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Abstract

Preponderant genomic sequencing and clinical evidence have revealed the remarkable
heterogeneity that underpins leukemia. Such efforts have brought to the forefront new oncogenic
alterations and mechanisms of drug resistance. This dissertation is focused on the identification
and characterization of intrinsic and extrinsic mechanisms of receptor tyrosine kinase (RTK)
activation in the setting of leukemia. An understanding of these mechanisms can be harnessed
clinically to facilitate the development of new therapies and, thereby expand the promise of
precision medicine.

As for intrinsic activation of RTKs, the work presented in this dissertation demonstrates that
point mutations in NTRK2/3, ERBB2, and FLT3, identified via deep sequencing of leukemia
patient samples or cell lines, are oncogenic in cell-based assays. Each mutation has a distinct
mechanism of activation, which is likely influenced by its location within the respective RTK. All
identified mutations showed robust sensitivity to either FDA-approved inhibitors or investigational
agents, which may help curtail disease progression.

Beyond intrinsic activation, the second half of the dissertation describes how extrinsic
activation of RTKs via the bone marrow microenvironment facilitates the survival of residual
leukemia cells, which leads to resistance and then relapse. Specifically, protective factors
secreted by marrow stromal cells support the survival of residual cells. These residual cells are
characterized by slower cell cycle, metabolic reprogramming, and become uniquely dependent
upon Aurora kinase B signaling. This work implicates that disrupting the crosstalk between
leukemia cells and the marrow microenvironment could circumvent drug resistance and improve

patient outcomes.



PART I:
Introduction



Leukemia — an introduction to the unmet challenge

“Cancer is an expansionist disease; it invades through tissues, sets
up colonies in hostile landscapes, seeking “sanctuary” in one organ
and then immigrating to another. It lives desperately, inventively,
fiercely, territorially, cannily, and defensively—at times, as if
teaching us how to survive. To confront cancer is to encounter a
parallel species, one perhaps more adapted to survival than even
we are.”

— Siddhartha Mukherjee, The Emperor of All Maladies

Hematopoiesis

Hematopoiesis is the lifelong process by which blood cells—red blood cells (RBCs), white
blood cells (WBCs) and platelets—are continually replenished’. On average an adult human
generates 4-5 x 10"" hematopoietic cells per day*. This process occurs within the bone marrow,
a soft, spongy tissue in the center cavity of bones’. It should be noted that hematopoiesis mainly
occurs in large bones and the axial skeleton for adults. A hierarchical organization exists within
the marrow where hematopoietic stem cells (HSCs) sit at the top of the hierarchy’ (Figure 1).
These HSCs are nurtured and supported by the surrounding bone marrow microenvironment,
often referred to as the stem cell niche. HSCs have the propensity to self-renew and produce
various progenitor cells that eventually differentiate into mature blood cells that we define as
RBCs, WBCs, and platelets. In contrast to HSCs, committed progenitors have a limited self-
renewal ability and differentiation potential. Importantly, the hematopoietic process as a whole is
tightly regulated to maintain a balance between HSC self-renewal and differentiation. While
excessive differentiation may deplete the HSC pool, unrestricted self-renewal can lead to
myeloproliferative diseases or leukemia® 2. This chapter of the dissertation will provide a brief

introduction to leukemia.
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Figure 1: General schematic of hematopoiesis. Hematopoietic stem cells (HSCs) are at the
top of the hierarchy. These cells can undergo either self-renewal or differentiation into a
multilineage progenitor cells that are either committed to the myeloid or lymphoid lineage.
Ultimately, myeloid progenitors give rise to red blood cells, platelets, monocytes, and granulocytes
(neutrophils, eosinophils, and basophils). Lymphoid progenitors result in the formation of T, B,
and natural killer (NK) cells.

Reproduced with permission from (Kaushansky K. Lineage-specific hematopoietic growth factors.
N Engl J Med. 2006 May 11,354(19):2034-45. doi: 10.1056/NEJMra052706. PMID: 16687716.),
Copyright Massachusetts Medical Society.



Definition, epidemiology, causes, signs & symptoms, risk factors, and diagnosis

Leukemia is a cancer that arises in the blood and bone marrow and is caused by the
proliferation of abnormal white blood cells that are not fully matured, called blasts® °. The
accumulation of blasts disrupts normal hematopoiesis, impairing the marrow’s ability to produce
red blood cells or platelets. Globally, leukemia is the 15" most commonly diagnosed cancer and
the 11" leading cause of cancer deaths®. In the United States, leukemia remains as the 10" most
common cancer and is the 7" leading cause of cancer-related deaths. In 2019, approximately
62,000 people were diagnosed with leukemia in the United States and approximately 23,000
people died from this malignancy’. Men are at a slightly elevated risk relative to women,
accounting for an estimated 58% of cases annually’. Since 2006, the incidence of leukemia has
increased in the United States by an average 0.6% per year.® As for age, incidence and mortality
rates tend to increase with age®. Despite our enhanced understanding of the underlying biology
of leukemia and development of targeted therapies, no single cure for leukemia is currently
available.

Like any other cancer, there is no specific cause that defines leukemia. However, as in most
cases, genetic alterations or some form of damage to DNA can trigger leukemia. Chapter 2 of this
dissertation will broadly survey the role and activation of receptor tyrosine kinases (RTKs), which
have been implicated as potential drivers of leukemia.

Signs and symptoms of leukemia are often vague, resembling the flu or common cold viruses.
Symptoms include bleeding, fatigue, pale skin, fever, weight loss, night sweats, and increased
risk of infections, all of which are consistent with a disruption in hematopoiesis®. In children,
swollen lymph nodes, enlarged spleen (splenomegaly), or liver (hepatomegaly) can also be
present®. Although the exact causes of leukemia are not fully understood, they remain as an active
area of research. Common risk factors include a family history of leukemia, smoking cigarettes,

down syndrome, and exposure to high levels of radiation or chemicals (e.g., benzene)’.



Evaluation for leukemia typically entails a physical exam, blood tests, and bone marrow biopsy.
Blood tests can include a complete blood count (CBC), complete metabolite panel (CMP), liver
function test (LFT), and coagulation panel. These are usually followed by a peripheral blood
smear and bone marrow aspiration and biopsy. The latter being the gold standard. A bone marrow
aspiration is used to remove liquid marrow sample while the biopsy removes a small piece of
bone filled with marrow. Samples for the aspiration and biopsy are usually taken from the pelvic
bone using a long, thin needle®. Collected samples are examined under the microscope to detect
any morphologic changes. Additional analyses include flow cytometry, immunophenotyping,
polymerase chain reaction, karyotyping, and fluorescence in situ hybridization. The culmination

of data from these analyses inform the final diagnosis®.

Classification

Clinically and pathologically, leukemia is often classified by two main factors: the growth
pattern or the type of white blood cells that are affected®. Chronic leukemias progress more slowly
(over a span of months to years), while acute leukemias progress quickly, requiring immediate
treatment to prevent spread to other organs. Lymphocytic leukemias refer to the abnormal
outgrowth of immature cells that normally develop into T or B lymphocytes and mediate immune
responses. By contrast, in myelogenous leukemias, abnormal growth occurs in cells that normally
develop into red blood cells, granulocytes, and platelets®. There are four broad classifications of
leukemia: acute lymphocytic leukemia (ALL), acute myeloid leukemia (AML), chronic lymphocytic

leukemia (CLL), and chronic myeloid leukemia (CML).



Brief summary of leukemia subtypes

ALL occurs when immature WBCs from lymphoid progenitors show unrestrained self-renewal,
impeding the formation of mature B and T cells®. It is the most common leukemia in pediatric
patients, accounting for 80% of cases vs. 20% of cases found in adults. While ALL is highly
curable in pediatric patients, it is quite deadly in older adults. In contrast to ALL, AML is the most
common acute leukemia seen in adults. It is characterized by an uncontrolled proliferation of
myeloid blasts. Among these subtypes, AML is the deadliest hematological malignancy, with a
large percentage of patients relapsing. This could be attributed to the underlying molecular
heterogeneity of AML that has recently become recognized due to the advent of deep-sequencing

technologies™® ' (

Figure 2). Of the many genetic alterations driving AML, activating mutations in
the class Ill receptor tyrosine kinase FLT3 occur in approximately one third of all patients'. The
activation of the FLT3 receptor will be further discussed in Part Il and Il of this dissertation. CLL
is mainly seen in adults between the ages of 60 and 70 and is characterized by a build-up of
mature yet dysfunctional lymphocytic cells. Lastly, CML, which mainly occurs in adults, results
from an aberrant proliferation of mature myeloid cells (neutrophils, basophils, eosinophils, or

macrophages)®. The presence of the BCR-ABL1 translocation is required for the diagnosis of

CML™.
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Figure 2: Acute myeloid leukemia is a heterogenous cancer. Mutations in the class Ill tyrosine
kinase receptor gene FLT3, myeloid transcription factors, shuttling proteins (NPM1), splicesome-

complex genes, and epigenetic regulators confer a proliferative advantage enabling the
development of AML.

Reproduced with permission from (Déhner H, Weisdorf DJ, Bloomfield CD. Acute Myeloid
Leukemia. N Engl J Med. 2015 Sep 17;373(12):1136-52. doi: 10.10566/NEJMra1406184. PMID:
26376137.), Copyright Massachusetts Medical Society.



Treatment

Treatment for leukemia depends on many factors, which include age, general health of the
patient, and type of leukemia.® Moreover, treatment may involve a combination of chemotherapy,
targeted therapy, and stem cell transplant. Empiric chemotherapy is the first step for the treatment
of acute leukemias as it targets fast-dividing cells, preventing their spread to distant organs. If the
cancer is more localized to a particular region of the body, radiation therapy can also be used. It
involves the use of X-rays and other sources of high energy to damage leukemia cells. Targeted
therapies are often preferred in the treatment of chronic leukemias given the slow-growing nature
of these cancers. The resounding success of imatinib (Gleevec) for the treatment of CML has
ushered an era of precision oncology' '*. Importantly, we learned that a thorough understanding
of the biological target can be used to treat that cancer and prevent spread. For the past 20 years,
drug discovery efforts have focused on the development of hormone therapies, signal
transduction inhibitors, gene expression modulators, apoptosis inhibitors, angiogenesis inhibitors,
and immunotherapies'®. As noted previously, one of the causes of leukemia is the aberrant
activation of RTKs. To this end, many small-molecule kinase inhibitors have been developed,
many are in clinical trials, and some have been clinically approved. In the following chapter, the
activation of RTKs as a driver of tumor growth will be discussed with a focused discussion on
kinase inhibitors and their use in cancer treatment.

