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(57) Abstract: The subject matter disclosed herein relates to a method of treating
cancer in a subject in need thereof, the method comprising administering to the sub-
ject an effective amount of a composition comprising at least one inhibitor of one or
more LZTR1 substrates, for example a composition comprising an EGFR inhibitor
and an AXL inhibitor.
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LZTR1 MUTANT TUMORS AND METHODS THEREOF

[0001] This application claims the benefit of and priority to U.S. Provisional Patent
Application No. 63/424,870, filed on November 11, 2022, the content of which is hereby
incorporated by reference in its entirety.

[0002] All patents, patent applications and publications cited herein are hereby
incorporated by reference in their entirety. The disclosures of these publications in their
entireties are hereby incorporated by reference into this application.

[0003] This patent disclosure contains material that is subject to copyright protection.
The copyright owner has no objection to the facsimile reproduction by anyone of the patent
document or the patent disclosure as it appears in the U.S. Patent and Trademark Office
patent file or records, but otherwise reserves any and all copyright rights.

GOVERNMENT SUPPORT

[0004] This invention was made with government support under CA178546, CA131126,
CA253183, CA239721, CA193313, CA239698, CA179044, CA190891, CA101644, and
CA013696 awarded by the National Institutes of Health. The government has certain rights in
the invention.

BACKGROUND OF THE INVENTION

[0005] To date a full characterization of the function of the LZTR1 protein is still lacking
but the interest in LZTR1 function continues to increase due to the growing number of cancer
types that are reported to harbor genetic alterations of the LZTR1 gene. For example, LZTR1
mutation and deletions are found in glioblastoma multiforme (GBM), as well as numerous
other cancers. Glioblastoma multiforme (GBM) is the most common form of brain cancer
and among the most incurable and lethal of all human cancers. There are few available
targeted therapies and none that specifically target GBM. The prognosis of GBM remains
uniformly poor.

SUMMARY OF THE INVENTION

[0006] In certain aspects, the subject matter described herein provides a method of
treating cancer in a subject in need thereof, the method comprising administering to the
subject a pharmaceutical composition comprising a therapeutically effective amount of at
least one Leucine Zipper-like Transcription Regulator 1 (LZTRI) substrate inhibitor, wherein

the cancer is associated with a loss-of-function mutation in a LZ7TR/ gene.
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[0007] In some embodiments, the cancer is associated with a loss-of-function mutation in
the LZTRI gene if one or more cells of the subject comprise the loss-of-function mutation in
the LZTRI gene. In some embodiments, a cell from the cancer or a tumor has the loss-of-
function mutation in the LZ7TR/ gene.

[0008] In some embodiments, the mutation is a somatic mutation. In some embodiments,
the mutation is a germline mutation. In some embodiments, the mutation comprises one or
more nucleotide insertion, deletion, or substitution mutations in the LZ7R/ gene or any
combination thereof. In some embodiments, the mutation comprises a deletion of at least a
portion of the LZ7TR1 gene. In some embodiments, the mutation is located in a BTB-Back
domain of the LZTR/1 gene. In some embodiments, the mutation is V456G, PS20L, L591R,
R688C, R810W, or S8131. In some embodiments, the mutation is located in a Kelch domain
of the LZTR1 gene. In some embodiments, the mutation is H71R, P115L, S122L, R170Q,
L187R, M202R, or M400R. In some embodiments, the mutation is located in a CUL-3-
interacting domain of the LZ7TR/ gene. In some embodiments, the mutation is located in a
substrate-interacting domain of the LZ7TR/ gene.

[0009] In some embodiments, the cancer is glioblastoma multiforme (GBM),
Schwannoma, hepatocellular cancer, esophagogastric cancer, colorectal cancer, breast
carcinoma, prostate cancer, lung adenocarcinoma, clonal hematopoiesis disorders or tumor
predisposition syndromes.

[0010] In some embodiments, the cancer is associated with higher levels of at least one
LZTRI1 substrate compared to a sample of non-cancerous tissue. In some embodiments, the
LZTRI1 substrate with higher levels is a Receptor Tyrosine Kinase (RTK). In some
embodiments, the RTK is Epidermal Growth Factor Receptor (EGFR). In some
embodiments, the RTK is AXL. In some embodiments, the LZTR1 substrate with higher
levels is RITT.

[0011] In some embodiments, the inhibitor comprises a small molecule inhibitor of a
LZTRI1 substrate, an antibody that specifically binds to a LZTR1 substrate, or a fragment
thereof, an antisense RNA or antisense DNA that decreases expression of a polypeptide of a
LZTRI1 substrate; a siRNA that specifically targets a LZTR1 substrate mRNA, a sgRNA that
specifically targets a nucleotide sequence encoding a LZTR1 substrate, or a combination
thereof.

[0012] In some embodiments, the LZTR1 substrate inhibitor is a Receptor Tyrosine
Kinase (RTK) inhibitor. In some embodiments, the RTK inhibitor is an Epidermal Growth
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Factor Receptor (EGFR) inhibitor. In some embodiments, the RTK inhibitor is an AXL
inhibitor. In some embodiments, the LZTR1 substrate inhibitor is a RIT1 inhibitor.

[0013] In some embodiments, the inhibitor comprises a small molecule inhibitor. In some
embodiments, the inhibitor comprises a small molecule inhibitor of a LZTR1 substrate,
wherein the small molecule inhibitor is afatinib or a pharmaceutically acceptable salt thereof,
osimertinib or a pharmaceutically acceptable salt thereof, or bemcentinib or a
pharmaceutically acceptable salt thereof.

[0014] In some embodiments, the pharmaceutical composition comprises a first RTK
inhibitor and a second RTK inhibitor. In some embodiments, both the first and second RTK
inhibitors are small molecule inhibitors. In some embodiments, the pharmaceutical
composition comprises an EGFR inhibitor and an AXL inhibitor. In some embodiments, the
two RTK inhibitors are osimertinib or a pharmaceutically acceptable salt thereof and
bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments, the two
RTK inhibitors are afatinib or a pharmaceutically acceptable salt thereof and bemcentinib or
a pharmaceutically acceptable salt thereof. In some embodiments, the pharmaceutical
composition comprises a first RTK inhibitor and the method further comprising
administering a second pharmaceutical composition comprising a second RTK inhibitor,
which is different from the first RTK inhibitor. In some embodiments, the pharmaceutical
composition comprises an EGFR inhibitor and the second pharmaceutical composition
comprises an AXL inhibitor. In some embodiments, the pharmaceutical composition
comprises osimertinib or a pharmaceutically acceptable salt thereof and the second
pharmaceutical composition comprises bemcentinib or a pharmaceutically acceptable salt
thereof. In some embodiments, the pharmaceutical composition comprises afatinib or a
pharmaceutically acceptable salt thereof and the second pharmaceutical composition
comprises bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments,
the pharmaceutical composition and second pharmaceutical composition are administered to
the subject at the same time. In some embodiments, the pharmaceutical composition and the
second pharmaceutical composition are administered to the subject at different times.

[0015] In some embodiments, the cancer is associated with a loss-of-function mutation in
a Cdkn24 gene. In some embodiments, the cancer is associated with a loss-of-function
mutation in the Cdkn2A gene if one or more cells of the subject comprise the loss-of-function
mutation in the Cdkn2A4 gene. In some embodiments, a cell from the cancer or a tumor has

the loss-of-function mutation in the Cdkn2A4 gene. In some embodiments, administration of
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the first and second RTK inhibitors provides a synergistic effect compared to administration
of either inhibitor alone. In some embodiments, the subject is a human.

[0016] In certain aspects, the subject matter disclosed herein provides a pharmaceutical
composition comprising a therapeutically effective amount of an EGFR inhibitor and an AXL
inhibitor.

[0017] In some embodiments, the EGFR inhibitor comprises osimertinib or a
pharmaceutically acceptable salt thereof and the AXL inhibitor comprises bemcentinib or a
pharmaceutically acceptable salt thereof. In some embodiments, the EGFR inhibitor
comprises afatinib or a pharmaceutically acceptable salt thereof and the AXL inhibitor
comprises bemcentinib or a pharmaceutically acceptable salt thereof.

[0018] In some embodiments, the pharmaceutical composition further comprises at least
one pharmaceutically acceptable excipient, diluent, and/or carrier. In some embodiments, the
pharmaceutical composition is for treating or ameliorating the effects of cancer in a subject
wherein the cancer is associated with a loss-of-function mutation in a LZ7R/ gene. In some
embodiments, administration of the EGFR and AXL inhibitors provides a synergistic effect
compared to administration of either inhibitor alone.

[0019] In certain aspects, the subject matter described herein provides a kit comprising a
first pharmaceutical composition comprising a therapeutically effective amount of an EGFR
inhibitor and a second pharmaceutical composition comprising a therapeutically effective
amount of an AXL inhibitor.

[0020] In some embodiments, the EGFR inhibitor comprises osimertinib or a
pharmaceutically acceptable salt thereof and the AXL inhibitor comprises bemcentinib or a
pharmaceutically acceptable salt thereof. In some embodiments, the EGFR inhibitor
comprises afatinib or a pharmaceutically acceptable salt thereof and the AXL inhibitor
comprises bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments,
each pharmaceutical composition further comprises at least one pharmaceutically acceptable
excipient, diluent, and/or carrier. In some embodiments, the combination therapy is for
treating or ameliorating the effects of cancer in a subject wherein the cancer is associated
with a loss-of-function mutation in a LZ7R/ gene. In some embodiments, administration of
the combination therapy provides a synergistic effect compared to administration of either
pharmaceutical composition alone. In some embodiments, the first and second

pharmaceutical compositions are packaged together with instructions for their use.
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[0021] In certain aspects, the subject matter described herein provides a method of
decreasing growth of a solid tumor in a subject in need thereof, the method comprising
administering to the subject a pharmaceutical composition comprising a therapeutically
effective amount of at least one Leucine Zipper-like Transcription Regulator 1 (LZTRI)
substrate inhibitor, wherein the composition decreases the size of the solid tumor, and
wherein the tumor is associated with a loss-of-function mutation in a LZ7R/ gene.

[0022] In some embodiments, the cancer is associated with a loss-of-function mutation in
the LZTRI gene if one or more cells of the subject comprise the loss-of-function mutation in
the LZTRI gene. In some embodiments, a cell from the cancer or a tumor has the loss-of-
function mutation in the LZ7TR/ gene.

[0023] In some embodiments, the mutation is a somatic mutation. In some embodiments,
the mutation is a germline mutation. In some embodiments, the mutation comprises one or
more nucleotide insertion, deletion, or substitution mutations in the LZ7R/ gene or any
combination thereof. In some embodiments, the mutation comprises a deletion of at least a
portion of the LZTR/I gene. In some embodiments, the mutation is located in a BTB-Back
domain of the LZTR/1 gene. In some embodiments, the mutation is V456G, PS20L, L591R,
R688C, R810W, or S8131. In some embodiments, the mutation is located in a Kelch domain
of the LZTR1 gene. In some embodiments, the mutation is H71R, P115L, S122L, R170Q,
L187R, M202R, or M400R. In some embodiments, the mutation is located in a CUL3-
interacting domain of the LZ7TR/ gene. In some embodiments, the mutation is located in a
substrate-interacting domain of the LZ7TR/ gene.

[0024] In some embodiments, the cancer is glioblastoma multiforme (GBM),
Schwannoma, hepatocellular cancer, esophagogastric cancer, colorectal cancer, breast
carcinoma, prostate cancer, lung adenocarcinoma, clonal hematopoiesis disorders or tumor
predisposition syndromes.

[0025] In some embodiments, the cancer is associated with higher levels of at least one
LZTRI1 substrate compared to a sample of non-cancerous tissue. In some embodiments, the
LZTRI1 substrate with higher levels is a Receptor Tyrosine Kinase (RTK). In some
embodiments, the RTK is Epidermal Growth Factor Receptor (EGFR). In some
embodiments, the RTK is AXL. In some embodiments, the LZTR1 substrate with higher
levels is RIT1.

[0026] In some embodiments, the inhibitor comprises a small molecule inhibitor of a

LZTRI1 substrate, an antibody that specifically binds to a LZTR1 substrate, or a fragment
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thereof, an antisense RNA or antisense DNA that decreases expression of a polypeptide of a
LZTRI1 substrate; a siRNA that specifically targets a LZTR1 substrate mRNA, a sgRNA that
specifically targets a nucleotide sequence encoding a LZTR1 substrate, or a combination
thereof. In some embodiments, the LZTR1 substrate inhibitor is a Receptor Tyrosine Kinase
(RTK) inhibitor. In some embodiments, the RTK inhibitor is an Epidermal Growth Factor
Receptor (EGFR) inhibitor. In some embodiments, the RTK inhibitor is an AXL inhibitor. In
some embodiments, the LZTR1 substrate inhibitor is a RIT1 inhibitor.

[0027] In some embodiments, the inhibitor comprises a small molecule inhibitor. In some
embodiments, the inhibitor comprises a small molecule inhibitor of a LZTR1 substrate,
wherein the small molecule inhibitor is afatinib or a pharmaceutically acceptable salt thereof,
osimertinib or a pharmaceutically acceptable salt thereof, or bemcentinib or a
pharmaceutically acceptable salt thereof.

[0028] In some embodiments, the pharmaceutical composition comprises a first RTK
inhibitor and a second RTK inhibitor. In some embodiments, both the first and second RTK
inhibitors are small molecule inhibitors. In some embodiments, the pharmaceutical
composition comprises an EGFR inhibitor and an AXL inhibitor. In some embodiments, the
two RTK inhibitors are osimertinib or a pharmaceutically acceptable salt thereof and
bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments, the two
RTK inhibitors are afatinib or a pharmaceutically acceptable salt thereof and bemcentinib or
a pharmaceutically acceptable salt thereof. In some embodiments, the pharmaceutical
composition comprises a first RTK inhibitor and the method further comprises administering
a second pharmaceutical composition comprising a second RTK inhibitor, which is different
from the first RTK inhibitor. In some embodiments, the pharmaceutical composition
comprises an EGFR inhibitor and the second pharmaceutical composition comprises an AXL
inhibitor. In some embodiments, the pharmaceutical composition comprises osimertinib or a
pharmaceutically acceptable salt thereof and the second pharmaceutical composition
comprises bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments,
the pharmaceutical composition comprises afatinib or a pharmaceutically acceptable salt
thereof and the second pharmaceutical composition comprises bemcentinib or a
pharmaceutically acceptable salt thereof. In some embodiments, the pharmaceutical
composition and the second pharmaceutical composition are administered to the subject at the
same time. In some embodiments, the pharmaceutical composition and the second

pharmaceutical composition are administered to the subject at different times.
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[0029] In some embodiments, the cancer is associated with a loss-of-function mutation in
a Cdkn24 gene. In some embodiments, the cancer is associated with a loss-of-function
mutation in the Cdkn2A gene if one or more cells of the subject comprise the loss-of-function
mutation in the Cdkn2A4 gene. In some embodiments, a cell from the cancer or a tumor has
the loss-of-function mutation in the Cdkn2A4 gene.

[0030] In some embodiments, administration of the first and second RTK inhibitors
provides a synergistic effect compared to administration of either inhibitor alone. In some
embodiments, the subject is a human.

[0031] In certain aspects, the subject matter described herein provides a method of
effecting cancer cell death, the method comprising contacting the cancer cell with an
effective amount of at least one Leucine Zipper-like Transcription Regulator 1 (LZTR1)
substrate inhibitor, wherein the cancer cell is from a cancer associated with a loss-of-function
mutation in a LZTRI gene.

[0032] In some embodiments, the cancer is associated with a loss-of-function mutation in
the LZTRI gene if one or more cells of the subject comprise the loss-of-function mutation in
the LZTRI gene. In some embodiments, the cancer cell has the loss-of-function mutation in
the LZTR1 gene.

[0033] In some embodiments, the mutation is a somatic mutation. In some embodiments,
the mutation is a germline mutation. In some embodiments, the mutation comprises one or
more nucleotide insertion, deletion, or substitution mutations in the LZ7R/ gene or any
combination thereof. In some embodiments, the mutation comprises a deletion of at least a
portion of the LZTR/I gene. In some embodiments, the mutation is located in a BTB-Back
domain of the LZTR/1 gene. In some embodiments, the mutation is V456G, PS20L, L591R,
R688C, R810W, or S8131. In some embodiments, the mutation is located in a Kelch domain
of the LZTR1 gene. In some embodiments, the mutation is H71R, P115L, S122L, R170Q,
L187R, M202R, or M400R. In some embodiments, the mutation is located in a CUL3-
interacting domain of the LZ7TR/ gene. In some embodiments, the mutation is located in a
substrate-interacting domain of the LZ7TR/ gene.

[0034] In some embodiments, the cancer is glioblastoma multiforme (GBM),
Schwannoma, hepatocellular cancer, esophagogastric cancer, colorectal cancer, breast
carcinoma, prostate cancer, lung adenocarcinoma, clonal hematopoiesis disorders or tumor

predisposition syndromes.
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[0035] In some embodiments, the cancer is associated with higher levels of at least one
LZTRI1 substrate compared to a sample of non-cancerous tissue. In some embodiments, the
LZTRI1 substrate with higher levels is a Receptor Tyrosine Kinase (RTK). In some
embodiments, the RTK is Epidermal Growth Factor Receptor (EGFR). In some
embodiments, the RTK is AXL. In some embodiments, the LZTR1 substrate with higher
levels is RITT.

[0036] In some embodiments, the inhibitor comprises a small molecule inhibitor of a
LZTRI1 substrate, an antibody that specifically binds to a LZTR1 substrate, or a fragment
thereof, an antisense RNA or antisense DNA that decreases expression of a polypeptide of a
LZTRI1 substrate; a siRNA that specifically targets a LZTR1 substrate mRNA, a sgRNA that
specifically targets a nucleotide sequence encoding a LZTR1 substrate, or a combination
thereof. In some embodiments, the LZTR1 substrate inhibitor is a Receptor Tyrosine Kinase
(RTK) inhibitor. In some embodiments, the RTK inhibitor is an Epidermal Growth Factor
Receptor (EGFR) inhibitor. In some embodiments, the RTK inhibitor is an AXL inhibitor. In
some embodiments, the LZTR1 substrate inhibitor is a RIT1 inhibitor.

[0037] In some embodiments, the inhibitor comprises a small molecule inhibitor. In some
embodiments, the inhibitor comprises a small molecule inhibitor of a LZTR1 substrate,
wherein the small molecule inhibitor is afatinib or a pharmaceutically acceptable salt thereof,
osimertinib or a pharmaceutically acceptable salt thereof, or bemcentinib or a
pharmaceutically acceptable salt thereof.

[0038] In some embodiments, the at least one LZTR1 substrate inhibitor comprises a first
RTK inhibitor and a second RTK inhibitor. In some embodiments, both the first and second
RTK inhibitors are small molecule inhibitors. In some embodiments, the first and second
RTK inhibitors comprise an EGFR inhibitor and an AXL inhibitor, respectively. In some
embodiments, the first and the second RTK inhibitors are osimertinib or a pharmaceutically
acceptable salt thereof and bemcentinib or a pharmaceutically acceptable salt thereof. In
some embodiments, the first and the second RTK inhibitors are afatinib or a pharmaceutically
acceptable salt thereof and bemcentinib or a pharmaceutically acceptable salt thereof.

[0039] In some embodiments, the at least one LZRT1 substrate inhibitor comprises a first
RTK inhibitor and the method further comprises administering a second pharmaceutical
composition comprising a second RTK inhibitor, which is different from the first RTK
inhibitor. In some embodiments, the least one LZRT1 substrate inhibitor an EGFR inhibitor

and the second pharmaceutical composition comprises an AXL inhibitor. In some
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embodiments, the least one LZRT1 substrate inhibitor comprises osimertinib or a
pharmaceutically acceptable salt thereof and the second pharmaceutical composition
comprises bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments,
the least one LZRT1 substrate inhibitor comprises afatinib or a pharmaceutically acceptable
salt thereof and the second pharmaceutical composition comprises bemcentinib or a
pharmaceutically acceptable salt thereof. In some embodiments, the first and second LZRT1
substrate inhibitors are administered to the subject at the same time. In some embodiments,
the first and second LZRT1 substrate inhibitor are administered to the subject at different
times.

[0040] In some embodiments, the cancer is associated with a loss-of-function mutation in
a Cdkn24 gene. In some embodiments, the cancer is associated with a loss-of-function
mutation in the Cdkn2A gene if one or more cells of the subject comprise the loss-of-function
mutation in the Cdkn2A4 gene. In some embodiments, a cell from the cancer or a tumor has
the loss-of-function mutation in the Cdkn2A4 gene.

[0041] In certain aspects, the subject matter described herein provides a method for
detecting the presence of a LZTR1 protein in a subject, the method comprising: (a) obtaining
a biological sample from the subject; and (b) detecting whether or not there is a LZTR 1
protein present in the subject.

[0042] In some embodiments, the detecting comprises measuring LZRT1 protein levels
by an antibody directed to the LZRT1 protein, Western blot using an antibody directed to the
LZRT1 protein, ELISA using an antibody directed to the LZRT1 protein, mass spectroscopy,
or a combination thereof. In some embodiments, the method further comprises administering
to the subject a pharmaceutical composition comprising a therapeutically effective amount of
at least one RTK inhibitor if the LZTR1 protein is not present in the sample.

[0043] In certain aspects, the subject matter described herein provides a method for
detecting the presence of a mutant LZTR1 protein in a subject, the method comprising: (a)
obtaining a biological sample from the human subject; and (b) detecting whether or not there
is a nucleic acid sequence encoding a mutant LZTR1 protein in the subject.

[0044] In some embodiments, the detecting comprises using hybridization, amplification,
or sequencing techniques to detect the mutant LZTR1 protein. In some embodiments, the
LZTR1 mutation comprises one or more nucleotide insertion, deletion, or substitution
mutations in the LZTR/ gene or any combination thereof. In some embodiments, the LZTR1

mutation comprises a deletion of at least a portion of the LZ7R/ gene. In some embodiments,
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the LZTR1 mutation is located in a BTB-Back domain of the LZ7TR/ gene. In some
embodiments, the LZTR1 mutation is V456G, P520L, L591R, R688C, R810W, or S8131. In
some embodiments, the LZTR1 mutation is located in a Kelch domain of the LZTR/ gene. In
some embodiments, the mutation is H71R, P115L, S122L, R170Q, L187R, M202R, or
M400R. In some embodiments, the LZTR1 mutation is located in a CUL-3-interacting
domain of the LZ7R1 gene. In some embodiments, the LZTR1 mutation is located in a
substrate-interacting domain of the LZ7TR/ gene. In some embodiments, the method further
comprises administering to the subject a pharmaceutical composition comprising a
therapeutically effective amount of at least one RTK inhibitor if a nucleic acid sequence
encoding a mutant LZTR1 protein is present in the sample.

[0045] In certain aspects, the subject matter described herein provides a diagnostic kit for
determining whether a sample from a subject exhibits a presence of a nucleic acid encoding a
mutant LZTR1 protein, the kit comprising at least one oligonucleotide that specifically
hybridizes to the nucleic acid encoding the mutant LZTR1.

[0046] In some embodiments, the at least one oligonucleotide comprises a set of nucleic
acid primers or in situ hybridization probes. In some embodiments, the primers prime a
polymerase reaction only when a mutant LZTR1 protein is present.

[0047] In some embodiments, the LZTR1 mutation comprises one or more nucleotide
insertion, deletion, or substitution mutations in the LZ7R/ gene or any combination thereof.
In some embodiments, the LZTR1 mutation comprises a deletion of at least a portion of the
LZTRI gene. In some embodiments, the LZTR1 mutation is located in a BTB-Back domain
of the LZTRI gene. In some embodiments, the LZTR1 mutation is V456G, P520L, L591R,
R688C, R810W, or S8131. In some embodiments, the LZTR1 mutation is located in a Kelch
domain of the LZTR/ gene. In some embodiments, the mutation is H71R, P115L, S122L,
R170Q, L187R, M202R, or M400R. In some embodiments, the LZTR1 mutation is located in
a CUL-3-interacting domain of the LZTR/ gene. In some embodiments, the LZTR1 mutation
is located in a substrate-interacting domain of the LZ7R/ gene. In some embodiments, the
determining comprises gene sequencing, selective hybridization, selective amplification, gene
expression analysis, or a combination thereof.

BRIEF DESCRIPTION OF THE FIGURES

[0048] The patent or application file contains at least one drawing executed in color. To
conform to the requirements for PCT patent applications, many of the figures presented
herein are black and white representations of images originally created in color.
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[0049] FIGS. 1A-F. Integration of the proteomic approaches identifies candidate
substrates of LZTR1 for ubiquitylation and degradation. A, Schematic representation of the
proteomic methods utilized to identify substrates of LZTR1. For quantitative ubiquitin diGly
proteomics, Lztr1fl/fl-Rosa-CreER astrocytes expressing doxycycline-inducible LZTR1 were
treated with 4-OHT to induce Lztr]l deletion and treated with doxycycline or vehicle in the
presence or in the absence of the proteasome inhibitor MG132 for 8 hrs. Cell lysates were
immunoprecipitated with anti-diGly lysine antibody and diGly peptides analyzed by
LC/MS/MS (panel 1). For Tandem Mass Tag (TMT) protein quantification, two Lztr1+/+ and
two Lztr1-/- MEFs were used (panel 2). For immunoprecipitation/mass spectrometry
analysis, the cell lysates of U87 expressing LZTR1 wild type-FLAG, LZTR1 R810W-FLAG
or the empty vector (EV) were immunoprecipitated with the FLAG-M2 affinity matrix and
eluted with FLAG peptide. Co-immunoprecipitated proteins were analyzed by LC/MS/MS
(panel 3). B, Scatter plot of the hits from the ubiquitin assay by their localization probability
(x-axis) and the intensity fold change between LZTR1 expression and control (y-axis). 1076
ubiquitinated candidates were selected by localization probability > 0.9 and fold change >
2.5. C, Heatmap showing the normalized protein abundance (z-score) resulting from TMT
quantification of proteins enriched in Lztr1-/- compared to Lztr1+/+ cells (fold change > 1.5,
n = 33). Proteins are ranked by fold change. D, Heatmap showing 39 top scoring LZTR1
interacting proteins from immunoprecipitation/mass spectrometry ranked by LZTR1-RW
PMS. Candidate LZTRI1 interactors were selected by their Peptide Spectrum Matches (PSM)
in the different U87 transfectants: PSM = 0 in empty vector (EV), PSM > 0 in cells
expressing LZTR1 wild type (WT) and LZTR1 R810W mutant (RW), and PSM fold change
> 2 between LZTR1 RW and LZTR1 wild type expressing cells (n=184). E, Venn diagrams
highlighting the overlapping of candidate LZTR1 protein substrates selected by the analysis
of quantitative ubiquitin diGly proteomics (1076), TMT cellular protein quantification (33),
immunoprecipitation/mass spectrometry (184). F, Box plot showing the TMT reporter ion
intensity of EGFR and AXL peptides in HeLa transduced with non-targeting sgRNA or
sgRNA targeting LZTR1. Box plots span the first to the third quartile. Comparisons between
groups were analyzed by the Mann-Whitney Wilcoxon test.

