumors were almost uniformly present in vehicle-treated mice but frequently absent or
smaller in TKI-treated mice (Figures S5C and S5D). Intracranial tumors in larotrectinib-
and entrectinib-treated mice were significantly smaller compared to those in vehicle-treated
mice for each of the NTRK1/2/3fusion-driven glioma models at the end of treatment
(Figures 5B and 5C). However, adult intracranial tumors (7NZ, CN1, GNZ2, and NN2)
continued to grow while on treatment with larotrectinib and entrectinib and were between
3- and 6-fold larger compared to before treatment, albeit at a lower rate compared to
vehicle-treated tumors (10- to 22-fold larger compared to before treatment, depending on the
tumor type). By contrast, pediatric £7V6-N3tumors remained stable or even shrank during
TKI treatment; larotrectinib and entrectinib treatment resulted in a regression or stagnation
of intraparenchymal tumor growth (66% and 100% average tumor volume, respectively,
relative to before treatment start), whereas vehicle-treated tumors grew significantly (651%
average tumor volume relative to the first MRI) (Figures 5D and S5E). Interestingly, the
differences in survival between larotrectinib and entrectinib (such as for CHTOP-NTRKI)
were not reflected by significantly different tumor sizes as measured by MRI.

As described above, we observed that, similar to human N7RK fusion-positive tumors, TKI
treatment led to tumor regression/stable disease or at least reduced tumor growth in our

mouse models but was unable to completely eradicate tumors, ultimately resulting in tumor
recurrence once treatment was discontinued. Therefore, we sought to assess if an increased
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TKI dose would be sufficient to completely ablate all tumor cells /n vivo. To this end, we
treated 7N, CNI, and GNZ2tumor mice with 60 mg/kg entrectinib b.i.d. (= 2 per group) or
vehicle for 7 days. We had previously used a concentration of 30 mg/kg b.i.d. for the 14-day
treatment since higher entrectinib doses resulted in increased toxicity over longer treatment
periods. While tumors in entrectinib-treated mice were significantly smaller compared to
vehicle-treated tumors, treatment-resistant persister cells were present even at this increased
dose, suggesting that TKI treatment alone is unable to completely eradicate these tumors /n
vivo (Figures 5E and S5F).

Our data suggest that the extracranial tumors respond significantly better to TKI treatment
compared to intraparenchymal tumors. Since we observed that extracranial tumors are
contrast enhancing, whereas intracranial tumors are not (Figure S1M), we speculated that
increased drug influx into the tissue of extracranial tumors might contribute to the increased
response. To this end, we treated five tumor-bearing mice (one CNZ, two GNZ, one NNZ,
and one £TV6-N3) for 48 h with 100 mg/kg larotrectinib b.i.d. (five treatments in total)

and isolated intra- and extracranial tumor tissue, as well as hindlimb muscle and liver
tissue. Mass spectrometry analysis showed that the average larotrectinib concentration in the
intraparenchymal tumor tissue (0.037 £ 0.0098 ng/mg) was around 20-fold lower compared
to that in the extracranial tumor tissue (0.73 £ 0.25 ng/mg; p = 0.009) (Figures 5F, S5G, and
S5H). No significant difference was detected between extracranial tumor tissue and muscle
tissue (0.76 £ 0.35 ng/mg; p= 0.99). These data suggest that the increased effectiveness

of TKIls against extracranial tumors might in part be owed to the increased ability of these
compounds to permeate into the extracranial tumor tissue.

Taken together, our results show that treatment with larotrectinib and entrectinib can
significantly prolong the survival of NTRK fusion-driven mouse gliomas /7 vivo; however,
ultimately, all tumors recurred upon treatment discontinuation due to the presence of
persister cells. Tumors derived from different N7TRK fusions do not respond equally to

the two TKiIs.

MEK inhibition shows efficacy in NTRK fusion-driven mouse tumors

To investigate why treatment with entrectinib was frequently less effective compared to
larotrectinib, we treated several mice harboring £7V6-N3, TNI, or CNI gliomas for 14 days
with either larotrectinib (100 mg/kg) or entrectinib (30 mg/kg) b.i.d. and euthanized them 1
h after the last treatment. Treatment with either larotrectinib or entrectinib led to a similar
decrease in p-AKT levels in tumor tissues compared to vehicle treatment. However, p-ERK
levels were considerably higher in tumor tissues of mice treated with entrectinib compared
to larotrectinib, albeit lower than in vehicle-treated mice (Figures 6A and S6A). This is in
line with our results from the 25-h short-term treatments, in which entrectinib also resulted
in elevated residual p-ERK levels (Figures S4A and S4B).

