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ABSTRACT
D rug resistance impedes the long-term effect of targeted therapies

in acute myeloid leukemia (AML), necessitating the identifica-

tion of mechanisms underlying resistance. Approximately 25%
of AML patients carry FLT3 mutations and develop post-treatment
insensitivity to FLT3 inhibitors, including sorafenib. Using a genome-
wide CRISPR screen, we identified LZTR1, NF1, TSC1 and TSC2, neg-
ative regulators of the MAPK and MTOR pathways, as mediators of
resistance to sorafenib. Analyses of ex vivo drug sensitivity assays in
samples from patients with FLT3-ITD AML revealed that lower expres-
sion of LZTR1, NF1, and TSC2 correlated with sensitivity to sorafenib.
Importantly, MAPK and/or MTOR complex 1 (MTORC1) activity was
upregulated in AML cells made resistant to several FLT3 inhibitors,
including crenolanib, quizartinib, and sorafenib. These cells were sensi-
tive to MEK inhibitors, and the combination of FLT3 and MEK
inhibitors showed enhanced efficacy, suggesting the effectiveness of
such treatment in AML patients with FLT3 mutations and those with
resistance to FLT3 inhibitors.

Introduction

Acute myeloid leukemia (AML), a rapidly progressing hematologic malignancy,
is caused by the impaired differentiation and subsequent proliferation of
hematopoietic progenitor cells. AML is characterized by cytogenetic heterogene-
ity and numerous recurrent genetic lesions.”” The Fms-related tyrosine kinase 3
(FLT3) receptor tyrosine kinase is normally expressed on hematopoietic stem and
progenitor cells and functions in promoting cell proliferation and survival as well
as normal development of these cells.”® FLT3 activating mutations occur in
approximately 25% of AML patients, either by internal tandem duplications
(FLT3-ITD) or point mutations in the tyrosine kinase domain,*** stimulating AML
cell proliferation and survival. These mutations are associated with poor out-
comes including an enhanced risk of relapse.””** The high frequency and adverse
effects of FLT3 mutations have prompted the development of small-molecule
inhibitors targeting FLT3.

Among the FLT3 tyrosine kinase inhibitors that have been developed, several
have provided encouraging results in clinical trials,/*** and two in particular,
midostaurin and gilteritinib, have been approved for FLT3-mutant AML."**®
Nevertheless, all the FLT3 inhibitors developed to date lack long-term, durable
clinical efficacy because of the development of resistance. Point mutations within
the kinase domain of FLT3, such as variants in residues D835 and F691, cause
resistance to type II FLT3 inhibitors (quizartinib and sorafenib) in vitro as well as
in relapsed/refractory patients.””" While patients with tyrosine kinase domain
mutations develop resistance to type II inhibitors, they are sensitive to type I
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inhibitors, even though the responses are transient.”
Diverse mutations underlie resistance in AML patients to
the type I inhibitor, crenolanib, including rare mutations
at the gatekeeper region of FLT3, as well as NRAS and
IDH2 mutations in FLT3-independent subclones, and
TET2 and IDH1 mutations in FLT3 mutant clones in non-
responding patients.” Single-cell DNA sequencing of
specimens from patients relapsing after treatment with a
novel type I inhibitor, gilteritinib, revealed shifts in clonal
architecture to select for secondary mutations in NRAS,
KRAS, IDH2, or BCR-ABL1, either in the context of FLT3-
ITD or FLT3 wild-type clones.” Aberrant activation of
ERK either extrinsically through the bone marrow
microenvironment or intrinsically in a cell-autonomous
manner has been implicated in FLT3 resistance in
AML*** Upregulation of the RAS/RAF/ERK pathway has
been observed after treatment with FLT3 tyrosine kinase
inhibitors in AML cell lines and AML patients’ bone mar-
row samples.”” Signaling through JAK/STATS mediated
by granulocyte-macrophage colony-stimulating factor
and interleukin-3 allows AML cells to survive FLT3
inhibitor treatment.” Activation of the phosphatidylinos-
itol-3 kinase (PI3K)/mammalian target of rapamycin
(MTOR) pathway has also been demonstrated to pro-
mote resistance to a FLT3 inhibitor.”