[0050] FIGS. 2A-S. LZTR1 interacts with and destabilizes EGFR and AXL. A,
Lztr1fl/f1-Rosa-CreER astrocytes were treated with ethanol or 4-OHT. Cell lysates were
analyzed by western blot. B, Western blot analysis of cell lysates from Lztrl knockout SW10
cells, established by CRISPR/Cas9 system. C, CRISPR/Cas9 mediated LZTR1 knockout U87
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cells analyzed by western blot. D, CRISPR/Cas9 mediated LZTR1 knockout HeLa cells
analyzed by western blot. Two different clones for two different sgLZTR1 were analyzed. E,
Lztrl knockout SW10 cells were reconstituted with LZTR1. Cell lysates were analyzed by
western blot. F, HEK 293T cells co-expressing EGFR-GFP with increasing amounts of
LZTR1-FLAG were analyzed by western blot. G, HEK 293T cells co-expressing AXL-HA
with increasing amounts of LZTR1-FLAG were analyzed by western blot. H, LZTR1
knockout HeLa cells were treated with cycloheximide (CHX) for the indicated times. Cell
lysates were analyzed by western blot. I, Quantification of EGFR for the experiment in H. J,
LZTR1 knockout HeLa cells were treated with CHX for the indicated times. Cell lysates
were analyzed by western blot. K, Quantification of AXL for the experiment in J. L, HEK
293T cells co-expressing EGFR-GFP and LZTR1-FLAG were treated with CHX for the
indicated times. Cell lysates were analyzed by western blot. M, Quantification of EGFR-GFP
for the experiment in L. N, HEK 293T cells co-expressing AXL-HA and LZTR1-FLAG were
treated with CHX for the indicated times. Cell lysates were analyzed by western blot. O,
Quantification of AXL-HA for the experiment in N. P, HEK 293T cells were transfected with
GFP, EGFR-GFP and LZTR1-FLAG as indicated. Cell lysates were immunoprecipitated with
GFP antibody and analyzed by western blot. Q, HEK 293T cells were transfected with
FLAG, EGFR-GFP and LZTR1-FLAG as indicated. Cell lysates were immunoprecipitated
with FLAG affinity matrix and analyzed by western blot. R, HEK 293T cells were transfected
with HA, AXL-HA and LZTR1-FLAG. Cell lysates were immunoprecipitated with HA
affinity matrix and analyzed by western blot. S, HEK 293T cells were transfected with
FLAG, AXL-HA and LZTR1-FLAG. Cell lysates were immunoprecipitated with FLAG
affinity matrix and analyzed by western blot. NT, non-targeting; WCL, whole cell lysates.
[0051] FIGS. 3A-L. LZTR1 mediates ubiquitylation and lysosome-mediated degradation
of EGFR and AXL. A, HEK 293T cells were transfected with EGFR-GFP and LZTR1-FLAG
and treated with bafilomycin Al or bortezomib. Lysates were analyzed by western blot. B,
HEK 293T cells were transfected with AXL-HA and LZTR1-FLAG and treated with
bafilomycin A1l or bortezomib. Lysates were analyzed by western blot. C, HEK 293T cells
were transfected with EGFR-GFP and LZTR1-FLAG and treated with MLN4924. Cell
lysates were analyzed by western blot. D, HEK 293T cells were transfected with AXL-HA
and LZTR1-FLAG and treated with MLLN4924. Cell lysates were analyzed by western blot.
E, HEK 293T cells were transfected with EGFR-GFP, and HA-ubiquitin in the absence or the
presence of LZTR1-FLAG and treated with MLLN4924 or vehicle as indicated. Cell lysates
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were immunoprecipitated with HA affinity gel in denaturing condition and analyzed by
western blot with the indicated antibodies. F, HeLa cells were transfected as indicated and
treated with Chloroquine (CQ) or MG132. Cell lysates were immunoprecipitated with normal
IgG or AXL antibody in denaturing condition and immunoblotted with the indicated
antibodies. G, HeLa cells were transfected as indicated and treated with Chloroquine (CQ).
Cell lysates were immunoprecipitated with AXL antibody in denaturing condition and
immunoblotted with the indicated antibodies. H, HEK 293T cells were transfected with
EGFR-GFP, LZTR1-FLAG and HA-ubiquitin as indicated and treated with Bafilomycin Al.
Cell lysates were immunoprecipitated with EGFR antibodies in denaturing condition
and analyzed by western blot with the indicated antibodies. I, HEK 293T cells co-expressing
EGFR-GFP with FLAG-tagged Kelch domain mutants of LZTR1 were analyzed by western
blot. J, HEK 293T cells co-expressing AXL-HA with FLAG-tagged Kelch domain mutants of
LZTR1 were analyzed by western blot. K, HEK 293T cells co-expressing EGFR-GFP with
FLAG-tagged BTB-BACK domain mutants of LZTR1 were analyzed by western blot. L,
HEK 293T cells co-expressing AXL-HA with FLAG-tagged BTB-BACK domain mutants of
LZTR1 were analyzed by western blot. Experiments were repeated three times with similar
results. WCL, whole cell lysates; BFLMAT1, Bafilomycin A1l; BRTZ, Bortezomib.

[0052] FIGS. 4A-J. LZTRI1 stimulates EGF-mediated EGFR degradation. A, HEK 293T
cells were transfected with EGFR-GFP and LZTR1-FLAG. Cells were serum starved and
treated with Chloroquine for 2 hours before the addition of EGF or vehicle. Cell lysates were
immunoprecipitated with GFP antibody and analyzed by western blot. The asterisk indicates
non-specific bands. B, HEK 293T cells were transfected with AXL-HA and LZTR1-FLAG.
Cells were serum starved and treated with Chloroquine for 2 hours before the addition of
Gas6 or vehicle. Cell lysates were immunoprecipitated with HA antibody and analyzed by
western blot. C, HEK 293T cells were transfected with EGFR WT-GFP or EGFR-K721R-
GFP mutant and LZTR1-FLAG. Cells were serum starved, treated with Chloroquine for 2
hours before addition of EGF or vehicle for 15 min. Cell lysates were immunoprecipitated
with GFP antibody and analyzed by western blot. D, HEK 293T cells were transfected with
EGFR-GFP and LZTR1-FLAG or the empty vector. Cells were serum starved and treated
with EGF for the indicated times. Cell lysates were analyzed by western blot. E, HEK 293T
cells were transfected with AXL-HA and LZTR1-FLAG or the empty vector. Cells were
serum starved and treated with Gas6 for the indicated times. Cell lysates were analyzed by

western blot. F, Lztr1+/+ and Lztr1-/- MEFs were serum starved and treated with EGF for the
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indicated times. Cell lysates were analyzed by western blot. G, Quantification of EGFR-GFP
for the experiment in F. H, HeLa cells transduced with non-targeting sgRNA (NT) or sgRNA
targeting LZTR1 were stimulated with increasing concentration of EGF and analyzed by
western blot. I, HeLa cells transduced as in H were stimulated with increasing concentration
of epiregulin and analyzed by western blot. J, HeLa cells transduced as in H were stimulated
with 800 ng/ml of Gas6 for the indicated time and analyzed by western blot. Experiments
were repeated at least twice with similar results. WCL, whole cell lysates; NT, non-targeting.
[0053] FIGS. SA-H. Loss of LZTR1 impairs EGFR and AXL trafficking to the
lysosome. A, CRISPR/Cas9 mediated LZTR1 knockout and control HeLa cells transduced
with pPLOC-EGFR were serum starved and treated with Alexa-Fluor-647 conjugated EGF.
Cells were fixed 5 and 45 min after treatment and immunostained using the EEA1 antibody.
B, Quantification by the Pearson’s correlation coefficient of co-localized Alexa-Fluor-647-
EGF and EEA1 at the indicated times after EGF stimulation. C, Cells treated as in A were
immunostained using Lamp1 antibody. D, Quantification by the Pearson’s correlation
coefficient of co-localized of Alexa-Fluor-647-EGF and Lamp1 at the indicated times after
EGF stimulation. E, CRISPR/Cas9 mediated LZTR1 knockout and control HeLa cells were
serum starved and treated with Gas6. Cells were fixed 15 and 60 min after treatment and
immunostained using the EEA1 and AXL antibodies. F, Quantification by the Pearson’s
correlation coefficient of co-localized AXL and EEA1 at the indicated times after Gas6
stimulation. G, Cells treated as in E were immunostained using Lamp1 and AXL antibodies.
H, Quantification by the Pearson’s correlation coefficient of co-localized AXL and Lampl at
the indicated times after Gas6 stimulation. Box plots in B, D, F and H span the first to the
third quartile and whiskers indicate the smallest and largest values; n >40 cells per sample.
Comparisons between groups were analyzed by t-test (two-tailed, unequal variance).
Experiments were repeated three times with similar results. sgNT data is shown in the left-
most bars for each condition and sgl.Z7R/ data is shown in the right-most bars for each
condition.

[0054] FIGS. 6A-H. LZTRI1 functions as a tumor suppressor in the mouse peripheral
nervous system. A, Kaplan Meier analysis of the survival of Lztr1{1/f1,Cdkn2 Afl/fl;GF AP-
Cre mice and controls. B, Incidence of tumors/tumor phenotypes in

Lztr111/f1;Cdkn2 Afl/fl;GF AP-Cre mice. C, Representative microphotographs of H&E and
immunophenotypic characterization of tumors in Lztr1{l/fl;Cdkn2 Afl/fl;GF AP-Cre mice
exhibiting schwannoma-like features (S1003, SOX10, Calretinin positivity) and EGFR and

14



WO 2024/103032 PCT/US2023/079424

AXL protein expression. D, Microphotographs of immunophenotypic characterization of
cells from #E0954 schwannoma-like tumor (Lztr1{I/fl;Cdkn2 Afl/fl;GF AP-Cre) using S100p3,
Calretinin, and EGFR and AXL antibodies. E, Mouse schwannoma-like tumor cells were
reconstituted with LZTR1. Cell lysates were analyzed by western blot. F, Proliferation curves
of the same cells in E. Data are mean + s.d. of n > 3 replicates. **, p<0.001; *** p<0.0001.
G, Representativemicrophotographs of immunohistochemistry for EGFR and AXL of human
sporadic (non-syndromic) schwannomas (left panel), schwannomas from patients carrying
germline alteration of LZTR1 (middle panel), or patients carrying germline mutation of
SMARCBI (right panel). H, Quantitative analysis of EGFR and AXL protein expression for
the experiment in G (t-test, two-tailed, unequal variance). The left-most data are for
“sporadic,” the middle data set are for “LZ7R/ germline mutant,” and the right-most data are
for “SMARCRBI germline mutant.”

[0055] FIGS. 7A-G. LZTR1 inactive tumors exhibit vulnerability to concurrent EGFR
and AXL inhibition. A, Evaluation of drug combination effect using the Bliss score for
treatment with Afatinib and Bemcentinib of schwannoma-like tumor cells from
Lztr1£1/f1;Cdkn2 Afl/fl;GF AP-Cre mouse. B, Evaluation of drug combination effect using the
Bliss score for treatment with Osimertinib and Bemcentinib of schwannoma-like tumor cells
from Lztr11/fl;Cdkn2 Afl/f1;GFAP-Cre mouse. C, Evaluation of drug combination effect
using the Bliss score for treatment with Osimertinib and Bemcentinib of FGFR3-TACC3
expressing mouse cancer cells (Lztrl wild type cells). D, Cells from schwannoma-like tumor
of Lztr1{1/f1;Cdkn2 Afl/fl; GF AP-Cre mice were treated with Osimertinib and Bemcentinib as
indicated and analyzed by western blot. E, Survival curve of mice injected subcutaneously
with mouse schwannoma-like tumor cells. Mice were treated with bemcentinib at S0 mg/kg
body weight, afatinib at 10 mg/kg body weight, bemcentinib at S0 mg/kg body weight plus
afatinib at 10 mg/kg body weight (5 days in/one day off regimen), or DMSO as control (at
least 7 mice for each treatment group); p-values are from the log-rank test. F, Mice were
treated with bemcentinib at 50 mg/kg body weight, osimertinib at 5 mg/kg body weight,
bemcentinib at 50 mg/kg body weight plus osimertinib at 5 mg/kg body weight (5 days in/one
day off regimen), or DMSO as control (10 mice for each treatment group). Tumor size was
measured every 2 days. Shown is the scatter plot of tumor size in each mouse under study
evaluated after the administration of 12 drug doses; p values are from the non-parametric t-

test. The left-most data are for “control,” the second to left data set are for “Bemcentinib,”

15



WO 2024/103032 PCT/US2023/079424

and second to right-most data are for “Osimertinib,” and the left-most data are for
“Combination.” G, Survival curve of the same mouse cohorts presented in F.

[0056] FIGS. 8A-E. LZTR1 regulates EGFR and AXL protein stability. A, Western blot
analysis and semiquantitative RT-PCR for EGFR of HeLa cells transduced with non-
targeting sgRNA (NT) or two independent sgRNA targeting LZTR1. B, Western blot analysis
and semiquantitative RT-PCR for AXL of HeLa cells transduced with non-targeting sgRNA
(NT) or two independent sgRNA targeting LZTR1. The asterisk indicates non-specific bands.
C, Lztr1"_Rosa-CreER astrocytes from two independent mice (#1 and #2) were treated with
ethanol or 4-OHT. Cell lysates were analyzed by western blot. D, Western blot analysis of
HeLa cells transduced with non-targeting sgRNA (NT) or two independent sgRNA targeting
LZTR1. E, U87 cells were infected with increasing amount of lentivirus containing LZTR1-
FLAG and selected with blasticidine. Cell lysates were analyzed by western blot.

[0057] FIGS. 9A-D. The Kelch domain of LZTR1 and carboxyl tail of EGFR are
required for their interaction. A, Schematic representation of deletion constructs of EGFR. B,
GST pull-down assay using GST-EGFR deletion mutants and lysates prepared from HEK
293T cell expressing LZTR1-FLAG. Reactions were analyzed by western blot using FLAG
antibody. Membranes were analyzed by western blot using GST antibody as a control for
GST fusion proteins included in each reaction. C, Schematic representation of deletion
constructs of LZTR1. D, GST pull-down assay using GST-LZTRI1 full length or deletion
mutants and lysates prepared from HEK 293T cells expressing EGFR-GFP. Reactions were
analyzed by western blot using EGFR antibody. Membranes were analyzed by western blot
using GST antibody as control for GST fusion proteins included in each reaction.
Experiments were repeated three times with similar results.

[0058] FIGS. 10A-G. Mechanism of LZTR1-mediated degradation of RIT1 and the
effect of LZTR1 mutations. A, HEK 293T cells were transfected with FLAG-RIT1 and
LZTRI1-FLAG and treated with bafilomycin A1 or bortezomib. Lysates were analyzed by
western blot. B, 293T cells were transfected with FLAG-RIT1, EGFR-MYC, AXL-HA and
LZTRI1-GFP as indicated. Cell lysates were immunoprecipitated with FLAG affinity matrix
and analyzed by western blot. C, HEK 293T cells were transfected with FLAG-RIT1 and
LZTRI1-FLAG and treated with MLN4924. Cell lysates were analyzed by western blot. D,
Schematic representation of Kelch domain or BTB-BACK domain mutations of LZTR1 E,
HEK 293T cells were transfected with EGFR-GFP and FLAG-tagged Kelch domain mutants
of LZTRI1. Cell lysates were immunoprecipitated with FLAG affinity matrix and analyzed by
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western blot. F, HEK 293T cells were transfected with FLAG-RIT1 and FLAG-tagged Kelch
domain mutants of LZTR1. Cell lysates were analyzed by western blot. G, HEK 293T cells
were transfected with EGFR-GFP and LZTR1-FLAG or the empty vector. Cells were serum
starved and treated with Chloroquine for 2 hours before the addition of EGF for the indicated
times. Cell lysates were immunoprecipitated with EGFR antibody in denaturing condition
and analyzed by western blot.

[0059] FIGS. 11A-B. LZTR1 co-localized with EGFR and AXL at the cellular
membrane upon ligand stimulation. A, HeLa cells co-expressing EGFR-GFP and LZTR1-
FLAG were exposed to EGF for 5 min. at 4 0C, fixed with paraformaldehyde,
immunostained with FLAG antibody and analyzed by confocal microscopy for co-
localization of EGFR-GFP and LZTR1-FLAG. Nuclei were counterstained with DAPI. Two
different cells are presented in the upper and lower left panels with each dashed square
highlighting the area that is presented at higher magnification in the right panel. Experiments
were repeated two times with similar results. B, HeLa cells expressing LZTR1-FLAG were
exposed to GAS6 for 5 min. at 4 0C, fixed with paraformaldehyde, immunostained with AXL
and FLAG antibodies and analyzed by confocal microscopy for co-localization of AXL and
LZTRI1-FLAG. Nuclei were counterstained with DAPI. Two different cells are presented in
the upper and lower left panels with each dashed square highlighting the area that is
presented at higher magnification in the right panel. Experiments were repeated two times
with similar results.

[0060] FIGS. 12A-D. Phenotype alterations in the liver and brain of Lztr1-deleted mice.
A, Representative microphotographs of H&E staining and Caspase-3 immunostaining of
E13.5 liver from Lztr1+/+ and Lztr1-/- embryos show massive apoptotic cell death in the
Lztrl-deleted liver. B, Representative microphotographs of H&E staining of E13.5
telencephalon from Lztr1+/+ and Lztr1-/- embryos. C, Quantification of
ventricular/subventricular zone (VZ/SVZ), intermediate zone (IZ) and cortical plate (CP) of
E13.5 Lztr1+/+ (n = 3) and Lztr1-/- embryos (n = 5). Comparisons between groups were
analyzed by t-test with Welch correction (two-tailed, unequal variance). The data at the
bottom of each bar are for “VZ/SVZ,” the data in the middle of each bar are for “IZ,” and the
data at the top of each bar are for “CP.” D, Representative microphotographs of EGFR and
AXL immunofluorescence of E14.5 dorsal root ganglia (DRG) from Lztr1+/+ and Lztr1-/-

embryos.

17



WO 2024/103032 PCT/US2023/079424

[0061] FIGS. 13A-E. EGFR and AXL protein expression in the brain and
immunohistochemical characterization of tumors of Lztr1{l/fl;Cdkn2afl/fl; GF AP-Cre+ mice.
A, Representative microphotographs of EGFR staining of E13.5 brain from Lztr1+/+ and
Lztrl-/- embryos. B, Representative microphotographs of AXL staining of E13.5 brain from
Lztr1+/+ and Lztrl-/- embryos. The left-most data are for “LZ7R/ germline mutant” and the
right-most data are for “Sporadic.” C, Semiquantitative characterization of the PNS tumors
by immunohistochemistry. D, Microphotograph of H&E (left panel) and EGFR
immunofluorescence (right panel) of one representative MPNST. E, Microphotograph of
H&E (left panel) and MPO immunofluorescence (right panel) of the spleen infiltrated by
myeloid malignant cells. Arrowheads indicate dysplastic megakaryocytes.

[0062] FIGS. 14A-F. Protein expression of LZTR1 substrates and pathway analysis in
human schwannoma A, Representative microphotographs of immunostaining for RIT1,
KRAS and HRAS of human schwannomas from patients carrying germline alteration of
LZTRI1 (left panel) or patient lacking LZTR1 germline lesions (right panel). B, Quantitative
analysis of RIT1, KRAS and HRAS protein expression for the experiment in A (t-test, two-
tailed, unequal variance). C, Gene expression heatmap including the top and bottom 100
genes differentially expressed between LZTR 1 germline mutant (n = 10) and wild type (n =
14) schwannoma from Mansouri et al. D, EGFR and RTK specific programs are activated in
the LZTR1 germline mutant schwannoma subset (Mann—Whitney—Wilcoxon Gene Set Test,
GST-MWW NES > 0.58 and FDR < 0.05; significant terms are indicated by the asterisk). E,
Heatmap of single-sample enrichment score for EGFR and RTK gene signatures (significant
terms are indicated by the asterisk, MWW p-value < 0.05). F. Boxplot of single-sample
enrichment score for significant EGFR and RTK gene signatures in LZTR1 germline mutant
(left-hand bars) and wild type (right-hand bar) schwannoma (MWW p-value < 0.05). EGF,
Epidermal growth factor; RPTK, Receptor protein tyrosine kinase; PTK, Protein tyrosine
kinase.

[0063] FIGS. 15A-1. Vulnerability of LZTR1 inactive cells to combination treatment of
EGFR and AXL inhibitors. A, Schwannoma-like tumor cells from

Lztr111/f1;Cdkn2 Afl/f1;GF APCre mice were treated with osimertinib and afatinib as indicated.
Cell lysates were analyzed by western blot. B, Quantitative analysis of phospho-EGFR for
the experiment in A. C, Microphotographs of colony forming assay of schwannoma-like
tumor cells from Lztr1{l/fl;Cdkn2 Afl/f1;GFAP-Cre mice after treatment with osimertinib,

bemcentinib or the combination. Cells were stained with crystal violet. D, Quantification of
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colonies in the experiment in C. Scatter plot indicates median and whiskers indicate the
smallest and largest values (n=3, ttest, two-tailed, unequal variance). E, Microphotographs of
colony forming assay schwannomalike tumor cells from Lztr1l/f1;Cdkn2 Afl/fl;GFAP-Cre
mice after treatment with afatinib, bemcentinib or the combination. Cells were stained with
crystal violet. F, Quantification of colonies in the experiment in E. Scatter plot indicates
median and whiskers indicate the smallest and largest values (n=3, t-test, two-tailed, unequal
variance). G, Microphotographs of colony forming assay of astrocytes treated with 4-OHT or
Ethanol (left panel). Quantification of the experiments in the right panel; Scatter plot
indicates median and whiskers indicate the smallest and largest values (n=3, t-test, two-tailed,
unequal variance). H, Evaluation of drug combination effect using the Bliss score for
treatment with osimertinib and bemcentinib of mouse Lztr1fl/fl;Rosa-Cre-ER astrocytes
treated with 4-OHT (Lztr1-deleted cells, left panel) or ethanol (wild type cells, right panel). I,
Evaluation of drug combination effect using the Bliss score for treatment with afatinib and
bemcentinib of mouse Lztr1{l/fl;Rosa-Cre-ER astrocytes treated with 4-OHT (Lztr1-deleted
cells, left panel) or ethanol (wild type cells, right panel).

DETAILED DESCRIPTION OF THE INVENTION

[0064] In some embodiments, the subject matter described herein relates to a combination
therapy including EGFR inhibitors and AXL inhibitors in the treatment of cancer. In some
embodiments, the cancer is glioblastoma. In some embodiments, the cancer is hepatocellular
cancer. In some embodiments, the cancer is esophagogastric cancer. In some embodiments,
the cancer is colorectal carcinoma. In some embodiments, the cancer is breast carcinoma. In
some embodiments, the cancer is lung adenocarcinoma. In some embodiments, the cancer
belongs to the clonal hematopoiesis disorders. In some embodiments, the cancer is a human
tumor predisposition syndrome such as, but not limited to, schwannomatosis and Noonan
syndrome.

[0065] In some embodiments the cancer harbors one or more genetic alterations in the
tumor suppressor gene LZTR1. Genetic loss of LZTRI1 is found in several cancer types. In
some embodiments, the cancer is glioblastoma. In some embodiments, the cancer is
hepatocellular cancer. In some embodiments, the cancer is esophagogastric cancer. In some
embodiments, the cancer is colorectal carcinoma. In some embodiments, the cancer is breast
carcinoma. In some embodiments, the cancer is lung adenocarcinoma. In some embodiments,
the cancer belongs to the clonal hematopoiesis disorders. In some embodiments, the cancer is
a human tumor predisposition syndrome such as, but not limited to, schwannomatosis and
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Noonan syndrome. In some embodiments, the genetic loss is due to one or more mutations
which result in LZTR1 protein disruptions. In some embodiments, the genetic loss is due to
LZTR1 gene deletion.

[0066] The LZTR1 gene encodes a protein that functions as a scaffold for ubiquitin ligase
complexes, enzymes that tag proteins with ubiquitin molecules leading to the proteins’
degradation through the proteasomal system. In some embodiments, the subject matter
described herein relates to the oncogenic receptor tyrosine kinases EGFR and AXL, which
are substrates of the LZTR 1-containing ubiquitin ligase complex. In some embodiments, loss
of LZTR1, and disabling the ubiquitin ligase activity, leads to stabilization and accumulation
of EGFR and AXL. In some embodiments, EGFR and AXL accumulation drives cancer
expansion. In some embodiments, accumulation of EGFR and AXL not only fosters cancer
hallmarks but also induces resistance to cancer therapy.

[0067] In some embodiments, the subject matter described herein relates to targeted
cancer therapy. In some embodiments the cancer therapy includes a combination of inhibitors
of the receptor tyrosine kinases. In some embodiments, the tyrosine receptor kinases are
EGFR and AXL. In some embodiments the cancer therapy includes a combination of
inhibitors of EGFR and AXL. In some embodiments, the EGFR and AXL inhibitor
combination is applied to any cancer type. In some embodiments, the cancer is glioblastoma.
In some embodiments, the cancer is hepatocellular cancer. In some embodiments, the cancer
is esophagogastric cancer. In some embodiments, the cancer is colorectal carcinoma. In some
embodiments, the cancer is breast carcinoma. In some embodiments, the cancer is lung
adenocarcinoma. In some embodiments, the cancer belongs to the clonal hematopoiesis
disorders. In some embodiments, the cancer is a human tumor predisposition syndrome such
as, but not limited to, schwannomatosis and Noonan syndrome. In some embodiments, the
cancer harbors genetic alterations in the LZTR1 gene.

[0068] In some embodiments, the subject matter described herein relates to cancer
therapeutics for a selected group of cancer patients. In some embodiments, the cancer patients
can be identified by the presence of genetic alterations of the LZTR1 gene. In some
embodiments, the cancer patients can be stratified in rational clinical trials for treatment with
a combination EGFR and AXL inhibitors.

[0069] In certain aspects, the subject matter described herein provides a method of
treating cancer in a subject in need thereof, the method comprising administering to the

subject a pharmaceutical composition comprising a therapeutically effective amount of at
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least one Leucine Zipper-like Transcription Regulator 1 (LZTR1) substrate inhibitor, wherein
the cancer is associated with a loss-of-function mutation in a LZ7TR/ gene.

[0070] In some embodiments, the cancer is associated with a loss-of-function mutation in
the LZTRI gene if one or more cells of the subject comprise the loss-of-function mutation in
the LZTRI gene. In some embodiments, a cell from the cancer or a tumor has the loss-of-
function mutation in the LZ7TR/ gene.

[0071] In some embodiments, the mutation is a somatic mutation. In some embodiments,
the mutation is a germline mutation. In some embodiments, the mutation comprises one or
more nucleotide insertion, deletion, or substitution mutations in the LZ7R/ gene or any
combination thereof. In some embodiments, the mutation comprises a deletion of at least a
portion of the LZTR/I gene. In some embodiments, the mutation is located in a BTB-Back
domain of the LZTR/1 gene. In some embodiments, the mutation is V456G, PS20L, L591R,
R688C, R810W, or S8131. In some embodiments, the mutation is located in a Kelch domain
of the LZTR1 gene. In some embodiments, the mutation is H71R, P115L, S122L, R170Q,
L187R, M202R, or M400R. In some embodiments, the mutation is located in a CUL-3-
interacting domain of the LZ7TR/ gene. In some embodiments, the mutation is located in a
substrate-interacting domain of the LZ7TR/ gene.

[0072] In some embodiments, the cancer is glioblastoma multiforme (GBM),
Schwannoma, hepatocellular cancer, esophagogastric cancer, colorectal cancer, breast
carcinoma, prostate cancer, lung adenocarcinoma, clonal hematopoiesis disorders or tumor
predisposition syndromes.