Lastly, stem cell transplant is also used in the treatment of leukemia. However, a decision to
pursue this option is dependent on the health of the patient and whether this option outweighs the
associated risks. A stem cell transplant replaces the diseased bone marrow with healthy bone
marrow obtained from a donor. Before this procedure, high doses of chemotherapy or radiation

are used to destroy all blood-forming cells®.



Oncogenic activation of receptor tyrosine kinases

Introduction

Phosphorylation is a fundamental process that cells use to regulate the activity of proteins and
protein kinases are the key guardians of this process. Kinases transfer the y-phosphate group of
adenosine triphosphate (ATP) onto the hydroxyl group of a tyrosine, serine, or threonine residue
of protein substrates'®. The human proteome contains more than 500 protein kinases'’. Among
the different families of kinase proteins, this discussion will focus on receptor tyrosine kinases
(RTKs), a family of cell-surface receptors that play an essential role in mediating cell-to-cell
communication, cell growth, differentiation, metabolism, and motility among other normal cellular
processes'®?". Abnormal activation of these receptors can lead to many pathologies, including
cancer, paving the way for the development of small-molecule inhibitors that can block these
receptors and forestall disease progression'® '8,

In the previous chapter on the basics of leukemia, it was stated that one driver of leukemia is
aberrant activation of RTKs. In this chapter, an overview on the molecular architecture of RTKs
and their role as oncogenes and targets for cancer therapy will be broadly discussed. A more
specific description of the intrinsic and extrinsic activation of these receptors and how both modes
result in aberrant RTK activity and foster uncontrolled growth and survival of tumor cells will be
provided. As will the development of tyrosine kinase inhibitors (TKI) and mechanisms of TKI
resistance. Discussion on RTKs will not be limited to leukemia in this chapter but will aim to

highlight key studies that have advanced our understanding of how RTKs contribute to tumor



pathogenesis. Part Il and 11l of this dissertation will focus on the intrinsic and extrinsic activation

of particular RTKs that were investigated throughout the course of my PhD training.

Overall architecture, domain organization, and function

Of the 90 unique human tyrosine kinases that have been catalogued to date, 58 encode RTKs
that can be further divided into 20 subfamilies, and 32 encode cytoplasmic, non-receptor tyrosine
kinases that fall into 10 subfamilies’” '* 2, RTKs phosphorylate multiple protein substrates,
including themselves. Autophosphorylation of the receptor serves as the basis for signal
transduction and engages downstream mediators that propagate essential cellular signaling
pathways, whereas aberrant phosphorylation is associated with a variety of disorders. For that
reason, the catalytic activity of RTKs is tightly regulated via corresponding phosphatases and
built-in autoinhibitory receptor mechanisms (cis-autoinhibition) that will be briefly discussed
below.

All RTKs consist of an extracellular domain for ligand binding, a single transmembrane helix,
and a cytoplasmic region that contains the juxtamembrane domain, tyrosine kinase domain, and
carboxy-terminal tail region' (Figure 1). In the absence of ligand binding, RTKs can reside as
monomers or oligomers. For example, members of the insulin receptor subfamily, which includes
the insulin-like growth factor 1 (IGF1) receptor, are expressed on the cell surface as disulfide-
linked (aB). dimers in the inactive state®’. Studies have also shown that the epidermal growth

factor receptor (EGFR/ErbB1) can exist as an inactive predimers and in higher oligomeric states®*

24
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tyrosine kinase domain.
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It should also be noted that the extracellular domain of RTKs is not uniform across the receptor
subfamilies®. It can consist of an array of structural motifs from immunoglobulin (Ig)-like loops,
cysteine-rich sequence repeats, leucine-rich repeats, glycosylation sites, fibronectin type lli-like
domains, to EGF-like domains?®" 2> 2¢. While the complete functional significance of these motifs
is unknown, it is speculated that these regions may facilitate ligand binding and/or prevent
unwarranted receptor activity in the absence of ligand stimulation®" 2”2,

The transmembrane domain mainly anchors the receptor to the plasma membrane. However,
previous studies have shown that mutations in the transmembrane domain could stabilize the
RTK (e.g., increase retention of receptor at cell surface) and induce aberrant kinase activity?*32.

In contrast to the extracellular domain, the cytoplasmic region of RTKs is more uniform. The
juxtamembrane domain is a flexible region consisting of 40 or more residues that link the C-
terminus of the transmembrane domain with the tyrosine kinase domain®?. It has a dual function
of both promoting and inhibiting catalytic activity®>. Once the tyrosine residues of the domain are
phosphorylated, they serve as recruitment sites for downstream adapter proteins that further
amplify signaling. As for its inhibitory function, this is still an active area of study. Previous studies
have shown that the N-terminal end of the juxtamembrane domain contains basic, positively
charged residues at positions 1 to 5 that interact with negatively charged lipid headgroups (e.g.,
phosphatidylinositol-4,5-biphosphate, PIP2) found in the lipid bilayer** %, This interaction is key to
maintain the RTK at its basal, low-activity state. An alteration of this interaction can lead to
unwarranted RTK activation. Specifically, arginine and lysine residues of the juxtamembrane
domain mediate this interaction in all 58 human receptor tyrosine kinases*. As a proof of concept,
a recent computational study using a near complete EphA2 receptor described a suggestive role
for receptor-lipid interactions in the regulation of EphA2 receptor activity®®. Crystallization of the
FMS-like tyrosine kinase 3 (FLT3)* and KIT* receptors have also provided insight on the
autoinhibitory function of the juxtamembrane domain in the context of AML, which is likely utilized
by other members of this subfamily®”. These studies show that regions of the juxtamembrane
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domain make direct contact with parts of the tyrosine kinase domain (particularly the activation
loop) to stabilize an inactive receptor conformation. Mutations that disrupt the autoinhibitory
function of the juxtamembrane domain lead to constitutive RTK activation®’.

The tyrosine kinase domain is the most conserved region of all RTKs'®. It comprises of a
small, mainly B-stranded N-lobe that is connected by a short hinge region to a larger C-lobe that
is predominantly o-helical in secondary structure®. Key structural regions of the N and C lobes
participate in the catalytic reaction, including the hinge region, phosphate loop, activation loop,
catalytic loop, and a-helix (Figure 2). These regions are briefly discussed below.

ATP binds in the cleft formed between the N- and C-lobes where the adenine group of ATP
forms hydrogen bonds to the hinge region®. The ATP binding site consists of a lysine residue,
which is a conserved structural motif for all RTKs. A gatekeeper residue is also found deep in the
ATP binding pocket. Mutations in the gatekeeper residue result in constitutive kinase activity'® 4*
“1_In addition to five B-sheets (B1-5), the N-lobe also contains a single a-helix (the C-helix, a.C)
and a glycine-rich loop (also referred to as the P- or G-loop)*. Importantly, the glutamic acid
residue of the a-helix forms a salt bridge with the lysine residue found at the ATP binding site of
the N-lobe in $3. This interaction anchors and orients the ATP for the catalytic reaction. Likewise,
the primary function of the P-loop is to also anchor the B-phosphate of ATP so that the y-
phosphate is in position for its transfer*® 4243, The C-lobe of the kinase domain consists of the
catalytic loop and activation loop (also known as the A-loop), both of which interact with the a-
helix of the N-lobe to facilitate the catalytic reaction®®. The A-loop is defined by two conserved
tripeptide motifs (DFG...APE) and controls access to the active site*. It is the tyrosine residue
found in the A-loop that becomes phosphorylated, resulting in activation of the RTK. Once the
tyrosine is phosphorylated the A-loop adopts an open conformation, where the DFG motif faces
inwards (DFG-in) and the A-loop is displaced outwards. In the active (DFG-in) state, the aspartic

acid residue points into the active site to coordinate the ATP. In the inactive state, the DFG motif
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faces outwards (DFG-out, with the phenylalanine pointing into the active site) and the A-loop is
displaced inwards*. Similar to the juxtamembrane domain, the tyrosine kinase domain also has
a built-in autoinhibitory mechanism, which is well-characterized for the insulin, IGF1, and FGFR1
receptors'® 3% In all cases, the activation loop interacts directly with the active site of the kinase
in cis conformation and impedes access of ATP. However, once the respective ligand binds, the
loop is reoriented (allows for ATP binding) and enables RTK activation, which is discussed in
more detail below.

The carboxy-terminal region of RTKs vastly differs between receptors. This region provides
another mode of regulation to minimize basal RTK activity in the absence of ligand stimulation.
Similar to the juxtamembrane domain, the carboxy-terminal tail interacts with the ATP binding
site, stabilizing the inactive receptor conformation. This is particularly notable in the Tie2 receptor

involved in angiogenesis and vasculature maintenance*.
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Figure 2: Ribbon diagram highlighting the catalytic components of receptor tyrosine
kinases. Here the tyrosine kinase domain of the FLT3 receptor is being used to illustrate the key
conserved structural elements required for kinase catalytic activity*’. The hinge region connects
the N and C lobes and hydrogen bonds with the adenine ring of ATP. The P-loop anchors the -
phosphate of ATP, allowing for the transfer of the y-phosphate. The catalytic loop plays a
structural and catalytic role. Specifically, residue D811 is the proton acceptor (abstracts protein
substrate proton) and residue N816 chelates Mg?*. Residue K644 of B3 in the N lobe forms a salt
bridge with residue E661 of the a.C-Helix, which allows proper receptor orientation for the catalytic
reaction. Residue K644 also forms a salt bridge with the a. and B phosphates of ATP. K644 is also
known as the ATP binding site. The juxtamembrane domain is also labeled for reference. Diagram
was adapted from PDB 1RJB* and visualized with the UCSF Chimera software*®.
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Mechanism of receptor activation

RTKs are activated through the binding of their cognate protein ligand (growth factor or
cytokine), which induces receptor dimerization that is followed by transphosphorylation of key
tyrosine residues in the A-loop?. The number of tyrosine residues in the A-loop varies between
one and three. This initial phosphorylation event activates the kinase and triggers phosphorylation
in other regions of the cytoplasmic domain that serve as docking sites for downstream signaling
effector proteins. These signaling proteins contain phosphotyrosine-recognition domains, such as
the Src homology 2 (SH2) domain or the phosphotyrosine-binding (PTB) domain that directly
engage with phosphorylated tyrosines of the RTK* #°, This interaction leads to the activation of
canonical signaling through the Ras/Raf mitogen-activated protein kinase (MAPK),
phosphoinositide-3-kinase (PI3K)/AKT, phospholipase C-y, and JAK/STAT pathways. Activation
of these pathways results in cellular differentiation, proliferation, and survival*® (Figure 3). Due to
their critical role in signal transduction, RTKs are tightly regulated in normal cells. Examples of
regulation include phosphatases®, autoinhibitory mechanisms of the RTK as discussed above,
transcription of negative regulators®, receptor endocytosis, ubiquitylation, and heterodimerization

with kinase-dead receptors™®.
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Figure 3: Activation of receptor tyrosine kinases results in activation of downstream
signaling pathways that promote cell growth, proliferation, and survival. The MAPK
pathway is depicted in aqua, JAK/STAT pathway in pink, and AKT/mTOR pathway in green. For
simplicity, only phosphorylation of the kinase domain is shown in the figure. However, it should
be noted that RTK activation triggers phosphorylation of tyrosine’s in the juxtamembrane, tyrosine
kinase, and c-terminal domains of the receptor. For example, in the case of the FLT3 receptor,
10 tyrosine residues undergo phosphorylation, though the order of phosphorylation has not been
determined®’.
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Oncogenic activation of RTKs — intrinsic and extrinsic mechanisms

RTKs can become constitutively activated in the setting of cancer via different mechanisms,
serving as oncogenes®* °®. These activation mechanisms can be broadly categorized into intrinsic
and extrinsic. Intrinsic mechanisms mainly involve alterations to the RTK itself, while extrinsic

mechanisms often implicate crosstalk with the tumor microenvironment (Figure 4).