Sorafenib, a multi-kinase inhibitor targeting not only
FLT3 but also RAE VEGER, FGFR, KIT and RET,” has
been evaluated in combination with azacytidine in AML
patients with FLT3-ITD, who had an overall response rate
of 46%.” The combination of sorafenib and standard-of-
care chemotherapy extended event-free survival in
patients younger than 60 years old.*” Data from a phase I
trial showed that patients harboring FLT3-ITD who were
treated with allogeneic hematopoietic stem cell trans-
plantation had a 1-year progression-free survival rate of
85% and a 1-year overall survival rate of 95%.%

To identify mechanisms of resistance to sorafenib we
used a genome-wide CRISPR (clusters of regularly inter-
spaced short palindromic repeats) knockout screen to
search for genes whose loss-of-function variants can pro-
mote FLT3 inhibitor-sensitive AML cells to survive in the
presence of sorafenib. To confirm that aberrant signaling
in the identified pathways renders cells insensitive to
FLT3 inhibitors, we established AML cells resistant to
both type I and type II FLT3 inhibitors. Our CRISPR
screen identified genes in the MTOR and mitogen-acti-
vated protein kinase (MAPK) pathways that modulate
sensitivity to sorafenib. Activities of MTOR and MAPK
pathways were upregulated in cells with acquired resist-
ance, and these cells were sensitive to MEK inhibitors
supporting the role of aberrant downstream MAPK sig-
naling in resistance to FLT3 inhibitors. We found the
combination of FLT3 and MEK inhibitors had synergistic
efficacy in both FLTS inhibitor-sensitive and -resistant
AML cells as well as in samples from AML patients. In
summary, our work identified several negative regulators
of MTOR and MAPK signaling pathways, LZTR1,
TSC1/2, NPRL2, NF1, not previously associated with
AML, as modulators of sensitivity to sorafenib. We show
that aberrations in MTOR and MAPK pathways are
important mechanisms of resistance to sorafenib as well
as other FLT3 inhibitors in AML and suggest that the
combination of FLT3 inhibitors and MEK inhibitors
could be useful for the treatment of FLT3 inhibitor-resis-
tant AML.

Methods

Cell lines

Human MOLM13 cells were obtained from the Sanger Institute
Cancer Cell Line Panel. All cell lines used in this study were
authenticated at the OHSU DNA Services Core facility. Cell lines
were maintained in 20% fetal bovine serum, RPMI medium, sup-
plemented with glutamine, penicillin/streptomycin and an anti-
mycotic. All cell lines were tested for Mycoplasma on a monthly

schedule.

Lentivirus production and transduction

HEK293T cells were transfected using Lipofectamine-2000
(Invitrogen) with single transfer vectors in combination with pack-
aging plasmids, psPax2 (Addgene, #12260) and VSVG (Invitrogen).
Supernatants were collected, filtered through 0.45 uM filters and
used for transduction as described previously.”

The CRISPR/Cas9 library screen and CRISPR/Cas9
gene inactivation by individual sgRNA

Cas9-expressing cells were generated using Cas9Blst (Addgene,
#52962). Loss-of-function screens were performed using pooled
human genome-wide single-guide (sg)RNA libraries, the Y.
Kosuke library,” purchased from Addgene (#67989), as described
previously,” which targets 18,010 genes with 90,709 sgRNA (aver-
age of 5 guides per gene). High-titer lentivirus was generated
using standard calcium phosphate precipitation procedures in
HEK293T cells. Viral supernatant was concentrated and the titer
determined using a viral titration kit (ABM good, Canada). One
hundred million cells were used for viral transduction at a multi-
plicity of infection (MOI) of 0.3, selected with puromycin for 5-7
days to ensure stable viral integration. Individual genes were inac-
tivated by cloning sgRNA into plentiCRISPRV2 (Addgene,
#52961) according to the manufacturer’s suggestions. The follow-
ing sgRNA were used in the study: LZTR1: 5 CCCATAGAC-
GACGGCCGAG 3, NF1: 5CATATCAGTCTGTGGGATIC 8,
TSC1, 8 ACGTCGTTGTCCTCACAAC 3, TSCz: 5 TTGAT-
GCGCACGGCGCCTC 8, NPRL2: 5 GAACCCATCAATG-
TAGGGC 3, DEPDC 5 GACTGTGACTCAAGTGTTCC and &’
TGTTAATGTCGTAGACCCTA, TBC1D7 5 GTATCGTASAG-
GAGCAGTACT. Sequencing data were deposited to GEO with,
accession number GSE138343.