Since we observed increased p-ERK levels in tumors that tended to display a shorter
survival, we speculated that ERK signaling plays a critical role in N7RK fusion-driven
tumors. To test the efficacy of downstream pathway inhibition of both the PI3K-AKT-S6
and the RAF-MEK-ERK pathways, we treated our previously established cell-line models
(/n vitro-transduced NIH 3T3 cells and primary mouse tumor cells) with repotrectinib (TKI),
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trametinib (MEKi), taselisib (PI13Ki), or PLX3894 (BRAFi) and performed 3D spheroid
assays. While BRAF inhibition had no effect, inhibition of both PI3K and MEK was able to
inhibit the growth of NTRK fusion-driven cells (Figures 6B and 6C). Finally, combination
treatment with TKIs and MEK inhibitors led to a more pronounced growth inhibition than
either alone (Figures 6B and 6C). TKI treatment decreased p-AKT levels but only partially
reduced p-ERK levels, whereas MEK inhibition effectively reduced p-ERK levels but led to
an increase in p-AKT levels. Combination treatment with TKIls and MEK inhibitors led to a
decrease in both p-AKT and p-ERK levels (Figures 6D and S6B).

We then decided to test the efficacy of MEK inhibition /n vivo. Given the poor penetration
of these inhibitors into the brain, for the mechanistic question of downstream dependencies,
we induced ETV6-N3-driven tumors in the flank of p7 N/tv-a CdknZa null mice (Figure
S10). Mice with palpable tumors were treated with vehicle (7= 11), trametinib (1 mg/kg, 7
=12), or entrectinib (15 mg/kg, n=5) for 5 weeks. Tumor calipers were measured daily. We
observed that treatment with trametinib significantly inhibited the growth of tumors (Figures
6E and S6C). However, whereas entrectinib treatment resulted in the stabilization or even
regression of tumors, trametinib-treated tumors continued to grow while on treatment, albeit
to a significantly lower degree compared to vehicle-treated tumors. These data suggest that
RAF-MEK-ERK signaling contributes to the growth of N7TRK fusion-driven tumors /in vivo.

Taken together, these results highlight the importance of the RAF-MEK-ERK signaling
pathway in NTRK fusion-driven tumors. /n vivo, MEK inhibition by itself was able to slow
the growth of NTRK fusion-driven tumors, albeit less effectively compared to TKIs. /n vitro,
a combination of TKI and MEK inhibition is superior to either treatment alone.

DISCUSSION

Most adult IDH (isocitrate dehydrogenase)-wild-type glioblastomas harbor a highly aberrant
genome, leading to multiple concurrent and redundant drivers that make targeting of specific
pathways difficult. By contrast, pediatric-type high-grade gliomas are enriched for gene
fusions involving receptor tyrosine kinase genes (such as NTRK1-3, ALK, and ROSI) and
harbor an otherwise relatively stable genome, making them ideal candidates for targeted
therapy with TKIs. These inhibitors show high initial response rates, frequently leading to
either tumor regression or stable disease; however, surviving therapy-resistant persister cells
eventually accumulate additional mutations, allowing them to regrow the tumor even in the
presence of the kinase inhibitors.125 The blood-brain barrier limits drug availability in the
brain and brain tumors, further impeding the efficacy of these inhibitors.

Using the RCAS/tv-a system,1® we have developed a series of novel GEMMs of pediatric-
type NTRK fusion gene-driven high-grade gliomas. These GEMMs have several advantages
over conventional xenograft or syngraft/allograft models and even over germline GEMMs.
Our RCAS/tv-a tumor models are caused by somatic cell gene transfer of defined oncogenes
(such as NTRK gene fusions) into Nestin-expressing neural stem and progenitor cells.

Since these tumors arise de novo from within the mouse’s own cells, there is no potential
graft-versus-host effect that might occur in allograft models, and in contrast to xenograft
transplantation models, these tumors can be induced in mice that harbor a completely intact
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immune system. An advantage over germline GEMMs is the flexibility of this system, which
allows us to rapidly introduce additional mutations into the system to model, for example,
treatment-experienced tumors, such as resistance-associated point mutations in the fusion
protein kinase domain, and test different N7RK fusion types. These models will help us

to better understand the biology of treatment response and resistance to therapy of NTRK
fusion-driven pediatric-type gliomas in a genetically defined system with tumors that are
caused and driven by the actual NTRK gene fusion and that therefore directly rely on its
activity.

All tested NTRK fusions were highly oncogenic when expressed in the brain and, in the
absence of CadknZaexpression, resulted in uniform tumors that are ideal model systems for
preclinical /n vivotrials. Our data suggest that NTRK gene fusions indeed could be the
initiating events in humans and are consistent with the relative lack of additional genetic
rearrangement found in these tumors relative to adult gliomas. We also found that tumors
were more aggressive when induced in younger mice (e.g., shortly after birth) compared to
older mice, which may give an explanation of why these gene fusions are enriched in tumors
in infants and younger children.

There is a plethora of different N7RK fusions and clinical trials (with either N7RK fusion-
positive brain or peripheral tumors) that show that not all tumors respond to TKI treatment
equally, sometimes even if they harbor the same gene fusion.1.78 This might be in part due
to the presence of additional oncogenic driver mutations or the presence of kinase domain
point mutations, but it is also unclear if different N7RK fusions (and the tumors that harbor
these fusions) are equally susceptible to TKI treatment. All of these individual fusions

are rare in humans, making trials comparing drugs against tumors with specific fusions
impractical. Therefore, mouse models with a defined genetic background of tumors driven
by specific gene fusions and their resistant mutations are needed.