[0073] In some embodiments, the cancer is associated with higher levels of at least one
LZTRI1 substrate compared to a sample of non-cancerous tissue. In some embodiments, the
LZTRI1 substrate with higher levels is a Receptor Tyrosine Kinase (RTK). In some
embodiments, the RTK is Epidermal Growth Factor Receptor (EGFR). In some
embodiments, the RTK is AXL. In some embodiments, the LZTR1 substrate with higher
levels is RITT.

[0074] In some embodiments, the inhibitor comprises a small molecule inhibitor of a
LZTRI1 substrate, an antibody that specifically binds to a LZTR1 substrate, or a fragment
thereof, an antisense RNA or antisense DNA that decreases expression of a polypeptide of a
LZTRI1 substrate; a siRNA that specifically targets a LZTR1 substrate mRNA, a sgRNA that
specifically targets a nucleotide sequence encoding a LZTR1 substrate, or a combination

thereof.
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[0075] In some embodiments, the LZTR1 substrate inhibitor is a Receptor Tyrosine
Kinase (RTK) inhibitor. In some embodiments, the RTK inhibitor is an Epidermal Growth
Factor Receptor (EGFR) inhibitor. In some embodiments, the RTK inhibitor is an AXL
inhibitor. In some embodiments, the LZTR1 substrate inhibitor is a RIT1 inhibitor.

[0076] In some embodiments, the inhibitor comprises a small molecule inhibitor. In some
embodiments, the inhibitor comprises a small molecule inhibitor of a LZTR1 substrate,
wherein the small molecule inhibitor is afatinib or a pharmaceutically acceptable salt thereof,
osimertinib or a pharmaceutically acceptable salt thereof, or bemcentinib or a
pharmaceutically acceptable salt thereof.

[0077] In some embodiments, the pharmaceutical composition comprises a first RTK
inhibitor and a second RTK inhibitor. In some embodiments, both the first and second RTK
inhibitors are small molecule inhibitors. In some embodiments, the pharmaceutical
composition comprises an EGFR inhibitor and an AXL inhibitor. In some embodiments, the
two RTK inhibitors are osimertinib or a pharmaceutically acceptable salt thereof and
bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments, the two
RTK inhibitors are afatinib or a pharmaceutically acceptable salt thereof and bemcentinib or
a pharmaceutically acceptable salt thereof. In some embodiments, the pharmaceutical
composition comprises a first RTK inhibitor and the method further comprising
administering a second pharmaceutical composition comprising a second RTK inhibitor,
which is different from the first RTK inhibitor. In some embodiments, the pharmaceutical
composition comprises an EGFR inhibitor and the second pharmaceutical composition
comprises an AXL inhibitor. In some embodiments, the pharmaceutical composition
comprises osimertinib or a pharmaceutically acceptable salt thereof and the second
pharmaceutical composition comprises bemcentinib or a pharmaceutically acceptable salt
thereof. In some embodiments, the pharmaceutical composition comprises afatinib or a
pharmaceutically acceptable salt thereof and the second pharmaceutical composition
comprises bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments,
the pharmaceutical composition and the second pharmaceutical composition are administered
to the subject at the same time. In some embodiments, the pharmaceutical composition and
second pharmaceutical composition are administered to the subject at different times.

[0078] In some embodiments, the cancer is associated with a loss-of-function mutation in
a Cdkn24 gene. In some embodiments, the cancer is associated with a loss-of-function

mutation in the Cdkn2A gene if one or more cells of the subject comprise the loss-of-function
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mutation in the Cdkn2A4 gene. In some embodiments, a cell from the cancer or a tumor has
the loss-of-function mutation in the Cdkn2A4 gene. In some embodiments, administration of
the first and second RTK inhibitors provides a synergistic effect compared to administration
of either inhibitor alone. In some embodiments, the subject is a human.

[0079] In certain aspects, the subject matter disclosed herein provides a pharmaceutical
composition comprising a therapeutically effective amount of an EGFR inhibitor and an AXL
inhibitor.

[0080] In some embodiments, the EGFR inhibitor comprises osimertinib or a
pharmaceutically acceptable salt thereof and the AXL inhibitor comprises bemcentinib or a
pharmaceutically acceptable salt thereof. In some embodiments, the EGFR inhibitor
comprises afatinib or a pharmaceutically acceptable salt thereof and the AXL inhibitor
comprises bemcentinib or a pharmaceutically acceptable salt thereof.

[0081] In some embodiments, the pharmaceutical composition further comprises at least
one pharmaceutically acceptable excipient, diluent, and/or carrier. In some embodiments, the
pharmaceutical composition is for treating or ameliorating the effects of cancer in a subject
wherein the cancer is associated with a loss-of-function mutation in a LZ7R/ gene. In some
embodiments, administration of the EGFR and AXL inhibitors provides a synergistic effect
compared to administration of either inhibitor alone.

[0082] In certain aspects, the subject matter described herein provides a kit comprising a
first pharmaceutical composition comprising a therapeutically effective amount of an EGFR
inhibitor and a second pharmaceutical composition comprising a therapeutically effective
amount of an AXL inhibitor.

[0083] In some embodiments, the EGFR inhibitor comprises osimertinib or a
pharmaceutically acceptable salt thereof and the AXL inhibitor comprises bemcentinib or a
pharmaceutically acceptable salt thereof. In some embodiments, the EGFR inhibitor
comprises afatinib or a pharmaceutically acceptable salt thereof and the AXL inhibitor
comprises bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments,
each pharmaceutical composition further comprises at least one pharmaceutically acceptable
excipient, diluent, and/or carrier. In some embodiments, the combination therapy is for
treating or ameliorating the effects of cancer in a subject wherein the cancer is associated
with a loss-of-function mutation in a LZ7R/ gene. In some embodiments, administration of

the combination therapy provides a synergistic effect compared to administration of either
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pharmaceutical composition alone. In some embodiments, the first and second
pharmaceutical compositions are packaged together with instructions for their use.

[0084] In certain aspects, the subject matter described herein provides a method of
decreasing growth of a solid tumor in a subject in need thereof, the method comprising
administering to the subject a pharmaceutical composition comprising a therapeutically
effective amount of at least one Leucine Zipper-like Transcription Regulator 1 (LZTR1)
substrate inhibitor, wherein the composition decreases the size of the solid tumor, and
wherein the tumor is associated with a loss-of-function mutation in a LZ7R/ gene.

[0085] In some embodiments, the cancer is associated with a loss-of-function mutation in
the LZTRI gene if one or more cells of the subject comprise the loss-of-function mutation in
the LZTRI gene. In some embodiments, a cell from the cancer or a tumor has the loss-of-
function mutation in the LZ7TR/ gene.

[0086] In some embodiments, the mutation is a somatic mutation. In some embodiments,
the mutation is a germline mutation. In some embodiments, the mutation comprises one or
more nucleotide insertion, deletion, or substitution mutations in the LZ7R/ gene or any
combination thereof. In some embodiments, the mutation comprises a deletion of at least a
portion of the LZTR/I gene. In some embodiments, the mutation is located in a BTB-Back
domain of the LZTR/1 gene. In some embodiments, the mutation is V456G, PS20L, L591R,
R688C, R810W, or S8131. In some embodiments, the mutation is located in a Kelch domain
of the LZTR1 gene. In some embodiments, the mutation is H71R, P115L, S122L, R170Q,
L187R, M202R, or M400R. In some embodiments, the mutation is located in a CUL3-
interacting domain of the LZ7TR/ gene. In some embodiments, the mutation is located in a
substrate-interacting domain of the LZ7TR/ gene.

[0087] In some embodiments, the cancer is glioblastoma multiforme (GBM),
Schwannoma, hepatocellular cancer, esophagogastric cancer, colorectal cancer, breast
carcinoma, prostate cancer, lung adenocarcinoma, clonal hematopoiesis disorders or tumor
predisposition syndromes.

[0088] In some embodiments, the cancer is associated with higher levels of at least one
LZTRI1 substrate compared to a sample of non-cancerous tissue. In some embodiments, the
LZTRI1 substrate with higher levels is a Receptor Tyrosine Kinase (RTK). In some
embodiments, the RTK is Epidermal Growth Factor Receptor (EGFR). In some
embodiments, the RTK is AXL. In some embodiments, the LZTR1 substrate with higher
levels is RIT1.
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[0089] In some embodiments, the inhibitor comprises a small molecule inhibitor of a
LZTRI1 substrate, an antibody that specifically binds to a LZTR1 substrate, or a fragment
thereof, an antisense RNA or antisense DNA that decreases expression of a polypeptide of a
LZTRI1 substrate; a siRNA that specifically targets a LZTR1 substrate mRNA, a sgRNA that
specifically targets a nucleotide sequence encoding a LZTR1 substrate, or a combination
thereof. In some embodiments, the LZTR1 substrate inhibitor is a Receptor Tyrosine Kinase
(RTK) inhibitor. In some embodiments, the RTK inhibitor is an Epidermal Growth Factor
Receptor (EGFR) inhibitor. In some embodiments, the RTK inhibitor is an AXL inhibitor. In
some embodiments, the LZTR1 substrate inhibitor is a RIT1 inhibitor.

[0090] In some embodiments, the inhibitor comprises a small molecule inhibitor. In some
embodiments, the inhibitor comprises a small molecule inhibitor of a LZTR1 substrate,
wherein the small molecule inhibitor is afatinib or a pharmaceutically acceptable salt thereof,
osimertinib or a pharmaceutically acceptable salt thereof, or bemcentinib or a
pharmaceutically acceptable salt thereof.

[0091] In some embodiments, the pharmaceutical composition comprises a first RTK
inhibitor and a second RTK inhibitor. In some embodiments, both the first and second RTK
inhibitors are small molecule inhibitors. In some embodiments, the pharmaceutical
composition comprises an EGFR inhibitor and an AXL inhibitor. In some embodiments, the
two RTK inhibitors are osimertinib or a pharmaceutically acceptable salt thereof and
bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments, the two
RTK inhibitors are afatinib or a pharmaceutically acceptable salt thereof and bemcentinib or
a pharmaceutically acceptable salt thereof. In some embodiments, the pharmaceutical
composition comprises a first RTK inhibitor and the method further comprises administering
a second pharmaceutical composition comprising a second RTK inhibitor, which is different
from the first RTK inhibitor. In some embodiments, the pharmaceutical composition
comprises an EGFR inhibitor and the second pharmaceutical composition comprises an AXL
inhibitor. In some embodiments, the pharmaceutical composition comprises osimertinib or a
pharmaceutically acceptable salt thereof and the second pharmaceutical composition
comprises bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments,
the pharmaceutical composition comprises afatinib or a pharmaceutically acceptable salt
thereof and the second pharmaceutical composition comprises bemcentinib or a
pharmaceutically acceptable salt thereof. In some embodiments, the pharmaceutical

composition and the second pharmaceutical composition are administered to the subject at the
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same time. In some embodiments, the pharmaceutical composition and the second
pharmaceutical composition are administered to the subject at different times.

[0092] In some embodiments, the cancer is associated with a loss-of-function mutation in
a Cdkn24 gene. In some embodiments, the cancer is associated with a loss-of-function
mutation in the Cdkn2A gene if one or more cells of the subject comprise the loss-of-function
mutation in the Cdkn2A4 gene. In some embodiments, a cell from the cancer or a tumor has
the loss-of-function mutation in the Cdkn2A4 gene.

[0093] In some embodiments, administration of the first and second RTK inhibitors
provides a synergistic effect compared to administration of either inhibitor alone. In some
embodiments, the subject is a human.

[0094] In certain aspects, the subject matter described herein provides a method of
effecting cancer cell death, the method comprising contacting the cancer cell with an
effective amount of at least one Leucine Zipper-like Transcription Regulator 1 (LZTR1)
substrate inhibitor, wherein the cancer cell is from a cancer associated with a loss-of-function
mutation in a LZTR/1 gene.

[0095] In some embodiments, the cancer is associated with a loss-of-function mutation in
the LZTRI gene if one or more cells of the subject comprise the loss-of-function mutation in
the LZTRI gene. In some embodiments, the cancer cell has the loss-of-function mutation in
the LZTR1 gene.

[0096] In some embodiments, the mutation is a somatic mutation. In some embodiments,
the mutation is a germline mutation. In some embodiments, the mutation comprises one or
more nucleotide insertion, deletion, or substitution mutations in the LZ7R/ gene or any
combination thereof. In some embodiments, the mutation comprises a deletion of at least a
portion of the LZTR/I gene. In some embodiments, the mutation is located in a BTB-Back
domain of the LZTR/1 gene. In some embodiments, the mutation is V456G, PS20L, L591R,
R688C, R810W, or S8131. In some embodiments, the mutation is located in a Kelch domain
of the LZTR1 gene. In some embodiments, the mutation is H71R, P115L, S122L, R170Q,
L187R, M202R, or M400R. In some embodiments, the mutation is located in a CUL3-
interacting domain of the LZ7TR/ gene. In some embodiments, the mutation is located in a
substrate-interacting domain of the LZ7TR/ gene.

[0097] In some embodiments, the cancer is glioblastoma multiforme (GBM),

Schwannoma, hepatocellular cancer, esophagogastric cancer, colorectal cancer, breast
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carcinoma, prostate cancer, lung adenocarcinoma, clonal hematopoiesis disorders or tumor
predisposition syndromes.

[0098] In some embodiments, the cancer is associated with higher levels of at least one
LZTRI1 substrate compared to a sample of non-cancerous tissue. In some embodiments, the
LZTRI1 substrate with higher levels is a Receptor Tyrosine Kinase (RTK). In some
embodiments, the RTK is Epidermal Growth Factor Receptor (EGFR). In some
embodiments, the RTK is AXL. In some embodiments, the LZTR1 substrate with higher
levels is RITT.

[0099] In some embodiments, the inhibitor comprises a small molecule inhibitor of a
LZTRI1 substrate, an antibody that specifically binds to a LZTR1 substrate, or a fragment
thereof, an antisense RNA or antisense DNA that decreases expression of a polypeptide of a
LZTRI1 substrate; a siRNA that specifically targets a LZTR1 substrate mRNA, a sgRNA that
specifically targets a nucleotide sequence encoding a LZTR1 substrate, or a combination
thereof. In some embodiments, the LZTR1 substrate inhibitor is a Receptor Tyrosine Kinase
(RTK) inhibitor. In some embodiments, the RTK inhibitor is an Epidermal Growth Factor
Receptor (EGFR) inhibitor. In some embodiments, the RTK inhibitor is an AXL inhibitor. In
some embodiments, the LZTR1 substrate inhibitor is a RIT1 inhibitor.

[0100] In some embodiments, the inhibitor comprises a small molecule inhibitor. In some
embodiments, the inhibitor comprises a small molecule inhibitor of a LZTR1 substrate,
wherein the small molecule inhibitor is afatinib or a pharmaceutically acceptable salt thereof,
osimertinib or a pharmaceutically acceptable salt thereof, or bemcentinib or a
pharmaceutically acceptable salt thereof.

[0101] In some embodiments, the at least one LZTR1 substrate inhibitor comprises a first
RTK inhibitor and a second RTK inhibitor. In some embodiments, both the first and second
RTK inhibitors are small molecule inhibitors. In some embodiments, the first and second
RTK inhibitors comprise an EGFR inhibitor and an AXL inhibitor, respectively. In some
embodiments, the first and the second RTK inhibitors are osimertinib or a pharmaceutically
acceptable salt thereof and bemcentinib or a pharmaceutically acceptable salt thereof. In
some embodiments, the first and the second RTK inhibitors are afatinib or a pharmaceutically
acceptable salt thereof and bemcentinib or a pharmaceutically acceptable salt thereof.

[0102] In some embodiments, the at least one LZRT1 substrate inhibitor comprises a first
RTK inhibitor and the method further comprises administering a second pharmaceutical

composition comprising a second RTK inhibitor, which is different from the first RTK
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inhibitor. In some embodiments, the least one LZRT1 substrate inhibitor an EGFR inhibitor
and the second pharmaceutical composition comprises an AXL inhibitor. In some
embodiments, the least one LZRT1 substrate inhibitor comprises osimertinib or a
pharmaceutically acceptable salt thereof and the second pharmaceutical composition
comprises bemcentinib or a pharmaceutically acceptable salt thereof. In some embodiments,
the least one LZRT1 substrate inhibitor comprises afatinib or a pharmaceutically acceptable
salt thereof and the second pharmaceutical composition comprises bemcentinib or a
pharmaceutically acceptable salt thereof. In some embodiments, the first and second LZRT1
substrate inhibitors are administered to the subject at the same time. In some embodiments,
the first and second LZRT1 substrate inhibitor are administered to the subject at different
times.

[0103] In some embodiments, the cancer is associated with a loss-of-function mutation in
a Cdkn24 gene. In some embodiments, the cancer is associated with a loss-of-function
mutation in the Cdkn2A gene if one or more cells of the subject comprise the loss-of-function
mutation in the Cdkn2A4 gene. In some embodiments, a cell from the cancer or a tumor has
the loss-of-function mutation in the Cdkn2A4 gene.

[0104] In certain aspects, the subject matter described herein provides a method for
detecting the presence of a LZTR1 protein in a subject, the method comprising: (a) obtaining
a biological sample from the subject; and (b) detecting whether or not there is a LZTR 1
protein present in the subject.

[0105] In some embodiments, the detecting comprises measuring LZRT1 protein levels
by an antibody directed to the LZRT1 protein, Western blot using an antibody directed to the
LZRT1 protein, ELISA using an antibody directed to the LZRT1 protein, mass spectroscopy,
or a combination thereof. In some embodiments, the method further comprises administering
to the subject a pharmaceutical composition comprising a therapeutically effective amount of
at least one RTK inhibitor if the LZTR1 protein is not present in the sample.

[0106] In certain aspects, the subject matter described herein provides a method for
detecting the presence of a mutant LZTR1 protein in a subject, the method comprising: (a)
obtaining a biological sample from the human subject; and (b) detecting whether or not there
is a nucleic acid sequence encoding a mutant LZTR1 protein in the subject.

[0107] In some embodiments, the detecting comprises using hybridization, amplification,
or sequencing techniques to detect the mutant LZTR1 protein. In some embodiments, the

LZTR1 mutation comprises one or more nucleotide insertion, deletion, or substitution
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mutations in the LZTR/ gene or any combination thereof. In some embodiments, the LZTR1
mutation comprises a deletion of at least a portion of the LZ7R/ gene. In some embodiments,
the LZTR1 mutation is located in a BTB-Back domain of the LZ7TR/ gene. In some
embodiments, the LZTR1 mutation is V456G, P520L, L591R, R688C, R810W, or S8131. In
some embodiments, the LZTR1 mutation is located in a Kelch domain of the LZTR/ gene. In
some embodiments, the mutation is H71R, P115L, S122L, R170Q, L187R, M202R, or
M400R. In some embodiments, the LZTR1 mutation is located in a CUL-3-interacting
domain of the LZ7R1 gene. In some embodiments, the LZTR1 mutation is located in a
substrate-interacting domain of the LZ7TR/ gene. In some embodiments, the method further
comprises administering to the subject a pharmaceutical composition comprising a
therapeutically effective amount of at least one RTK inhibitor if a nucleic acid sequence
encoding a mutant LZTR1 protein is present in the sample.

[0108] In certain aspects, the subject matter described herein provides a diagnostic kit for
determining whether a sample from a subject exhibits a presence of a nucleic acid encoding a
mutant LZTR1 protein, the kit comprising at least one oligonucleotide that specifically
hybridizes to the nucleic acid encoding the mutant LZTR1.

[0109] In some embodiments, the at least one oligonucleotide comprises a set of nucleic
acid primers or in situ hybridization probes. In some embodiments, the primers prime a
polymerase reaction only when a mutant LZTR1 protein is present.

[0110] In some embodiments, the LZTR1 mutation comprises one or more nucleotide
insertion, deletion, or substitution mutations in the LZ7R/ gene or any combination thereof.
In some embodiments, the LZTR1 mutation comprises a deletion of at least a portion of the
LZTRI gene. In some embodiments, the LZTR1 mutation is located in a BTB-Back domain
of the LZTRI gene. In some embodiments, the LZTR1 mutation is V456G, P520L, L591R,
R688C, R810W, or S8131. In some embodiments, the LZTR1 mutation is located in a Kelch
domain of the LZTR/ gene. In some embodiments, the mutation is H71R, P115L, S122L,
R170Q, L187R, M202R, or M400R. In some embodiments, the LZTR1 mutation is located in
a CUL-3-interacting domain of the LZTR/ gene. In some embodiments, the LZTR1 mutation
is located in a substrate-interacting domain of the LZ7R/ gene. In some embodiments, the
determining comprises gene sequencing, selective hybridization, selective amplification, gene

expression analysis, or a combination thereof.
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Ubiquitination and the Role of Leucine Zipper-like Transcription Regulator 1 (LZTR1)
[0111] Ubiquitylation is a key post-translational protein modification that regulates
protein stability, cell proliferation and differentiation. An imbalance in ubiquitination-
mediated protein degradation can lead to the development of tumors and cancers such as
glioblastoma, prostate cancer, lung cancer, liver cancer, etc. Thus, the ubiquitination process,
which target proteins for degradation, is a complicated and tightly regulated process. Under
the action of the ubiquitin-conjugating enzyme E2, activated ubiquitin is transferred to a
specific substrate (protein targeted for degradation) along with an E3 ubiquitin ligase.
Substrate recognition for ubiquitin ligation is determined by E3 ubiquitin ligases. One of the
best known E3 ligase family is cullin (CUL)-RING E3 ubiquitin ligase, which consists of a
molecular scaffold connecting a substrate-specific adaptor protein to a catalytic component
comprising a RING finger domain and an E2 ubiquitin-conjugating enzyme. E3 adaptors of
CUL3 include speckle-type protein (SPOP), Kelch repeat and BTB domain-containing
protein 8 (KBTBDS) and Kelch-like ECH-associated protein 1 (KEAP1). These adaptors are
composed of a similar structure called broad-complex, tramtrack and bric-a-brac (BTB)
domain, which combines the substrate receptor and adaptor functions into the CUL3-RBX1
E3 ubiquitin ligase complex.

[0112] LZTRI1 is also a member of the BTB-Kelch superfamily proteins. It is the
substrate-specific adaptor for CUL3 ubiquitin ligase complex. LZTR1 was initially identified
as a transcriptional regulator due to its weak homology to known members of the basic
leucine zipper-like family. BTB-Kelch superfamily protein members generally interact with
actin filaments and play important roles in transcriptional regulation and protein
ubiquitination. However, LZTR1 shows no interaction with actin but is localized on the Golgi
complex. Loss of function LZTR1 mutations ultimately lead to accumulation of one or more
LZRT1 substrates in the cell due to abrogated degradation. Mutations in the LZTR1 gene
occur in 4.4% of those with GBM and 24.4% of those with schwannomatosis. These diseases
associated with abnormal function of RAS proteins, which is consistent with the fact that the
RAS superfamily, including KRAS, NRAS, RAS-like without CAAX1 (RIT1) and RAF1,
are substrates of LZTR1 for ubiquitination. Disease-associated LZTR1 mutations lead to loss
of LZTR1 ubiquitination capability and ultimately to excessive activation of RAS/MAPK

signaling.
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LZTRI mutations

[0113] The primary structure of the LZTR1 protein includes six Kelch motifs at the N-
terminus and two C-terminal BTB-BACK domains. The Kelch domains selectively recruit
substrates (target protein for ubiquitination). The BACK domains mediate dimerization and
the binding of LZTR1 to CUL3. The majority of glioblastoma-related LZTR1 mutations are
clustered in the Kelch domains. These mutant proteins are defective in LZTR1-mediated
substrate binding, thus preventing the formation of substrate-LZTR1-CUL3 complexes and
the efficient ubiquitination and degradation of the substrate. This cascade ultimately results in
excessive activation and/or accumulation of the substrate. Examples of such mutations
include, but are not limited to, Trp105Arg, Asp139Ala, Asn143Thr, Gly195Ser, Argl198Gly,
Gly248Arg, Arg284Ser, Thr288lle, and G404Glu in the Kelch domains. An example of a
LZTR1 mutation in the BTB-BACK domains is Arg810Trp. Most mutations in the LZTR1
BACK domains exhibit reduced interaction with CUL3.

[0114] Schwannomatosis-associated LZTR1 mutations are more evenly distributed across
all domains These mutations can result in failure to bind with CUL3. Example of
schwannomatosis-associated LZTR 1 mutations in the Kelch domains include, but are not
limited to, His71Arg, Prol15Leu, Ser122Leu, Argl70Gln, Leul87Leu, Met202Arg,
Arg284Cys, Gly285Arg, Met400Arg, and Gly404Arg. Example of schwannomatosis-
associated LZTR 1 mutations in the BTB-BACK domains include, but are not limited to,
Val456Gly, Arg466GIn(Trp), Pro520Leu, Met665Lys, Arg688His(Cys), Leu812Pro, and
Ser813Leu.

[0115] LZTR1 mutations in GBM include 4.4% non-synonymous mutations and 22.4%
focal deletions in the coding sequence. RIT1 is an important pathogenic factor of GBM. RIT1
participates in the activation of the MAPK/ERK signaling pathway and plays crucial roles in
many physiological processes. Endogenous RIT1 interacts with LZTR1 and may mediate the
effects of mutant LZTR1 in GBM. 9 out of 10 LZTR1 mutations occur in the LZTR1 Kelch
domains and greatly impair the RIT1-LZTR1 interaction. Therefore, LZTR1 suppresses the
MAPK/ERK signaling pathway by degrading RIT1 to inhibit proliferation and migration of
GBM cells; however, GBM-associated LZTR1 mutations impair this function.

[0116] Schwannomatosis is a hereditary disease characterized by schwannomas in the
spinal and peripheral nerves as well as benign tumors throughout the nervous system.

Germline mutations in the LZTR1 gene occur in 41 out of 168 sporadic patients with
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schwannomatosis (24.4%). Schwannomatosis-associated LZTR1 mutations are uniformly
located in almost every LZTR1 domain.

[0117] In some embodiments, the subject matter described herein relates to mutant
LZTRI1 protein having at least one mutation that leads to loss of LZTR1 function. In some
embodiments, the mutation is in any LZTR1 domain. In some embodiments, mutant LZTR 1
has multiple mutations in different domains. In some embodiments, the mutation comprises
one or more nucleotide insertion, deletion, or substitution mutations in the LZ7R/ gene or any
combination thereof. In some embodiments, the mutation comprises a deletion of at least a
portion of the LZTR/I gene. In some embodiments, the mutation is located in a BTB-Back
domain of the LZTR/1 gene. In some embodiments, the mutation is V456G, PS20L, L591R,
R688C, R810W, or S8131 in the BTB-Back domain. In some embodiments, the mutation is
located in a Kelch domain of the LZ7R/ gene. In some embodiments, the mutation is H71R,
P115L, S122L, R170Q, L187R, M202R, or M400R in the Kelch domain. In some
embodiments, wherein the mutation is located in a CUL-3-interacting domain of the LZTR/
gene. In some embodiments, the mutation is located in a substrate-interacting domain of the
LZTRI gene. In some embodiments, mutant LZTRI fails to ubiquitinate a substrate. In some
embodiments, the substrate is a RTK. In some embodiments, the substrate is EGFR. In some
embodiments, the substrate is AXL. In some embodiments, the substrate is RIT1.

[0118] The amino acid sequence of human LZTR1 can be accessed at uniprot.org using
accession number Q8N653, the amino acid sequence is hereby incorporated by reference and
can be easily accessed by a person of skill in the art. Uniprot also provides the domains of
LZTRI1. In some embodiments, the Kelch domain comprises amino acids 54-425 as shown in
Fig. 10D. In some embodiments, the BTB-Back domain comprises amino acids 426-840,

with BTB and Back domains as shown in Fig. 10D.