Drug sensitivity assay

Small-molecule inhibitors, purchased from LC Laboratories Inc.
(Woburn, MA, USA) and Selleck Chemicals (Houston, TX, USA),
were reconstituted in dimethylsulfoxide (DMSO). Cells were
seeded at 1,000 cells/well in a 384-well plate in 50 uL medium
(RPMI-1640 supplemented with fetal bovine serum [15%], L-glut-
amine, penicillin-streptomycin and an antimycotic) with different
concentrations of drugs and cultured for 72 h. For the drug sensi-
tivity assay, 5 uL of MTS reagent (CellTiter96 AQ.... One; Promega
Madison, WI, USA) were added to each well and incubated for 4
h. Optical density was measured at 490 nm. Relative cell viability
was calculated by normalizing the readings to those of untreated
control wells. Prism software (GraphPad) was used to produce
non-linear fitting and determine the response to the drug, the half
maximal inhibitory concentration (IC.) and the area under the
curve (AUC).

Immunoblot analysis

Whole cell protein lysates were prepared using cell lysis buffer
(Cell Signaling Technologies), 1 mM phenylmethylsulfonyl fluo-
ride, proteasome (Roche) and a phosphatase inhibitor cocktail
(Sigma-Aldrich). Proteins were resolved on 4 -15% gradient gels



(Biorad), transferred onto polyvinylidene fluoride membranes
(Amersham), and subjected to immunoblotting using primary
antibodies from Cell Signaling Technologies: p44/42 MAPK
(ERK1/2; #9102), phospho-ERK1/2 (phospho-p44/42 MAPK
Thr202/Tyr204; #4376), AKT (#9272), phospho-AKT (Ser473;
#4060), TSC1 (#6935), phospho-TSC2 (Ser664; #40729), phospho-
TSC2 (Tyr1571; #3614), TSC2 (#4308), phospho-mTOR (Ser2481;
#2974), phospho-mTOR (Ser2448; #2971), mTOR (#2983), NF1
(#14623), MEK (#9122S), phosphor-MEK (#9154), vinculin
(#4650); from ThermoFisher Scientific: GAPDH (#AM4300); from
Millipore: anti-pan_Ras (clone RAS 10 MABS195) from Sigma:
LZTR1 (HPA071248). Corresponding horseradish perodixase-con-
jugated secondary antibodies (Promega) were used for chemilumi-
nescent detection.

Biostatistical analysis

The bioinformatics pipeline for analyzing CRISPR library
sequences was MAGeCK (model-based analysis of genome-wide
CRISPR-Cas9 knockout).* The hits were prioritized according to
a previously described tiering structure.” Briefly, tier 1 represents
hits having a log, fold change 22, 75% of sgRNA per gene present
and concordance among sgRNA per gene =75%; tier 2 hits have a
log. fold change =2 and concordance among sgRNA per gene of
100%; tier 3 hits have a log. fold change =1 and a concordance
among sgRNA per gene of 100%. Singleton hits represent signifi-
cantly enriched genes with log, fold change =2, an adjusted sgRNA
count of 1 and average control mean =100 reads. Enriched hits not
satisfying these criteria were classified into the unassigned group.

Data availability.
Raw data files for CRISPR screens have been deposited at GEO
and can be found under the accession number GSE138343.