Tumors induced by different NTRK fusions varied significantly in aggressiveness.

Tumors induced by EML4-NTRK3, BTBDI-NTRK3, CHTOP-NTRK1, TPM3-NTRK1,
and GKAPI-NTRKZ2were generally the most aggressive, whereas tumors induced by
ETV6-NTRK3displayed the longest latency. This is especially noteworthy, since (1) £E7V6-
NTRK3, EML4-NTRKS3, and BTBDI-NTRK3all harbor the same NTRK3 kinase domain
and (2) ETV6E-NTRK3is one of the most common NTRK fusions in pediatric-type gliomas
and other peripheral tumors.347 It remains unclear why E7V6-NTRK3is less oncogenic
compared to the other fusions, and it might be speculated that the N-terminal fusion partner
can influence the oncogenicity of the NTRK fusion, potentially through varying abilities to
induce fusion dimerization necessary for autophosphorylation and activation.2

All tested NTRK fusion-driven mouse gliomas responded to treatment with the two first-
generation TKIs, larotrectinib and entrectinib. We observed treatment responses within the
first 25 h of treatment, accompanied by the downregulation of oncogenic PI3K-AKT-S6
and RAF-MEK-ERK signaling pathways in a majority of cells. Similar to N7TRKfusion-
positive tumors in patients, tumor clearing was incomplete, and surviving persister cells
led to the regrowth of tumors after treatment discontinuation. The adult-induced tumors
even continued to grow while on treatment, albeit at a slower rate than vehicle-treated
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tumors. Limited drug penetration into the brain of the two first-generation inhibitors

likely contributed to the incomplete responses of intraparenchymal brain tumors, since
extracranial and extra-axial tumors showed a more complete response. Mass spectrometry
data showed that the concentration of larotrectinib in the tumor tissue was 20-fold lower

in intraparenchymal tumors compared to extracranial tumors. These data highlight the
necessity for improved drug-delivery methods to overcome the blood brain barrier. However,
extracranial and extra-axial tumors also regrew in some cases, suggesting that persister

cells were also able to survive higher TKI concentrations. Future characterization of these
treatment-resistant persister cells will be necessary and important in order to develop
effective combination therapies to improve the efficacy of TKIs.

We observed reproducible differences in the therapeutic responses to TKIs between the
various NTRK gene fusion-driven tumors at the tested inhibitor concentrations. CH7OP-
NTRKI-driven tumors responded significantly better to entrectinib over larotrectinib
treatment, while in NACC2-NTRK?2-, ETV6-NTRKS3-, and EML4-NTRK3-driven tumors,
larotrectinib treatment led to a significantly longer survival compared to treatment with
entrectinib. It is unclear whether this effect is related to fusion or tumor biology. In

our /n vitro systems we observed that entrectinib was more potent against 7PM3-NTRK1-
expressing cells compared to GKAPI-NTRKZ- and ETV6E-NTRK3-expressing cells. In
general, larotrectinib (100 mg/kg) was better tolerated than entrectinib (30 mg/kg) by tumor-
bearing mice, limiting the active concentration that could be administered. We observed
increased p-ERK levels in tumors of entrectinib-treated mice, suggesting that ERK signaling
might contribute to resistance to TKI therapy. /n7 vitro, MEK inhibition with trametinib was
able to inhibit the growth of NTRK fusion-driven cells, and a combination of TKIs and
MEK inhibitors was superior to either treatment alone. /7 vivo, MEK inhibition was able

to significantly inhibit the growth of ETV6-N3-driven flank tumors, albeit less effectively
than TKIs. This is likely due to compensatory mechanisms by other pathways (such as

the PI3K-AKT-mTOR pathway) that are inhibited by TKIs but not by MEKIi. These data
highlight the importance of the RAF-MEK-ERK pathway in NTRK fusion-positive pediatric
gliomas.

In summary, this study highlights the utility of GEMM:s of specific oncogenic drivers to
optimize therapy of tumors driven by specific molecular mechanisms where clinical trials
are not possible because of their rarity. These models will be valuable tools for the study of
treatment response and the development of resistance to therapy in these tumors.

Limitations of the study

We acknowledge several limitations inherent to the experimental design of these studies.
One is related to the use of mice that harbor a general loss of CdknZa gene expression in

all cells to induce the formation of tumors harboring CdknZaloss. In future work studying
the interactions between tumor cells and the microenvironment, CaknZa loss can be induced
specifically in tumor cells using a Cakn2a1°X/f19X [ine or a short hairpin RNA (ShRNA)
system. A second limitation was the use of NIH 3T3 cells for the development of an in vitro
cell model. We confirmed all results with a second cell model derived from primary RCAS
mouse tumor cells. However, further studies of the downstream pathways induced by NTRK
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fusions using additional cell-line models, such as neural stem cell-based models, could give
different results. A third point is that we observed a high percentage of hydrocephalus

when expressing NTRK gene fusions in p0—p2 pups, hindering the use of these tumors