Receptor Tyrosine Kinases and their Inhibitors

[0119] Receptor tyrosine kinases (RTKs) are major components of many signal
transduction pathways that mediate cell-to-cell communication. RTKSs are single-pass
transmembrane receptors, which bind polypeptide ligands, mainly growth factors, and play
key roles in processes such as cellular growth, differentiation, metabolism and motility.
RTKs are activated through ligand-induced oligomerization of the receptor, typically
dimerization, which brings together the cytoplasmic domains of the receptor, which contain
the tyrosine kinase domains. This facilitates autophosphorylation of tyrosine residues in the

kinase activation loop, inducing conformational changes that ultimately stabilize the active
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state of the kinase. These phosphotyrosine residues serve as recruitment sites for a various
down-stream signaling proteins.

[0120] The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that is
activated by binding of its ligand, the epidermal growth factor (EGF). EGFR is a single chain
transmembrane glycoprotein consisting of an extracellular ligand-binding ectodomain, a
transmembrane domain, a short juxtamembrane section, a tyrosine kinase domain and a
tyrosine-containing C-terminal tail. Binding of its soluble EGF ligand to the ectodomain of
the receptor promotes receptor dimer formation and initiation of downstream signaling
cascades. Phosphotyrosine residues activate, either directly or through adaptor proteins,
downstream components of various signaling pathways including Rass/MAPK, PLCy1/PKC,
PI(3)kinase/Akt, and STAT pathways. Activated EGFR stimulates cell proliferation, survival,
differentiation and migration. Tight regulatory control of these EGFR signaling pathways is
paramount to avoid tumor development. The active EGFR signal can be immediately
quenched through dephosphorylation, internalization of the activated receptors, and
ubiquitination and degradation of the activated receptors. Activated, tyrosine phosphorylated
EGFR can bind the E3 ubiquitin ligase Cbl, which is capable of ubiquitinylating EGFR
leading to lysosomal degradation of the receptor.

[0121] AXL is a member of the TAM family. AXL’s high-affinity ligand is growth
arrest-specific protein 6 (GAS6). The Gas6/AXL signaling pathway plays a role in tumor cell
growth, cancer, metastasis, invasion, epithelial-mesenchymal transition (EMT). Different
therapeutic agents targeting AXL have been developed, for example small molecule
inhibitors, monoclonal antibodies (mAbs), nucleotide aptamers, soluble receptors, and several
natural compounds. The AXL gene is located at chromosome 19q13.2 and was first identified
in patients with chronic myeloid leukaemia (CML). The extracellular domain of AXL
consists of two immunoglobulin (Ig)-like repeats and two fibronectin type III (Fro III)-like
repeats that resemble neural cell adhesion molecules (NCAMs). The Ig motifs play a role in
the binding of AXL with its ligand Gas6. The intracellular domain is involved in auto-
phosphorylation and AXL’s subsequent kinase activity. AXL is expressed in monocytes,
platelets, endothelial cells, hippocampus, cerebellum, heart, and liver. AXL regulates cell
survival, the non-inflammatory clearance of apoptotic cells by phagocytic cells, natural killer
cell differentiation, platelet aggregation among others. Binding of AxI to Gas6 also induces
the ubiquitination of Axl and the interaction of Axl with the ubiquitin ligase ¢c-Cbl. This

posttranslational modification is required for efficient AXL degradation in the lysosome.
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[0122] Osimertinib is currently the only FDA- and EMA-approved third-generation
small-molecule epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor. It was
initially indicated for second-line treatment of patients with metastatic EGFR T790M
mutation-positive non-small cell lung cancer (NSCLC). Osimertinib selectively targets the
intracellular tyrosine kinase domain of EGFR. Osimertinib inhibits overactive downstream
signals of the EGFR signaling pathway, thus, inhibiting proliferation, differentiation, and

survival of the cancerous cells are suppressed. Osimertinib has the following structure:

In some embodiments, the methods, compositions, and kits described herein comprise
osimertinib. In some embodiments, the methods, compositions, and kits described herein
comprise osimertinib or pharmaceutically acceptable salts thereof.

[0123] Afatinib is a kinase inhibitor used as monotherapy for the first-line treatment of
Epidermal Growth Factor Receptor (EGFR) tyrosine kinase inhibitor in naive adult patients
with locally advanced or metastatic non-small cell lung cancer (NSCLC). Patients usually
have tumors with non-resistant EGFR mutations. Afatinib covalently binds to the kinase
domains of EGFR, resulting in irreversible inhibition of tyrosine kinase autophosphorylation.

Afatinib has the following structure:
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In some embodiments, the methods, compositions, and kits described herein comprise
afatinib. In some embodiments, the methods, compositions, and kits described herein

comprise afatinib or pharmaceutically acceptable salts thereof.
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[0124] Bemcentinib had is a small molecule inhibitor of AXL. Bemcentinib targets the
intracellular catalytic kinase domain of the AXL receptor tyrosine kinase. Upon binding, it
inhibits its kinase activity. Bemcentinib also enhances sensitivity to various therapies
including chemotherapy, immunotherapy and several targeted therapeutics. Bemcentinib has

the following structure:
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In some embodiments, the methods, compositions, and kits described herein comprise
bemcentinib. In some embodiments, the methods, compositions, and kits described herein

comprise bemcentinib or pharmaceutically acceptable salts thereof.

Cancer Treatment

[0125] In some embodiments, the subject matter described herein provides a method of
decreasing the growth of a solid tumor in a subject in need thereof. In some embodiments, the
tumor is associated with, but not limited to, glioblastoma multiforme (GBM), Schwannoma,
hepatocellular cancer, esophagogastric cancer, colorectal cancer, breast carcinoma, prostate
cancer, lung adenocarcinoma, clonal hematopoiesis disorders, or tumor predisposition
syndromes. In one embodiment, the method comprises detecting the presence of a mutant
LZTRI1 protein in a sample obtained from a subject. In some embodiments, the sample is
incubated with an agent that binds to a mutant LZTR1 protein or a nucleic acid encoding
mutant LZTR1 protein, such as an antibody, a probe, a nucleic acid primer, and the like.
[0126] In some embodiments, the subject matter described herein relates to treatment of
mutant LZRT1 protein-associated solid tumor or cancer. In some embodiments, a tumor or
cancer is associated with mutant LZRT]1 if the subject has a mutation in LZRT1. In some
embodiments, a tumor or cancer is associated with mutant LZRT1 if one or more cells of the
tumor or cancer of the subject comprises a mutation in LZRT1. In some embodiments, the
solid tumor or cancer is associated with accumulation of one or more substrates of LZRT1
protein. In some embodiments, the treatment comprises administering a pharmaceutical
composition to a subject in need thereof comprising a therapeutically effective amount of an

agent that decreases the expression levels or activity of a substrate of a LZRT1 protein. In
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some embodiments, the treatments, the substrate is a RTK. In some embodiments, the RTK is
EGFR. In some embodiments, the RTK is AXL. In some embodiments, the substrate is RIT1.
In some embodiments, the treatment comprises administering to the subject an effective
amount of a RTK inhibitor, wherein the inhibitor decreases the size of the solid tumor. In
some embodiments, the inhibitor is an EGFR inhibitor. In some embodiments, the RTK
inhibitor is an AXL inhibitor. In some embodiments, the inhibitor is afatinib, osimertinib,
bemcentinib, or any combination thereof. In some embodiments, the pharmaceutical
composition comprises two RTK inhibitors. In some embodiments, the two inhibitors are
afatinib and bemcentinib. In some embodiments, the two inhibitors are osimertinib and
bemcentinib.

[0127] In some embodiments, the subject matter disclosed herein also provides a method
for treating or preventing a mutant LZTR1 protein-associated cancer in a subject. In one
embodiment, the mutant LZTR1 protein-associated cancer comprises glioblastoma
multiforme (GBM), Schwannoma, hepatocellular cancer, esophagogastric cancer, colorectal
cancer, breast carcinoma, prostate cancer, lung adenocarcinoma, clonal hematopoiesis
disorders, or tumor predisposition syndromes. In one embodiment, the method comprises
detecting the presence of a mutant LZTR1 protein in a sample obtained from a subject, the
presence of the mutant protein being indicative of a mutant LZTRI1 protein-associated cancer,
and, administering to the subject in need a therapeutic treatment against the mutant LZTR1
protein-associated cancer. In some embodiments, the sample is incubated with an agent that
binds to a mutant LZTR1 protein, such as an antibody, a probe, a nucleic acid primer, and the
like.

[0128] In some embodiments, the subject matter described herein also provides a method
for decreasing in a subject in need thereof the expression level or activity of a substrate of a
LZTRI1 protein. In some embodiments the LZTR1 protein is a mutant LZTR1 protein. In
some embodiments, the substrate is a RTK. In some embodiments, the RTK is EGFR. In
some embodiments, the RTK is AXL. In some embodiments, the substrate is RIT1. In some
embodiments, the method comprises obtaining a biological sample from the subject. In some
embodiments, the sample is incubated with an agent that binds to a mutant LZTR1 protein,
such as an antibody, a probe, a nucleic acid primer, and the like. In some embodiments, the
method comprises administering to the subject a therapeutic amount of a composition
comprising an admixture of a pharmaceutically acceptable excipient, diluent, and/or carrier

and an inhibitor of a substrate of the LZTR1 protein. In another embodiment, the method
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further comprises determining the mutant LZTR1 protein expression level or activity. In
another embodiment, the method further comprises determining the expression level or
activity of a substrate of the LZTRI1 protein. In another embodiment, the method further
comprises detecting whether the level or activity of the substrate of the LZTR1 protein is
decreased as compared to the expression level or activity of the substrate of the LZTR1
protein prior to administration of the composition, thereby decreasing the expression level or
activity of the substrate of the LZTR1 protein.

[0129] In some embodiments, the mutation of the mutant LZTR 1 protein comprises one
or more nucleotide insertion, deletion, or substitution mutations in the LZ7R/ gene or any
combination thereof. In some embodiments, the mutation of the mutant LZTR1 protein
comprises a deletion of at least a portion of the LZ7TR/ gene. In some embodiments, the
mutation of the mutant LZTR1 protein is located in a BTB-Back domain of the LZ7R/ gene.
In some embodiments, the mutation is V456G, P520L, L591R, R688C, R810W, or S8131 in
the BTB-Back domain. In some embodiments, the mutation of the mutant LZTRI1 protein is
located in a Kelch domain of the LZ7R/ gene. In some embodiments, the mutation is H71R,
P115L, S122L, R170Q, L187R, M202R, or M400R in the Kelch domain. In some
embodiments, the mutation of the mutant LZTR1 protein is located in a CUL-3-interacting
domain of the LZTR/ gene. In some embodiments, the mutation of the mutant LZTR1 protein
is located in a substrate-interacting domain of the LZ7R/ gene.

[0130] The administering step in each of the methods described herein can comprise
administration of a pharmaceutical composition, such as a RTK inhibitor (for example, a
small molecule that specifically binds to a RTK such as afatinib, osimertinib, bemcetinib, or
any combination thereof; an antisense RNA or antisense DNA that decreases expression of a
substrate of a LZTR1 protein; a siRNA that specifically targets a gene encoding a substrate of
a LZTR1 protein; or a combination thereof). In another embodiment, administration of the
pharmaceutical composition decreases the size of the solid tumor. In some embodiments, the
solid tumor is associated with glioblastoma multiforme (GBM), Schwannoma, hepatocellular
cancer, esophagogastric cancer, colorectal cancer, breast carcinoma, prostate cancer, lung
adenocarcinoma, clonal hematopoiesis disorders, or tumor predisposition syndromes.

[0131] In another embodiment, the pharmaceutical composition to be administered
comprises an siRNA directed to a human nucleic acid sequence comprising a substrate of a
LZTRI1 protein. In a further embodiment, the pharmaceutical composition to be administered

comprises an antibody or binding fragment thereof, which is directed against a substrate of a
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LZTRI1 protein. In some embodiments, the pharmaceutical composition to be administered
comprises a small molecule that specifically binds to the LZTR1 substrate. In some
embodiments, the substrate is an RTK. In some embodiments, the RTK is EGFR. In some
embodiments, the RTK is AXL. In some embodiments, the small molecule is afatinib,
osimertinib, bemcetinib, or any combination thereof.

[0132] In one embodiment, the subject matter described herein provides for the detection
of a chromosomal rearrangement at given chromosomal coordinates. In some embodiments,
the chromosomal rearrangement affects the LZ7R/ gene. In some embodiments, the
chromosomal rearrangement is in human chromosome 22. In some embodiments, the
chromosomal coordinates are 22q11.21. In some embodiments, these chromosomal
coordinates encompass a gene encoding the LZTR1 protein. In another embodiment, the
detection or determination comprises nucleic acid sequencing, selective hybridization,
selective amplification, gene expression analysis, or a combination thereof. In another
embodiment, the detection or determination comprises protein expression analysis, for
example by western blot analysis, ELISA, or other antibody detection methods. In some
embodiments, a mutation in LZTR1 can be determined at the level of the DNA, RNA, or
polypeptide. In some embodiments, the detections can be determined by performing a
hybridization assay, a sequencing assay, an allele-specific amplification assay, a
microsequencing assay, a melting curve analysis, a denaturing high performance liquid
chromatography (DHPLC) assay (for example, see Jones et al, (2000) Hum Genet.,
106(6):663-8), or a combination thereof. In one embodiment, the detection is performed by
sequencing all or part of a nucleic acid encoding the LZTRI1 protein or by selective
hybridization or amplification of all or part of a nucleic acid encoding the LZTR1 protein.
[0133] In some embodiments, the subject matter described herein provides for a method
of detecting a chromosomal alteration in a subject afflicted with a mutant LZTR1 protein-
associated cancer. In some embodiments, the chromosomal alteration is a chromosomal
translocation. An alteration in a chromosome region occupied by the LZ7R/ gene can be any
form of mutation(s), deletion(s), rearrangement(s) and/or insertions in the coding and/or non-
coding region of the locus, alone or in various combination(s). Mutations can include point
mutations. Insertions can encompass the addition of one or several residues in a coding or
non-coding portion of the gene locus. Insertions can comprise an addition of between 1 and

50 base pairs in the gene locus. Deletions can encompass any region of one, two or more
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residues in a coding or noncoding portion of the gene locus, such as from two residues up to
the entire gene or locus.

[0134] Deletions can affect smaller regions, such as different domains (introns) or
repeated sequences or fragments of less than about 50 consecutive base pairs, although larger
deletions can occur as well. Rearrangement includes inversion of sequences. The alteration in
a chromosome region occupied by the LZTR1 gene, can result in amino acid substitutions,
RNA splicing or processing, product instability, the creation of stop codons, production of
oncogenic fusion proteins, frame-shift mutations, and/or truncated polypeptide production.
The alteration can result in the production of a mutant LZTR1 protein with altered function,
stability, targeting or structure. The alteration can also cause a reduction in, or even
elimination of protein expression. This alteration can be determined at the level of the DNA,
RNA, or polypeptide. In another embodiment, the detection or determination comprises
nucleic acid sequencing, selective hybridization, selective amplification, gene expression
analysis, or a combination thereof. In another embodiment, the detection or determination
comprises protein expression analysis, for example by western blot analysis, ELISA, or other
antibody detection methods.

[0135] In some embodiments, the subject matter described herein provides a method for
treating a mutant LZTR1-associated cancer in a subject in need thereof. In one embodiment,
the method comprises obtaining a sample from the subject to determine the level of
expression of the LZTR1 protein in the subject. In one embodiment, the method comprises
obtaining a sample from the subject to determine the level of expression or activity of a
substrate of the LZTRI1 protein in the subject. In some embodiments, the sample is incubated
with an agent that binds to a mutant LZTR1 protein or to a substrate of the LZTR1 protein,
such as an antibody, a probe, a nucleic acid primer, and the like. In another embodiment, the
detection or determination comprises nucleic acid sequencing, selective hybridization,
selective amplification, gene expression analysis, or a combination thereof. In another
embodiment, the detection or determination comprises protein expression analysis, for
example by western blot analysis, ELISA, or other antibody detection methods.

[0136] In some embodiments, the method further comprises assessing whether to
administer an inhibitor of a substrate of the LZTR1 based on the expression pattern of the
mutant LZTR1 or its substrates in the subject’s sample. In further embodiments, the method
comprises administering an inhibitor of a substrate of the LZTR1 to the subject. In one

embodiment, the mutant LZTR 1-associated cancer comprises an epithelial cancer. In one
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embodiment, the mutant LZTR 1-associated cancer comprises glioblastoma multiforme
(GBM), Schwannoma, hepatocellular cancer, esophagogastric cancer, colorectal cancer,
breast carcinoma, prostate cancer, lung adenocarcinoma, clonal hematopoiesis disorders, or
tumor predisposition syndromes.

[0137] In one embodiment, the subject matter described herein provides for a method of
detecting the presence of altered RNA expression encoding a mutant LZTR1 protein in a
subject, for example one afflicted with a mutant LZTR1 protein-associated cancer. In another
embodiment, the invention provides for a method of detecting the presence of a mutant
LZTRI1 protein in a subject. In some embodiments, the method comprises obtaining a sample
from the subject to determine whether the subject expresses a mutant LZTR1 protein. In
some embodiments, the sample is incubated with an agent that binds to a mutant LZTR1
protein, such as an antibody, a probe, a nucleic acid primer, and the like. In other
embodiments, the detection or determination comprises nucleic acid sequencing, selective
hybridization, selective amplification, gene expression analysis, or a combination thereof. In
another embodiment, the detection or determination comprises protein expression analysis,
for example by western blot analysis, ELISA, or other antibody detection methods. In some
embodiments, the method further comprises assessing whether to administer an inhibitor of a
substrate of the LZTR1 protein based on the expression pattern of the mutant LZTR1 and/or
its substrate in the subject. Altered RNA expression includes the presence of an altered RNA
sequence, the presence of an altered RNA splicing or processing, or the presence of an altered
quantity of RNA. These can be detected by various techniques known in the art, including
sequencing all or part of the RNA or by selective hybridization or selective amplification of
all or part of the RNA. Altered polypeptide expression includes the presence of an altered
polypeptide sequence, the presence of an altered quantity of polypeptide, or the presence of
an altered tissue distribution. These can be detected by various techniques known in the art,
including by sequencing and/or binding to specific ligands (such as antibodies and
hybridization probes). In one embodiment, the detecting comprises using a northern blot; real
time PCR and primers; a ribonuclease protection assay; a hybridization, amplification, or
sequencing technique to detect a nucleotide sequence encoding a mutant LZTR1 protein; or a
combination thereof.

[0138] Various techniques known in the art can be used to detect or quantify altered gene
or RNA expression or nucleic acid sequences, which include, but are not limited to,

hybridization, sequencing, amplification, and/or binding to specific ligands (such as
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antibodies and hybridization probes). Other suitable methods include allele-specific
oligonucleotide (ASO), oligonucleotide ligation, allele-specific amplification, Southern blot
(for DNASs), Northern blot (for RNAs), single-stranded conformation analysis (SSCA),
PFGE, fluorescent in situ hybridization (FISH), gel migration, clamped denaturing gel
electrophoresis, denaturing HLPC, melting curve analysis, heteroduplex analysis, RNase
protection, chemical or enzymatic mismatch cleavage, ELISA, radio-immunoassays (RIA)
and immuno-enzymatic assays (IEMA). Some of these approaches (such as SSCA and
constant gradient gel electrophoresis (CGGE)) are based on a change in electrophoretic
mobility of the nucleic acids, as a result of the presence of an altered sequence. According to
these techniques, the altered sequence is visualized by a shift in mobility on gels. The
fragments can then be sequenced to confirm the alteration. Some other approaches are based
on specific hybridization between nucleic acids from the subject and a probe specific for wild
type or altered gene or RNA. The probe can be in suspension or immobilized on a substrate.
The probe can be labeled to facilitate detection of hybrids. Some of these approaches are
suited for assessing a polypeptide sequence or expression level, such as Northern blot, ELISA
and RIA. These latter require the use of a ligand specific for the polypeptide, for example, the
use of a specific antibody.

[0139] Hybridization. Hybridization detection methods are based on the formation of
specific hybrids between complementary nucleic acid sequences that serve to detect nucleic
acid sequence alteration(s). A detection technique involves the use of a nucleic acid probe
specific for a wild type or altered gene or RNA, followed by the detection of the presence of
a hybrid. The probe can be in suspension or immobilized on a substrate or support (for
example, as in nucleic acid array or chips technologies). The probe can be labeled to facilitate
detection of hybrids. For example, a sample from the subject can be contacted with a nucleic
acid probe specific for a gene encoding a wild-type or mutant LZTR1 protein, and the
formation of a hybrid can be subsequently assessed. In one embodiment, the method
comprises contacting simultaneously the sample with a set of probes that are specific for a
nucleic acid encoding a wild-type or mutant LZTR1 protein. Also, various samples from
various subjects can be investigated in parallel.

[0140] In some embodiments, a probe can be a polynucleotide sequence which is
complementary to and specifically hybridizes with a, or a target portion of a, gene or RNA
corresponding to a nucleic acid encoding a wild-type of a mutant LZTR1 protein. Useful

probes are those that are complementary to the gene, RNA, or target portion thereof. Probes

41



WO 2024/103032 PCT/US2023/079424

can comprise single-stranded nucleic acids of between 8 to 1000 nucleotides in length, for
instance between 10 and 800, between 15 and 700, or between 20 and 500. Longer probes
can be used as well. A useful probe of the invention is a single stranded nucleic acid molecule
of between 8 to 500 nucleotides in length, which can specifically hybridize to a region of a
gene or RNA that encodes a wild-type or mutant LZTR1 protein.

[0141] The sequence of the probes can be derived from the sequences coding a wild-type
of mutant LZTR1 protein known in the field. Nucleotide substitutions can be performed, as
well as chemical modifications of the probe. Such chemical modifications can be
accomplished to increase the stability of hybrids (e.g., intercalating groups) or to label the
probe. Some examples of labels include, without limitation, radioactivity, fluorescence,
luminescence, and enzymatic labeling.

[0142] A guide to the hybridization of nucleic acids is found in e.g., Sambrook, ed.,
Molecular Cloning: A Laboratory Manual (3rd Ed.), Vols. 1-3, Cold Spring Harbor
Laboratory, 1989; Current Protocols In Molecular Biology, Ausubel, ed. John Wiley &
Sons,Inc., New York, 2001; Laboratory Techniques In Biochemistry And Molecular Biology:
Hybridization With Nucleic Acid Probes, Part I. Theory and Nucleic Acid Preparation,
Tijssen, ed. Elsevier, N.Y ., 1993,

[0143] Sequencing. Sequencing can be carried out using techniques well known in the
art, using automatic sequencers. The sequencing can be performed on a nucleic acid encoding
the complete LZTRI1 protein or on specific domains thereof.

[0144] Amplification. Amplification is based on the formation of specific hybrids
between complementary nucleic acid sequences that serve to initiate nucleic acid
reproduction. Amplification can be performed according to various techniques known in the
art, such as by polymerase chain reaction (PCR), ligase chain reaction (LCR), strand
displacement amplification (SDA) and nucleic acid sequence based amplification (NASBA).
These techniques can be performed using commercially available reagents and protocols.
Useful techniques in the art encompass real-time PCR, allele-specific PCR, or PCR based
single-strand conformational polymorphism (SSCP). Amplification usually requires the use
of specific nucleic acid primers, to initiate the reaction. For example, nucleic acid primers
useful for amplifying sequences corresponding to a wild-type or mutant LZTR1 protein are
able to specifically hybridize with a portion of the gene locus that flanks a target region of the
locus. In certain subjects, the presence of a mutated LZRT1 protein corresponds to a subject

with a mutated LZTR 1-associated cancer. Non-limiting amplification methods include, e.g.,
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polymerase chain reaction, PCR (PCR Protocols, A Guide To Methods And Applications, ed.
Innis, Academic Press, N.Y., 1990 and PCR Strategies, 1995, ed. Innis, Academic Press, Inc.,
N.Y.); ligase chain reaction (LCR) (Wu (1989) Genomics 4:560; Landegren (1988) Science
241:1077; Barringer (1990) Gene 89:117); transcription amplification (Kwoh (1989) PNAS
86:1173); and, self-sustained sequence replication (Guatelli (1990) PNAS 87:1874); Q Beta
replicase amplification (Smith (1997) J. Clin. Microbiol. 35:1477-1491), automated Q-beta
replicase amplification assay (Burg (1996) Mol. Cell. Probes 10:257-271) and other RNA
polymerase mediated techniques (e.g., NASBA, Cangene, Mississauga, Ontario; see also
Berger (1987) Methods Enzymol. 152:307-316; U.S. Pat. Nos. 4,683,195 and 4,683,202; and
Sooknanan (1995) Biotechnology 13:563-564). All the references stated above are
incorporated herein by reference in their entireties.

[0145] Specific Ligand Binding. As discussed herein, a nucleic acid encoding a wild-type

or mutant LZTR1 protein or expression of a wild-type or mutant LZTR1 protein, can also be
detected by screening for alteration(s) in a sequence or expression level of a polypeptide
encoded by the same. Different types of ligands can be used, such as specific antibodies. In
one embodiment, the sample is contacted with an antibody specific for a polypeptide encoded
by a wild-type or mutant LZTR1 nucleic acid and the formation of an immune complex is
subsequently determined. Various methods for detecting an immune complex can be used,
such as ELISA, radioimmunoassays (RIA) and immuno-enzymatic assays (IEMA).

[0146] For example, an antibody can be a polyclonal antibody, a monoclonal antibody, as
well as fragments or derivatives thereof having substantially the same antigen specificity.
Fragments include Fab, Fab'2, or CDR regions. Derivatives include single-chain antibodies,
humanized antibodies, or poly-functional antibodies. An antibody specific for a wild-type or
mutant LZTR1 protein can be an antibody that selectively binds such a proten. In one
embodiment, the antibody is raised against a polypeptide encoded by a wild-type or mutant
LZTRI1 or an epitope-containing fragment thereof. Although non-specific binding towards
other antigens can occur, binding to the target proten occurs with a higher affinity and can be
reliably discriminated from non-specific binding. In one embodiment, the method can
comprise contacting a sample from the subject with an antibody specific for wild-type of
mutant protein, and determining the presence of an immune complex. Optionally, the sample
can be contacted to a support coated with antibody specific for a wild-type of mutant LZTR 1

protein. In one embodiment, the sample can be contacted simultaneously, or in parallel, or
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sequentially, with various antibodies specific for different domains of a wild-type or mutant
LZTRI1 protein.

[0147] In some embodiments, the subject matter described herein provides for a
diagnostic kit comprising products and reagents for detecting in a sample from a subject the
presence of wild-type of mutant LZTR1 The kit can be useful for determining whether a
sample from a subject exhibit increased or reduced expression of a LZTR1 protein. For
example, the diagnostic kit according to the present invention comprises any primer, any pair
of primers, any nucleic acid probe and/or any ligand, or any antibody directed specifically to
a wild-type or mutant LZTR1 protein. The diagnostic kit according to the present invention
can further comprise reagents and/or protocols for performing a hybridization, amplification,
or antigen-antibody immune reaction. In one embodiment, the kit can comprise nucleic acid
primers that specifically hybridize to and can prime a polymerase reaction from a wild-type
or mutant LZTR1, or a combination thereof. In one embodiment, primers can be used to
detect a wild-type or mutant LZTR1.