Stromal Cells
RTK Activation
|
JAKISTAT
RAS/MAPK
PI3BK/IAKT

SURVIVAL @

Immune Cells

Figure 4: Receptor tyrosine kinases can be activated by intrinsic and extrinsic
mechanisms.
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Intrinsic mechanisms

Given the advent of next generation sequencing platforms, the mutational landscape of
common forms of human cancers have become well-defined'" >*°°. These studies have revealed
that the most common intrinsic mechanism underlying cancer is the accrual of pathogenic genetic
alterations, which include point mutations, amplification events, and chromosomal
rearrangements/translocations. As for point mutations in RTKs, these often consist of gain-of-
function mutations that drive uncontrolled RTK activation in the absence of ligand binding. While
these mutations can occur in any part of the RTK, they often cluster around evolutionally
conserved residues near the activation loop, ATP binding site, or gatekeeper region. In many
cases, these mutations serve as primary drivers, causing cancer cells to be “addicted” to them®®
% Point mutations in the EGFR receptor were among the first to be described as oncogenic in
1984, Since then mechanistic studies focused on EGFR signaling in non-small cell lung cancer™:
€ breast cancer®!, and glioblastoma demonstrate that mutations near the ATP-binding pocket
and/or activation loop can hyperactivate kinase signaling and induce tumorigenesis. A similar
pattern is also evident with mutated-FLT3 in AML®2. Activating mutations KIT'**¢ and
PDGFRAY*®'® in gastrointestinal stromal tumors interfere with the juxtamembrane domain’s
autoinhibitory function, conferring oncogenic behavior®®.

Overexpression or gene amplification is another mode of intrinsic activation of RTKs.
Overexpression increases the local concentration of RTKs such that inherit regulatory
mechanisms fall short of correcting for the underlying alteration. The ErbB family of RTKs provide
a notable example, where their overexpression correlates with poor prognosis in a variety of solid
malignancies®. Gene amplification leads to an increase in copy number of a specific region of the
genome®. Amplification of RTKs has been described in many cancers, including EGFR in
gliomas®, ERBB2 in breast, ovarian, and gastric cancers®, and FGFR1 in lung®® and breast®

cancers.
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Oncofusions resulting from chromosomal rearrangements can also lead to aberrant RTK
signaling and have been well characterized in cancer. The first tyrosine kinase fusion was
identified in 1960 by Peter Nowell and David Hungerford using karyotype testing in the setting of
chronic myeloid leukemia (CML)™. With the development of chromosomal-banding techniques,
Janet Rowley confirmed this acrocentric chromosomal finding as being a translocation between
chromosomes 9 and 227" 72, This translocation event, 1(9;22)(q34;q11), gave rise to what is now
known as the BCR-ABL1 fusion, where the ABL1 tyrosine kinase on chromosome 9 fuses with
the BCR gene on chromosome 22. The fusion results in constitutive ABL1 kinase activity, which
imparts the malignant phenotype observed in CML™ ™. The discovery of the BCR-ABL1 fusion
has spurred interest in the identification of other oncofusions that are associated with various solid
and hematologic malignancies’’®. RET, ALK, ROS1, and TRK rearrangements have been well-
documented in human cancers’®®'. In fact, fusions involving the Trk family of RTKs have been
identified across 9 or more tumor types, including both solid and liquid tumors’ 8. Despite the
diversity in oncofusion structure and upstream partners, the tyrosine kinase domain is preserved
in all cases.

Increased local concentration of ligand (autocrine activation) is another mode of activation
that subsequently hyperactivates the respective RTK. This is best exemplified by the autocrine
loop that exists between the stem cell factor and c-KIT receptor (SCF-KIT), which has been
reported in the proliferation of small cell lung®® and pancreatic® cancers. It should be noted that
autocrine activation of RTKs differs from paracrine activation, which often results from the
communication between cancer cells and cells of the tumor microenvironment as discussed
below.

Lastly, the downstream program of activated RTKs can be supported by the loss of negative
regulators. Most notably, a mutation in the tumor suppressor gene, phosphatase and tensin
homolog (PTEN) is observed in many human cancers®. PTEN typically acts by down-regulating
mitogenic signaling through dephosphorylation of phosphatidylinositol (3,4,5)-triphosphate (PIP3)
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to PIP2, which inhibits activation of the AKT signaling pathway. However, loss of PTEN enables

cells to continue dividing uncontrollably, a hallmark of cancer.

Extrinsic mechanisms

While understanding the intrinsic biology of cancer cells themselves is imperative, it overlooks
the contribution of extrinsic factors that can also activate RTKs and drive the cancer program. The
dynamic interplay of intrinsic and extrinsic factors in the pathogenesis of cancer was first hinted
by the English surgeon and pathologist, Stephen Paget in 1889%¢. He coined the “seed and soil”
hypothesis of cancer progression and metastasis after examining the autopsy records of 735
patients with terminal breast cancer®. This hypothesis suggested that a plant sends out multiple

18”. This same idea also holds true for cancer

seeds in the hope that one will germinate on fertile soi
cells. Not all cancer cells can proliferate, migrate, and metastasize into new areas of the body. A
corollary to this idea is that examining the tumor microenvironment is equally important as it
nurtures the malignant seed cells.

A growing body of evidence has revealed how the underlying crosstalk between the tumor
microenvironment and cancer cells results in RTK activation, supporting sustained cancer
progression®:8_ The tumor-permissive microenvironment consists of a collection of various cells
often broadly referred to as the stroma, which include fibroblasts, endothelial cells, mesenchymal
stromal cells, immune cells, or a combination of all. These cells can secrete growth factors,
cytokines, chemokines, extracellular vesicles that communicate with the tumor cell (paracrine
activation). Beyond biochemical cues from the microenvironment, physical cues and spatial
communication between cells of the microenvironment and tumor cells greatly contribute to the

progression and dissemination of the tumor program®. Interaction between tumor stroma and

cancer cells has led to increased Eph RTK signaling and metastasis in the setting of breast,
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prostate, non-small cell lung, and colon cancers®. SCF released by stromal cells upregulates c-
KIT in prostate cancer cell lines (paracrine activation), favoring activation of the RTK complex and
bone metastasis®’. VEGFR1-mediated angiogenic signaling has been reported to provide a
permissive niche for proliferation of lung and melanoma cancer cells in the tumor
microenvironment®. Release of platelet-derived growth factor (PDGF) from cancer-associated
fibroblasts stimulates PDGFR-mediated lung cancer growth® among other cancers®. Autocrine
and/or paracrine signals expressed by stromal and immune cells—such as IL-1%% |L-6% %,
PKCP/IL-8'% 11 GM-CSF® %, TNFa'%% 1% FLT-3 ligand'® "%, FGFs'% 1% SDF-1a.'%""° TGFp-
119 WNTs'"!, NF-«xB""?, ENT1""3, Sonic Hedgehog''* '"°, and galectins''® '""—have been shown
to enable persistence of AML cells within the leukemic microenvironment and contribute to
disease relapse.

Of the many cells that create the AML microenvironment niche, part Ill of this dissertation will
focus on mesenchymal stromal cells, the critical support cells of the marrow microenvironment
that protect leukemia cells. In 2006, the International Society for Cellular Therapy (ISCT) issued
the minimal criteria for defining mesenchymal stromal cells''®. These criteria include adherence
of stromal cells to plastic under standard culturing conditions, expression of defined surface
markers (CD73, CD90, and CD105), and ability to differentiate along the classical tri-lineage
pathways of adipogenesis, osteogenesis, and chondrogenesis. Mesenchymal stromal cells are
essential for human hematopoiesis''® and can be reprogramed to support leukemia cells'?-'%2,
Leukemia-associated stromal cells differ functionally and molecularly from healthy stromal cells
in that they exhibit a decreased capacity to proliferate, reduced differentiation potential, and

altered DNA methylation patterns'?.
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Tyrosine kinase inhibitors (TKils)