for preclinical studies. We overcame this issue by expressing the fusions in slightly older
mice (p7). However, CaknZa wild-type tumors induced at p7 were less aggressive and rarely
symptomatic, and we therefore had to use tumors harboring CadknZaloss for preclinical
experiments. Finally, it will be important to study the effect of neoadjuvant TKI treatment on
the efficacy of surgical tumor resection, and vice versa, to address the question of whether
TKI delivery into the surgical cavity may increase intratumoral drug concentration. For
practical reasons we did not undertake surgical resection of these experimental gliomas, but
future research will be necessary to answer these questions.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources and reagents should be directed to and will
be fulfilled by the lead contact, Frank Szulzewsky (Frank.Szulzewsky@hsc.utah.edu).

Materials availability

All materials are available from the lead contact upon request.

Data and code availability

. All data reported in the paper are available from the lead contact upon request.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

STARXMETHODS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animal experiments were done in accordance with protocols approved by the
Institutional Animal Care and Use Committees of Fred Hutchinson Cancer Center (protocol
no. 50842) and followed National Institutes of Health guidelines for animal welfare.
Tumors were induced using the RCAS/tv-a system 19. Nestin (N)/tv-a; CaknZa-wild type
and null mice were used for RCAS-mediated brain tumor formation in this study 1°.

DF1 cells (1 x 10°) in a volume of 1 UL were injected near the ventricles into newborn
(p0-p2) or one-week-old (p7) pup brains or into the striatum of 5-7-week-old adult

mice 1927, For peripheral injections, DF1 cells (1 x 10°) in a volume of 1-2 uL were
injected intraperitoneally (i.p.) or subcutaneously. Mice were monitored until they developed
symptoms of disease, such as visible tumors, lethargy, poor grooming, weight loss,
dehydration, macrocephaly, seizures, jumping, or paralysis, or until a predetermined study
end point.
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METHOD DETAILS

In vivo treatment of mice—For /n vivo treatment with TKIs, inhibitors were
resuspended in DMSO and diluted to a final buffer solution of 10% DMSO, 10% EtOH,
30% Solutol (Sigma Aldrich 42966), and 50% Tartaric acid buffer. Tartaric acid buffer stock
was prepared by mixing 10 ml of 0.15 M DL-tartaric acid (Sigma Aldrich PHR1472) with
50 ml of 0.15 M tartrate sodium (Sigma Aldrich PHR1409). 10 ml of the Tartaric acid buffer
stock were subsequently mixed with 40 ml of Saline Solution (0.9%) to create the final
Tartaric acid buffer. Mice were treated with either \ehicle (10% DMSO), Larotrectinib (100
mg/kg), or Entrectinib (30 or 60 mg/kg) at 10 ul pergram i.p. injection twice-a-day (b.i.d.)
for 14 days.

For in vivo treatment with Trametinib, RCAS-ETV6-NTRK3 flank tumors were induced by
subcutaneous injection into p7 Nestin/tv-a Cdkn2a null mice. When palpable tumors were
observed, mice were treated with either Vehicle (DMSQO in corn oil), Trametinib (1 mg/kg),
or Entrectinib (15 mg/kg) via oral gavage, once-a-day, 5 days per week (Monday — Friday)
and tumor calipers were measured daily (Monday — Friday). Mice were removed from the
study once tumors reached a diameter of 20 mm.

Determining TKI doses for in vivo treatment—Mice were treated by i.p. injection of
drug twice-a-day (b.i.d.). To assess the optimal /n7 vivo inhibitor concentrations for treatment,
we first treated non-tumor mice with different doses of either Entrectinib (20, 30, 40, 60
mg/Kkg, two mice per group) or Larotrectinib (46, 92,138 mg/kg, three mice per group) for
several days to assess general drug toxicity. One mouse treated with 20 mg/kg Entrectinib
died during treatment, while one mouse treated with 92 mg/kg Larotrectinib died two

days after the last treatment. In general, we observed that mice treated with either 92 or

138 mg/kg Larotrectinib developed distended abdomens due to fluid retention that receded
several days after treatment discontinuation. We first treated several mice with intracranial
gliomas with Larotrectinib (60 or 100 mg/kg), Entrectinib (30 or 60 mg/kg), or Vehicle for

7 days and subsequently analyzed the treated tumors by histology. We observed a greater
tumor response at 100 mg/kg Larotrectinib compared to 60 mg/kg and no toxicity-related
deaths in either cohort. Similarly, we observed a greater response at 60 mg/kg Entrectinib
compared to 30 mg/kg, however, observed several toxicity-related deaths at 60 mg/kg. Based
on these results, we proceeded with a dosing strategy of 100 mg/kg Larotrectinib and 30
mg/kg Entrectinib.