[0148] The diagnosis methods can be performed in vitro, ex vivo, or in vivo. These
methods utilize a sample from the subject in order to assess the status of a LZTRI1 protein.
The sample can be any biological sample derived from a subject, which contains nucleic
acids or polypeptides. Examples of such samples include, but are not limited to, fluids,
tissues, cell samples, organs, and tissue biopsies. Non-limiting examples of samples include
blood, liver, plasma, serum, saliva, urine, or seminal fluid. The sample can be collected
according to conventional techniques and used directly for diagnosis or stored. The sample
can be treated prior to performing the method, in order to render or improve availability of
nucleic acids or polypeptides for testing. Treatments include, for instance, lysis (e.g.,
mechanical, physical, or chemical), centrifugation. The nucleic acids and/or polypeptides can
be pre-purified or enriched by conventional techniques, and/or reduced in complexity.
Nucleic acids and polypeptides can also be treated with enzymes or other chemical or
physical treatments to produce fragments thereof. In one embodiment, the sample is
contacted with reagents, such as probes, primers, or ligands, in order to assess the presence of
a wild-type or mutant LZTRI1 protein. Contacting can be performed in any suitable device,
such as a plate, tube, well, or glass. In some embodiments, the contacting is performed on a
substrate coated with the reagent, such as a nucleic acid array or a specific ligand array. The
substrate can be a solid or semi-solid substrate such as any support comprising glass, plastic,

nylon, paper, metal, or polymers. The substrate can be of various forms and sizes, such as a

44



WO 2024/103032 PCT/US2023/079424

slide, a membrane, a bead, a column, or a gel. The contacting can be made under any
condition suitable for a complex to be formed between the reagent and the nucleic acids or
polypeptides of the sample.

[0149] In one embodiment, the biological sample comprises neuronal cells, serum, bone
marrow, blood, peripheral blood, lymph nodes, cerebro-spinal fluid, urine, a saliva sample, a
buccal swab, a serum sample, a sputum sample, a lacrimal secretion sample, a semen sample,

a vaginal secretion sample, a fetal tissue sample, or a combination thereof.

Administration of Pharmaceutical Composition

[0150] One or more inhibitors of the invention can be incorporated into pharmaceutical
compositions suitable for administration, for example the inhibitor(s) and a pharmaceutically
acceptable carrier. The inhibitor(s) of the invention can be administered to the subject once
(e.g., as a single injection or deposition). Alternatively, the inhibitor(s) can be administered
once or twice daily to a subject in need thereof for a period of from about two to about
twenty-eight days, or from about seven to about ten days. The inhibitor(s) can also be
administered once or twice daily to a subject for a period of 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12
times per year, or a combination thereof. The inhibitors can be administered concomitantly or
consequentially. Furthermore, the inhibitor(s) of the invention can be co-administrated with
another therapeutic.

[0151] The inhibitor(s) can be administered to a subject by any means suitable for
delivering the inhibitor(s) to cells of the subject, such as cancer cells, e.g., glioblastoma
multiforme (GBM), Schwannoma, hepatocellular cancer, esophagogastric cancer, colorectal
cancer, breast carcinoma, prostate cancer, lung adenocarcinoma, clonal hematopoiesis
disorders, or tumor predisposition syndromes.

[0152] The pharmaceutical compositions of this invention can be formulated and
administered to reduce the symptoms associated with a mutant LZRT1 protein-associated
cancer, e.g., glioblastoma multiforme (GBM), Schwannoma, hepatocellular cancer,
esophagogastric cancer, colorectal cancer, breast carcinoma, prostate cancer, lung
adenocarcinoma, clonal hematopoiesis disorders, or tumor predisposition syndromes, by any
means that produces contact of the active ingredient with the agent’s site of action in the body
of a subject, such as a human or animal (e.g., a dog, cat, or horse). They can be administered
by any conventional means available for use in conjunction with pharmaceuticals, either as
individual therapeutic active ingredients or in a combination of therapeutic active ingredients.

They can be administered alone, but are generally administered with a pharmaceutical carrier
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selected on the basis of the chosen route of administration and standard pharmaceutical
practice.

[0153] A therapeutically effective dose of inhibitor(s) described herein can depend upon
a number of factors known to those or ordinary skill in the art. The dose(s) of the inhibitor(s)
can vary, for example, depending upon the identity, size, and condition of the subject or
sample being treated, further depending upon the route by which the composition is to be
administered, if applicable, and the effect which the practitioner desires the inhibitor(s) to
have upon the nucleic acid or polypeptide of the invention, such as the nucleic acid or
polypeptide of a substrate of a mutant LZRT1. These amounts can be readily determined by a
skilled artisan. Any of the therapeutic applications described herein can be applied to any
subject in need of such therapy, including, for example, a mammal such as a dog, a cat, a
cow, a horse, a rabbit, a monkey, a pig, a sheep, a goat, or a human.

[0154] Pharmaceutical compositions for use in accordance with the subject matter
described herein can be formulated in conventional manner using one or more
physiologically acceptable carriers or excipients. The therapeutic compositions of the
invention can be formulated for a variety of routes of administration, including systemic and
topical or localized administration. Techniques and formulations generally can be found in
Remmington's Pharmaceutical Sciences, Meade Publishing Co., Easton, Pa (20th Ed., 2000),
the entire disclosure of which is herein incorporated by reference in its entirety. For systemic
administration, an injection is useful, including intramuscular, intravenous, intraperitoneal,
and subcutaneous. For injection, the therapeutic compositions of the invention can be
formulated in liquid solutions, for example in physiologically compatible buffers such as
Hank's solution or Ringer's solution. In addition, the therapeutic compositions can be
formulated in solid form and redissolved or suspended immediately prior to use. Lyophilized
forms are also included. Pharmaceutical compositions of the present invention are
characterized as being at least sterile and pyrogenfree. These pharmaceutical formulations
include formulations for human and veterinary use.

[0155] According to the subject matter described herein, a pharmaceutically acceptable
carrier can comprise any and all solvents, dispersion media, coatings, antibacterial and
antifungal agents, isotonic and absorption delaying agents, and the like, compatible with
pharmaceutical administration. The use of such media and agents for pharmaceutically active

substances is well known in the art. Any conventional media or agent that is compatible with
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the active compound can be used. Supplementary active compounds can also be incorporated
into the compositions.

[0156] A pharmaceutical composition containing the inhibitor(s) described herein can be
administered in conjunction with a pharmaceutically acceptable carrier, for any of the
therapeutic effects discussed herein. Such pharmaceutical compositions can comprise, for
example antibodies directed to a substrate of a LZRT1 protein, or a variant thereof, or
antagonists of a substrate of a LZRT1 protein. The compositions can be administered alone or
in combination with at least one other agent, such as a stabilizing compound, which can be
administered in any sterile, biocompatible pharmaceutical carrier including, but not limited
to, saline, buffered saline, dextrose, and water. The compositions can be administered to a
patient alone, or in combination with other agents, drugs or hormones. Sterile injectable
solutions can be prepared by incorporating the inhibitor(s) (e.g., a small molecule or
antibody) in the required amount in an appropriate solvent with one or a combination of
ingredients enumerated herein, as required, followed by filtered sterilization. Generally,
dispersions are prepared by incorporating the active compound into a sterile vehicle which
contains a basic dispersion medium and the required other ingredients from those enumerated
herein. In the case of sterile powders for the preparation of sterile injectable solutions,
examples of useful preparation methods are vacuum drying and freeze-drying which yields a
powder of the active ingredient plus any additional desired ingredient from a previously
sterile-filtered solution thereof.

[0157] “Subcutaneous” administration can refer to administration just beneath the skin
(i.e., beneath the dermis). Generally, the subcutaneous tissue is a layer of fat and connective
tissue that houses larger blood vessels and nerves. The size of this layer varies throughout the
body and from person to person. The interface between the subcutaneous and muscle layers
can be encompassed by subcutaneous administration. This mode of administration can be
feasible where the subcutaneous layer is sufficiently thin so that the factors present in the
compositions can migrate or diffuse from the locus of administration. Thus, where
intradermal administration is utilized, the bolus of composition administered is localized
proximate to the subcutaneous layer. Other modes of application by multiple routes will be
apparent to the skilled artisan.

[0158] A pharmaceutical composition of the invention is formulated to be compatible
with its intended route of administration. Examples of routes of administration include

parenteral, e.g., intravenous, intradermal, subcutaneous, oral (e.g., inhalation or ingestion),
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transdermal (topical), transmucosal, and rectal administration. Solutions or suspensions used
for parenteral, intradermal, or subcutaneous application can include the following
components: a sterile diluent such as water for injection, saline solution, fixed oils,
polyethylene glycols, glycerine, propylene glycol or other synthetic solvents; antibacterial
agents such as benzyl alcohol or methyl parabens; antioxidants such as ascorbic acid or
sodium bisulfite; chelating agents such as ethylenediaminetetraacetic acid; buffers such as
acetates, citrates or phosphates and agents for the adjustment of tonicity such as sodium
chloride or dextrose. pH can be adjusted with acids or bases, such as hydrochloric acid or
sodium hydroxide. The parenteral preparation can be enclosed in ampoules, disposable
syringes or multiple dose vials made of glass or plastic.

[0159] Pharmaceutical compositions suitable for injectable use include sterile aqueous
solutions (where water soluble) or dispersions and sterile powders for the extemporaneous
preparation of sterile injectable solutions or dispersions. For intravenous administration,
suitable carriers include physiological saline, bacteriostatic water, or phosphate buffered
saline (PBS). In all cases, the composition must be sterile and should be fluid to the extent
that easy syringability exists. It must be stable under the conditions of manufacture and
storage and must be preserved against the contaminating action of microorganisms such as
bacteria and fungi. The carrier can be a solvent or dispersion medium containing, for
example, water, ethanol, a pharmaceutically acceptable polyol like glycerol, propylene
glycol, liquid polyetheylene glycol, and suitable mixtures thereof. The proper fluidity can be
maintained, for example, by the use of a coating such as lecithin, by the maintenance of the
required particle size in the case of dispersion and by the use of surfactants. Prevention of the
action of microorganisms can be achieved by various antibacterial and antifungal agents, for
example, parabens, chlorobutanol, phenol, ascorbic acid, thimerosal, and the like. In many
cases, it can be useful to include isotonic agents, for example, sugars, polyalcohols such as
mannitol, sorbitol, sodium chloride in the composition. Prolonged absorption of the injectable
compositions can be brought about by including in the composition an agent which delays
absorption, for example, aluminum monostearate and gelatin. Sterile injectable solutions can
be prepared by incorporating the inhibitor (e.g., a polypeptide or antibody or small molecule)
of the invention in the required amount in an appropriate solvent with one or a combination
of ingredients enumerated herein, as required, followed by filtered sterilization. Generally,
dispersions are prepared by incorporating the active compound into a sterile vehicle which

contains a basic dispersion medium and the required other ingredients from those enumerated
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herein. In the case of sterile powders for the preparation of sterile injectable solutions,
examples of useful preparation methods are vacuum drying and freeze-drying which yields a
powder of the active ingredient plus any additional desired ingredient from a previously
sterile-filtered solution thereof.

[0160] Oral compositions generally include an inert diluent or an edible carrier. They can
be enclosed in gelatin capsules or compressed into tablets. For the purpose of oral therapeutic
administration, the active compound can be incorporated with excipients and used in the form
of tablets, troches, or capsules. Oral compositions can also be prepared using a fluid carrier
and subsequently swallowed.

[0161] Pharmaceutically compatible binding agents, and/or adjuvant materials can be
included as part of the composition. The tablets, pills, capsules, troches and the like can
contain any of the following ingredients, or compounds of a similar nature: a binder such as
microcrystalline cellulose, gum tragacanth or gelatin; an excipient such as starch or lactose, a
disintegrating agent such as alginic acid, Primogel, or corn starch; a lubricant such as
magnesium stearate or sterotes; a glidant such as colloidal silicon dioxide; a sweetening agent
such as sucrose or saccharin; or a flavoring agent such as peppermint, methyl salicylate, or
orange flavoring.

[0162] Systemic administration can also be by transmucosal or transdermal means. For
transmucosal or transdermal administration, penetrants appropriate to the barrier to be
permeated are used in the formulation. Such penetrants are generally known in the art, and
include, for example, for transmucosal administration, detergents, bile salts, and fusidic acid
derivatives. Transmucosal administration can be accomplished through the use of nasal
sprays or suppositories. For transdermal administration, the active compounds are formulated
into ointments, salves, gels, or creams as generally known in the art.

[0163] In some embodiments, the effective amount of the administered inhibitor(s) is at
least about 0.0001 pg/kg body weight, at least about 0.00025 pg/kg body weight, at least
about 0.0005 ug/kg body weight, at least about 0.00075 ug/kg body weight, at least about
0.001 ng/kg body weight, at least about 0.0025 pg/kg body weight, at least about 0.005 ug/kg
body weight, at least about 0.0075 pg/kg body weight, at least about 0.01 pg/kg body weight,
at least about 0.025 pg/kg body weight, at least about 0.05 ng/kg body weight, at least about
0.075 ng/kg body weight, at least about 0.1 pg/kg body weight, at least about 0.25 ug/kg
body weight, at least about 0.5 pg/kg body weight, at least about 0.75 pug/kg body weight, at
least about 1 pg/kg body weight, at least about 5 ng/kg body weight, at least about 10 ug/kg
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body weight, at least about 25 pg/kg body weight, at least about 50 pug/kg body weight, at
least about 75 pug/kg body weight, at least about 100 pg/kg body weight, at least about 150
ug/kg body weight, at least about 200 pg/kg body weight, at least about 250 pg/kg body
weight, at least about 300 pg/kg body weight, at least about 350 ng/kg body weight, at least
about 400 ug/kg body weight, at least about 450 pug/kg body weight, at least about 500 ug/kg
body weight, at least about 550 pg/kg body weight, at least about 600 pug/kg body weight, at
least about 650 pg/kg body weight, at least about 700 ug/kg body weight, at least about 750
ug/kg body weight, at least about 800 pg/kg body weight, at least about 850 ug/kg body
weight, at least about 900 pg/kg body weight, at least about 950 ug/kg body weight, at least
about 1,000 pg/kg body weight, at least about 2,000 pg/kg body weight, at least about 3,000
ug/kg body weight, at least about 4,000 pug/kg body weight, at least about 5,000 pg/kg body
weight, at least about 6,000 pg/kg body weight, at least about 7,000 pug/kg body weight, at
least about 8,000 ng/kg body weight, at least about 9,500 ug/kg body weight, or at least about
10,000 png/kg body weight.

[0164] In some embodiments, osimertinib or a pharmaceutically acceptable salt thereof is
administered at a dose of about 80mg. In some embodiments, osimertinib or a
pharmaceutically acceptable salt thereof is administered at a dose of about 40mg, SOmg,
60mg, 70mg, 80mg, 90mg, or 100mg. In some embodiments, osimertinib or a
pharmaceutically acceptable salt thereof is administered at a dose of 80mg. In some
embodiments, osimertinib or a pharmaceutically acceptable salt thereof is administered
orally. In some embodiments, osimertinib or a pharmaceutically acceptable salt thereof is
administered once daily. In some embodiments, osimertinib or a pharmaceutically acceptable
salt thereof is administered with or without food.

[0165] In some embodiments, the pharmaceutical composition or pharmaceutical
composition of kits described herein comprises osimertinib or a pharmaceutically acceptable
salt thereof at a dose of about 80mg. In some embodiments, the pharmaceutical composition
or pharmaceutical composition of kits described herein comprises osimertinib or a
pharmaceutically acceptable salt thereof at a dose of about 40mg, S0mg, 60mg, 70mg, 80mg,
90mg, or 100mg. In some embodiments, the pharmaceutical composition or pharmaceutical
composition of kits described herein comprises osimertinib or a pharmaceutically acceptable
salt thereof at a dose of 80mg. In some embodiments, the pharmaceutical composition or
pharmaceutical composition of kits described herein comprises osimertinib or a

pharmaceutically acceptable salt thereof for oral administration. In some embodiments, the
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pharmaceutical composition or pharmaceutical composition of kits described herein
comprises osimertinib or a pharmaceutically acceptable salt thereof and a pharmaceutically
acceptable excipient and/or carrier.

[0166] In some embodiments, afatinib or a pharmaceutically acceptable salt thereof is
administered at a dose of about 40mg. In some embodiments, afatinib or a pharmaceutically
acceptable salt thereof is administered at a dose of about 10mg, 20mg, 30mg, 40mg, S0mg,
60mg, 70mg, or 80mg. In some embodiments, afatinib or a pharmaceutically acceptable salt
thereof is administered at a dose of 40mg. In some embodiments, afatinib or a
pharmaceutically acceptable salt thereof is administered at a dose of 30mg. In some
embodiments, afatinib or a pharmaceutically acceptable salt thereof is administered at a dose
of 30mg in subjects with severe renal impairment. In some embodiments, afatinib or a
pharmaceutically acceptable salt thereof is administered orally. In some embodiments,
afatinib or a pharmaceutically acceptable salt thereof is administered once daily. In some
embodiments, afatinib or a pharmaceutically acceptable salt thereof is administered with or
without food.

[0167] In some embodiments, the pharmaceutical composition or pharmaceutical
composition of kits described herein comprises afatinib or a pharmaceutically acceptable salt
thereof at a dose of about 40mg. In some embodiments, the pharmaceutical composition or
pharmaceutical composition of kits described herein comprises afatinib or a pharmaceutically
acceptable salt thereof at a dose of about 10 mg, 20 mg, 30 mg, 40 mg, 50 mg, 60 mg, 70 mg,
or 80 mg. In some embodiments, the pharmaceutical composition or pharmaceutical
composition of kits described herein comprises afatinib or a pharmaceutically acceptable salt
thereof at a dose of 40mg. In some embodiments, afatinib or a pharmaceutically acceptable
salt thereof is administered at a dose of 30mg. In some embodiments, the pharmaceutical
composition or pharmaceutical composition of kits described herein comprises afatinib or a
pharmaceutically acceptable salt thereof for oral administration. In some embodiments, the
pharmaceutical composition or pharmaceutical composition of kits described herein
comprises afatinib or a pharmaceutically acceptable salt thereof and a pharmaceutically
acceptable excipient and/or carrier.

[0168] In some embodiments, bemcentinib or a pharmaceutically acceptable salt thereof
is administered at a dose of about 200mg. In some embodiments, bemcentinib or a
pharmaceutically acceptable salt thereof is administered at a dose of about 50 mg, 60 mg, 70

mg, 80 mg, 90 mg, 100 mg, 110 mg, 120 mg, 130 mg, 140 mg, 150 mg, 160 mg, 170 mg, 180
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mg, 190 mg, 200 mg, 210 mg, 220 mg, 230 mg, 240 mg, 250 mg, 260 mg, 270 mg, 280 mg,
290 mg, or 300 mg. In some embodiments, bemcentinib or a pharmaceutically acceptable
salt thereof is administered at a dose of 200mg. In some embodiments, bemcentinib or a
pharmaceutically acceptable salt thereof is administered orally. In some embodiments,
bemcentinib or a pharmaceutically acceptable salt thereof is administered once daily. In
some embodiments, bemcentinib or a pharmaceutically acceptable salt thereof is
administered with or without food.

[0169] In some embodiments, the pharmaceutical composition or pharmaceutical
composition of kits described herein comprises bemcentinib or a pharmaceutically acceptable
salt thereof at a dose of about 200mg. In some embodiments, the pharmaceutical
composition or pharmaceutical composition of kits described herein comprises bemcentinib
or a pharmaceutically acceptable salt thereof at a dose of about 50 mg, 60 mg, 70 mg, 80 mg,
90 mg, 100 mg, 110 mg, 120 mg, 130 mg, 140 mg, 150 mg, 160 mg, 170 mg, 180 mg, 190
mg, 200 mg, 210 mg, 220 mg, 230 mg, 240 mg, 250 mg, 260 mg, 270 mg, 280 mg, 290 mg,
or 300 mg. In some embodiments, the pharmaceutical composition or pharmaceutical
composition of kits described herein comprises bemcentinib or a pharmaceutically acceptable
salt thereof at a dose of 200mg. In some embodiments, the pharmaceutical composition or
pharmaceutical composition of kits described herein comprises bemcentinib or a
pharmaceutically acceptable salt thereof for oral administration. In some embodiments, the
pharmaceutical composition or pharmaceutical composition of kits described herein
comprises bemcentinib or a pharmaceutically acceptable salt thereof and a pharmaceutically

acceptable excipient and/or carrier.

EXAMPLES

[0170] Examples are provided below to facilitate a more complete understanding of the
invention. The following examples illustrate the exemplary modes of making and practicing
the invention. However, the scope of the invention is not limited to specific embodiments
disclosed in these Examples, which are for purposes of illustration only, since alternative

methods can be utilized to obtain similar results.

Example 1: LZTR1 mutation mediates oncogenesis through stabilization of EGFR and
AXL
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Abstract

[0171] LZTRI1 is the substrate-specific adaptor of a CUL3-dependent ubiquitin ligase
frequently mutated in sporadic and syndromic cancer. Biochemical and genetic studies were
combined to identify LZTRI1 substrates and interrogated their tumor-driving function in the
context of LZTR1 loss-of-function mutations. Unbiased screens converged on EGFR and
AXL receptor tyrosine kinases as LZTR1 interactors targeted for ubiquitin-dependent
degradation in the lysosome. Pathogenic cancer-associated mutations of LZTRI failed to
promote EGFR and AXL degradation, resulting in dysregulated growth factor signaling.
Conditional inactivation of Lz#r/ and Cdkn2a in the mouse nervous system caused tumors in
the peripheral nervous system including schwannoma-like tumors, thus recapitulating aspects
of Schwannomatosis, the prototype tumor predisposition syndrome sustained by LZ7TR/
germline mutations. Lzfr/ and Cdkn2a deleted tumors aberrantly accumulated EGFR and
AXL and exhibited specific vulnerability to EGFR and AXL co-inhibition. These findings
explain tumorigenesis by LZ7R/ inactivation and offer therapeutic opportunities to patients

with LZTRI mutant cancer.

Introduction

[0172] Leucine zipper-like transcription regulator 1 (LZTR1) is a Kelch-BTB (broad
complex, tramtrack, and bric a brac)-BACK (BTB and C-terminal Kelch) domain-containing
protein that functions as substrate adaptor of a Cullin 3 (CUL3)-RING E3 ubiquitin Ligase
(CRL) complex CRL3M™1 (1 2). To date a full characterization of the function of the LZTR1
protein is still lacking but the interest in LZTR1 function continues to increase due to the
growing number of cancer types that are reported to harbor genetic alterations of the LZ7TR/
gene. After our initial discovery of LZ7R/ mutations and deletions in glioblastoma
multiforme (GBM) (1), genetic alterations of LZTR1 have been identified in numerous
cancers including hepatocellular, esophagogastric, colorectal and breast carcinoma, lung
adenocarcinoma, clonal hematopoiesis disorders and a variety of human tumor predisposition
syndromes (1,3-16). For example, germline mono-allelic mutations of LZ7R/ were first
reported in patients with Schwannomatosis, a genetic disorder characterized by highly
invalidating tumors of the peripheral nervous system (PNS) (4,17). Mutations of LZTR/
involve both Kelch and BTB-BACK domain, substrate and CUL3 interacting domain,
respectively, albeit without clustering in hot spots. /n vifro experiments and data from human

genetic studies indicated that ZZ7R/ mutations are loss-of-function events and pointed to a
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potential tumor suppressor function for this gene (1,3-5). However, the role of LZTR/1 as
tumor suppressor gene in the whole organism remained to be charted.

[0173] Similarly, the identity of the protein substrates targeted by LZTR1-mediated
ubiquitylation and the oncogenic functions implemented by deregulation of specific LZTR1-
substrate(s) in LZTR1-mutant disorders remained puzzling. While initial reports suggested
that RAS proteins interact with LZTR1 and undergo direct ubiquitylation by CRL3M4™R!
complexes (18,19), later studies failed to confirm these interactions (20). Instead, the RAS
family member RIT1 was identified as substrate of LZTR1 through RIT1-specific protein
interaction assay and dysregulation of RIT1 was suggested to contribute to the activation of
MAP kinase signaling in Noonan syndrome caused by pathogenic mutations of LZTR1 (20).
However, this study left open the question of the broad cellular scope of LZTR1 substrates
and especially their role in sporadic tumors and cancer predisposition syndromes such as
Schwannomatosis sustained by LZTR1 inactivation.

[0174] Here, multiple unbiased proteomics screens were used to capture substrates of
LZTR1-mediated ubiquitylation/degradation and uncovered EGFR and AXL, two oncogenic
receptor tyrosine kinases (RTKs), as novel protein substrates of LZTR1 activity. Interaction
with and ubiquitylation by LZTR1 of both RTKs was consequent to ligand-induced
activation, leading to lysosomal mediated degradation and signaling downregulation. The
LZTR1 tumor suppressor function was modeled in a mouse model sustained by genetic
inactivation of Lz#r/ and Cdkn2a in the nervous system. Compound mice developed tumors
resembling neurofibroma, malignant PNS tumors and schwannomas, all characterized by the
elevated expression of EGFR and AXL. Finally, LZTR1 germline and somatic mutations
identified in cancer patients fail to balance EGFR and AXL cellular levels. Consequently,
LZTRI1 inactivation induces vulnerability to the concurrent inhibition of the two RTKs, thus
providing new treatment opportunities to patients affected by cancer harboring mutation of

LZTRI1.
Results

Unbiased identification of LZTR1 substrates

[0175] To identify the protein substrates targeted by LZTR 1-dependent ubiquitin-
mediated degradation, three orthogonal and unbiased screens were performed (Fig. 1A). First,
to uncover ubiquitylation targets of LZTR1, quantitative ubiquitin di-glycine (diGly)
proteomics, a peptide antibody-based affinity approach that enriches for and identifies
endogenously ubiquitylated proteins, was performed using Lztr11%;Rosa-CreER mouse
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astrocytes. In this cellular system, the endogenous Lz#r/ gene was deleted by 4-
hydroxytamoxifen (4-OHT)-induced recombination and LZTR1 re-expressed by the
tetracycline-inducible system (Fig. 1A). 1,076 proteins were found to have higher
ubiquitylation in LZTR 1-reconstituted cells compared with Lztr1-deleted astrocytes (Fig. 1B;
List 1 (see below)). Second, Tandem Mass Tag (TMT)-based quantitative proteomics was
used to identify proteins elevated by genetic deletion of the /z#r/ gene in mouse embryonic
fibroblasts (MEFs) (Fig. 1A). A set of 33 proteins were detected that accumulated at higher
levels in constitutive Lzfr/ knockout MEFs (Fig. 1C; List 2 (see below)). Third, the LZTR1
cellular interactome was probed by immunoprecipitation/mass spectrometry of U87 human
glioma cells stably expressing LZTR1 wildtype or the LZTR1-R810W mutant that was
initially reported as somatic mutation in human glioblastoma (GBM) (Fig. 1A). The LZTR1-
R810W protein harbors a loss-of-function mutation in the BTB-BACK domain that impairs
CUL3 recognition, thus stabilizing the protein without affecting the substrate-interacting
Kelch domain (1). The analysis uncovered 184 proteins specifically interacting with LZTR1
wild type and LZTR1-R810W mutant with spectral counts > 2-fold in LZTR1-R810W
compared with LZTR1 wild type (Fig. 1D; List 3 (see below)), a criterion that was applied to
identify candidate substrates of LZTR 1, which more stably interact with the ineffective
mutant. The receptor tyrosine kinase (RTK) epidermal growth factor receptor (EGFR) was
the only hit common to all three screens (Fig. 1B-E). Another oncogenic RTK, AXL (21) also
scored as positive hit in two of the three screens (Fig. 1B, D and E). RIT1, a RAS-related
small GTPase recently reported as substrate of LZTR1 (20), also emerged as positive hit from
two of the three screens (Fig. 1B, C and E). Using independent TMT-based quantitative
proteomics experiments in HeL.a cells, it was confirmed that CRISPR-Cas9-mediated
knockout of LZTR1 consistently increased EGFR and AXL proteins compared with control
cells (Fig. 1F).