Given that aberrant activation of RTKs can perpetuate various malignancies independent of
tissue origin, these signaling receptors have become principal targets for cancer therapy. Several
small molecule inhibitors and monoclonal antibodies have been developed to target RTKs and
downstream kinase-driven signaling pathways. Imatinib, the first small-molecule inhibitor that
received approval from the US Food and Drug Administration (FDA) in 2001, targets the chimeric
BCR-ABL1 oncofusion that constitutively activates the ABL kinase, leading to the development of
CML'™ 124 (Figure 5). Its success pioneered the era of precision oncology. Importantly, it lends
credence to the idea of genomic-driven therapy that results in fewer adverse effects than

conventional chemotherapy.
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BCR-ABL
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Figure 5: Imatinib serves as the “magic bullet” for the treatment of chronic myeloid
leukemia. The oncogene BCR-ABL1 induces constitutive activation of the ABL kinase. Binding
of imatinib prevents the growth of CML cells'®.
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To date, the FDA has approved a total of 52 small-molecule protein kinase inhibitors of which
28 target RTKs'®. Most of these inhibitors perturb ATP binding as they bind the ATP-binding
pocket in the kinase domain of the receptor. A small number of inhibitors bind the allosteric site.
The Dar and Shokat classification system (type I-lll) is widely used to categorize these
inhibitors'®. Over the years, this classification system has been further revised to subclassify
allosteric inhibitors as type Ill and IV'?". Type | inhibitors are canonical ATP competitors and bind
the ATP-binding site when the receptor is in the active conformation (Figure 6A). Type Il inhibitors
interact with the hydrophobic region immediately adjacent to the ATP-binding site that is only
accessible when the receptor adopts the inactive conformation (Figure 6B). As discussed earlier
in the chapter, the active and inactive conformation are defined by the orientation of the DFG

structural motif and the displacement of the activation loop'?®

. Active conformation is synonymous
to the DFG motif facing inwards and the activation loop being displaced outwards (open/extended
conformation). Specifically, the aspartate of the DFG motif points towards the ATP-binding site
and coordinates two Mg?* ions in the active conformation'?®, In the inactive conformation, the DFG
is facing outwards owing to the movement of aspartate away from the ATP-binding site and the
activation loop is closed and collapsed onto the surface of the kinase domain'?, In this case, the
phenylalanine faces the active site. The structural movement of the DGF motif in the active and
inactive conformation explains why type | and Il inhibitors bind those respective conformations
(Figure 6C-E). Particularly, the steric hindrance offered by the phenylalanine sidechain explains
the preferential underlying binding of type | and Il inhibitors (Figure 6D-E, see inset panels). Type
[Il'inhibitors bind an allosteric site opposite to the ATP binding site (often called the “back pocket”),
while Type IV inhibitors bind an allosteric site distant from the ATP-binding pocket'?’. An
understanding of the inhibitor and its preferred binding conformation can be leveraged when
targeting resistance mutations that cause a switch in inhibitor class. For example, mutations in
residues G667 and G696 of NTRK1 and NTRKS, respectively confer resistance to type | Trk

129

inhibitors as they stabilize the inactive conformation of the kinase'~”. Yet, these same mutations
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show sensitivity to type Il Trk inhibitors, emphasizing the importance to not only understand
structural changes induced by mutations but also the binding engagement of inhibitors. Such
insight could be harnessed clinically to mitigate drug resistance.

In addition to small-molecule kinase inhibitors, the FDA has also approved many monoclonal
antibodies that impede RTK activation. Trastuzumab (Herceptin) in the treatment of HER2" breast
cancer provides a notable example as the first monoclonal antibody to prolong survival in patients
with this malignancy'®. However, not all patients respond to trastuzumab, which led to the
discovery of pertuzumab'™'. Pertuzumab inhibits the dimerization of HER2, offering further
therapeutic benefit that is unattainable with trastuzumab. Apart from monoclonal antibodies in the
treatment of breast cancer, the FDA has also approved cetuximab in lung cancer'®?, panitumumab

in colon cancer'?, and cetuximab in head and neck cancer'.
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FLT3-gilteritinib complex FLT3-quizartinib complex
Type | conformation (Active, DFG-in) Type Il conformation (/nactive, DFG-out)

DFG-out mode shows steric incompatibility
with gilteritinib binding

DFG-in mode shows steric incompatibility
FLT3 DFG-in (with gilteritinib) superimposed with with quizartinib binding
FLT3 DFG-out (with quizartinib)

Figure 6: Type | and Il binding modes of receptor tyrosine kinases. To highlight the
differences between the binding of type | and type Il inhibitors, FLT3 inhibitors, gilteritinib (type |
inhibitor) and quizartinib (type Il), were used as examples. A. Gilteritinib preferentially binds FLT3
in the active conformation (DFG-in). The A-loop is in an open/extended conformation and the
aspartate (D) residue of DFG is positioned to chelate Mg?*. B. Quizartinib binds FLT3 in the
inactive conformation (DFG-out). The A-loop is displaced inwards, residing on the surface of the
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kinase domain. The phenylalanine (F) residue of DFG sterically hinders the binding of ATP. C.
FLT3 DFG-in (with gilteritinib) was superimposed with FLT3 DFG-out (with quizartinib). D-E. The
inset panels illustrate the unfeasibility of type | and Il inhibitors to bind the inactive conformation
(D) and active conformations (E), respectively. Ribbon diagrams were adapted from PDB 4RT7%
and PDB 6JQR'* and visualized with the UCSF Chimera software*®. MatchMaker analysis from
Chimera was used for overlaying receptors in C. The visualization utilized by this figure was
adapted from Drilon et al. who focus on the receptor tyrosine kinase ROS1?'.

Resistance to TKI therapy

While TKIs show impressive activity upfront, their durability is limited due to the development
of drug resistance, culminating in eventual disease relapse. Understanding and combatting
mechanisms of TKI resistance is a vital step in extending the durability of these potent inhibitors.
Clinically, resistance to cancer therapies can be classified as primary (innate) or secondary
(acquired) resistance. Primary resistance corresponds to tumors that show no response to
treatment. By contrast, secondary resistance refers to tumors that recur following a period of
clinical response. It is important to note that tools to assess clinical response and tumor pathology
are constantly evolving, making this classification open to interpretation™®. Similar to RTK
activation, in this section, the framework of intrinsic (genetic alterations) and extrinsic (tumor
microenvironment) is used to highlight common mechanisms of TKI resistance. This section
begins by briefly commenting on the common modes of resistance and then discussing

mechanisms of resistance for FLT3 inhibitors given their relevance to part Il of this dissertation.

Intrinsic resistance mechanisms

Given the strong selective pressure resulting from TKI treatment, cancer cells can acquire
genetic alterations that abrogate inhibitor binding and provide tumor cells an avenue to evade

death. Notably, mutations in the gatekeeper residue of RTKs, a conserved hydrophobic residue
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in active site, can disrupt TKI binding and, thereby promote resistance® '*-'*°_ The classic
example being the T315l gatekeeper mutation in BCR-ABL1 that impedes imatinib binding by
introducing a steric clash that prevents imatinib from forming a hydrogen bond at the active site*’.
A similar steric interference mechanism has been reported with gatekeeper mutations FLT3%',
NTRK17%%9 NTRK26%L NTRK3M' ALK-"'M and ROS1-2%2M which hinder the binding of

62, 140

respective TKls . In contrast, the gatekeeper mutation T790M in EGFR increases the

141,142 |n other cases,

receptor’s affinity for ATP, effectively weakening its affinity for TKls
resistance mutations can cause kinases to switch conformations, rendering them unresponsive
to the inhibitor'?® '**. Amplification of MET or HER2 can also confer resistance to TKI therapy in
EGFR-mediated lung cancers'. Studies focused on resistance to BCL-2 inhibitor venetoclax in
AML have brought forward three other mechanisms of resistance — bypass pathway signaling,
changes in tumor metabolism, and in cellular differentiation status. Genome-wide CRISPR/Cas9
screening of venetoclax-sensitive AML cells revealed that a loss of the TP53 network induces
resistance due to an acquired dependency upon TRK signaling, which serves as a bypass
pathway in this setting’®. Studies performed on leukemia stem cells (LSCs) from AML patients
following relapse to venetoclax and azacitidine treatment show that changes in metabolism confer

resistance’® ¥, Lastly, more differentiated LSCs were also resistant to venetoclax'® 14°,

Extrinsic resistance mechanisms

While TKIls are able to eradicate most of the initial tumor, residual tumor cells are able to
persist within the tumor microenvironment. Advances in our understanding of the tumor
microenvironment have revealed that microenvironmental factors protect these cells from initial
TKI treatment until more complex acquired drug resistance phenotypes can develop'®’: 150152,

These cells are often referred to as “persister cells,” or “drug-tolerant persisters” and remain

understudied as they go undetected due to their low abundance and lack of known biomarkers
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for classification'. In general, these cells display no genetic alteration, slow proliferation,
epigenetic modifications, and altered metabolism'™3. Seminal studies in lung'™*'®,

gliloblastoma’, and breast'®® '

cancers have begun to characterize these reservoirs of
malignant cells that inexorably culminate in disease relapse.

Apart from the tumor cells, the microenvironment is also dynamically undergoing remodeling
throughout the disease course due to continuous crosstalk between tumor cells and cells of the
microenvironment. For example, in chronic lymphocytic leukemia (CLL) and AML, extracellular
vesicles released from leukemia cells can reshape the microenvironment by downregulating

160

growth factors that support hematopoietic stem cells™ or hindering the function of natural killer

cells™®,

Mechanisms underlying resistance to FLT3 inhibitors in AML

FLT3 inhibitors can primarily be classified as type | or Il inhibitors. Despite their initial clinical
efficacy, resistance to single agents develops after months of therapy, which limits their use in
the clinic. Mechanisms of FLT3 inhibitor resistance differ with respect to inhibitor class, but broadly
can be subdivided into cell intrinsic and extrinsic mechanisms. Tumor intrinsic mechanisms
involve (i) emergence or expansion of secondary point mutations in the FLT3 receptor (on-target
resistance) and (ii) activation of alternative (bypass or parallel) signaling pathways (off-target
resistance). Extrinsic mechanisms involve crosstalk between leukemia cells and cells of the bone

marrow microenvironment that modulate FLT3 inhibitor response.
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Intrinsic resistance mechanisms

Portions of the text below are adapted from:

Fletcher L, Joshi SK, Traer E. Profile of Quizartinib for the Treatment of Adult Patients with
Relapsed/Refractory FLT3-ITD-Positive Acute Myeloid Leukemia: Evidence to Date. Cancer
Manag Res. 2020 Jan 8;12:151-163. doi: 10.2147/CMAR.S196568. PMID: 32021432; PMCID:
PMC6955578.

The most common tumor intrinsic mechanism is the emergence of secondary point mutations
in the TKD of FLT3 that confer resistance to FLT3 inhibitors. TKD mutations particularly at the
D835 residue, are a common cause of clinical resistance to type |l FLT3i, which bind the inactive
kinase conformation*® ¢ '%2, These mutations destabilize the inactive conformation of FLT3 that
is required for the binding of type Il inhibitors quizartinib*® and sorafenib'?. Type | inhibitors were
subsequently developed to overcome these mutations, as they can bind the active kinase
conformation. In contrast to type Il inhibitors, bypass pathway alterations confer resistance to the
type | inhibitor, midostaurin'®® (RAS/MAPK signaling), crenolanib™’ (RAS/MAPK signaling, TET2,
IDH1/2) and gilteritinib'®* (RAS/MAPK signaling). Noncanonical extracellular domain (K429E) and
TKD resistance mutations (Y693C/N, G697S) have also been reported with crenolanib™’ and
gilteritinib'®®, respectively. Infrequently, mutations in the gatekeeper residue (F691) have also
been identified in patients following relapse to type | or Il FLT3 inhibitors*® 37- 164,

To date the most extensive clinical and laboratory characterization of resistance-causing
mutations in FLT3 have been performed with quizartinib. As such, | discuss in detail our
understanding of how secondary point mutations in FLT3 propel resistance using quizartinib as a
prime example. In 2012, shortly after the release of the interim analysis for the phase 2 trial of
quizartinib monotherapy of 53 patients with relapsed/refractory FLT3 internal tandem duplication
(ITD) AML, point mutations at three residues within the kinase domain of the FLT3 receptor were
reported to confer resistance to quizartinib*. These residues consist of the ‘gatekeeper’ residue

(i.e., F691) and residues within the activation loop of FLT3 (i.e., D835, Y842). The binding of

quizartinib to the crystal structure of the FLT3 kinase domain was modeled and suggested that
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substitutions of F691 with non-aromatic residues could hinder the -1 stacking interaction needed
to stabilize the benzo-imidazol-thiazol ring of quizartinib®. In contrast, replacement of residues
D835 or Y842 resulted in a loss of hydrogen bonding between these residues and S838, which is
critical to maintain the inactive conformation of FLT3 needed for quizartinib to bind to FLT3%.