Quantification of Larotrectinib tissue levels—Mice were treated for 48 hours with
100 mg/kg Larotrectinib b.i.d. (five treatments in total) and intra- and extra-cranial tumor
tissue, as well as hindlimb muscle and liver tissue was isolated and flash frozen. A weighed
portion of the tissue was homogenized in 20 vol of PBS with a pestle fitted for a micro
centrifuge tube. A 20 uL aliquot (1 mg tissue) of the homogenate was used for each analysis.
The samples were deproteinized with 4 vol of a solution made of 1:1 Acetonitrile: Methanol
containing 0.02 uM D5-Nilotinib as an internal standard. The samples were centrifuged at
10000 g for 8 min, and 5 pl of the supernatant was injected into the LC/MS. Compounds
were separated on a C18 column using a gradient mixture of 16 mM Ammonium Formate
and 1:1 Acetonitrile: Methanol at a flow rate of 0.25 ml/min. Compounds were identified
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by their protonated molecular ions, 429.1850 amu (Larotrectinib) and 536.2293 amu (D5-
Nilotinib) with a mass tolerance of 5 ppm, and concurrent fragmentation scans were used
to further confirm the identity of the compounds. For quantitation, standard curves were
generated by adding known amounts of Larotrectinib to untreated tissue homogenates.
Ratios of Larotrectinib peak area to D5-Nilotinib peak area were found to be linear to the
added amount of Larotrectinib from 0.004 to 42 ng/mg. The lower limit of quantitation was
set at 0.004 ng Larotrectinib/mg tissue.

Plasmid generation—Primers used for plasmid generation are listed in Table S1A.
Additional plasmids used in this study are listed in Table S1C.

Transfection of RCAS viruses—Chicken fibroblast (DF1) cells were maintained with
10% fetal bovine serum (FBS) in Dulbecco’s modified Eagle medium (DMEM) (including
1% Penicillin/Streptomycin) at 39 degrees Celsius. DF-1 cells were transfected with

the indicated RCAS plasmid using X-tremeGENE 9 DNA transfection reagent (Roche)
according to the manufacturer’s protocol. RCAS transgene expression was confirmed via
western blot analysis.

Generation of NTRK fusion-expressing NIH-3T3 cells—Viral supernatant from DF1
cultures was sterile-filtered and added to Tv-a-expressing NIH-3T3 cells 28 every eight
hours. NIH-3T3-tv-a cells were maintained with 10% Newborn CALF serum (Thermo
Fisher 26010074) in DMEM (including 1% Penicillin/Streptomycin) at 37 degrees Celsius.
RCAS transgene expression was confirmed via western blot analysis.

Culturing of primary mouse tumor cells—Primary mouse tumors generated by flank
injection of RCAS-producing DF1 cells into Nestin/tv-a Cdkn2a null mice were manually
dissected using scalpels and maintained with 10% FBS in DMEM (including 1% Penicillin/
Streptomycin) at 37 degrees Celsius. RCAS transgene expression was confirmed via western
blot analysis.

Spheroid assay—NIH-3T3-tv-a cells (expressing either GFP, TPM3-NTRK1 (or mutants
thereof), GKAP1-NTRK2, or ETV6-NTRK3) or primary mouse tumor cells were seeded

at 4x10°2 cells per well in a 96-well ultra-low attachment plates (Corning 7007) in DMEM
with 10% FBS and spun down at 1250 rpm for 10 minutes. After 2 days, cells were

treated with DMSO or TKIs at indicated concentrations. Growth of spheroids was monitored
using live cell imaging every 24 hours for 5 days in the Incucyte ZOOM system (Essen).
Average phase object area (mm?2) was used for analysis. Viability was measured using the
CellTiter-Glo® 2.0 Cell Viability Assay (Promega G9241) according to the manufacturer’s
instructions. Luminescence was detected using a Veritas Microplate Luminometer.

Magnetic resonance imaging (MRI)—Tumor size and progression were evaluated
using the preclinical 7 Tesla MR scanner (MR Solutions, DRYMAG7.0T) located in the
FHCC imaging suite.

The first MRI was performed 15-25 days post-injection (for exact times see below).
Treatment started one day after the MRI. TPM3-NTRK1 (15 days post-injection), CHTOP-
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NTRK1 (15 days post-injection); GKAP1-NTRK2 (15 days post-injection); NACC2-
NTRK2 (18 days post-injection); ETV6-NTRKS3 (25 days post-injection).

Following anesthetic induction with 2% isoflurane, each mouse was placed on a bed and
respiration was monitored via pneumatic pillow (SA Instruments, ERT gating module).
Mouse body temperature was maintained by warm air circulation within the arm. Each
procedure lasted approximately 10-30 minutes. Images were acquired using a mouse brain
RF coil. Techniques used are Fast Spin Echo (FSE) T2 weighted scans (FSE T2w (axial)
TE=75, 15 slices at 0.5mm thickness, FOV 25, 1 average) and for contrast enhanced imaging
FSE T1 weighted scan pre- and post-contrast injection (FSE T1w (axial) TE=11, 15 slices
at 0.5mm thickness, FOV 25, 2 averages). For contrast enhanced imaging 1 mL Gadobenate
(MultiHance 529mg/ml, 0.5M) was diluted in 9 mL saline and mice were dosed with 4

ul/g of solution. Following imaging, each mouse was allowed to recover from anesthesia

in a warm recovery cage. Tumor volumes based on MRI images were calculated using the
software 3D slicer and graphed with GraphPad Prism.