LZTRI1 induces ubiquitin-mediated degradation of EGFR and AXL

[0176] Given the large spectrum of cancer types harboring genetic alterations of LZTR1,
it was sought to define the activity of LZTRI1 in cells originating from different tissues and
the relationship with the other described LZTR1 substrates. Genetic deletion of the Lztrl
gene in mouse astrocytes and CRISPR-Cas9 mediated knockout of LZ7R/ in immortalized
Schwann cells SW10, U87 malignant glioma, and HeLa cells consistently induced
accumulation of EGFR and AXL in the absence of change of mRNA (Fig. 2A-D; Fig. 8A and
B). Accumulation of RIT1, was also readily detected in LZTR1-deleted cells (Fig. 2A-D).
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However, deletion of LZTR1 did not change the steady state levels of any of the RAS
isoform, K-RAS, H-RAS and N-RAS (Fig. 8C). Similarly unchanged were the levels of
ERBB2, ERBB4, and FGFR3, thus highlighting the specificity of LZTR1 activity towards the
RTKs EGFR and AXL (Fig. 8D). The consequences of ectopically increasing LZTR1
expression on endogenous and exogenous EGFR and AXL was then tested in several cell
types. Expression of LZTR1 in SW10 cells caused a noticeable decrease of endogenous
EGFR and AXL proteins but only minimal change of RIT1 (Fig. 2E) and led to
destabilization of exogenously expressed EGFR and AXL in a dose dependent manner (Fig.
2F and G). RAS isoforms were not affected by LZTR1 expression (Fig. 8E). The effect of
LZTR1 on EGFR and AXL protein stability was confirmed by the markedly prolonged half-
life under cycloheximide (CHX) treatment in cells with knockout of ZZ7R/ (Fig. 2H-K) and
accelerated protein turn-over by increased LZTR1 (Fig. 2L-0). Finally, immunoprecipitation
from lysates of cells expressing LZTR1-FLAG and EGFR-GFP or AXL-HA demonstrated
that LZTR1 physically interacts with EGFR (Fig. 2P and Q) and AXL (Fig. 2R and S). GST
pull-down assays with different GST-EGFR protein domains and LZTR1-FLAG from HEK-
293T cell lysates revealed that the intracellular domain of EGFR interacts with LZTR1 (Fig.
9A and B). Reciprocal experiments with purified GST-LZTR1 deletion polypeptides
identified the Kelch domain of LZTR1 as the EGFR-binding region (Fig. 9C and D).

[0177] Following ligand-mediated activation and endocytosis, RTKs are targeted to the
lysosome for degradation (22-24). LZTR 1-mediated destabilization of EGFR and AXL was
relieved by the lysosomal inhibitor bafilomycin A1 (BFLM A1) but not the proteasome
inhibitor bortezomib (BRTZ) (Fig. 3A and B). In contrast, RIT1 reduction by LZTR1 was
rescued by bortezomib but not bafilomycin Al, a finding consistent with the engagement of
different proteolytic machinery for these substrates of LZTR1 (Fig. 10A). Confirming
published findings (20), RIT1 physically interacted with LZTR1 in the absence of association
with EGFR and AXL, thus suggesting independent regulation of substrates by LZTR1 (Fig.
10B). Consistent with the CULLIN-mediated mechanism of degradation by the CRL3LZTR1
complex, the NEDD8-activating enzyme (NAE) inhibitor MLLN4924, which blocks
neddylation of CULLIN and inactivates CRLs (25), rescued LZTR1-induced destruction of
EGFR, AXL and RIT1 (Fig. 3C and D; Fig. 10C). Next, the ubiquitylation status of EGFR
and AXL in the presence of LZTR1 was examined. Expression of LZTR1 increased the
formation of high molecular weight polyubiquitylated EGFR and this effect was abolished
when cells were treated with MLLN4924 (Fig. 3E). LZTR1 also increased the
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polyubiquitylated species of AXL, which accumulated at much higher levels when cells were
treated with the lysosome inhibitor chloroquine (CQ), whereas the proteasome inhibitor
MG132 was ineffective (Fig. 3F). When co-expressed with ubiquitin wild type or ubiquitin
variants in which all lysine residues had been changed to arginine except for lysine-48 (K48)
or lysine-63 (K63), LZTR1 induced EGFR and AXL ubiquitylation by ubiquitin wild type
and predominantly K63 but minimally K48, indicating that LZTR1 promotes preferentially
K63-mediated ubiquitylation linkage, which is the key signal for efficient targeting of RTKs
to the lysosomal degradation pathway (Fig. 3G and H) (26).

[0178] Missense point mutations of LZTR1 that have been reported in sporadic tumors
and the germline of patients with Schwannomatosis target the Kelch domain, which is
required for substrate recognition (1,4,8,27,28) but also the BTB-BACK domains, which
interacts with CUL3 (Fig. 10D). To interrogate the cancer-specific significance of the
inactivation of EGFR and AXL by LZTRI1 in patients, we analyzed a panel of mutations of
LZTR1 and found that most mutants compromised the degradation capacity of LZTR 1
towards EGFR and AXL (Fig. 31 and J, for mutants in the Kelch domain; Fig. 3K and L for
mutants in the BTB-BACK region). Consistent with impaired degradation of EGFR, most
Kelch domain mutated proteins failed to interact with EGFR in co-immunoprecipitation
assays (Fig. 10E). RIT1 destabilization was also impaired by all LZTR1 mutants tested
except the R170Q mutation, which exhibited an activity comparable to LZTR1 wild type
although it was ineffective towards AXL and EGFR (Fig. 10F). Therefore, LZTR1 mutations
that are causally implicated in cancer and Schwannomatosis generally compromise the ability

of this ubiquitin ligase to regulate EGFR and AXL protein balance.

LZTRI1 recognizes activated EGFR and AXL and targets them to the lysosome

[0179] RTK signaling begins with the ligand-receptor interaction resulting in receptor
dimerization, autophosphorylation of the C-terminal tail and recruitment of transducers of
signaling. As negative feedback regulation, ligand binding to RTKs also triggers
internalization and degradation of the activated receptor with consequent signal termination
(29-31). It was found that EGF and GAS6 stimulation promoted the interaction of LZTR1
with the active, phosphorylated form of EGFR and AXL, respectively when tested by co-
immunoprecipitation (Fig. 4A and B). EGF-induced stimulation of LZTR1-EGFR complex
formation was impaired for the kinase-defective mutant EGFR-K721R, further supporting the
conclusion that EGFR phosphorylation and activation promotes binding to LZTR1 (Fig. 4C).
To directly determine whether the interaction with LZTR1 controls EGFR and AXL
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degradation initiated by EGF and GAS6, respectively, cells expressing EGFR or AXL were
treated with EGF or GASG6 for different times in the presence or absence of LZTR1. LZTR1
markedly increased the degradation of EGFR and AXL at the times analyzed (Fig. 4D and E).
LZTR1 also enhanced the EGF-induced ubiquitylation of EGFR (Fig. 10G). Conversely,
constitutive Lztr1 deletion in MEFs impaired EGF-induced quenching of EGFR protein and
signaling, maintaining active phospho-EGFR and preventing the loss of phospho-ERK (Fig.
4F and G). Similarly, CRISPR-Cas9-mediated knockout of LZTR1 in HeLa cells stabilized
EGFR and phospho-EGFR and resulted in persistent activation of MAPK when the signaling
mechanisms were interrogated in the context of increasing doses of EGF (Fig. 4H). Knockout
of LZTR1 caused comparable stabilization of EGFR and increased signaling when the
receptor was activated by epiregulin, an EGFR low affinity ligand (32), indicating that the
negative regulation of LZTR1 upon EGFR is independent of the particular ligand activating
the receptor (Fig. 41). Similarly, knockout of LZTR1 attenuated Gas6-mediated AXL
degradation and prolonged STATS3 signaling (Fig. 4J).

[0180] Receptor ubiquitylation is a sorting signal that targets activated RTKSs at the cell
surface to the lysosome by trapping them within clathrin-coated pits and multivesicular
endosomes (33). Ubiquitylation of RTKs is not necessary for internalization but is required
for lysosome targeting and degradation (34,35). To determine the role of LZTR1 for EGFR
and AXL endocytosis and trafficking to the lysosome, the subcellular localization of LZTR1
in relationship with EGFR and AXL upon ligand stimulation was first examined. When
expressed as EGFR-GFP fusion, the GFP signal co-localized with LZTR1-FLAG at the cell
periphery 5 min after addition of EGF at 4°C (Fig. 11A). Endogenous AXL and LZTR1 co-
localized at the cellular membrane after addition of GASG6 to the culture (Fig. 11B). Next, the
localization of ligand-occupied EGFR and AXL in LZTR1 wild type and knockout cells was
analyzed. For EGFR-EGF assay EGF conjugated with Alexa-647 was used to track ligand-
receptor interaction. In control cells analyzed five minutes after cell stimulation with EGF-
Alexa-647, the EGF-EGFR ligand-receptor complex co-localized with the early endosome
marker EEA1 and this co-localization decreased 45 minutes after EGF stimulation (Fig. SA
and B, left most bars for each condition). As expected, co-localization of EGF-Alexa-647
with the lysosomal marker Lamp1 was minimal 5 minutes after EGF stimulation and
increased after 45 minutes (Fig. SC and D, left most bars for each condition). In cells
harboring knockout of LZTR1, a reduction of the EGF-EEA1 early endosome co-localization

was initially detected 5 minutes after EGF addition but the early endosome
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compartmentalization of the EGF-EGFR complex remained stable after 45 minutes from
EGF stimulation, thus persisting at levels slightly higher than those of control cells (Fig. SA
and B, right most bars for each condition). Loss of LZTR1 impaired lysosomal targeting of
EGFR, as shown by the markedly reduced pool of EGFR co-localizing with the lysosomal
marker LAMP1 45 minutes after EGF stimulation compared to control cells (Fig. 5C and D,
right most bars for each condition). For the AXL-GASG6 assay, AXL trafficking after GAS6
addition was tracked by immunofluorescence of the endogenous AXL protein. As for EGFR,
co-localization of AXL with EEA1 was reduced in LZTR1 knockout cells 15 minutes after
stimulation with GAS6 compared with wild type cells (Fig. SE and F, right most bars for each
condition). A comparable statistically significant reduction in co-localization of AXL with
LAMP1 was obtained in LZTR1 knockout cells relative to wild type when the analysis was
performed 60 min after stimulation with GAS6 (Fig. 5G and H, right most bars for each
condition). These results indicate that in the absence of LZTR1, EGFR and AXL are not
efficiently sorted to the lysosome but remain in the early endosomal compartment and are

likely recycled to the plasma membrane with defective termination of signaling.

LZTR1 is a tumor suppressor in the peripheral nervous system

[0181] In humans, the LZTR1 gene is targeted by loss of function somatic mutations in
numerous cancers and the germ line of patients with Schwannomatosis (1,3-16). To ask
whether genetic deletion of Lz#r/ in the mouse delivers a model of tumorigenesis and whether
loss of LZTR1 activity in the whole organism is associated with accumulation of EGFR and
AXL, constitutive and conditional Lz#r/ knockout mice were generated (36). Constitutive
Lztrl-/- mice died at mid-gestation with severe and progressive apoptotic cell death of liver
cells (Fig. 12A). Embryos also exhibited abnormal expansion of the ventricular/sub-
ventricular zone (VZ/SVZ) of the telencephalon and a reduced cortical plate (CP), suggestive
of a relative block of neurogenesis and neuronal differentiation (Fig. 12B and C). At this
embryonic stage, dorsal root ganglia (DRG) can be clearly identified (37,38). Although
expression of AXL and EGFR is tenuous in these structures, Lzfr/-deleted DRG had higher
levels of AXL and EGFR than wild type DRG (Fig. 12D). To explore the consequences of
targeted deletion of Lztr I in the nervous system, Lztr1¥® mice were crossed with the GFAP-
Cre deleter strain. GFAP, a marker of neural stem cells and astrocytes in the CNS, is
expressed by immature Schwann cells and neural crest-derived skin precursors that have been
proposed as cell of origin of peripheral nerve sheet tumors (PNSTs) in humans and mice (39-

41). Lztr11: GF AP-Cre mice were viable, exhibited minor neurological symptoms such as
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abnormality of the hind limb reflex and were tumor-free. EGFR and AXL protein was
analyzed by immunofluorescence and found that they accumulated in Lztr 1% GFAP-Cre
mouse brain at levels higher than the wild type littermates (Fig. 13A and B). While EGFR
expression appeared widespread, expression of AXL accumulated in the area surrounding the
lateral ventricles and the rostral migratory stream (Fig. 13B). The absence of tumor formation
in the nervous system of the Zz#r/ conditional knockout mouse was in line with the absence
of tumor phenotypes in mice harboring conditional deletion of individual tumor suppressor
genes (42-44). To ask whether LZTR1 loss cooperates with inactivation of other tumor
suppressor genes for tumor development in the nervous system, Lztr1%%:Cdkn2 A% GFAP-
Cre compound mice were generated. Loss of function germline mutations of CDKN2A occur
in the germline of patients predisposed to tumors in the PNS. Somatic deletions of CDKN2A
are frequently associated with progression to malignancy of PNS tumors and are the most
frequent genetic alterations in malignant peripheral nervous system tumors (MPNSTs) (45-
50). Lztr1®:Cdkn2 A GF AP-Cre mice exhibited significantly reduced survival compared
with Lztr1+/+;Cdkn2 AV GFAP-Cre and control mice (Fig. 6A). The primary reason for
lethality was tumor development in the PNS and hematopoietic lineage (Fig. 6B).
Conversely, tumors in the brain of Lztr1%™:Cdkn2 AY™: GF AP-Cre mice were not observed.
Approximately 50% of Lztr1%%; Cdkn2 A% GFAP-Cre mice developed PNS tumors in the
skin, soft tissues and dorsal root ganglia that showed positivity for neural cell markers (Fig.
6C; Fig. 13C). Approximately 30% of the PNS tumors exhibited histological and
immunophenotypic features compatible with schwannomas including a tendency to form
pseudo-palisading structures, positivity for the Schwann cell markers S100p and SOX10, and
diffuse positivity for calretinin, a neural protein recently included in the panel of markers
differentiating schwannoma from neurofibroma in humans (Fig. 6C; Fig. 13C) (51,52). The
morphology and immunophenotyping of tumors not classified as schwannoma-like in
Lztr1Y%: Cdkn2 AY™: GF AP-Cre mice confirmed their origin from cells from the PNS and
broadly indicated transition towards more malignant and anaplastic lesions, similar to
MPNSTs. EGFR and AXL accumulated at high levels in schwannoma-like and MPNST-like
tumors (Fig. 6C; Fig. 13D). Cells isolated from schwannoma-like tumors that developed in
Lztr1®:Cdkn2 A GF AP-Cre+ mice (E0954) were expanded ex vivo and retained high
expression of the Schwann cell markers S100 and calretinin (Fig. 6D). They also exhibited
elevated EGFR and AXL, which were downregulated following lentivirus-mediated

reconstitution of LZTR1 (Fig. 6E), leading to reduced cell proliferation (Fig. 6F). In addition
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to tumors of the PNS, 36% of the Lztr1®;Cdkn2 A" GFAP-Cre mice developed
splenomegaly and enlarged liver associated with myeloproliferative disorders spanning from
extramedullary hematopoiesis to overt myelogenous leukemia (Fig. 13E). The spectrum of
myeloid tumors observed in Lztr 1% Cdkn2 AV: GFAP-Cre mice is consistent with the
hematopoietic expression of the Cre driver by the GFAP promoter (53) and the sensitivity of

the hematopoietic lineage to LZTR1 mutations for tumor development in humans (3,54).

Accumulation of EGFR and AXL in LZTR 1-mutant schwannoma and sensitivity to EGFR
and AXL inhibitors

[0182] The above findings suggest that EGFR and AXL may aberrantly accumulate in
human tumors initiated by inactivation of LZTR1. To test this hypothesis, EGFR and AXL
protein levels were compared in schwannomas from individuals carrying germline mutations
of LZTR1 and affected by Schwannomatosis, schwannomas from individuals carrying
germline mutations of SMARCB1 and sporadic/non-syndromic schwannoma. EGFR and
AXL proteins were analyzed by immunohistochemistry and quantified with the digital
HSCORE (D-HSCORE), an accurate and reproducible method for quantitative
immunostaining (55). EGFR and AXL accumulated in schwannomas from LZTR1 germline
mutant Schwannomatosis patients at levels significantly higher than those detected in
SMARCB1 mutant or sporadic schwannomas (Fig. 6G and H). However, expression of RIT1,
KRAS and HRAS did not vary significantly between sporadic or LZTR1 mutant germ line
schwannoma (Fig. 14A and B). To validate the finding that RTK signaling is enhanced in
LZTR1 germ line mutant schwannoma compared with LZTR1 wild type Schwannomatosis
tumors, the transcriptomic profiles were analyzed from RNAseq data of Schwannomatosis-
schwannoma from patients with germline mutations of LZTR1 (n = 10) and
Schwannomatosis-schwannoma from patients without LZTR1 germline mutation (n = 14)
(56). By performing differential gene expression analysis of 10 schwannoma from LZTR1
germline mutant and 14 tumors from patients without LZTR1 germline mutation and the
robust GST (Gene Set Test)}-MWW (Mann-Withney-Wilcoxon) test statistics (57), it was
found that EGF-dependent RTK activation and RTK activities are significantly higher in
tumors from patients with LZTR1 mutation compared with tumors harboring wild type
LZTRI1 (Fig. 14C and D). The independent analysis of single-sample enrichment score for
EGFR and RTK gene signatures confirmed that response to EGF and RTK activity and
regulation are the biological pathway significantly increased in tumors from patients with

LZTR1 germline mutations (Fig. 14E and F). There was no significant difference in the

61



WO 2024/103032 PCT/US2023/079424

occurrence of chromosome 22q loss of heterozygosity (LOH) between the two groups
(Fisher’s Exact Test p-value = 1), suggesting that the RTK pathway activation is unlikely to
be linked to this genetic event (Fig. 14C).

[0183] Finally, it was asked whether the accumulation of RTKSs in cells harboring loss of
LZTRI1 affected the proliferation potential and induced vulnerability to inhibition of EGFR
and AXL kinase activity. For these experiments two EGFR inhibitors, afatinib and
osimertinib and the AXL specific inhibitor, bemcentinib (58) were considered. Afatinib is an
irreversible pan-ErbB inhibitor that targets wild type EGFR (59). Osimertinib binds to the
EGEFR kinase irreversibly by targeting the cysteine-797 residue in the ATP binding site via
covalent bond formation (60). Although the inhibitory activity of osimertinib against EGFR-
T790M mutation is well established in lung cancer, the inhibition of the wild-type EGFR
kinase is still considerable (61-64). To evaluate target engagement by the two EGFR
inhibitors in cells isolated from a schwannoma-like mouse tumor (E0954), we analyzed the
phosphorylation of EGFR after treatment with different concentrations of osimertinib and
afatinib. Both inhibitors decreased phosphorylation of Tyr-1068 of EGFR although afatinib
showed a more pronounced block than osimetinib at the lowest concentrations (Fig. 15A and
B). When analyzed at a single dose for the effect on clonogenicity of schwannoma-like cells
from Lztr1V%:Cdkn2 A% GFAP-Cre+ mice (E0954), both afatinib and osimertinib as well as
the AXL inhibitor bemcentinib were ineffective. However, treatment with each EGFR
inhibitor in combination with bemcentinib severely reduced clonogenicity (Fig. 15C-F). To
validate this result, the drug combination effects were determined at multiple doses using the
Bliss score. The E0954 schwannoma-like cells exhibited high sensitivity to combination
treatment with afatinib or osimertinib and bemcentinib (Fig. 7A and B; Bliss synergistic
score: 13.69 and 16.5, respectively). In contrast, the combination of osimertinib plus
bemcentinib lacked a synergistic effect in cancer cells derived from a mouse model of
FGFR3-TACC3 gene fusion (57,65) (Fig. 7C; Bliss score: -0.59), thus supporting the
specificity of therapeutic synergy. The molecular synergy of osimetinib and bemcentinib was
evident in the inhibition of the downstream signaling, with complete elimination of AKT
phosphorylation and significant reduction of ERK phosphorylation by the drug combination
compared with treatment with the individual drugs (Fig. 7D). Confirmation of whether
EGFR and AXL inhibitors have synergistic effects in immortalized astrocytes isolated from
Lztr 1R osa-CreER mice either left untreated or treated with 4-OHT to delete the Lzt ]

gene was also performed. Lz#r/ deletion by 4-OHT treatment markedly increased colony
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formation (Fig. 15G). Recombined and control cells were treated with the EGFR inhibitor
osimertinib or afatinib and the AXL inhibitor bemcentinib individually and in combination.
Co-inhibition of EGFR and AXL with osimertinib or afatinib and bemcentinib even at
nanomolar concentration enhanced the killing of cells lacking active LZTR1 (4-OHT-treated)
without affecting the viability of wild type astrocytes (ethanol-treated) (Fig. 15H and I).
Finally, the anti-tumor effects of EGFR and AXL inhibitors was examined in vivo. In these
experiments afatinib and osimertinib were tested alone or in combination with bemcentinib.
Mice were injected subcutaneously with schwannoma-like cells from

Lztr1Y% Cdkn2 A" GFAP-Cre+ mice (E0954) and treated with i) bemcentinib at 50 mg/kg
body weight, osimertinib at 5 mg/kg body weight, bemcentinib at 50 mg/kg body weight plus
osimertinib at 5 mg/kg body weight or DMSO as control; i1) afatinib at 10 mg/kg
bodyweight, bemcentinib at 50 mg/kg body weight, bemcentinib at 50 mg/kg body weight
plus afatinib at 10 mg/kg body weight or DMSO as control (5 days in/one day off for both
treatment regimens). Survival was evaluated by the log rank test. For both therapy regimens,
single drug treatments were indistinguishable from control (Fig. 7E-G). Combination
treatment of afatinib and bemcentinib prolonged survival compared to single and vehicle
treatment (Fig. 7E, p = 0.0092). However, this treatment regimen was considerably toxic in
the mouse and required significant dose reduction. The combination of osimertinib plus
bemcentinib was more effective in reducing tumor growth and improving mouse survival
compared with single drug treatment and controls (Fig. 7F and G, p <0.0001). Taken
together, in vitro and in vivo experiments validated the combination of EGFR and AXL

inhibitors for treatment of LZTR 1 mutant cancer.

Discussion

[0184] This study shows that LZTR1 is recruited to ligand-activated EGFR and AXL,
which are directly ubiquitylated by CRL3%*™! complexes and consequently targeted to the
lysosome for proteolysis. Thus, LZTR1 controls the timing of termination of the signal
generated by the two RTKs. In the absence of LZTR1, EGFR and AXL remain in the
endosome compartment and are likely recycled to the plasma membrane. Remarkably, most
LZTR1 mutations of Kelch and BTB-BACK domain found in different sporadic cancer types
and the germline of patients with Schwannomatosis have lost the ability to destabilize EGFR
and AXL. The effect of Kelch domain mutants is associated with loss of the interaction
between the LZTR 1 mutants and the RTK substrates whereas the mutants in the BTB-BACK

domains specifically impair the formation of complex with CUL3 (66). Consistent with these
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findings, EGFR and AXL specifically accumulate in tumors from LZTR 1-mutant
Schwannomatosis, resulting in deregulated downstream signaling. It was also found that
schwannoma-like tumor cells lacking the LZTR1 gene exhibited vulnerability to
combinatorial inhibition of EGFR and AXL. This finding was confirmed in multiple cell
systems in vitro and in vivo and was similarly reproduced when using different small
molecules inhibitors of EGFR.

[0185] The analysis of the Lztr1 deficient mouse model showed that constitutive
homozygous deletion of Lzfr/ is embryonically lethal at mid-gestation because of severe liver
degeneration. Knockout embryos also exhibited expansion of the germinal areas of the
telencephalon with reduction of the differentiated cortical plate. Thus, the phenotypes
induced by Lztr/ deficiency in the mouse differ from the pathological traits that have been
reported in mice harboring gain of function mutation of the LZTR1 substrate RIT1, which
recapitulate the dysmorphic alterations in Noonan syndrome (20). Interestingly, conditional
knockout of Lztrl and Cdkn2a under the GFAP promoter, which is widely active in
progenitor and glial cells in the CNS and PNS did not trigger tumorigenesis in the brain but
induced PNS tumors including schwannoma-like tumors and MPNST and generated
sensitivity to developing myeloid neoplasms. These results demonstrated for the first time the
tumor suppression function of LZTR1 in the whole organism in vivo and unmasked the
striking sensitivity of cells of the PNS to neoplastic transformation by LZTR1 inactivation.
Deregulation of EGFR and AXL signaling in LZTR1-mutant cells points to a broad level of
complexity of the control of cell growth and survival since RTKs are also coupled to non-
Ras-dependent pathways (67,68). EGFR and AXL are among the most studied tumor-specific
RTKs undergoing genetic alterations that generate oncogenic signals driving multiple cancer
types. However, beside copy number gain or activating mutations, post-translational
accumulation of the EGFR and AXL proteins is frequently observed in the absence of gene
amplification (69-71). Furthermore, ligand-induced activation of these RTKs is a potent
oncogenic mechanism in diverse cancer types (72-74). The frequent loss-of-function
alterations of the LZTR 1 gene across multiple tumor types and in tumor predisposition
syndromes increase RTK protein stability and may promote tumor initiation and progression
by activating distinct cancer hallmarks such as epithelial to mesenchymal transition and
invasion (75,76). By targeting at once EGFR and AXL for degradation, LZTR1 not only
restrains EGFR but also blocks the parallel and redundant cancer signaling mediated by AXL.
EGFR and AXL can be directly targeted by small molecule inhibitors. The therapeutic effect
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of single treatment with the EGFR inhibitors afatinib and osimertinib or the AXL inhibitor
bemcentininb was minimal. However, when used in combination, EGFR and AXL inhibitors
exhibited specific anti-tumor effect against LZTR 1-deficient immortalized astrocytes, PNS
tumor cells, and tumor models in vivo, indicating that when treated with single RTK
inhibitor, the persistent activity of EGFR or AXL is sufficient to sustain survival and growth
of LZTR1-mutant cells. Overall, the data can be safely interpreted to indicate that the
combinatorial inhibition of EGFR and AXL represents a therapeutic opportunity for LZ7R/

mutant tumors.
Methods

Cell Culture

[0186] HeLa (ATCC, CCL-2, RRID:CVCL0030), HEK293T (ATCC, CRL-11268,
RRID:CVCL _1926), SW10 (ATCC, CRL-2766, RRID:CVCL_6458) and U87-MG (HTB-
14, RRID:CVCL_0022) cell lines were acquired through American Type Culture Collection.
Cell lines were cultured in DMEM supplemented with 10% fetal bovine serum (FBS, Sigma).
Cells were routinely tested for mycoplasma contamination using Mycoplasma Plus PCR
Primer Set (Agilent, Santa Clara, CA) and were found to be negative. Mouse embryonic
fibroblasts were isolated from embryonic day 13.5 (E13.5)-old LZTR1+/+ and LZTR1-/-
embryos and astrocytes LZTR 1'"1-Rosa-CreER were isolated from post-natal day 5 pups
according to published protocols (77,78). Deletion of Lztrl in astrocytes was achieved by
treating cells with 350 nM 4-hydroxytamoxifen for 4 days. EGF and epiregulin stimulation
was performed by adding the ligand at the concentrations indicated in the individual figures
after 16 hours of starvation from serum. Cells were transfected with Lipofectamine 2000
(Invitrogen) or calcium phosphate. Cells were transduced using lentiviral particles in medium
containing 4 pug/ml of polybrene (Sigma). Evaluation of protein half-life was performed by
treating cells with 50 pg/ml of cycloheximide (CHX) for the indicated times and analyzed by
western blot. The half-life of EGFR and AXL was quantified by densitometry using ImageJ
processing software (NIH, RRID:SCR _003070). Densitometry values were analyzed by
Prism 6.0 (RRID:SCR_002798),

Plasmids, cloning and lentivirus production
[0187] cDNAs for LZTR1 and AXL were amplified by PCR and cloned into the
pCDNA3.1 or pLOC vectors in frame with FLAG or HA tag at the C-terminus. Expression of

LZTRI1 using a doxycycline inducible system was achieved by cloning FLAG-tagged LZTR1

cDNA into pINDUCER-TR3G. EGFR-GFP was a gift from Alexander Sorkin (Addgene
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plasmid # 32751, RRID:Addgene 32751). GST-LZTRI full length and deletion mutants
(LZTR1-1-425, LZTR1-426-840, LZTR1-426-640, LZTR1-641-840) and GST-EGFR
deletion mutants (EGFR-1-620, EGFR-643-953, EGFR-643-1186, EGFR-953-1186) were
cloned into pGEX-4T-3 and resulting plasmids verified by Sanger sequencing. EGFR kinase
activity defective mutant, K721R and LZTR1 Kelch domain mutants were generated by site-
directed mutagenesis using the QuickChange Site-Directed mutagenesis kit (Agilent) and
verified by Sanger sequencing.