These observations were further confirmed with the first cocrystal structure of quizartinib
bound to the FLT3 kinase domain. Importantly, this structure demonstrated that quizartinib binding
to FLT3 relies on edge-to-face aromatic interactions mediated by the gatekeeper residue, F691
and activation loop residues®. Only disruptions that strongly hinder this interaction enabled
quizartinib resistance®>. A more recent study that performed extensive atomistic molecular
dynamics simulations of the FLT3-quizartinib complex further suggests that once the active state
of FLT3 is adopted due to the TKD mutations, the transition to the FLT3 inactive state is less likely
due to the reaction kinetics'®®. In a follow up study, it was reported that not all D835 mutations
facilitate quizartinib resistance'®. Specifically, bulky hydrophobic substitutions (i.e., D835Y/V/I/F)
at this residue produced a resistant phenotype as these mutations prohibited hydrogen bonding
between the activation loop and the S838 region of FLT3 and sterically hindered the binding of
quizartinib'’. In aggregate, these early studies demonstrated that TKD mutations provide a
survival mechanism by enabling the FLT3 receptor to shift from an inactive to active conformation,
precluding the binding of quizartinib. Likewise, these mutations also promote resistance to type Il
FLT3 inhibitors such as sorafenib and ponatinib'®’.

More recently, single-cell analysis of FLT3-ITD primary AML cells suggests that mutational
resistance to quizartinib is more complex than initially thought'®®. While FLT3-ITD AML cells can
acquire de novo FLT3 TKD mutations following treatment with quizartinib, this model alone does
not accurately depict what is observed clinically. In an analysis of 15 patients treated with
quizartinib, FLT3 TKD mutations were detected in 14 patients at resistance. Interestingly, the
FLT3 TKD mutations were often found on the native FLT3 allele rather than the FLT3-ITD allele,
and there were subpopulations that were resistant to quizartinib that did not contain FLT3 TKD
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mutations'®. Thus, in some patients, both FLT3-dependent and -independent resistant
mechanisms can coexist, highlighting the underlying clonal heterogeneity that contributes to
development of quizartinib resistance.

Apart from resistance mutations in the FLT3 receptor, upregulation of receptor tyrosine kinase
AXL provides another route to quizartinib resistance. Previous studies have shown that increased
expression of AXL is associated with worse progression-free and overall survival for patients with
AML™ - AXL activates downstream PI3K/AKT, MAPK, NF-kB, and JAK/STAT pathways.
Mechanistically, upregulation of AXL has been shown to mediate phosphorylation of FLT3'2,
Inhibition of AXL via inhibitor or siRNA suppresses cell growth, induces apoptosis, and restores
myeloid differentiation in vivo'’2. Upon treatment with quizartinib, it was shown that expression of
AXL increases in AML cell lines and in patients after treatment with quizartinib, supporting the
idea that AXL upregulation may enable quizartinib resistance in the setting of leukemia'”.
Inhibition of AXL with a small-molecule inhibitor TP-0903 restored sensitivity to quizartinib,
corroborating its role in mediating resistance. The FLT3 inhibitor gilteritinib is also an AXL
inhibitor'”, and it has been suggested that AXL inhibition delays development of resistance. Apart
from AXL'’s role in promoting tumor-intrinsic resistance, a recent study has shown that marrow
stromal cells support increased phosphorylation of STAT5, which in turn leads to increased AXL
activity that drives quizartinib resistance both in vitro and in vivo'’®. The study showed that the
hypoxic marrow microenvironment further contributed to increased Axl activity, and thereby,
supports quizartinib resistance'®. Upregulation of the MYC network, which enhances SIRT1
protein expression, has also been shown to promote quizartinib resistance'® 7. Table 1

summarizes intrinsic mechanisms of resistance for type | and Il FLT3 inhibitors.
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Table 1

FLT3 Inhibitor | Type l or Il On-Target Resistance Off-Target Resistance

FLT3 TKD mutations: A627P, MAPK signaling (KRAS) Heidel et al., Blood, 2006.
Midostaurin ITD672E, N676K/D/I/S, F691L, Sato et al., Blood 2011.
G697R Rosenberg et al., Oncotarget, 2020.
FLT3 TKD mutations: A627P, FGF2-FGFR1 accessory Sato et al., Blood, 2011.
F691L, D835H/V/Y/F, D839V, pathway Smith et al., Nature, 2012.
Y842C/H/N MAPK signaling (KRAS) Ben-Batalla et al., Blood, 2013.
Quizartinib I MYC network Fiskus et al., Mol Cancer Ther., 2014.
Gas6/AXL Li et al., Cell Stem Cell, 2014.
Traer et al., Cancer Res., 2016.
Hou et al., Cancer Res., 2017.
Javidi-Sharifi et al., Elife, 2019.
FLT3 TKD mutations: MAPK signaling (LZTR1) Sato et al., Blood, 2011.
Sorafenib I D835H/V/IY/F Man et al., Blogd, 2012.
Baker et al., Clin Cancer Res., 2013.
Damnernsawad et al., Haematologica, 2020.
FLT3 TKD mutations: F691L MAPK signaling Zimmerman et al., Blood, 2013.
Crenolanib | FLT3 Extracellular Domain Smith et al., PNAS, 2014.
Mutation: K429E Zhang et al., Nature Commun., 2019.
Gilteritinib | FLT3 TKD mutations: F691L, MAPK signaling (NRAS) McMahon et al., Cancer Discov., 2019.
Y693C/N, G697S Tarver et al., Blood Adv., 2020.

Table 1: Summary of intrinsic mechanisms of resistance to FTL3 inhibitors. On-target
mechanisms include secondary point mutations in FLT340:137: 162165178182 ff_target mechanisms
include bypass pathways that are activated in the setting of resistance'%6: 137. 163. 164,176, 177, 183186

Given that MAPK signaling is a common mode of resistance for FLT3 inhibitors, there is great
interest in targeting this pathway, also known as the RAS-RAF-MEK-ERK pathway'®
Hyperactivation of the MAPK pathway is seen in approximately 30-40% of human cancers,
including ~70% of advanced melanoma that is driven by mutations in BRAF, NRAS, and NF1"¢,
This pathway can be targeted at various levels from the most proximal member, RAS or the most
distal member, ERK1/2. A major challenge in the successful deployment of MAPK inhibitors in

combination with TKls is toxicity and the precipitation of common side-effects of therapy'®®

However, this remains as an active area of research as new inhibitors are in development'®.
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Extrinsic resistance mechanisms

108, 190-194 96, 97, 106

Many studies , including our own , have shown that the bone marrow
microenvironment contributes significantly to the development of drug resistance in the setting of
AML. Leukemia cells circulating in the peripheral blood are rapidly cleared by FLT3 inhibitors
while leukemia cells within the microenvironment respond more slowly and a small number of
leukemia cells persist despite treatment'® 1% 195 Syrvival of these residual cells leads to the
development of resistance and eventual relapse'® . This tumor-permissive microenvironment
consists of a collection of mesenchymal stromal cells, immune cells, and hematopoietic cells that
signal to residual leukemia cells.

Marrow stromal cells produce a number of growth factors, cytokines, and adhesion molecules
within the AML microenvironment that provide the necessary cues for leukemia cells to survive
initial therapy and eventually become resistant® 1% 198. 1% QOne such factor is FLT3 ligand (FL),
which is secreted by stromal cells'®®. FL binds to the FLT3 receptor and in turn leads to restoration
of FLT3 and downstream MAPK signaling, allowing FLT3 ITD AML cells to survive'®. Addition of
exogenous FL to leukemia cell lines in vitro protects cells and increases the ICso for FLT3
inhibition'®. In agreement with this model, FL expression also increases in patients treated with
FLT3 inhibitors'® '"°. Addition of a MAPK inhibitor is able to abrogate stromal-mediated
resistance and restore sensitivity to quizartinib'®. Other groups have found that AKT is also
activated by marrow stromal cells. AKT inhibitors have been shown to have synergy with
quizartinib and lead to increased cell death in FLT3 ITD+ cell lines such as MOLM14 and M4V-
11, and overcomes the protective effects of bone marrow stromal cells in vitro®®.

Previous work from our laboratory has shown that fibroblast growth factor 2 (FGF2) is secreted
by marrow stromal cells and can protect FLT3 ITD AML cells from quizartinib' '®° (Figure 7).

Addition of FGF2 leads to increased survival of FLT3 ITD AML cell lines and primary cells in vitro.

In patients treated with quizartinib, expression of FGF2 in marrow stromal cells increased
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significantly during treatment and peaked just prior to resistance. FGF2 binds FGFR1 on AML
cells, leading to downstream RAS/MAPK signaling and quizartinib resistance, which eventually
leads to relapse. Combined inhibition of FLT3 and FGFR signaling overcame FGF2-mediated
protection of these AML cells'® 8 In comparison to FL resistance, FGF2 activates an accessory
pathway through FGFR for survival, yet both ligand-mediated resistance mechanisms converge
on the downstream RAS/MAPK pathway to drive resistance. In a separate but similar finding, a
genome-wide CRISPR screen identified that loss of SPRY3, an intracellular inhibitor of FGF
signaling, and GSK3, a canonical Wnt signaling antagonist, can also induce quizartinib
resistance'®*. Deletion of these genes in the FLT3 ITD AML cell line MV4-11, conferred quizartinib
resistance as evidenced by increased cell viability and increased downstream RAS/MAPK and
Wnt signaling'®*. These findings were further confirmed in quizartinib-resistant AML patient
samples.