H&E staining, immunohistochemistry stainings of FFPE mouse tissues—For
routine tumor histomorphology, mouse brains and peripheral tumors were formalin-fixed
and paraffin-embedded, sectioned, and stained with H&E 29:30, For stainings in Figures

2 and S2, mouse brains were cut along the sagittal plane into 4 pieces, flash frozen

in liquid nitrogen, and subsequently thawed in formalin and subsequently processed as
described above. Immunohistochemical (IHC) staining of mouse brains was performed

on the DISCOVERY XT platform (Ventana Medical Systems, Inc., Tucson, U.S.A) using
the Discovery DAB Map Detection Kit according to standard protocols 31. For a list of
antibodies used see Table S1B. IHC images were quantified using HistoQuant software.

Western Blot—Cells were cultured, lysed, and processed for western blotting by

standard methods. Proteins were resolved by SDS/PAGE (NUPAGE 10% Bis/Tris; LifeTech)
according to XCell Sure Lock Mini-Cell guidelines, blocked with 5% milk/TBST and
probed with specified antibodies overnight at 4°C in 5% BSA/TBST. After three TBST
rinses, species-specific secondary antibodies were added in 5% milk/TBST. Blots were
rinsed three times with TBST before being developed with Amersham ECL Western
Blotting Detection Reagents (GE Healthcare). For a list of antibodies used see Table S1B.

Quantification of RCAS integrations in RCAS-ETV6-NTRK3 flank tumors—
Mouse tumor tissue was flash frozen in liquid nitrogen and genomic DNA was subsequently
isolated using the Qiagen DNeasy Blood & Tissue Kit (Cat. 69504). PCR experiments

were carried out on a QuantStudio™ 7 Flex Real-Time PCR System. The forward primer
was located in the C terminal region of NTRK3 and the reverse primer in the RCAS viral
backbone. Mouse Actb primers were used for reference. For primer sequences see Table
S1A.

Chemicals—Larotrectinib (LOX0-101, NSC 785570), Entrectinib (NMS-E628, NSC
774769), Repotrectinib (TPX-0005, NSC 800522), and Selitrectinib (LOX0-195, NSC
809970) were provided through the National Institutes of Health (NIH) Developmental
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Therapeutics Program. Trametinib (GSK1120212, Cat. S2673), Taselisib (GDC 0032, Cat.
S7103), and PLX8394 (Cat. S7965) were purchased from Selleckchem.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were conducted using GraphPad Prism 10 (GraphPad software
Inc.). Statistical differences between 2 populations were calculated by unpaired t test (2-
tailed). For multiple populations’ comparison, one-way or two-way ANOVA with Turkey’s
multiple-comparisons test was used. p < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Both N-terminal fusion partner and NTRK variant influence tumor
aggressiveness and biology

Tyrosine kinase inhibition prolongs survival, but persister cells lead to
recurrence

Resistance-associated point mutations influence response to therapy /n vivo

MEK inhibition leads to a significant growth inhibition /in vivo
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Figure 1. Expression of NTRK gene fusions in Nestin-positive cells induces the formation of
experimental mouse gliomas

(A) Influence of age at time of tumor induction and loss of additional tumor suppressors on
tumor aggressiveness.

(B) Schematic depicting RCAS injection and tumor formation for neonatal and adult mice.
(C) Symptom-free survival of Nestin/tv-a (N/tv-a) CdknZawild-type mice upon intracranial
expression of NTRK gene fusions.

(D) Symptom-free survival of N/tv-a CaknZa null mice upon intracranial expression of
different NTRK gene fusions.

(E) H&E staining of mouse gliomas induced by expression of CHTOP-NTRKI1, GKAPI-
NTRKZ, or EML4-NTRK3in 1-week-old N/tv-a CaknZanull mice.

(F) H&E staining of a mouse glioma induced by expression of CHTOP-NTRKZ in 1-week-
old N/tv-a CdknZa wild-type mice with additional knockdown of Pten.

Scale bars indicate 50 um. Black dotted lines indicate tumor boundaries (E and F). See also
Figure S1.
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Ki-67

Figure 2. NTRK fusion-driven experimental mouse gliomas show activation of the PI3K-AKT-S6
and RAF-MEK-ERK pathways

Representative IHC staining of a 7PM3-NTRKI-driven mouse glioma for TRK (TRK
kinase domain), Olig2, GFAP, Ki-67, phospho-ERK1/2 (Thr202/Thr185), phospho-AKT
(Ser473), and phospho-S6 (Ser240/244). Scale bars indicate 100 um. See also Figure S2.
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Figure 3. Resistance-associated kinase domain point mutations influence the response of NTRK
fusion-driven cells to TKI treatment in vitro

(A) Schematic overview of 3D spheroid assay.

(B) Growth curve of a 3D spheroid assay with either untransduced NIH-3T3-tv-a cells (blue
line) or cells expressing 7PM3-NTRKI (red line) (n= 3).