[0188] For CRISPR/Cas9-mediated LZTR 1, we used lentiviral vector (LVO1, Sigma).
sgRNA sequences are:

control non-targeting: CGCGATAGCGCGAATATATT (SEQ ID NO: 1)

hLZTR1-1: CACCCACGAACTCGTCGCA (SEQ ID NO: 2) (HSPD0000047303);
hLZTR1-2: GACTTCGACCATAGCTGCT (SEQ ID NO: 3) (HSPD0000047304);
mLZTR1-1: CATGGAAGAGCCTCCCGCT (SEQ ID NO: 4) (MMPDO0000065735);
mLZTR1-2: GACAACAACATTCGCAGTG (SEQ ID NO: 5) (MMPDO0000065733).

[0189] Lentiviral particles were produced by co-transfecting of lentiviral vectors with
pCMV-ARS.1 and pMD2.G plasmids into HEK293T cells as previously described (79). After
lentiviral infection, cells were selected with puromycin, seeded in a 96-well plate at a density
of 0.5 cell per well and independent clones isolated, expanded, and analyzed by western blot

for expression of the targeted genes.

Global ubiquitylation enrichment

[0190] For global ubiquitylation enrichment study, immortalized LZTR1f1/fl-Rosa-
CreER astrocytes were treated with 4-OHT as described above to induce deletion of LZTR1.
Cells were then infected with lentivirus for doxycycline inducible reconstitution of LZTR1
and treated with doxycycline or vehicle to express LZTR1 in the absence or presence of
MG132. Cells were lysed/homogenized by bead-beating in 9 M urea and 100 mM ammonium
bicarbonate, supplemented with protease inhibitors. Lysates were cleared by centrifugation at
21,000 g for 30 min at 40C, and protein concentration was measured by BCA. Five mg of
total protein from each sample were reduced with 10 mM DTT for 30 min at 56 oC in an air
thermostat, cooled down to room temperature, and alkylated with 11 mM CAA at room
temperature for 30 min, and alkylation was then quenched by the addition of an additional 5
mM DTT. Samples were diluted 6-fold with S0 mM ammonium bicarbonate and digested
overnight with trypsin (1:50) at 37°C. The next day, the digestion was stopped by the
addition of 0.25% TFA (final v/v) and centrifuged at 10,000 rpm for 10 min at room
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temperature to pellet precipitated lipids and collected the cleared supernatant. Supernatant
were desalted on a SepPak C18 cartridge 500 mg and dried using vacuum centrifugation.
Desalted dried peptides (5 mg) were resuspended in 1.4 ml of ice-cold TAP buffer (50 mM
MOPS (pH 7.2), 10 mM sodium phosphate and 50 mM NaCl) and centrifuged at maximum
speed for 5 min at 4°C to remove any insoluble material. Supernatants (pH ~7.5) were
incubated with the washed PTMScan® Ubiquitin Remnant Motif (K-e-GG) Kit #5562 (Cell
Signaling Technology) antibody beads for 2 hours at 4°C. After centrifugation at 2000 g for 1
min, beads were washed three times with ice-cold IAP buffer and three with ice-cold HPLC
water. The ubiquitinated peptides were eluted twice with 0.15% TFA, desalted using SDB-
RP StageTip, and dried via vacuum centrifugation. Desalted peptides were injected in an
EASY-SprayTM PepMapTM RSLC C18 50cm X 75c¢m ID column (Thermo Scientific)
connected to an Orbitrap FusionTM TribridTM (Thermo Scientific). Peptides elution and
separation were achieved at a non-linear flow rate of 250 nl/min using a gradient of 5%-30%
of buffer B (0.1% (v/v) formic acid, 100% acetonitrile) for 110 min with a temperature of the
column maintained at 50 °C during the entire experiment. The Thermo Scientific Orbitrap
Fusion Tribrid mass spectrometer was used for peptide tandem mass spectroscopy (MS/MS).
Survey scans of peptide precursors are performed from 375 to 1500 m/z at 120K full width at
half maximum (FWHM) resolution (200 m/z) with a 2 x 105 ion count target and a maximum
injection time of 50 ms. The instrument was set to run in top speed mode with 3-second
cycles for the survey and the MS/MS scans. After a survey scan, MS/MS was performed on
the most abundant precursors, 1.e., those exhibiting a charge state from 2 to 6 of greater than
5 x 103 intensity, by isolating them in the quadrupole at 1.6 Th. We used collision-induced
dissociation (CID) with 35% collision energy and detected the resulting fragments with the
rapid scan rate in the ion trap. The automatic gain control (AGC) target for MS/MS was set to
1 x 104 and the maximum injection time was limited to 35ms. The dynamic exclusion was set
to 15 s with a 10 ppm mass tolerance around the precursor and its isotopes. Monoisotopic
precursor selection was enabled. Raw mass spectrometric data were analyzed using the
MaxQuant environment v.1.6.1.0 (80) and Andromeda for database searches (81) at default
settings with few modifications. The default was used for first search tolerance and main
search tolerance (20 ppm and 6 ppm, respectively). MaxQuant was set up to search with the
reference mouse proteome database downloaded from UniProt. MaxQuant and performed the
search trypsin digestion with up to 2 missed cleavages. Peptide, site and protein false

discovery rates (FDR) were all set to 1%. The following modifications were used for protein
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identification and quantification: oxidation of methionine (M), acetylation of the protein N-
terminus, DiGly (K) and deamination for asparagine or glutamine (NQ). Results obtained
from MaxQuant were filtered by localization probability of ubiquitination site > 0.90;
intensity of diGly peptide > median; summed score for the individual peptides > 15th
percentile; posterior error probability < 0.05; intensity fold change between samples with

expression of LZTR1 and control >2.5.

Tandem Mass Tag (TMT) quantitative mass spectrometry

[0191] To identify the proteins that accumulated following LZTR1 loss, immortalized
LZTR1 wild type and LZTR1-/- MEFs or HeLa cells were collected in cold PBS and
centrifuged at 4,000 RPM for 5 min and processed as described (82). Briefly, frozen cell
pellets were lysed by bead-beating in 8 M urea and 200 mM EPPS (pH 8.5), supplemented
with protease inhibitors. Samples were reduced with S mM TCEP and alkylated with 10 mM
iodoacetamide (IAA) that was quenched with 10 mM DTT. A total of 200 pg of protein was
chloroform—methanol precipitated. Protein was reconstituted in 200 mM EPPS (pH 8.5) and
digested by Lys-C overnight and trypsin for 6h, both at a 1:50 protease-to-peptide ratio.
Digested peptides were quantified using a Nanodrop and 100 ug from each sample were
labeled with 800 ug TMT reagent using 10-plex TMT kitl. TMT labels were checked, 0.5 pg
of each sample was pooled, desalted, and analyzed by short SPS-MS3 method, and using
normalization factor, samples were bulk mixed at 1:1 across all channels. 900 pg of the bulk
mixed sample was used for total proteome analysis. Mixed TMT-labeled samples were
vacuum centrifuged and desalted with C18 Sep-Pak (200 mg) solid-phase extraction column.
The desalted sample was fractionated using BPRP chromatography. Peptides were subjected
to a 50 min linear gradient from 5 to 42% acetonitrile in 10 mM ammonium bicarbonate pH 8
at a flow rate of 0.6 mL/min over Water X-bridge C18 column (3.5 um particles, 4.6 mm ID
and 250 mm in length). The peptide mixture was fractionated into a total of 96 fractions,
which were consolidated into 36 fractions. Fractions were subsequently acidified with 1%
formic acid, and vacuum centrifuged to near dryness and desalted via SDB-RP StageTip.
Fractions were dissolved in 10 pl of 3% acetonitrile/0.1% formic acid injected using SPS-
MS3. The UltiMate 3000 UHPLC system (Thermo Scientific) and EASY-Spray PepMap
RSLC C18 50 cm x 75 um ID column (Thermo Fisher Scientific) coupled with Orbitrap
Fusion (Thermo) were used to separate fractioned peptides with a 5-30% acetonitrile gradient
in 0.1% formic acid over 45 min at a flow rate of 250 nL/min. After each gradient, the

column was washed with 90% buffer B for 10 min and re-equilibrated with 98% buffer A
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(0.1% formic acid, 100% HPLC-grade water) for 40 min. The full MS spectra were acquired
in the Orbitrap Fusion™ Tribrid™ Mass Spectrometer (Thermo Fisher Scientific) at a
resolution of 120,000. The 10 most intense MS1 ions were selected for MS2 analysis. The
isolation width was set at 0.7 Da and isolated precursors were fragmented by CID at
normalized collision energy (NCE) of 35% and analyzed in the ion trap using “turbo” scan
speed. Following the acquisition of each MS2 spectrum, a synchronous precursor selection
(SPS) MS3 scan was collected on the top 10 most intense ions in the MS2 spectrum. SPS-
MS3 precursors were fragmented by higher energy collision-induced dissociation (HCD) at
an NCE of 65% and analyzed using the Orbitrap. Raw mass spectrometric data were analyzed
using Proteome Discoverer 2.3 to perform database search and TMT reporter ions
quantification. TMT tags on lysine residues and peptide N termini (+229.163 Da) and the
carbamidomethylation of cysteine residues (+57.021 Da) was set as static modifications,
while the oxidation of methionine residues (+15.995 Da), and deamidation (+0.984) on
asparagine and glutamine were set as a variable modification. Data were searched against a
UniProt Mouse or human database with peptide-spectrum match (PSMs) and protein-level
FDR at 1% FDR. The signal-to-noise (S/N) measurements of each protein was normalized so
that the sum of the signal for all proteins in each channel was equivalent to account for equal
protein loading. Protein identification and quantification were analyzed using the R software
environment. Proteins were selected according to > 1.5-fold change between LZTR1 knock

out and wild type samples.

Identification of LZTR1 interacting proteins by mass spectrometry.

[0192] LZTR1 complexes were purified from the U87 cells transduced with lentivirus
expressing LZTR1-FLAG, LZTR1-FLAG-R810W or the empty vector. Cellular lysates were
prepared in 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulphate, 1.5 mM Na3VO04, 50 mM sodium fluoride, 10
mM sodium pyrophosphate, 10 mM B-glycerolphosphate and EDTA-free protease inhibitor
cocktail (Roche). Lysates were immunoprecipitated with FLAG aftinity matrix and eluted
with FLAG peptide. Eluates were separated on 4-12% gradient SDS-PAGE and stained with
SimplyBlue (Thermo fisher Scientific). Protein gel slices were excised and in-gel digestion
performed as previously described (83), with minor modifications. Gel slices were washed
with 1:1 Acetonitrile and 100 mM ammonium bicarbonate for 30 min then dehydrated with
100% acetonitrile for 10 min until shrunk. The excess acetonitrile was then removed and the

slices dried in speed-vacuum at room temperature for 10 min. Gel slices were reduced with 5
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mM DTT for 30 min at 56 oC in an air thermostat, cooled down to room temperature, and
alkylated with 11 mM IAA for 30 min with no light. Gel slices were then washed with 100
mM of ammonium bicarbonate and 100% acetonitrile for 10 min each. Excess acetonitrile
was removed and dried in a speed-vacuum for 10 min at room temperature and the gel slices
were re-hydrated in a solution of 25 ng/ul trypsin in 50 mM ammonium bicarbonate for 30
min on ice and digested overnight at 37 OC in an air thermostat. Digested peptides were
collected and further extracted from gel slices in extraction buffer (1:2 ratio by volume of 5%
formic acid: acetonitrile) at high speed, shaking in an air thermostat. The supernatants from
both extractions were combined and dried in a speed-vacuum. Peptides were dissolved in 3%
acetonitrile/0.1% formic acid. Desalted peptides were injected in an EASY-SprayT™M
PepMapTM RSLC C18 50cm X 75c¢m ID column (Thermo Scientific) connected to an
Orbitrap FusionTM TribridTM (Thermo Scientific) as described in “Global ubiquitylation
enrichment” section. The following modifications were used for protein identification and
quantification: oxidation of methionine (M), acetylation of the protein N-terminus, and
deamination for asparagine or glutamine (NQ). Results obtained from MaxQuant were
assembled in Scaffold for data visualization. A specificity score of proteins interacting with
LZTRI1 proteins was computed for each polypeptide as described (84). Briefly, we compared
the number of peptides identified from our mass spectrometry analysis to those reported in
the CRAPome database that includes a list of potential contaminants from affinity
purification-mass spectrometry experiments (www.crapome.org). The specificity score is
computed as [(#peptide*#xcorr)/(AveSC*MaxSC*#of Expt.)], where #peptide, identified
peptide count; #xcorr, the cross-correlation score for all candidate peptides queried from the
database; AveSC, averaged spectral counts from CRAPome; MaxSC, maximal spectral
counts from CRAPome; and # of Expt., the total found number of experiments from
CRAPome. Finally, proteins were filtered by Peptide Spectrum Matches (PSM)= 0 in the
empty vector (EV) control; PSM > 0 in the cells expressing wild type (WT) and R§10W
mutant (RW) LZTR1; RW-LZTR1 vs. WT-LZTR1 PSM fold change > 2.

Recombinant protein production and GST pull down assay

[0193] PGEX 4T-3-EGFR and PGEX 4T-3-LZTRI1 full length or deletion mutant

plasmids were introduced into E.coli strain BL21 (DE3). Protein expression was induced with
200 uM isopropyl-p-D-1-thiogalactopyranoside (IPTG) for 4-5 hours at 30 °C. Bacteria were
harvested and resuspended in lysis buffer containing 1X phosphate buffered saline, 0.5%

Triton-X 100, 1x protease inhibitors cocktail (Roche), ImM PMSF, and 200ug/mL lysozyme
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and incubated on ice for 30 min. After centrifugation at 17,000g for 15 min at 4 °C,
supernatants were incubated with Glutathione S Sepharose beads (Cytiva) for 1 hour at 4 °C,

washed 3 times in lysis buffer and stored in PBS.

Immunoblot and immunoprecipitation

[0194] Cells were lysed in RIPA buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% NP40, 0.5% sodium dexoycholate, 0.1% sodium dodecyl sulphate, 1.5 mM
Na3VO04, 50 mM sodium fluoride, 10 mM sodium pyrophosphate, 10 mM f-
glycerolphosphate and EDTA-free protease inhibitor cocktail (Roche)) or NP40 lysis buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP40, 1.5 mM Na3VO4, 50

mM sodium fluoride, 10 mM sodium pyrophosphate, 10 mM B-glycerolphosphate and
EDTA-free protease inhibitor cocktail (Roche)). Lysates were centrifuged 14,000 r.p.m. for
15 min at 4 °C and supernatant were collected. For immunoprecipitation, cell lysates were
incubated with antibody for GFP (Santa Cruz Biotechnology Cat# sc-9996,

RRID:AB 627695) or EGFR (Santa Cruz Biotechnology Cat# sc-373746,
RRID:AB_10920395) and protein G/A beads (Santa Cruz Biotechnology Cat# sc-2003,
RRID:AB_10201400) or Flag M2 affinity gel (Sigma-Aldrich Cat# F2426,

RRID:AB 2616449) and HA affinity gel (Sigma-Aldrich Cat# E6779, RRID:AB_10109562)
at 4 °C overnight. Beads were washed with lysis buffer four times and eluted in 2x SDS
sample buffer. Inmunoprecipitates or lysates were separated by SDS-PAGE and transferred
to polyvinylidene difluoride or nitrocellulose membranes. Membranes were blocked in TBS-
T (0.1% Tween20) with 5% non-fat milk or BSA and probed with primary antibodies.
[0195] Antibodies and working concentrations are: GFP (1:1000; Santa Cruz
Biotechnology Cat# sc-9996, RRID:AB 627695); LZTR1 (1:500; Santa Cruz
Biotechnology Cat# sc-390166, RRID:AB 2910196); EGFR (1:500; Santa Cruz
Biotechnology Cat# sc-373746, RRID:AB_10920395); AXL (1:1000; Santa Cruz
Biotechnology Cat# sc-166269, RRID:AB 2243305); c-MYC (1:500; Santa Cruz
Biotechnology Cat# sc-40, RRID:AB 627268); GST (1:1000; Santa Cruz Biotechnology
Cat# sc-138, RRID:AB_627677); ERK (1:2000; Cell Signaling Technology Cat# 9102,
RRID:AB 330744); phospho-ERK (1:2000; Cell Signaling Technology Cat# 4370,
RRID:AB 2315112); phospho-EGFR (1:1000; Cell Signaling Technology Cat# 3777,
RRID:AB 2096270); AXL (1:2000; Cell Signaling Technology Cat# 8661,
RRID:AB 11217435); phosphor-AXL (1:500; Cell SignalingTechnology Cat# 5724,
RRID:AB 10544794); DYKDDDDK Tag (1:1000; Cell Signaling Technology Cat# 14793,
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RRID:AB_2572291); B-actin (1:10000; Sigma-Aldrich Cat# A5441, RRID:AB_476744);
Mono- and polyubiquitinilated-HRP (1:1000; Enzo Life Sciences Cat# BML-PW0150-0025
RRID:AB 2051892); EGFR (1:2000; Abcam Cat# ab52894, RRID:AB_869579); RIT1
(1:500; Abcam Cat# ab53720, RRID:AB 882379); HA (1:1000; Roche Cat# 12158167001,
RRID:AB 390915); AXL (1:1000; R and D Systems Cat# AF854, RRID:AB_355663).

2

Horseradish peroxidase-conjugated secondary antibodies were purchased from Invitrogen and

ECL (Amersham) or Super Signal West Femto (Thermo Scientific) was used for detection.

Ubiquitylation assay

[0196] 293T and HeLa cells were transfected with plasmid expressing EGFR-GFP, HA-
Ub and LZTRI1-FLAG as indicated in figures and treated with MLN4924 (1 uM),
chloroquine (CQ, 100 uM), MG132 (20 uM), or EGF (20 ng/ml or 100 ng/ml) and

ubiquitylation assay was performed under denaturing condition. Cells were lysed in 1% SDS
and boiled at 100 °C for 10 min. Lysates were diluted with tris buffered saline containing 1%
NP40 and centrifuged 14000 r.p.m. for 15 min at 4°C. Immunoprecipitation was performed
using 500 pg to 1 mg of cellular lysates using HA affinity gel (Sigma, E6779), AXL or
EGFR antibodies at 4 °C overnight followed by protein G/A beads for 90 min at 4 °C. Beads
were washed with lysis buffer four times and eluted in 2x SDS sample buffer. Protein
samples were separated by SDS-PAGE and transferred to PVDF membrane and analyzed by

western blot.

Immunofluorescence and immunohistochemistry

[0197] Cells were fixed with 4% paraformaldehyde for 10 min, washed with cold PBS
three times and permeabilized and blocked with 0.02% saponin or 0.5% Triton X100 and 5%
BSA in PBS for 1 hour. Cells were incubated with antibodies, EEA1 antibody (1:200; BD
Biosciences Cat# 610457, RRID:AB 397830); Lamp1 antibody (1:500; Abcam Cat#
ab24170, RRID:AB_775978); Lamp]1 (1:700; Santa Cruz Biotechnology Cat# sc-20011,
RRID:AB_626853); AXL (1:1000; Cell Signaling Technology Cat# 8661,

RID:AB 11217435); AXL (1:400; Santa Cruz Biotechnology Cat# sc-166269
RRID:AB_2243305); FLAG (1:1000; Sigma-Aldrich Cat# F1804, RRID:AB 262044)
overnight at 4 °C or 1 hr at RT. Cells were washed with 0.02% Saponin in PBS for three

times and incubated with fluorescence-conjugated secondary antibodies; Goat anti-Rabbit
IgG (H+L) Cross-Adsorbed Secondary Antibody, Cyanine3 (Thermo Fisher Scientific Cat#
A10520, RRID:AB 253402);, Cy™3 AffiniPure Donkey Anti-Goat IgG (H+L) (Jackson
ImmunoResearch Labs Cat# 705-165-147, RRID:AB 2307351); Goat anti-Mouse IgG
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(H+L), Superclonal Recombinant Secondary Antibody, Alexa Fluor™ 555 (Thermo Fisher
Scientific Cat# A28180, RRID:AB 2536164); Goat anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 647 (Thermo Fisher Scientific Cat# A-21245,
RRID:AB 2535813); Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 647 (Thermo Fisher Scientific Cat# A-21235, RRID:AB_2535804) for 30 min
at RT. After three washes, DNA was counterstained with DAPI (Sigma). Fluorescence
microscopy was performed on a Nikon A1R MP microscope using a 100X, 1.45 Plan Apo
Lambda lens or Olympus IX70 microscope with 40X objective. Image analysis was
performed using ImageJ (RRID:SCR_003070). At least 30 cells per sample (4-10 cells per
field) were randomly selected and co-localization between EGF or AXL and EEA1 or Lampl
quantified using the ImageJ plugin JACoP. Human and mouse tissue preparation and
immunostaining were performed as previously described (84,85). Human schwannoma
samples analyzed by immunohistochemistry had been stored in the Onconeurotek tumorbank
(certified NF S96 900), and received the authorization for analysis from ethical comittee
(CPP Ile de France VI, ref A391I), and French Ministry for research (AC 2013-1962). Briefly,
tumor sections were deparaffinized in xylene and rehydrated in a graded series of ethyl
alcohol. Antigen retrieval was performed in citrate solution pH = 6.0 using decloaking
chamber. After peroxidase blocking in 3% H202 for 15 min, slides were blocked for 1h in
10% goat serum, 0.25% Triton X-100, 1X PBS and then incubated at 4 °C overnight with
antibodies; EGFR antibody (1:2500; Abcam Cat# ab52894, RRID:AB_869579); AXL
antibody (1:250; Cell Signaling Technology Cat# 8661, RRID:AB 11217435); RIT1 (1:500;
Abcam Cat# ab53720, RRID:AB_882379); KRAS (1:800; Proteintech Cat# 12063-1-AP,
RRID:AB 878040 ); HRAS (1:150; Novus biologicals Cat # NBP2-42864); S100B (1:400;
Abcam Cat# ab52642, RRID:AB_882426); Calretinin (1:400; Abcam, ab244299); SOX10
(1:500; Abcam, ab227680); AXL (1:2,000; R and D Systems Cat# AF854,
RRID:AB_355663). Sections were then incubated with biotinylated anti-rabbit or anti-mouse
antibody followed by streptavidin-peroxidase. Reaction for schwannomas tissue sections was
developed by 3,3’-diaminobenzidine (DAB) and counterstained with hematoxylin. Images
were acquired under 10X magnification using an Olympus 1X70 microscope equipped with
digital camera section (6-25 images/section). Quantification of digital H-SCORE was
obtained using ImageJ (NIH, Bethesda, USA) with specific built-in color deconvolution plug-
in for evaluation of hematoxylin and DAB staining (55). For mouse tumor

immunofluorescence, TSA-Cy3 was used (Akoya Biosciences) and nuclei were
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counterstained with DAPI (Sigma). Semi-quantitative immunohistochemical analysis of PNS
tumors was performed by scoring cells with positive signal for each marker according to the
estimated percentage of positive cells: +++: positive cells >50% (diffuse); ++: positive cells
between 25% and 50% (diffuse); +: positive cells between 10% and 25% (diffuse); +/-:
positive cells between 10% and 25% (only in some fields with other fields negative); -:

negative.

Mouse experiments

[0198] We obtained heterozygous Lztr1tm1a(EUCOMM)Wtsi mice through the

European Community Mouse Mutagenesis consortium (36,86). Lztrltm1a heterozygous mice
are phenotypically normal. The Lztrl-deficient mice (LZTR1tm1a(EUCOMM)Wtsi) carry a
knockout-first allele, in which a cassette including LacZ and neo genes were inserted at
position 17518027 of Chr 16 (intron 5-6) of the Lz#r/ gene. The cassette includes an FRT site
followed by lacZ sequence and a loxP site. This first loxP site is followed by neomycin under
the control of the human beta-actin promoter, SV40 polyA, a second FRT site and a second
loxP site. A third 1oxP site is inserted downstream of the targeted exon 7 at position
17518811. LoxP sites thus flank exon 7. We generated the "conditional" (floxed) allele by
inter-crossing them with ROSA26Sortm 1(FLP1) mice. Lztr1"® mice were then intercrossed
with Cdkn2a® and GFAP-Cre mice to generate Lztr1?V%:Cdkn2a®™: GFAP-Cre+ mice or with
Rosa-cre-ER mice to obtain Lztr1%™:Rosa-cre-ER mice from which astrocytes were isolated.
[0199] For in vivo treatment experiments, 1 x 106 of tumor cells from
Lztr1Y%:Cdkn2a™: GFAP-Cre+mice were injected subcutaneously in the right flank of
females and males Nu/nu mice in 150 ul volume of cell cultured media with 50% Matrigel.
Mice carrying 250-300 mm3 subcutaneous tumors (approximately 16 days from injection)
were treated with 1) bemcentinib at 50 mg/kg body weight, osimertinib at 5 mg/kg body
weight, bemcentinib at 50 mg/kg body weight plus osimertinib at 5 mg/kg body weight or
DMSO as control; ii) afatinib at 10 mg/kg bodyweight, bemcentinib at 50 mg/kg body
weight, bemcentinib at 50 mg/kg body weight plus afatinib at 10 mg/kg body weight or
DMSO as control (5 days in/one day off for both treatment regimens). Mice were weighted
daily. Tumor diameters were measured every 2 days with caliper and tumor volumes
estimated using the formula: width2 x length/2 = V (mm3). Mice were euthanized when the
tumor size reached 2,000mm3 or if the skin was ulcerated, according to IACUC
recommendation. All experiments were performed according to the guidelines of the

Institutional Animal Care and Use Committee at Columbia University.
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Colony forming assay

[0200] Astrocytes were treated with 350 nM 4-hydroxytamoxifen or ethanol for 4 days.
1,000 cells were plated in 6 well plates and cultured in DMEM/F12 medium supplemented
with N-2, B-27, EGF and FGF-2 for 2 weeks. Cells were stained with crystal violet and

colonies were counted.