Although discussed separately, it should be noted that extrinsic and intrinsic resistance
mechanisms are not distinct, but interrelated. As previously mentioned, AXL expression can be
increased in AML cells during treatment with quizartinib through intrinsic and extrinsic
mechanisms, and others have shown increased GAS6 expression in the marrow
microenvironment (ligand for AXL) may also influence resistance'®®. Likewise, FL- or FGF2-
mediated resistance to quizartinib can lead to acquisition of resistance mutations over time in
FLT3-ITD AML cell lines and patients treated with quizartinib, suggesting that extrinsic
mechanisms of resistance mediate early resistance, which then leads to acquisition and
outgrowth of intrinsic resistance mutations®. In addition, further characterization of the unique
features of the leukemia microenvironment may define targets in the microenvironment for future
clinical trials. For example, the finding that increased FGF2 expression in leukemia stromal cells
can be blocked by FGFR inhibitors suggests a strategy to target the leukemia-permissive

microenvironment that protects leukemia cells®.
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Figure 7: Model of bone marrow stromal FGF2 autocrine signaling and paracrine protection
of leukemia cells by FGF2-containing exosomes'®. This work is further discussed in Chapter
7 of this dissertation.

Reproduced with permission from Javidi-Sharifi N, Martinez J, English |, Joshi SK, Scopim-Ribeiro
R, Viola SK, Edwards DK 5th, Agarwal A, Lopez C, Jorgens D, Tyner JW, Druker BJ, Traer E.
FGF2-FGFR1 signaling regulates release of Leukemia-Protective exosomes from bone marrow

stromal cells. Elife. 2019 Feb 5;8:e40033. doi: 10.7554/eLife.40033. Erratum in: Elife. 2019 Mar
29:8: PMID: 30720426; PMCID: PMC6363389.

Objective of dissertation

In part Il of the dissertation focused on intrinsic activation of RTKs, | will discuss my findings
on the discovery and characterization of novel NTRK, ERBB2, and FLT3 point mutations that
enable oncogenic growth in leukemia. Given the resurgence of interest in Trk signaling owing to
the development and approval of Trk inhibitors, in the beginning of part Il, | discuss our current
understanding of Trk activation in the setting of hematological malignancies and then discuss my
findings. In part lll focused on extrinsic activation, | will describe how protective factors secreted

by marrow stromal cells promote oncogenic signaling in AML cells and confer resistance to the

36



FLT3 inhibitors quizartinib and gilteritinib. In part IV, | will summarize our major findings from the
previous chapters, discuss themes and concepts that emerged from our work, and finally suggest

future work.
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Abstract

NTRK fusions are dominant oncogenic drivers found in rare solid tumors. These fusions have
also been identified in more common cancers, such as lung and colorectal carcinomas, albeit at
low frequencies. Patients harboring these fusions demonstrate significant clinical response to
inhibitors such as entrectinib and larotrectinib. Although current trials have focused entirely on
solid tumors, there is evidence supporting the use of these drugs for patients with leukemia. To
assess the broader applicability for Trk inhibitors in hematological malignancies, this review
describes the current state of knowledge about alterations in the NTRK family in these disorders.
We present these findings in relation to the discovery and therapeutic targeting of BCR-ABL1 in
chronic myeloid leukemia.

The advent of deep sequencing technologies has shown that NTRK fusions and somatic
mutations are present in a variety of hematologic malignancies. Efficacy of Trk inhibitors has been
demonstrated in NTRK-fusion positive human leukemia cell lines and patient-derived xenograft

studies, highlighting the potential clinical utility of these inhibitors for a subset of leukemia patients.
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Introduction

Advances in technologies from chromosomal banding to massively parallel sequencing have
enabled the identification of oncogenic mutations, and enhanced our understanding of the biology
contributing to malignant phenotypes. A seminal example is the identification of the BCR-ABL1
fusion protein in chronic myeloid leukemia (CML)"""*. Studies of BCR-ABL1 have not only shaped
our understanding of the tumorigenic process but also provided insight into how cancer can be
treated. The discovery and success of imatinib, the first FDA-approved tyrosine kinase inhibitor
against BCR-ABL1, has revolutionized how we approach the treatment of cancer'®* 2%,
Importantly, this paved the way for precision oncology, wherein development of selective,
molecularly-guided therapeutic modalities have shown significant improvements in patient
outcomes, as compared to non-selective chemotherapeutics. This principle has also been shown

to be effective in the treatment of several solid and liquid tumors®%2*

, underscoring the broad
value of using drugs that precisely target cancer driving lesions.

Recently, the FDA granted accelerated approval to larotrectinib (also commonly referred to
as LOXO-101 or Vitrakvi™), the first selective neurotrophic tyrosine receptor kinase (NTRK)
inhibitor for patients of all ages with advanced solid tumors harboring NTRK gene fusions,
regardless of tumor histology?®> 2%, The efficacy and safety profile of larotrectinib were confirmed
in three independent trials with patients ranging from all ages (the youngest being a one-month-
old)?*®2%8 |nterestingly, NTRK gene fusions occur at higher frequency (up to 90%) in patients with
rare cancers, such as infantile fibrosarcoma, secretory breast carcinoma, mammary analogue
secretory carcinoma, and cellular or mixed congenital mesoblastic nephroma, but are less
prevalent in common adult tumors®?. With an overall response rate of >75%, a median duration
of response not reached following 18 months, and minimal adverse effects, larotrectinib’s efficacy

parallels that of imatinib, and marks another milestone for the field of precision oncology?”’. Even

more recently, entrectinib, a pan-Trk, ROS1, ALK inhibitor also received accelerated FDA
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approval®®. Similar to imatinib, the approval of larotrectinib and entrectinib remind us of the
importance of understanding the biological target as a stringently vetted response biomarker, and
the need to continue screening for other actionable targets by harnessing the rapidly amassing
‘omics data.

Moreover, with the approval of larotrectinib and entrectinib, the Trk family of cell surface
tyrosine kinase receptors have drawn considerable attention. NTRK1, 2 and 3 genes encode
TrkA, TrkB and TrkC receptors, respectively. These receptors signal through JAK/STAT,
PI3K/AKT, and MEK/ERK to promote proliferation, differentiation, and survival?'® 2!, Although
much of the literature has focused on the importance of these receptors in central and peripheral
nervous system development and function?'?, alterations in the NTRK family have been described
in colon?™, thyroid®'* 2%, lung®'®, glial*'’, and breast®'® cancers. These alterations are found at
relatively low frequencies (<1%) within each of these individual solid tumors but collectively, when
considering all tissues, NTRK-driven cancers constitute a significant number of patients, making
them an important therapeutic target?'® 29222 Notably, NTRK fusions are pathognomonic for

218, 220, 223-227 A number of excellent reviews have

several rare solid tumor malignancies
summarized recent work on Trk signaling in solid tumors™® 82212228 Degpite the emerging success
of NTRK inhibition in solid tumors, the role of these receptors in hematologic malignancies
remains under investigated. Therefore, this review provides a comprehensive overview of our
current understanding of NTRK-mediated tumorigenesis in hematological malignancies and links

recent successes in NTRK-targeted therapy to historical milestones achieved by the targeting of

BCR-ABL1 in CML.

NTRK receptor alterations and their role in cancer development

To date the BCR-ABL1 fusion remains the most prevalent mechanism of oncogenic ABL

activation. In contrast activation of NTRK receptors can result from a wider range of molecular
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events such as chromosomal rearrangements, deletions/truncations, point mutations, and
changes in mMRNA and protein expression. Among these mechanisms, oncofusions involving

NTRK receptors are the most common mechanism of activation.

NTRK oncofusions

In 1986, shortly after the confirmation of BCR-ABL1 in CML'?, the first gene fusion involving
an NTRK receptor was identified in a patient with colorectal cancer (Figure 1). This oncogenic

translocation, TPM3-TRK, resulted from the fusion of the tropomyosin 3 gene amino terminus with

1213 d229

the transmembrane and kinase domains of NTRK1<'®, a finding that has since been confirme

Over the past few years, several NTRK fusions have been reported in solid tumors’® 228,230
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Figure 1: This timeline highlights the discovery of NTRK-related alterations in a variety of
hematologic malignancies in relation to milestone studies that ushered an era of precision
oncology. The growing number of NTRK alterations found in hematologic malignancies over the
years suggests that these alterations have profound clinical implications that warrant further
investigation.
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Many of these Trk fusions involve the transcription factor, E26 transformation-specific variant
6 (ETV6, also known as TEL) located on chromosome 12p13. Specifically, ETV6-NTRKS3 fusions
(EN; t(12;15) (p13;925)) have been previously characterized in the setting of secretory breast

218, 231 congenital fibrosarcoma®®?, thyroid carcinoma®?, and pontine gliomas?'’.

carcinoma
Interestingly, the EN fusion is the first oncogenic fusion to be identified in cancers that are derived
from all three cell lineages?®. In the most common version of the EN fusion, the amino terminus
of the ETV6 transcription factor, containing the helix-loop-helix (HLH) domain (exons 1-5; also
commonly referred to as the sterile alpha motif (SAM) or pointed (PNT) domain), fuses with the
kinase domain of the partnering protein resulting in constitutive kinase activity>>* 2%, The ETV6
HLH domain has been shown to be essential for mediating protein activity of the EN fusion. Its
deletion results in the loss of dimer formation and ability to transform mutant cells®*. Substituting
the ETV6 HLH domain with an inducible FK506 binding protein (FKBP) dimerization domain does
not inhibit catalytic activation of the fusion, but abrogates its transformative capacity. These data
suggested that the ETV6 HLH domain provides specific signaling or polymerization capabilities
required for full activation of the fusion protein?"-2%°,

Although other, non-NTRK ETV6-based fusions have been long reported to play a role in

234,240-243 "an EN fusion was first reported in 1999 by Eguchi et al.**2** in a 59-

leukemogenesis
year-old female with AML-M2 using fluorescence in situ hybridization (FISH, Figure 1). They
identified two variants of the fusion with FISH (Figure 2A). In each case, exons 1-4 of the ETV6
HLH domain were fused in-frame with exons 13-18 of NTRKS3 that encoded the protein-tyrosine
kinase (PTK) domain. These fusions differed from the EN fusions described in solid tumors as
only the first four exons of ETV6 were fused with the kinase domain of NTRK3. Moreover, one
fusion included the entire PTK domain (encoding a 52 kD protein) while the other variant involved
a truncated PTK domain (encoding a 38 kD protein). However, both of these chimeric proteins

lack a 42-base-pair exon near the C-terminus of the NTRK3 protein

that was reported thereafter in the EN oncofusion found in cases of congenital fiorosarcoma?*.
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In addition to the 42-base-pair stretch, the fusion found in congenital fibrosarcoma contains
ETV6 exons 1-5 versus 1-4 that are seen in EN fusions found in AML. When these differing EN
fusions (x ETV6 exon 5) were expressed in mice, only the variant without exon 5 produced
leukemia, suggesting the importance of the ETV6 exon number in determining the disease

phenotype?.
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A (1) ETV6-NTRK3 ¢
ETV6 (exons 1-4) NTRK3 (exons 13-18)