Results

The MTOR and MAPK pathways are central
components in resistance to sorafenib

To identify genes whose loss-of-function variants con-
tribute to resistance to sorafenib in AML, we selected
MOLMI13 cells, an AML cell line harboring an FLT3-ITD
mutation resulting in sensitivity to several FLT3
inhibitors, including sorafenib. MOLMI13 cells, engi-
neered to express Cas9, were stably transduced with a
genome-wide lentiviral sgRNA CRISPR knockout library™
and treated for 14 days with vehicle or 50 nM sorafenib,
a concentration projected to kill 80% of the cells within 3
days of drug administration (IC.). Genomic DNA was
harvested from control and sorafenib-treated cultures and
evaluated for enriched sgRNA using MAGeCK robust
rank aggregation (RRA) analyses®™ (Figure 1A, B; Online
Supplementary Table S1).

A comparison of sequencing reads from sorafenib-
treated cultures and vehicle-treated controls identified
significant enrichment for sgRNA targeting negative reg-
ulators of the MAPK and AKT/MTOR pathways (Figure
1B-D). The screen uncovered negative
RAS/RAF/MEK/ERK regulator, leucine zipper like tran-
scription regulator 1 (LZTR1), which inhibits the MAPK
pathway by regulating RAS ubiquitination and degrada-
tion.* a negative regulator of RAS signaling, neurofi-
bromin 1 (NF1); three components of the tuberous scle-
rosis (ISC) complex including TSC complex subunit 1
(ISC1), TSC complex subunit 2 (TSC2), and TBC1
domain family member 7 (TBC1D7).¥ Top hits also
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included members of the GATOR1 complex, encoded by
NPRL2 and DEPCD5.* To prioritize candidates for vali-
dation, we developed a tiering structure that incorpo-
rates three key factors: evidence (determined by the num-
ber of sgRNA guide hits per gene), concordance (indicated
by the agreement across the set of guides for a given
gene) and discovery (based on effect size) to rank sgRNA
hits and enable a progression to pathway analysis for
lower scoring hits.* Using the prioritization scheme, the
tier 1 hits (n=16) included LZTR1, TSC2, and TBC1D7
and several genes implicated in RNA splicing and ribo-
some biogenesis, such as DHX15, EBNA1BP2, LSMS5,
PUS7, RPSA and ABCB1 transporter, linked to poor prog-
nostic factors in AML (Ounline Supplementary Tables S1
and S2, Online Supplementary Figure S1). Our tier struc-
ture imposed additional constraints for ranking sgRNA
hits into the more selective tiers, which generally pre-
served MAGeCK RRA rankings, although there were
exceptions such as TSC4, which ranked as a tier 3 hit
because of the variance in its log-fold change across the
set of sgRNA for this gene. Using a false discovery rate
cutoff, we decided to focus here on connecting the
AKT/PISK/MTOR and RAS/MAPK/MEK networks to
verify candidates emerging from the screen (Figure 1B
bottom panel, D).

Deficiency of top hit genes decreases sensitivity to
sorafenib in acute myeloid leukemia cell lines

To validate top hit genes belonging to the LZTR1-con-
nected network, we transduced MOLMI3 cells with
lentivirus expressing Cas9 and individual sgRNA to gener-
ate cells deficient in single genes. Sensitivity to sorafenib
was assessed in 72 h cell viability MTS assays. Cells in
which LZTR1, NF1, TSC1, TSC2, or NPRL2 were inacti-
vated showed reduced sensitivity to sorafenib (Figure 1E).
The degree of resistance to sorafenib varied across target-
ed genes, with TSC1- and LZTR1-deficient cells demon-
strating the strongest resistance to sorafenib (parental IC.,
= 5.03 nM, NT (non-targeting control) IC. = 6.31 nM,
sgTSC1 IC. = 97.34 nM, and sgLZTR1 IC. = 22.37 nM),
while targeting of 7SC2 yielded comparably more modest
resistance to sorafenib (IC. = 14 nM) (Figure 1E). TBC1D7-
deficient cells had decreased sensitivity to sorafenib while
DEPCDS-deficient cells were modestly resistant (Online
Supplementary Figure S2). Deficiencies of LZRT1, NF1,
TSC1, TSC2 and NPRL2 were evident by western blot
analysis (Online Supplementary Figure S3A). The correspon-
ding efficiencies of CRISPR knockouts were determined
using Inference of CRISPR Edits (ICE) software
(Synthego.com) (Online Supplementary Figure S3B).