(C) Growth curve of TPM3-NTRK1-expressing NIH-3T3-tv-a cell spheroids treated with
either DMSO (0.1%) or the indicated TKIs (100 nM each) (n7= 3).

(D) Dose-response curve of TPM3-NTRK1-expressing NIH-3T3-tv-a cell spheroids treated
with different TKI concentrations relative to DMSO-treated cells (7= 3).

(E) Western blot of TPM3-NTRK1-expressing NIH-3T3-tv-a cells treated with the indicated
TKIls at 100 nM.

(F and G) Growth curves of TPM3-NTRK1-F589L -expressing NIH-3T3-tv-a (F) or primary
mouse tumor (G) cell spheroids treated with either DMSO (0.1%) or the indicated TKIs (100
nM each) (n=3).

(H) Dose-response curve of TPM3-NTRK1-F589L-expressing NIH-3T3-tv-a cell spheroids
treated with different TKI concentrations relative to DMSO-treated cells (n7= 3).

(1) Western blot of TPM3-NTRK1-F589L-expressing NIH-3T3-tv-a cells treated with the
indicated TKIls at 100 nM.

(J and K) Growth curves of TPM3-NTRK1-G595R-expressing NIH-3T3-tv-a (J) or primary
mouse tumor (K) cell spheroids treated with either DMSO (0.1%) or the indicated TKIs (100
nM each) (n=3).
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(L) Dose-response curve of TPM3-NTRK1-G595R-expressing NIH-3T3-tv-a cell spheroids
treated with different TKI concentrations (same as D) relative to DMSO-treated cells (7= 3).
(M) Western blot of TPM3-NTRK1-G595R-expressing NIH-3T3-tv-a cells treated with the
indicated TKIs at 100 nM.

Error bars show SEM. Analysis was done using ordinary two-way ANOVA (B, C, F, G, J,
and K). **** p< 0.0001. See also Figure S3.
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Figure 4. Resistance-associated kinase domain point mutations influence the response of NTRK
fusion-driven cells to TKI treatment in vivo

(A) IHC staining of EML4-NTRK3-driven mouse gliomas treated /n vivo with either
vehicle or larotrectinib (100 mg/kg), entrectinib (60 mg/kg), repotrectinib (20 mg/kg), or
selitrectinib (20 mg/kg) for 25 h.

(B) Quantification of CC3 and pHH3 staining of EML4-NTRK3-driven mouse gliomas
treated with either vehicle or the four different TKls (n = 4 for vehicle, n= 3 for the different
TKIs).

(C) IHC staining of EML4-NTRK3-G623R-driven mouse gliomas treated with either
vehicle or TKIs (same as A) for 25 h.

(D) Quantification of CC3 and pHH3 staining of EML4-NTRK3-G623R-driven mouse
gliomas treated with either vehicle or the four different TKls (7= 5 for vehicle, n= 4 for the
different TKIs).

Scale bars indicate 100 um. Error bars show SD. Analysis was done using two-tailed t test
(B). *p<0.05, **p< 0.01. See also Figure S4.
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Figure 5. TKI treatment significantly prolongs the survival of NTRK gene fusion-driven mouse
gliomas

(A) Symptom-free survival of mice harboring TPM3-NTRK1-, CHTOP-NTRK1-, GKAPI-
NTRKZ2-, NACC2-NTRKZ2-, ETV6-NTRK3-, and EML4-NTRK3-driven gliomas treated
with vehicle, larotrectinib (100 mg/kg), or entrectinib (30 mg/kg) via intraperitoneal (i.p.)
injection twice a day (b.i.d.) for 14 days. After treatment discontinuation, the mice were
observed for the onset of tumor-related symptoms.

(B) Change in tumor size during the 14-day period of treatment with vehicle, larotrectinib,
or entrectinib as measured by MRI.

(C and D) MRIs of mice harboring TPM3-NTRK1 (C)- or ETV6-NTRK3 (D)-driven tumors
treated with either vehicle or larotrectinib.

(E) IHC staining (TRK kinase domain) of 7PM3-NTRKI mouse gliomas after 7 days of
treatment (i.p.; b.i.d.) with either vehicle or entrectinib (60 mg/kg).

(F) Larotrectinib concentration in intraparenchymal tumor (7= 5), extracranial tumor (n=
3), hindlimb muscle (7= 5), or liver tissue (1= 5) taken from mice treated with larotrectinib
(100 mg/kg) via i.p. injection b.i.d. for 48 h (five treatments total). Red or black dotted lines
indicate tumor boundaries. Scale bars indicate 100 um.
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Error bars show SD. Analysis was done using log-rank (Mantel-Cox) test (A) or ordinary
one-way ANOVA (B and F). *p< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. See
also Figure S5.
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Figure 6. Combination therapy of TRK and MEK inhibition is superior to TRK inhibition alone
against NTRK fusion-driven cells

(A) IHC staining of ETV6-NTRK3mouse gliomas (vehicle or 14 days of larotrectinib [100
mg/kg] or entrectinib [30 mg/kg] treatment). Black dotted lines indicate tumor boundaries.
Scale bars indicate 1 mm (whole-brain slides) or 100 um (high-magnification images).