PNT I Tyrosine Kinase Domain I

(2) ETV6-NTRKS (truncated kinase domain)

ETV6 (exons 1-4) ¢ NTRK3 (exons 13-18)
PNT I Tyrosine Kinase Domain
(3) ETV6-NTRK3 (exon 5)
ETV6 (exons 1-5) JL NTRK3 (exons 13-18)
Tyrosine Kinase Domain I
(4) LMNA-NTRK1 ¢
LMNA (exons 1-5) NTRK1 (exons 11-17)

Tyrosine Kinase Domain I

(5) TFG-NTRK1 ¢
TFG (exons 1-7) NTRK1 (exons 12-17)
PB1 Coiled-coil I Tyrosine Kinase Domain

(6) TPR-NTRK1 ¢
TPR (exons 1-21) NTRK1 (exons 10-17)

Tyrosine Kinase Domain I

(7) UBE2R2-NTRK3 ¢
UBE2R2 (exons 1-3) NTRK3 (exons 4-19)

- Ubiquitin-conjugating - ™ - Tyrosine Kinase Domain I
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NTRK2 - T5731, V684, Y707N
NTRK3 - 1695T, Y800H

Figure 2: A. Diagram of the unique Trk fusions identified in various hematological malignancies®**
247.248 For each fusion, the carboxy-terminal kinase domain of the Trk protein is fused in-frame
with the upstream amino-terminal binding partner. All relevant domains that contribute to the final
chimeric fusion are shown. Vertical arrows indicate the breakpoint. PNT, pointed domain; TM,
transmembrane domain. Fusions are numbered in the order they are discussed throughout the
text. B. Representative Trk receptor indicating location of known deletions® and point
mutations%-%1,
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Differences in structural make-up of these EN oncofusions may also affect downstream
signaling. Subsequent mechanistic studies described that the peptide encoded by the 42-base-
pair moiety decreases tyrosine kinase activity and impairs downstream signaling mediated by
SHC and PLCy®% %3 |n other words, robust kinase activity and signaling through PLCy was
observed only in the setting of AML, resulting from the EN fusion. These data suggest a
necessary role for activation of PLC-regulated pathways, including protein kinase C and/or
calcium flux mediated signaling, in myeloid leukemogenesis.

Twelve years after the first report of EN in AML, the EN fusion was identified in an 82-year-
old female who developed chronic eosinophilic leukemia following pancreatic carcinoma?®*. That
same year, a different variant of the EN fusion transcript was identified in a 55-year-old male
patient with AML-MO 2*’. Analysis of this variant suggested that the first five exons of ETV6 fused
with the kinase domain of NTRKS3 (Figure 2A). This was in contrast to the oncofusion described

by Eguchi et al.?*

, where only the first four exons of ETV6 were fused to NTRKS.

In studying samples from patients with AML, Pemovska et al. (2013) saw an abundant EN
transcript in a 37-year-old AML patient with a recurrent t(11;19)(q23;p13.1) translocation
corresponding to the MLL-ELL fusion gene®®. This patient had relapsed from three previous
rounds of conventional chemotherapy. While a decrease in bone marrow blast count following
treatment with dasatinib, sunitinib, and temsirolimus was observed, this response was short-lived.
Resistance had developed due to the upregulation of EN and STRN-ALK fusions, which provided
these tumor cells a bypass mechanism to evade death®*®.

In 2014, Roberts etal were the first todescribethe EN fusion in a case
of Philadelphia chromosome-like Acute Lymphoblastic Leukemia (Ph-like ALL) through genomic
analyses®®. They went on to characterize this fusion via a conditional knock-in mouse model, and
noted the development of aggressive lymphoid leukemia with complete penetrance and a median

latency of 38 days, recapitulating human B-ALL?’. Treatment with PLX7486 or larotrectinib for

twelve weeks decreased tumor burden and splenic weight.
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Another case of the EN fusion in adult Ph-like ALL has also been reported 2. After
performing cytogenetic, FISH, and whole-genome single-nucleotide polymorphism (SNP)
analysis on 60 ALL cases, an EN fusion was identified in a 9-year-old boy with B-ALL?*°. SNP
analysis revealed a breakpoint within intron 5 of ETV6 that fused with the breakpoint in the C-
terminal of NTRKS, resulting in the formation of the EN oncofusion. Interestingly, their finding
contradicts an earlier report from Alessandri et al. (2001) who found the presence of no EN
transcripts in pediatric AML and ALL patients via qPCR analysis?®°. However, this discrepancy
could suggest the need for a more integrative approach when screening for the presence of such
fusions.

Apart from EN fusions, in recent years other NTRK fusions have been described and
functionally evaluated in hematological malignancies. An LMNA-NTRK1 fusion was identified in
a 27-year-old patient with Erdheim-Chester disease (ECD, Figure 2A)*". This fusion resulted in
the activation of MAPK and PI3K/AKT signaling. In addition to the LMNA-NTRK1 and EN fusions,
other NTRK fusions in patients with ECD, AML, and multiple myeloma were recently reported*®.

Specifically, after performing targeted RNA sequencing on 7,311 patients
with hematologic malignancies, Taylor ef al discovered eight patients harboring
NTRK oncofusions?® (Figure 2A). They identified a TFG-NTRK1 fusion in a 2-month-old patient
with ECD, a TPR-NTRK1 fusion in a 20-year-old patient with interdigitating dendritic cell sarcoma,
and UBE2R2-NTRK3 and HNRNPA2B1-NTRK3 fusions in 53- and 76-year-old patients with
multiple myeloma. Between the two fusions discovered in multiple myeloma, only the UBE2R2-
NTRKS3 fusion was able to transform Ba/F3 cells. This could result from the differing number of
NTRKS3 exons present in the final oncofusion. Regardless of transformation capacity, all fusions
identified were sensitive to Trk inhibition as assessed via mouse colony formation and cell viability
assays.

In the same study, they also identified a previously unreported NTRK2 fusion (ETV6-NTRK2)
in a 77-year-old male with AML and studied its transforming potential and downstream signaling
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in a cytokine-dependent murine hematopoietic cell line (Ba/F3 cells) and in a patient-derived
xenograft model®**® (Figure 2A). This fusion demonstrated robust PI3K-AKT signaling that was
attenuated upon treatment with larotrectinib both in vitro and in vivo. Surprisingly, this patient also
had a co-occurring KRAS Q61P mutation. The presence of co-occurring mutations with driver
tyrosine kinase alterations has rarely been reported®®* 23, Nonetheless, this scenario warrants
that co-occurring mutations with NTRK alterations should be considered as they may pose a
resistance liability and limit durability of the response.

A recent study investigating the contribution of NTRK fusions in neuroendocrine tumors
reported six cases, originating from various anatomic sites that include the pancreas, uterus, and
lung?®. Interestingly, in three patients, the NTRK fragment was 5’ to its fusion partner. Although
it is unusual for NTRK to be the upstream binding partner, this finding potentially implicates an
unknown function of the 5’ region of NTRK that should be further studied. Thus far, no such NTRK
fusions have been described in hematological malignancies.

While there was a lag in the identification of NTRK fusions in hematologic malignancies since
the first case reported by Eguchi et al.,*** the advent of deep sequencing technologies®** in 2008
accelerated the detection of such fusions (Figure 1). In fact, due to such technological advances,
we have learned that NTRK fusions (and that of orthologues, ROS1 and ALK), irrespective of

tumor histology, are more common than previously speculated’.

Deletions & truncations

A deleted form of NTRK1 (named ‘deltaTrkA’) that lacks 75 amino acids in the extracellular
domain (including the ligand-binding 1g2 domain) and four glycosylation sites adjacent to the
transmembrane domain was reported in 2000 in an AML patient® (Figure 2B). The in-frame
deletion of these amino acids resulted in constitutive tyrosine kinase activity. This aberrant activity

could partly be explained by the loss of glycosylation, which is known to inhibit kinase activity in
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TrkA®® and by the loss of cysteine residues that affect the overall tertiary structure of the
receptor?®®. Expression of deltaTrkA in cells resulted in activation of Ras/MAPK and PI3K/AKT
signaling and transformation of fibroblasts, epithelial, and myeloid cells in vitro®. A later study
reported that mice transplanted with myeloid 32D cells engineered to express deltaTrkA
developed polyclonal AML that was mediated by PI3K and mTOR-raptor signaling®’.

These initial studies with deltaTrkA suggested that the extracellular domain contained a
‘regulatory switch’ that, when lost, resulted in constitutive kinase activation. Parallel studies in
other tumor models also validated the regulatory function of the extracellular domain (i.e., Ig1 and
2 subdomains) in preventing spontaneous dimerization and kinase activation® 2%°_ Specifically,
deletion of exons 6, 7, and 9 and of the functional IG-C1 and N-glycosylation subdomains of TrkA,
resulting in TrkAlll splice variant, promoted neuroblastoma?’.

The importance of the extracellular domain in serving as a mediator of Trk activation could
also explain why constitutive kinase activity is seen with Trk oncofusions. It may be the case that
loss of the extracellular domain (that encompasses the autoinhibitory subdomains) in addition to

the HLH domain?®® of the upstream binding partner enables constitutive kinase activation.

Point mutations

After performing high-throughput resequencing of the kinase domain of 26 tyrosine kinase

genes, a mutation in the kinase domain of NTRK15¢¢"N

was reported in four patients with AML of
188 tested®*® (Figure 2B). A year later, sequencing of leukemic cells in another study revealed
four novel previously unreported point mutations in NTRK receptors of four patients (NTRK2:
T5731, V684, and Y707N; NTRK3: Y800H)**®°. Point mutations in the NTRK3 receptor—D98N
and 1695T—have also been reported in patients with B-cell lymphoma and myeloid leukemia,

respectively (The Cancer Genome Atlas). Functional characterization of the aforementioned point

mutations has yet to be reported.
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More recently, NTRK1 point mutations were observed in three patients with acute erythroid
leukemia (AEL) from a cohort of 159 patients that were sequenced®’. These mutations—H498R,
G617D, and H766R—were located in the kinase domain of the receptor. To assess the
leukemogenic potential of these NTRK1 mutations, wildtype and mutated NTRK1 were expressed
in lineage-negative hematopoietic stem and progenitor cells from wildtype or TP53 mutated mice.
The co-expression of mutated NTRK1H498R/ GeT7DIHTE6R yith TP53R172H cylminated in an extremely
penetrant form of erythroid leukemia®'. However, a single NTRK1 mutation in the absence of
mutated TP53 had no effect on the overall survival of these animals. Likewise, a single TP53
mutation resulted in a mild form of disease, implicating that the co-occurrence of TP53 and NTRK1

mutations explains the underlying oncogenicity.