Reduced expression levels of LZTR1, NF1, TSC1, and
TSC2 correlate with reduced sensitivity to sorafenib in
samples from patients with acute myeloid leukemia
and deficiency results in hyperactivation of MAPK or
MTOR pathways in acute myeloid leukemia cells

We evaluated results from our CRISPR screen for rele-
vance to drug sensitivity and gene expression profiles
observed in patients’ samples in the Beat AML database.’
RNA expression levels of LZTR1, NF1, and TSC2 showed
negative correlations with sensitivity to sorafenib in sam-
ples from AML patients harboring FLT3-ITD mutations
(P<0.0001, P<0.001, and P<0.01, respectively) (Figure 2A).
We did not observe a significant negative correlation
between gene expression and sensitivity to sorafenib for
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* other screen hits, including RASA2, TBC1D7, NPRL2, and
DEPDCS5.

In MOLM13 cells, engineered to model LZTR1 and NF1
deficiencies, we observed elevated levels of phosphorylated
ERK, suggesting increased activation of the MAPK signaling

pathway (Figure 2B). As MAPK can cross-activate MTOR
signaling,**" we observed increased phosphorylation level
of MTORC], similar to results with inactivated inhibitory
functions of TSC1 and TSC2, indicating common aberran-
cy in downstream signaling (Figure 2B). Elevated levels of
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Figure 1. A genome-wide CRISPR knockout screen identifies negative regulators of MAPK and MTOR pathways, LZTR1, NF1, TSC1/2 and NPRL2, attenuating sen-
sitivity to sorafenib in acute myeloid leukemia cell lines. (A) Schematic representation of the CRISPR knockout screen in MOLM13 acute myeloid leukemia cells. (B)
Scatter plots of differential enrichment of single guide (sg)RNA in sorafenib-treated versus dimethylsulfoxide (DMSO)-treated control cells, analyzed at day 14 of drug
exposure. Median log fold changes are plotted versus P-values (top panel), and false discovery rate (FDR)-adjusted P-values (bottom panel), generated from MAGeCK
robust ranked aggregation (RRA) analysis. Colors represent various tiers associated with the ranking system based on directional concordance among sgRNA and
significance of fold increase (see Methods section). (C) Plots of normalized sgRNA read counts targeting the five top candidate genes from sorafenib- and DMSO-
treated samples over time. (D) Diagram of the MAPK and MTOR pathways with top hit genes shown in red circles. (E) Dose response curve of the 72 h sorafenib sen-
sitivity assay performed on parental MOLM13 cells and MOLM13 cells transduced with sgRNA targeting LZTR1, NF1, TSC1, TSC2, NPRL2, and non-targeting (NT)
control. The percentages of viable cells were measured using the MTS assay in triplicate with seven-point escalating drug concentrations.
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phospho-ERK were evident in TSC1-deficient, but not in
TSC2-deficient cells, potentially reflecting different roles of
TSC1 and TSC2 in the TSC complex. Levels of RAS protein
were elevated in LZTR1-deficient cells, but not in those
deficient in NF1 or TSC1 (Figure 2C).

MTOR and MAPK pathways are upregulated in acute
myeloid cells resistant to FLT3 inhibitors

In a parallel approach to understand mechanisms of
resistance to sorafenib, we generated AML cell lines
resistant to FLT3 inhibitors by gradually exposing
MOLMI13 cells to type I (crenolanib) or type II (quizar-
tinib and sorafenib) FLT3 inhibitors. Crenolanib- and
sorafenib- resistant MOLM13 cells showed reduced sen-
sitivity, detected by higher IC., and AUC values, to both
type I and type 1I inhibitors, whereas quizartinib-resis-
tant cells showed resistance only to type II inhibitors
(Figure 3A). To investigate whether there is an overlap
between the acquisition of resistance by CRISPR-derived
knockout cells versus resistance generated by prolonged
exposure to drugs, we evaluated the activity of
MTORC1 and MAPK pathways. We detected an
increase in levels of phospho-ERK and elevated RAS lev-
els in FLT3 drug-resistant cells, indicating upregulation of
the MAPK pathway (Figure 3B). Surprisingly, levels of
TSC2 were increased in crenolanib- and sorafenib-resis-