(B and C) Growth curves of TPM3-NTRK1-G595R-expressing NIH-3T3-tv-a (B) or
primary TPM3-NTRK1-F589L-G595R mouse tumor (C) cell spheroids treated with DMSO
(0.1%), repotrectinib (TKI), trametinib (MEKi), taselisib (PI13Ki), PLX8394 (BRAF:i), or a
combination of repotrectinib plus trametinib (TKI + MEKIi) (7= 3). All inhibitors were used
at 100 nM except for trametinib at 10 nM.

(D) Representative Western blot of primary TPM3-NTRK1-G595R mouse tumor cells
treated with either DMSO (0.1%; vehicle) or the indicated inhibitors (same as in C and

D).

(E) /n vivotreatment of ETV6-NTRK3-driven flank tumors with vehicle, trametinib (1 mg/
kg), or entrectinib (15 mg/kg). Graph shows fold change in tumor volume compared to day 1
of treatment.
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Error bars show SEM. Analysis was done using ordinary two-way ANOVA (E). *p < 0.05.
See also Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HA (IHC) Cell Signaling 3724; RRID:AB_1549585
GFAP Dako Z0334; RRID:AB_10013382
phospho-Histone H3 (Ser10) Upstate 06-570; RRID:AB_310177
total TRK abcam ab76291; RRID:AB_1524514
Olig2 Cell Signaling 65915; RRID:AB_2936997
Olig2 Millipore AB9610; RRID:AB_570666
Ki67 Cell Signaling 12202; RRID:AB_2620142
Cleaved Caspase-3 (Asp175) Cell Signaling 9661; RRID:AB_2341188
Phospho-S6 Ribosomal Protein (Ser240/244) Cell Signaling 5364; RRID:AB_10694233
Phospho-S6 Ribosomal Protein (Ser235/236) Cell Signaling 4858; RRID:AB_916156
phospho-AKT (S473) abcam ab81283; RRID:AB_2224551
ERK1 (phospho T202) + ERK2 (phospho T185) abcam ab214036; RRID:AB_2923008
phospho-ERK (Thr202/Tyr204) Cell Signaling 4370; RRID:AB_2315112
Biotinylated Goat Anti-Rabbit IgG Antibody Vector BA-1000; RRID:AB_2313606
HA (IF) Roche 11867423001; RRID:AB_390918
donkey anti-rat 488 Invitrogen A-21208; RRID:AB_141709

donkey anti-rabbit Cy3

Actin

ECL Mouse 19G, HRP-linked
ECL Rabbit 1gG, HRP-linked

Jackson Immuno
Sigma

GE Healthcare
GE Healthcare

711-165-152; RRID:AB_2307443
A1978; RRID:AB_476692
NA931; RRID:AB_772210
NA934; RRID:AB_772206

phospho-TRK (Tyr674/675) (Western Blot) Cell Signaling 4621; RRID:AB_916186
phospho-AKT (S473) (Western Blot) Cell Signaling 4060; RRID:AB_2315049
total AKT Cell Signaling 9272; RRID:AB_329827
total ERK Cell Signaling 9102; RRID:AB_330744
Bacterial and virus strains

Stellar™ Competent Cells Takara Bio 636763

RCAS (Replication-Competent ASLV long terminal This lab N/A

repeat (LTR) with a Splice acceptor)

Biological samples

Mouse tumor tissue This lab N/A

Chemicals, peptides, and recombinant proteins

X-tremeGENE 9 DNA transfection reagent Roche XTG9-RO

Newborn CALF serum Thermo Fisher 26010074

Larotrectinib

Entrectinib

Repotrectinib
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REAGENT or RESOURCE SOURCE IDENTIFIER
Selitrectinib National Institutes of Health (NIH) LOXO0-195, NSC 809970

Developmental Therapeutics Program
Trametinib (GSK1120212) Selleckchem S2673
Taselisib (GDC 0032) Selleckchem S7103
PLX8394 Selleckchem S7965
Solutol Sigma Aldrich 42966
DL-tartaric acid Sigma Aldrich PHR1472
tartrate sodium Sigma Aldrich PHR1409
MultiHance® (gadobenate dimeglumine) Bracco N/A
Critical commercial assays
CellTiter-Glo® 2.0 Promega G9241
Experimental models: Cell lines
DF1 cells ATCC CRL-3586
NIH-3T3 ATCC CRL-1658
NIH-3T3-tv-a This lab N/A
Experimental models: Organisms/strains
Nestin (N)/tv-a This lab N/A
Nestin (N)/tv-a; Cdkn2a —/-, Pten flox/flox This lab N/A
Oligonucleotides
See Table S1IA
Recombinant DNA
See Table S1C
Software and algorithms
ImageJ RRID:SCR_003070
Prism 10 GraphPad RRID:SCR_002798
3D slicer RRID:SCR_005619
Other
96-well ultra-low attachment plates Corning 7007
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