Clonogenic assay

[0201] 500 cells were seeded in triplicate wells of 6-well plates. 24 hr after seeding, cells
were treated with osimertinib, afatinib and bemcentinib for 72 hr as indicated in Fig. 15C and
E. Cells were washed to remove the drugs and cultured in growth culture medium until
colonies were detected by light microscopy. Cells were stained with crystal violet and

colonies were counted.

Compound treatment of mouse astrocytes and cancer cell

[0202] Astrocytes were treated with 350 nM 4-hydroxytamoxifen or ethanol for 4 days
and then cultured in DMEM/F12 medium supplemented with N-2, B-27, EGF and FGF-2 for
additional 4 days. Cells isolated from tumors occurring in Lztr1%1;:Cdkn2a™™; GFAP-Cre+
mice were cultured in medium as described above. FGFR3-TACC3 gene fusion harboring
cells were similarly cultured. Cells were plated at 4,000 cells/well in 130 pl of medium in
opaque white 96-well plates and after 24 hrs cells treated in six replicates with 3-fold serial
dilutions of osimertinib or afatinib and bemcentinib drug combinations as indicated in Fig. 7;
Fig. 15H and I for 96 hrs. Viability was determined using CellTiterGlo assay reagent
(Promega, G7570) and GloMax-Multi+ Microplate Multimode Reader (Promega).
Experiments were repeated three times with similar results. The Bliss score was obtained by

using SynergyFinder (synergyfinder.fimm.fi) (87).

Gene expression analysis of schwannoma

[0203] Gene expression RNAseq data of 24 schwannomatosis-related schwannoma and
their genetic annotations were retrieved from a published study (56). RNAseq raw data were
mapped to human reference (hgl19) using STAR (88), and featureCounts (89) was used for
transcript level quantification. Differential gene expression analysis was performed to
compare LZTR1 germline mutant (n=10) and wild type (n=14) samples, using EDAseq R
package (90). Functional enrichment was analyzed by Mann—Whitney—Wilcoxon gene set
test MWW-—GST) (57) to identify significantly overrepresented pathways in the LZTR1
mutant subset compared to the wild type, and to compute the Normalized Enrichment Score

(NES) in each single sample (GST-MWW NES > 0.58 and FDR < 0.05).
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Statistics

[0204] Results in graphs are expressed as means + s.d. as indicated in figure legends, for
the indicated number of observations. Statistical significance was determined by the
Student’s t-test (two-tailed, unequal variance) using GraphPad Prism 8.0 software package
(GraphPad Inc. RRID:SCR_002798) or statistical functions in Excel. p-value < 0.05 is
considered significant and is indicated in figure legends.
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MCM6, MTFRIL, ELAVL1, ARHGEF40, SPC25, PSME4, G6PDX, MAP2K3, BAZIA,
DDX6, FAF2, POLRIC, GYS1, IPO5, SNAP29, PLK2, NUDCD2, MAPKAPK2, MTX2,
PSMC6, NACC1, FN1, DOCK6, UBE2N, NEU3, TOMM?20, RGS20, FIBP, PROSC,
MYO7A, PRKACA, ARHGDIA, NOP58, PYCR1, RUFY2, ASNS, MAP2K2, DARS,
PFKP, RBICC1, INTS1, SDHAF2, CLEC12A, FBXO3, HERC4, RPS9, STAT1, PA2G4,
NUPS8, ATP2A2, GPD2, INTS4, FAM98B, RPS13, SGCD, ILVBL, HNRNPH2, CDC25B,
EFEMP1, RNF145, SLU7, ARLSB, SRBD1, SNAP23, TOP2B, TEX10, SUN1, MADILI,
ANAPC7, MSTO1, TSC22D1, YWHAG, NAE1, SNX4, SEC61A1, MRPL39, TSR,
FNDC3B, USP14, GCLC, ATAD2, PAPOLA, RIT1, SNRNP200, GSTO1, PITPNMI,
RAD21, LMNA, CDC16, PNO1, PPP1R7, EIF3L, MYH9, ASS1, NDUFA9, POLRIA,
DNMTI, METTL6, OBFC1, CCT6A, PDIA4, ELP3, ARMCX6, MTHFD2, PREP, EXD2,
CCT7, SF1, TRAP1, INTS3, HAUS1, FBLN5, DRG1, FBXL5, CAPN1, WARS,
ARHGEF25, FAMS3D, VCAN, DAPK3, TIMM17A, BIRC6, RPL6, NXN, ILK, CHPF,
NT5DC3, NAA15, ALAD, MYL12B, VPS52, BRMSIL, DCUN1DS, ATF4, SERPINFI,
NHP2L1, ACTR2, MYO5A, UQCRC1, SLC12A4, MED27, CCRN4L, NID1, SBNO?2,
DONSON, DHX30, MORC2A, SEC23IP, UTP20, NUP160, GNB2, CCDC93, ACACA,
IPO8, CTPS1, CFAP36, PSMB2, SGPL1, SOX3, DHX15, MGEAS5, TMEM189,
TNFRSF12A, ANAPC10, CASP2, RAP1B, STK17B, KCNABI1, ETS2, MYOIE, EEF1B,
TMX3, NUP37, AK2, NOP14, KLHDC2, NQO2, CERS2, ZBTB33, NSFL1C, PRUNE2,
FLNC, CC2D2A, GRIA3, TBX15, IREB2, ATP5F1, DRC7, MICU2, HEATRSB, HSPA9,
PHB, TPM3, SQLE, TNFAIP2, CD44, MRPL45, RPS6KC1, CRYAB, G3BP1, SPG20,
TAF1, SEC14L1, SAMHD1, UBL7, CSNK2B, NCAPH, FOPNL, EIF3H, ECE1, HAUS7,
YMEIL1, DOHH, EGFR, USP25, UBE4B, WRNIP1, PCBP2, RBM14, PRPS1, SPCS2,
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FPGT, PRPF19, NUDT1, GTPBP4, PTCD3, PSMBS5, CSNK 1D, DPH6, TRIM32,
XPNPEP1, FRMDS8, CAMLG, CCDC80, ATXN2L, ASPM, R3HDM2, UFSP2, AGO2.
[0207] List 2. List of proteins differentially abundant in LZTR1-/- compared to
LZTRI1+/+ cells quantified by TMT: RIT1, DES, LYZ2, PGK2, MRAS, MYLK, GVINTI,
MGP, TDPOZ4, ANKH, LCP1, TGFB1, VNNI1, HOXD9, COL8AI1, FST, ALDH1A7,
APOAT1, ILDR2, TSPAN4, ISLR, OLFR1038, SCRN3, G6PC3, PITPNM2, FZD1, NNMT,
MAN2A2, BDH2, SYTL2, EGFR, CTSH, PURG.

[0208] List 3. List of top scoring LZTR1 interacting proteins from
immunoprecipitation/mass spectrometry: RNF213, CDKSRAP2, AXL, POLR1A, VPS51,
TUBGCP2, ARHGEF40, MTR, TRIO, YMEIL1, KIAA1217, KNL1, RUSC2, VPS13A,
CYPS51A1, HECTD3, RICTOR, NCAPG2, BRAT1, PARP14, HERC2, PAPPA, TRAPPC12,
TELO2, AMBRA1, SEC24D, BUBI1, KLHL21, 44262, UBXN6, DPP9, TTI1, SMG9,
EMCI1, SNX14, PTPN23, SMPD4, ARFGEF1, PARP10, GBE1, TRIM47, FADSI, ELP1,
PPFIBP1, RANBP6, ATF6, MTOR, USP47, KDMSC, STK111P, AHR, MCMBP, SHKBPI,
POLR3A, AMOTL2, KIF1B, ZCCHC6, CTH, MAP4K4, KIAA1468, UFL1, URBI,
BRCA2, LONP2, INTS1, MYO10, VCAN, ASXL1, TRRAP, WDR6, LAMB3, RALGAPB,
ANKRDS52, CREB3L2, GLE1, CDC42BPB, PNPLA2, SPG11, HELZ, ARMCX2, SPRYD3,
USP4, CARS, NCAPD3, THADA, RAP1GDSI1, UTP6, SCYL1, GMPPA, RANBP9, RTTN,
PEAKI1, VPS18, UMPS, SHCBP1, APEH, RETSAT, PDLIM7, SKIV2L, RPAP1, ATG13,
KLHL26, MAPRE2, PLK1, PHLDAI1, SLC4A2, HTT, ELAC2, DHX32, CCNB2, ERGIC3,
GUCY1B1, PTOV1, TRAPPCI11, MELK, TMCO4, CDC42BPA, ATAD2, RABGEF]1,
FASTKD2, UBE4B, ALPK2, SREBF2, CA9, EIF2AK4, ARHGAP31, NDC80, EPGS,
ATF6B, PSMDS5, MCM3AP, CTDP1, BABAMI1, KLHL11, AP4E1, ARAF, CELF1,
PAFAHIB1, MOCOS, FBN1, ABR, ARHGEF28, EGFR, TRIM16, POR, CRYBGI,
FBXO038, DMXL2, VPS16, IFT172, IF116, RNF123, PELO, SLC39A14, PPP6C, TBK1,
NGLY1, RASA3, IKBKB, SMS, GPD2, SHC1, MALT1, NDUFV1, FHODI1, SBNO2,
SYDE1, RAPHI, FKBP15, ZC3HC1, TTC27, GTF3C2, UBASH3B, PML, ADAM15,
KLHDC10, MYD88, MED24, CC2D1A, DIP2B, APPL1, RINT1, MAEA, IFT57.
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What is claimed is:

1.

10.

11

12.

13.

14.

A method of treating cancer in a subject in need thereof, the method comprising
administering to the subject a pharmaceutical composition comprising a
therapeutically effective amount of at least one Leucine Zipper-like Transcription
Regulator 1 (LZTR1) substrate inhibitor, wherein the cancer is associated with a loss-
of-function mutation in a LZ7TR/ gene.

The method of claim 1, wherein the mutation is a somatic mutation.

The method of claim 1, wherein the mutation is a germline mutation.

The method of claim 1, wherein the mutation comprises one or more nucleotide
insertion, deletion, or substitution mutations in the LZ7R/ gene or any combination
thereof.

The method of claim 1, wherein the mutation comprises a deletion of at least a portion
of the LZTR1 gene.

The method of claim 1, wherein the mutation is located in a BTB-Back domain of the
LZTRI gene.

The method of claim 6, wherein the mutation is V456G, P520L, L591R, R688C,
R810W, or S8131.

The method of claim 1, wherein the mutation is located in a Kelch domain of the
LZTRI gene.

The method of claim 8, wherein the mutation is H71R, P115L, S122L, R170Q,
L187R, M202R, or M400R.

The method of claim 1, wherein the mutation is located in a CUL-3-interacting

domain of the LZTR/1 gene.

. The method of claim 1, wherein the mutation is located in a substrate-interacting

domain of the LZTR/1 gene.

The method of any one of claim 1 to 11, wherein the cancer is glioblastoma
multiforme (GBM), Schwannoma, hepatocellular cancer, esophagogastric cancer,
colorectal cancer, breast carcinoma, prostate cancer, lung adenocarcinoma, clonal
hematopoiesis disorders or tumor predisposition syndromes.

The method of any one of claims 1 to 12, wherein the cancer is associated with higher
levels of at least one LZTR1 substrate compared to a sample of non-cancerous tissue.
The method of claim 13, wherein the LZTR1 substrate with higher levels is a
Receptor Tyrosine Kinase (RTK).
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15. The method of claim 14, wherein the RTK is Epidermal Growth Factor Receptor
(EGFR).

16. The method of claim 14, wherein the RTK is AXL.

17. The method of claim 13, wherein the LZTR1 substrate with higher levels is RIT1.

18. The method of any one of claims 1 to 17, wherein the inhibitor comprises a small
molecule inhibitor of a LZTR1 substrate, an antibody that specifically binds to a
LZTRI1 substrate, or a fragment thereof, an antisense RNA or antisense DNA that
decreases expression of a polypeptide of a LZTR1 substrate; a siRNA that specifically
targets a LZTR1 substrate mRNA, a sgRNA that specifically targets a nucleotide
sequence encoding a LZTR1 substrate, or a combination thereof.

19. The method of any one of claims 1 to 16 or 18, wherein the LZTR1 substrate inhibitor
is a Receptor Tyrosine Kinase (RTK) inhibitor.

20. The method of claim 19, wherein the RTK inhibitor is an Epidermal Growth Factor
Receptor (EGFR) inhibitor.

21. The method of claim 19, wherein the RTK inhibitor is an AXL inhibitor.

22. The method of any one of claims 1 to 13 or 17 to 18, wherein the LZTR1 substrate
inhibitor is a RIT1 inhibitor.

23. The method of any one of claims 20 to 22, wherein the inhibitor comprises a small
molecule inhibitor.

24. The method of any one of claims 18 to 22, wherein the inhibitor comprises a small
molecule inhibitor of a LZTR1 substrate, wherein the small molecule inhibitor is
afatinib or a pharmaceutically acceptable salt thereof, osimertinib or a
pharmaceutically acceptable salt thereof, or bemcentinib or a pharmaceutically
acceptable salt thereof.

25. The method of claim 1, wherein the pharmaceutical composition comprises a first
RTK inhibitor and a second RTK inhibitor.

26. The method of claim 25, wherein both the first and second RTK inhibitors are small
molecule inhibitors.

27. The method of any one of claim 25 or 26, wherein the pharmaceutical composition
comprises an EGFR inhibitor and an AXL inhibitor.

28. The method of claim 25, wherein the two RTK inhibitors are osimertinib or a
pharmaceutically acceptable salt thereof and bemcentinib or a pharmaceutically

acceptable salt thereof.
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29.

30.

31.

32.

33

34.

35.

36.

37.

38.
39.

The method of claim 25, wherein the two RTK inhibitors are afatinib or a
pharmaceutically acceptable salt thereof and bemcentinib or a pharmaceutically
acceptable salt thereof.

The method of claim 1, wherein the pharmaceutical composition comprises a first
RTK inhibitor and the method further comprises administering a second
pharmaceutical composition comprising a second RTK inhibitor, which is different
from the first RTK inhibitor.

The method of claim 30, wherein the pharmaceutical composition comprises an
EGFR inhibitor and the second pharmaceutical composition comprises an AXL
inhibitor.

The method of claim 31, wherein the pharmaceutical composition comprises
osimertinib or a pharmaceutically acceptable salt thereof and the second
pharmaceutical composition comprises bemcentinib or a pharmaceutically acceptable

salt thereof.

. The method of claim 31, wherein the pharmaceutical composition comprises afatinib

or a pharmaceutically acceptable salt thereof and the second pharmaceutical
composition comprises bemcentinib or a pharmaceutically acceptable salt thereof.
The method of any one of claims 30 to 33, wherein the pharmaceutical composition
and the second pharmaceutical composition are administered to the subject at the
same time.

The method of any one of claims 30 to 33, wherein the pharmaceutical composition
and the second pharmaceutical composition are administered to the subject at
different times.

The method of any one of claims 1 to 35, wherein the cancer is associated with a loss-
of-function mutation in a Cdkn2A4 gene.

The method of any one of claims 25 to 29, wherein administration of the first and
second RTK inhibitors provide a synergistic effect compared to administration of
either inhibitor alone.

The method of any one of claims 1 to 37, wherein the subject is a human.

A pharmaceutical composition comprising a therapeutically effective amount of an

EGFR inhibitor and an AXL inhibitor.
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40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

The pharmaceutical composition of claim 39, wherein the EGFR inhibitor comprises
osimertinib or a pharmaceutically acceptable salt thereof and the AXL inhibitor
comprises bemcentinib or a pharmaceutically acceptable salt thereof.

The pharmaceutical composition of claim 39, wherein the EGFR inhibitor comprises
afatinib or a pharmaceutically acceptable salt thereof and the AXL inhibitor
comprises bemcentinib or a pharmaceutically acceptable salt thereof.

The pharmaceutical composition of any one of claims 39 to 41, further comprising at
least one pharmaceutically acceptable excipient, diluent, and/or carrier.

The pharmaceutical composition of any one of claims 39 to 42, wherein the
pharmaceutical composition is for treating or ameliorating the effects of cancer in a
subject wherein the cancer is associated with a loss-of-function mutation in a LZ7R/
gene.

The pharmaceutical composition of any one of claims 39 to 43, wherein
administration of the EGFR and AXL inhibitors provides a synergistic effect
compared to administration of either inhibitor alone.

A kit comprising a first pharmaceutical composition comprising a therapeutically
effective amount of an EGFR inhibitor and a second pharmaceutical composition
comprising a therapeutically effective amount of an AXL inhibitor.

The kit of claim 45, wherein the EGFR inhibitor comprises osimertinib or a
pharmaceutically acceptable salt thereof and the AXL inhibitor comprises
bemcentinib or a pharmaceutically acceptable salt thereof.

The kit of claim 45, wherein the EGFR inhibitor comprises afatinib or a
pharmaceutically acceptable salt thereof and the AXL inhibitor comprises
bemcentinib or a pharmaceutically acceptable salt thereof.

The kit of any one of claims 45 to 47, wherein each pharmaceutical composition
further comprises at least one pharmaceutically acceptable excipient, diluent, and/or
carrier.

The kit of any one of claims 45 to 48, wherein the combination therapy is for treating
or ameliorating the effects of cancer in a subject wherein the cancer is associated with
a loss-of-function mutation in a LZ7R/ gene.

The kit of any one of claims 45 to 49, wherein administration of the combination
therapy provides a synergistic effect compared to administration of either

pharmaceutical composition alone.
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51.

52.

53.
54.

55

56.

57.

58.

59.

60.

61.

62.

63.

The kit of any one of claims 45 to 50, wherein the first and second pharmaceutical
compositions are packaged together with instructions for their use.

A method of decreasing growth of a solid tumor in a subject in need thereof, the
method comprising administering to the subject a pharmaceutical composition
comprising a therapeutically effective amount of at least one Leucine Zipper-like
Transcription Regulator 1 (LZTR1) substrate inhibitor, wherein the composition
decreases the size of the solid tumor, and

wherein the tumor is associated with a loss-of-function mutation in a LZ7R/ gene.
The method of claim 52, wherein the mutation is a somatic mutation.

The method of claim 52, wherein the mutation is a germline mutation.

. The method of claim 52, wherein the mutation comprises one or more nucleotide

insertion, deletion, or substitution mutations in the LZ7R/ gene or any combination
thereof.

The method of claim 52, wherein the mutation comprises a deletion of at least a
portion of the LZTRI gene.

The method of claim 52, wherein the mutation is located in a BTB-Back domain of
the LZTRI1 gene.

The method of claim 57, wherein the mutation is V456G, P520L, L591R, R688C,
R810W, or S8131.

The method of claim 52, wherein the mutation is located in a Kelch domain of the
LZTRI gene.

The method of claim 59, wherein the mutation is H71R, P115L, S122L, R170Q,
L187R, M202R, or M400R.

The method of claim 52, wherein the mutation is located in a CUL3-interacting
domain of the LZTR/1 gene.

The method of claim 52, wherein the mutation is located in a substrate-interacting
domain of the LZTR/1 gene.

The method of any one of claims 52 to 62, wherein the cancer is glioblastoma
multiforme (GBM), Schwannoma, hepatocellular cancer, esophagogastric cancer,
colorectal cancer, breast carcinoma, prostate cancer, lung adenocarcinoma, clonal

hematopoiesis disorders or tumor predisposition syndromes.
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64. The method of any one of claims 52 to 63, wherein the cancer is associated with
higher levels of at least one LZTR1 substrate compared to a sample of non-cancerous
tissue.

65. The method of claim 64, wherein the LZTR1 substrate with higher levels is a
Receptor Tyrosine Kinase (RTK).

66. The method of claim 65, wherein the RTK is Epidermal Growth Factor Receptor
(EGFR).

67. The method of claim 65, wherein the RTK is AXL.

68. The method of claim 64, wherein the LZTR1 substrate with higher levels is RIT1.

69. The method of any one of claims 52 to 68, wherein the inhibitor comprises a small
molecule inhibitor of a LZTR1 substrate, an antibody that specifically binds to a
LZTRI1 substrate, or a fragment thereof, an antisense RNA or antisense DNA that
decreases expression of a polypeptide of a LZTR1 substrate; a siRNA that specifically
targets a LZTR1 substrate mRNA, a sgRNA that specifically targets a nucleotide
sequence encoding a LZTR1 substrate, or a combination thereof.

70. The method of any one of claims 52 to 67 or 69, wherein the LZTR1 substrate
inhibitor is a Receptor Tyrosine Kinase (RTK) inhibitor.

71. The method of claim 70, wherein the RTK inhibitor is an Epidermal Growth Factor
Receptor (EGFR) inhibitor.

72. The method of claim 70, wherein the RTK inhibitor is an AXL inhibitor.

73. The method of any one of claims 52 to 64 or 68 to 69, wherein the LZTR1 substrate
inhibitor is a RIT1 inhibitor.

74. The method of any one of claims 70 to 73, wherein the inhibitor comprises a small
molecule inhibitor.

75. The method of any one of claims 70 to 72, wherein the inhibitor comprises a small
molecule inhibitor of a LZTR1 substrate, wherein the small molecule inhibitor is
afatinib or a pharmaceutically acceptable salt thereof, osimertinib or a
pharmaceutically acceptable salt thereof, or bemcentinib or a pharmaceutically
acceptable salt thereof.

76. The method of claim 52, wherein the pharmaceutical composition comprises a first
RTK inhibitor and a second RTK inhibitor.

77. The method of claim 76, wherein both the first and second RTK inhibitors are small

molecule inhibitors.
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78. The method of any one of claim 76 or 77, wherein the pharmaceutical composition
comprises an EGFR inhibitor and an AXL inhibitor.

79. The method of claim 76, wherein the two RTK inhibitors are osimertinib or a
pharmaceutically acceptable salt thereof and bemcentinib or a pharmaceutically
acceptable salt thereof.

80. The method of claim 76, wherein the two RTK inhibitors are afatinib or a
pharmaceutically acceptable salt thereof and bemcentinib or a pharmaceutically
acceptable salt thereof.

81. The method of claim 52, wherein the pharmaceutical composition comprises a first
RTK inhibitor and the method further comprising administering a second
pharmaceutical composition comprising a second RTK inhibitor, which is different
from the first RTK inhibitor.

82. The method of claim 81, wherein the pharmaceutical composition comprises an
EGFR inhibitor and the second pharmaceutical composition comprises an AXL
inhibitor.

83. The method of claim 82, wherein the pharmaceutical composition comprises
osimertinib or a pharmaceutically acceptable salt thereof and the second
pharmaceutical composition comprises bemcentinib or a pharmaceutically acceptable
salt thereof.

84. The method of claim 82, wherein the pharmaceutical composition comprises afatinib
or a pharmaceutically acceptable salt thereof and the second pharmaceutical
composition comprises bemcentinib or a pharmaceutically acceptable salt thereof.

85. The method of any one of claims 81 to 84, wherein the pharmaceutical composition
and the second pharmaceutical composition are administered to the subject at the
same time.

86. The method of any one of claims 81 to 84, wherein the pharmaceutical composition
and the second pharmaceutical compositions are administered to the subject at
different times.

87. The method of any one of claims 52 to 86, wherein the cancer is associated with a
loss-of-function mutation in a Cdkn2A gene.

88. The method of any one of claims 76 to 80, wherein administration of the first and
second RTK inhibitors provides a synergistic effect compared to administration of

either inhibitor alone.
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89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

The method of any one of claims 52 to 88 wherein the subject is a human.

A method for detecting the presence of a LZTR1 protein in a subject, the method
comprising: (a) obtaining a biological sample from the subject; and (b) detecting
whether or not there is a LZTR1 protein present in the subject.

The method of claim 90, wherein the detecting comprises measuring LZRT1 protein
levels by an antibody directed to the LZRT1 protein, Western blot using an antibody
directed to the LZRT1 protein, ELISA using an antibody directed to the LZRT1
protein, mass spectroscopy, or a combination thereof.

The method of claim 90 further comprising administering to the subject a
pharmaceutical composition comprising a therapeutically effective amount of at least
one RTK inhibitor if the LZTR1 protein is not present in the sample.

A method for detecting the presence of a mutant LZTR1 protein in a subject, the
method comprising: (a) obtaining a biological sample from the human subject; and (b)
detecting whether or not there is a nucleic acid sequence encoding a mutant LZTRI1
protein in the subject.

The method of claim 93, wherein the detecting comprises using hybridization,
amplification, or sequencing techniques to detect the mutant LZTR1 protein.

The method of claim 93, wherein the LZTR1 mutation comprises one or more
nucleotide insertion, deletion, or substitution mutations in the LZ7R/ gene or any
combination thereof.

The method of claim 93, wherein the LZTR1 mutation comprises a deletion of at least
a portion of the LZTR/ gene.

The method of claim 93, wherein the LZTR1 mutation is located in a BTB-Back
domain of the LZTR/1 gene.

The method of claim 97, wherein the LZTR1 mutation is V456G, P520L, L591R,
R688C, R810W, or S8131.

The method of claim 93, wherein the LZTR 1 mutation is located in a Kelch domain of

the LZTRI1 gene.

100. The method of claim 99, wherein the mutation is H71R, P115L, S122L, R170Q,

L187R, M202R, or M400R.

101. The method of claim 93, wherein the LZTR1 mutation is located in a CUL-3-

interacting domain of the LZ7TR/ gene.
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102. The method of claim 93, wherein the LZTR1 mutation is located in a substrate-
interacting domain of the LZ7TR/ gene.

103. The method of claim 93 further comprising administering to the subject a
pharmaceutical composition comprising a therapeutically effective amount of at least
one RTK inhibitor if a nucleic acid sequence encoding a mutant LZTR1 protein is
present in the sample.

104. A diagnostic kit for determining whether a sample from a subject exhibits a presence
of a nucleic acid encoding a mutant LZTR1 protein, the kit comprising at least one
oligonucleotide that specifically hybridizes to the nucleic acid encoding the mutant
LZTRI1 protein.

105. The kit of claim 104, wherein the at least one oligonucleotide coruprises a set of
nucleic acid primers or i séfw hybridization probes.

106. The kit of claim 105, wherein the primers prime a polymerase reaction only when a
mutant LZTR1 protein is present.

107. The kit of claim 104, wherein the LZTR1 mutation comprises one or more
nucleotide insertion, deletion, or substitution mutations in the LZ7R/ gene or any
combination thereof.

108. The kit of claim 104, wherein the LZTR1 mutation comprises a deletion of at least a
portion of the LZTRI gene.

109. The kit of claim 104, wherein the LZTR1 mutation is located in a BTB-Back
domain of the LZTR/1 gene.

110. The kit of claim 109, wherein the LZTR1 mutation is V456G, P520L, L591R,
R688C, R810W, or S8131.

111. The kit of claim 104, wherein the LZTR1 mutation is located in a Kelch domain of
the LZTRI1 gene.

112. The method of claim 111, wherein the mutation is H71R, P115L, S122L, R170Q,
L187R, M202R, or M400R

113. The kit of claim 104, wherein the LZTR1 mutation is located in a CUL-3-interacting
domain of the LZTR/1 gene.

114. The kit of claim 104, wherein the LZTR1 mutation is located in a substrate-

interacting domain of the LZ7TR/ gene.
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115. The kit of claim 104, wherein the determining comprises gene sequencing, selective
hybridization, selective amplification, gene expression analysis, or a combination

thereof.
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