Mechanisms of sorafenib resistance in AML -

tant cells; in contrast, loss of function for TSC2 was
revealed in the CRISPR knockout resistance screen.
Previous studies showed that the MAPK pathway can
inhibit MTOR activity by phosphorylating TSC2 at S664
causing dissociation of the TSC complex observed in
breast and colon carcinomas.”* This observation
prompted us to test for levels of phospho-TSC2. We
observed enhanced levels of phospho-TSC2 at S664 in
these two cell lines, suggesting that inhibition of TSC
complex formation by the MAPK pathway promotes
resistance to FLT3 inhibitors. Moreover, we observed an
elevated level of phospho-TSC2 at Y1571, which addi-
tionally impairs the TSC1-TSC2 interaction,* supporting
inactivation of TSC2 in these resistant cells, concordant
with our CRISPR screen results.

MEK inhibitors resensitize FLT3-inhibitor-resistant
cell lines

Data from the CRISPR screen and resistant cell lines
suggested that upregulation of the MAPK signaling path-
way contributes to resistance to FLT3 inhibitors in AML.
This prompted us to hypothesize that inhibitors target-
ing the MAPK pathway may resensitize FLT3-inhibitor-
resistant cells. Parental and resistant cells were tested for
sensitivity to the MEK inhibitor trametinib and MTOR
inhibitors PP242, PI-103 and rapamycin. Resistant cells
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Figure 2. Low sensitivity to sorafenib correlates with low expression levels of CRISPR top hits LZTR1, NF1, and TSC2 in specimens from acute myeloid leukemia

patients and inactivation in the MOLM13 acute myeloid leukemia cell line revea

Is aberrant activation of MAPK or MTOR pathways. (A) Scatter plots of RNA expres-

sion levels (shown as normalized reads per kilobase per million [RPKM]) plotted against drug sensitivity measured ex vivo as area under the curve (AUC) from samples

from patients with acute myeloid leukemia harboring FLT3-ITD mutations (n=86).

Pearson correlation coefficients are shown as (r) values Statistical significance is

indicated. ****P<0.0001, ***P<0.001, **P<0.01, n.s., non-significant. (B, C) Immunoblot analyses of proteins from LZTR1-, NF1-, TSC1- and TSC2-deficient cells

(LZTR1_sgRNA, NF1_sgRNA, TSC1_sgRNA and TSC2_sgRNA, correspondingly) in

comparison to parental and non-targeting (NT_sgRNA) controls with indicated anti-

bodies. p-ERK denotes phosphorylated-ERK (Thr202/Tyr204), p-MTOR denotes phosphorylated-MTOR at S2448. Vinculin and GAPDH immunoreactivity served as

loading controls.
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showed greater sensitivity to trametinib relative to the
parental cells (Figure 3C; Ounline Supplementary Figure
S4A). Combinations of each FLT3 inhibitor with trame-
tinib revealed enhanced efficacy in both resistant and
parental AML cells (Figure 4A; Online Supplementary
Figure S4B). Moreover, combinations of sorafenib and
trametinib showed high synergy scores at several con-
centrations as analyzed by R_SynergyFinder®” (average
synergy [zero interaction potency] score for parental cells
= 3.449 vs. 8.015 in sorafenib-resistant MOLM13 cells;
synergy scores above 1 are significant). Similar synergy
in sensitivity was obtained with trametinib in combina-
tion with either crenolanib or quizartinib (Online
Supplementary Figure S4D). MTOR inhibitors PP242 and
PI-103 did not exhibit substantial cell killing as single
agents in any of the FLT3-inhibitor-resistant cell lines
(Figure 3C, bottom panel; Online Supplementary Figure
S4A) and a combination of MTOR inhibitor and a FLT3
inhibitor resulted in a marginal decrease in cell viability
(Figure 4A bottom panels; Online Supplementary Figure
S4B, C). In contrast, MTOR inhibitors appeared to resen-
sitize TSC1- and NPRL2-deficient cells to sorafenib
(Online Supplementary Figure S5). The effect of PI-103 was
more pronounced than that of PP242 which may reflect
its dual targeting of MTOR and PI3K.

Discussion

Sorafenib, as well as other FLT3 inhibitors, in combina-
tion with standard-of-care chemotherapy prolongs the
survival of AML patients with or without FLT3 mutations,
although relapse caused by drug resistance remains a clin-
ical challenge. To elucidate mechanisms of resistance to
sorafenib, we subjected MOLM13 AML cells to genome-
wide CRISPR screening to identify genes whose loss-of-
function contributes to reduced drug sensitivity. The top
screen hits indicated that resistance to FLT3 inhibitors in
AML can occur via aberrant activation of the
AKT/PISK/MTOR and RAS/MAPK signaling pathways.
Our results are consistent with findings from previous
studies on resistance to FLT3 inhibitors that revealed aber-
rant ERK and RAS signaling'® and extend these with the
identification of a broad spectrum of genes regulating
RAS/MAPK and, additionally, MTOR signaling pathways
as modulators of resistance (Figure 4).

Analysis of the screen using the MAGeCK pipeline in
combination with a tiering system developed previously®
identified LZTR1, TSC1/2, NPRL2, NF1, and TBC1D7 as
significant hits. The identification of LZTR1 is not unex-
pected as LZTR1 loss confers MAPK activation by dysreg-
ulating RAS signaling;** it also facilitates degradation of
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Figure 3. Acute myeloid leukemia cell lines made resistant to FLT3 inhibitors demonstrate activation of MAPK and/or MTOR pathways. (A) MOLM13 AML cell lines
were made resistant to type | and type Il FLT3 inhibitors by continuous exposure to crenolanib, quizartinib or sorafenib. Drug sensitivity assays were performed for
72 h on parental and FLT3-inhibitor-resistant MOLM13 cells. Cell viability was measured in triplicate using the MTS assay with seven-point escalating drug concen-
trations. (B) Immunoblot of whole cell lysates from parental MOLM13 and MOLM13 cells resistant to crenolanib and sorafenib treated with dimethlysulfoxide or FLT3
inhibitors at 20 nM concentration for 4 h performed with indicated antibodies. (C) Dose response curves of trametinib and PP242 on parental and FLT3-inhibitor-
resistant MOLM13 cells.
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RAS-GTPases.”¥ Consistent with our results, loss of
LZTR1 function has recently been shown to cause resist-
ance to tyrosine kinase inhibitors including several FLT3
inhibitors (tandutinib, quizartinib, and ponatinib) in AML
cell lines.* LZTR1 loss-of-function mutations have been
observed in other cancers including glioblastoma multi-
forme, adrenocortical cancer, and pancreatic cancer, and
have also recently been reported in hepatocellular carcino-
ma, a cancer for which sorafenib is a first-line therapy.**
The screen hits included components of the TSC and the
GATOR complexes, which have not been previously iden-
tified as modulators of resistance to FLT3 inhibitors. Our
screen also identified two negative regulators of RAS: NF1
and RASA2. Loss-of-function mutations in NF1 have been
associated with poor prognosis in AML patients,” suggest-
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ing that patients with NF/ mutations would have poor
sensitivity to FLT3 inhibitors.

TSC2 and TBC1D7 along with TSC1 form the TSC
complex, which acts as a GTPase activating protein for
RHEB, a small G-protein upstream of MTOR complex 1
(MTORC1).*% MTORCT1 is activated by another small
G-protein, RAG, which is negatively regulated by the
GATOR1 complex, comprising NPRL2, NPRL3, and
DEPDCS proteins.” Our screen identified 7SC1 and com-
ponents of the GATOR1 complex, DEPDC5 and NPRL2.
Loss-of-function variants of 7SC7 and 7SC2 are found in
~16% of patients with hepatocarcinoma and are associat-
ed with an aggressive form of this malignancy.” Our data
suggest that the roles of TSC1 and TSC2 are complex; we
note that TSC1-, but not TSC2-deficient MOLM13 cells
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AKT inhibitor-resistant MOLM13 cell lines described in Figure 3A
were tested for sensitivity to sorafenib, trametinib and PP242
by 72 h drug sensitivity assays. Cell viability was measured in
p'ERK triplicate using the MTS assay with seven-point escalating
drug concentrations. Drug combinations were tested at
ERK equimolar concentrations. (B) Immunoblot of parental
MOLM13 cells treated with sorafenib, trametinib, PP4242 or
RAS combinations at 10 nM for 24 h performed with the indicated
antibodies. Vinculin immunoreactivity served as a loading con-
trol.
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showed increased phospho-ERK activity. This observation
may not be surprising given the structural difference
between the two proteins; TSC1 lacks the kinase domain
that is present in TSC2.**" It is possible that TSC1 exe-
cutes functions outside of its interactions with TSC2 to
regulate MAPK signaling. Consistent with results from the
CRISPR screen, samples from AML patients harboring
FLT3-ITD mutations with reduced RNA expression levels
of LZTR1, NF1, and TSC2 exhibited less sensitivity to
sorafenib.

Upregulation of phospho-MTORC1 (Ser2481) is
observed in two FLT3-inhibitor-resistant cell lines, made
by gradual exposure to higher concentrations of FLT3
inhibitors, supporting a role for MTORCI in resistance to
FLT3 inhibitors. Increased phospho-ERK levels in FLT3-
resistant cells confirmed the importance of the MAPK
pathway in FLT3 inhibitor resistance. Concordantly, the
resistant cells demonstrated enhanced sensitivity to MEK
inhibitors. We also showed that the connection between
MAPK and MTOR pathways influenced FLT3 inhibitor
resistance. We found enhanced levels of phospho-TSC2
at S664 and Y1571 in the resistant lines which are regulat-
ed by phosphorylated ERK and AKT, respectively. These
phosphorylation events inhibit the formation of the TSC
complex, mimicking TSC1 and TCS2 loss-of-function hits
as revealed by the CRISPR resistance screen. The combi-
nation of FLT3 plus MEK inhibitors has synergistic effec-
tiveness in both sensitive and resistant cells, a finding that
is consistent with data from a recent study that demon-
strated synergy for the combination of crenolanib with
trametinib in Ba/F3 cells harboring PTPN11 A72D, FLT3
D835Y or double mutations of both.” Similarly, the com-
bination of sorafenib or pazopanib with trametinib
showed strong synergy in MOLM13 cells.” Moreover,
the combination of sorafenib with the MEK inhibitor,
PD0325901, showed synergy in MOLM14 and MV4;11
AML cell lines,* and the combination of gilteritinib and
trametinib had enhanced efficacy in MOLM14 cells with
NRAS G12C and NRAS Q61K.” Enhanced efficacy was
observed in AML patients’ samples assayed ex vivo for
sensitivity to a combination of an FLT3 inhibitor (quizar-
tinib) and trametinib (Beat AML data, Ounline
Supplementary Figure S4E). Evaluation of signaling in
FLT8i-resistant cells and top hits from the CRISPR knock-
out screen underscore activation of the MTOR pathway

in sorafenib resistance. Assessment of sensitivity to an
MTOR inhibitor in combination with an FLT3 inhibitor
showed a profound effect only in TSC1- and NPRL2-defi-
cient cells. This result may indicate reliance on multiple
pathways in FLT3-inhibitor-resistant cells.

Increased activity of JAK/STATYS has also been implicat-
ed in resistance to FLT3 inhibitors. Granulocyte-
macrophage colony-stimulating factor and interleukin-3
mediate FLT3 resistance in AML cells via JAK/STATS and
PIM/cytokine-activated JAK/STATS signaling.” Although,
we did not evaluate JAK/STAT5 pathways in this study,
our CRISPR screen did identify several negative regula-
tors of JAK/STATS pathways, including PTPN1, SUMO3,
and PTPN6. Additionally, our screen identified several
tier 1 hits involved in RNA metabolism and splicing,
including DHX15, EBNA1BP2, LSMR, PUS7 and RPSA.
DHX15, for example, encodes an RNA helicase that is
commonly mutated in AML patients with RUNX1-
RUNX1T1 fusions.” It will be important to pursue these
findings in subsequent studies given the roles of RNA
metabolism in cancer pathogenesis.”
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