Changes in mRNA and protein expression

In 1996, Kaebisch et al. reported the association of Trk expression and leukemia®’'. After
evaluating gene expression in 59 patients with acute myeloid leukemia (AML), they observed up-
regulation of NTRK1 transcripts in 44% of the patients in the cohort. Following this initial study, a
series of studies reported a role of Trk receptors and their respective ligands in various stages of
hematopoiesis®’> 2’3, Trk receptors promote proliferation and survival of erythroblasts, dendritic
cells, lymphocytes, monocytes, and macrophages®™*. Specifically, NTRK2 is highly expressed in
immature thymocytes and its expression progressively declines throughout the T cell maturation
process®’®. Despite these studies, the functional role of Trk receptors in hematopoiesis is not
completely understood.

Since then, many studies have reported overexpression of NTRK receptors in a variety of
hematological malignancies. Overexpression of NTRK1 was observed in AML patient samples
harboring the AML1-ETO fusion protein, generated by t(8;21)%°. While it is uncertain what

provides these AML1-ETO-expressing leukemia cells a growth advantage, one hypothesis is their
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crosstalk with bone marrow stromal cells that express nerve growth factor (NGF). NGF binds to
its cognate receptor, TrkA and may therefore drive leukemia.

In a prospective study of 94 adult patients with de novo or secondary AML, acute
lymphoblastic leukemia (ALL), or acute undifferentiated leukemia, expression of at least one

NTRK receptor was seen in 55% of the analyzed cases®°

. While coexpression of two or more
NTRK receptors was observed on AML blasts, ALL blasts exclusively expressed NTRK2.

After mining large publicly available datasets (e.g., Microarray Innovations in Leukemia (MILE)
study), Herbrich et al. (2018) reported that expression of NTRK1 was significantly higher in a
combined group of 456 patients with AML when compared to normal CD34* bone marrow cells®’’.
Separating AML samples by cytogenetic subtypes, they saw the highest expression of NTRK1
mMRNA in patients with t(8;21) and inv(16)/t(16;16). The increase in NTRK1 mRNA that they
observed in patients with t(8;21) was in line with Mulloy et al., who observed a similar trend after
analyzing 262 primary AML patient samples®’®.

Recent work from our laboratory has uncovered a critical dependency on Trk signaling in
TP53™ " yenetoclax-resistant AML cells®. To identify essential target genes and pathways
contributing to venetoclax resistance in AML, we performed a genome-wide CRISPR/Cas9 screen
on a patient-derived AML cell line. We identified TP53, BAX, and PMAIP1 as key genes whose
inactivation conferred resistance to venetoclax. Moreover, TP53 knockout cells were found to gain
sensitivity to a panel of Trk inhibitors, suggesting a dependency on Trk-mediated activation for
the survival of TP53 mutant cells. We saw a similar correlation in TP53-mutant AML patient
samples. Our findings were in line with the work of lacobucci et al. who recently demonstrated
that the co-occurrence of NTRK1 and TP53 mutations promoted the development of an

aggressive erythroid leukemia®®’'

. Our collective findings highlight a new potential clinical utility of
Trk inhibitors in leukemia harboring TP53 mutations.
Up-regulation of the Trk receptors has also been reported in mastocytosis, a subcategory of

myeloid neoplasms. Peng et al. (2013) were the first to show elevated expression of TrkB and
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TrkC receptors on the mast cells of patients with mastocytosis®®. Thereafter, Yang et al. (2014)
demonstrated that activation of TrkB by BDNF in murine hematopoietic stem and progenitor cells
induces a disease phenotype that mimics the clinical presentation of mastocytosis?”®. More
recently, they showed that activation of the TrkA receptor triggers the onset of mastocytosis in
mice and confers drug resistance?®.

While NTRK receptors can be activated via multiple mechanisms, proliferation and survival of
cells harboring NTRK alterations is dependent on similar downstream signaling cascades as
those activated by BCR-ABL1 in CML (i.e., MAPK, PI3K/AKT, and JAK/STAT)?'!. 218, 223, 277, 281-283

Such patterns of signaling contribute to the observed phenotype.

NTRK and EN fusion expressing cell line models

Despite the identification of NTRK mutations and fusions in leukemic patients, there are a
limited number of cell culture models available to study the role of Trk receptors in
leukemogenesis and validate potential inhibitors. Based on mRNA and protein expression
analysis, Kaebisch et al. (1996) reported that the following myeloid leukemia cell lines—HEL,
K562, and KG-1—expressed NTRK3?'. Moreover, they found that treating the human
promyelocytic cell line, HL-60, with tetradecanoylphorbol 13-actetate induced expression of
NTRKS3 in these cells. After performing a comprehensive and systematic review of TrkA signaling
in leukemia, another study has identified 11 cell lines that have detectable levels of NTRK1

277

transcripts The highest expression was observed in megakaryoblastic (i.e., CMK),

erythroleukemic (i.e., TF-1), and chronic myeloid leukemia (i.e., K562) cell lines?”’.
Three main AML cell lines have been cited in the literature to study EN fusions: IMS-M2, MO-
91, and AP-1060%** 2% 2% Bone marrow cells taken from an EN-positive AML-

244

M2 patient gave rise to the IMS-M2 cell line=**. After screening over 40 AML cell lines with mass

spectrometry and sequencing, Gu et al. (2007) identified M0-91 as an EN-expressing cell line with
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increased phosphorylation of TrkB and TrkC. siRNA-mediated knockdown of the EN fusion in
these cells decreased their growth and viability, suggesting that the EN fusion was essential for
the growth and survival of M0-91 cells®®. Treatment of M0-91 cells with an IGF1R inhibitor also
promotes degradation of the endogenous fusion protein®®. These results suggest that the M0-91
EN fusion possesses signaling and regulatory properties similar to those observed in other
engineered cell line models. Using genomic and transcriptomic microarray-based profiling,
Chen et al. (2018) have recently shown the presence of the EN fusion in an acute promyelocytic

leukemia (APML) cell line, called AP-1060%°.

NTRK inhibition in hematological malignhancies

The discovery of imatinib for the treatment of CML has shifted the paradigm of cancer

1314201 1t was the first small-molecule protein-kinase

treatment towards precision oncology
inhibitor that was designed to target a specific kinase fusion, BCR-ABL1. Its success has paved
the way for development of other kinase-specific inhibitors and curtailed the use of empiric
chemotherapy for CML patients. Among these inhibitors, Trk inhibitors have attracted
considerable attention over the past few years owing to their remarkable efficacy in patients
harboring NTRK fusions in early clinical trials®*” %", As mentioned earlier, the presence of the EN
fusion is pathognomonic for several rare solid tumor malignancies?'® 220 223225 fyrther
underscoring the need for Trk inhibitors. Despite the rarity of NTRK-mediated clinical cases
reported in leukemias, the positive clinical evidence observed in solid tumors provides an impetus
to investigate the efficacy of such inhibitors in these tumors. The available preclinical and clinical

studies that have investigated the potency of these inhibitors in hematologic malignancies are

summarized below (Table 1).
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Table 1 - Summary of inhibitors targeting NTRK in hematological malignancies

AG-879 AML 19059881 2009
AZ-23 APML 29119387 2018
AZD-1480 AML 31048320 2019
Belizatinib (TSR-011) AML 29237803 2017
24056683 2013

BMS-754807 AML 59903916 5018
AML 23811600 2013

Ph-like B-ALL 25207766 2014

Crizotinib AML 29237803 2017
Ph-like B-ALL 29880614 2018

AML 31048320 2019

Mastocytosis 29088753 2017

Entrectinib AML 29237803 2017
AML 31048320 2019

Foretinib AML 31048320 2019
GW-2580 AML 31048320 2019
K252a AML 19059881 2009
Ph-like B-ALL 29880614 2018

AML 29920189 2018

AML 29920189 2018

Larotrectinib ECD 29920189 2018
Multiple Myeloma 29920189 2018

Multiple Myeloma 29920189 2018

AEL 30926971 2019

AML 31048320 2019

Midostaurin (PKC412) AML 23131561 2012
PLX7486 Ph-like B-ALL 29880614 2018

Table 1: This table provides a summary of inhibitors targeting NTRK receptors in hematological
malignancies that have been investigated in pre-clinical and clinical studies.

In 2009, Li et al. evaluated apoptosis in cultured leukemic cells obtained from four patients
with AML?*°. These cells were exposed for approximately 18 hours to varying concentrations (100-
400 nM) of K252a, a previously validated non-selective Trk inhibitor (indolocarbazole

analogue)®’, resulting in a 65% reduction of viable cells and dephosphorylation of NTRK
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receptors. Using an AML patient-derived mouse xenograft, they also saw enhanced survival of
mice following treatment with AG879, a TrkA inhibitor®®.

Minimal response to standard chemotherapy seen in two AML patients®® 2*” harboring the
EN fusion prompted Chi et al. (2012) to consider evaluating midostaurin, a broad spectrum kinase
inhibitor?®®2%_ Treatment with 100 nM of midostaurin inhibited EN activity in AML cell lines (i.e.,
IMS-M2, M0-91) carrying the fusion and Ba/F3 cells stably expressing the fusion. Following eight
hours of treatment, phosphorylation of STAT5, AKT, and MAPK was suppressed and apoptosis
was induced. This was the first study to show that small-molecule kinase inhibitors could serve
as a promising avenue to treat NTRK-driven leukemias.

Although initially approved against ALK fusions in patients with non-small cell lung cancer
(NSCLC)?", crizotinib, another small-molecule kinase inhibitor was evaluated on NTRK-mediated
cancers with the first case being a patient with NSCLC harboring the MPRIP-NTRK1 fusion®'®.
When tested on IMS-M2 and MO0-91 AML cell lines, crizotinib blocked proliferation of EN-
dependent tumor cells, decreased phosphorylation of downstream signaling, and impacted
growth of tumor xenografts®?. Three additional inhibitors (imatinib, ponatinib, and NVP-TAE684)
were also considered but only crizotinib demonstrated nanomolar potency in the cell-based assay.

Similarly, the EN fusion of a patient with Ph-like ALL was sensitive to crizotinib®®. This study
also assessed the efficacy of crizotinib in a xenograft model in which EN* cells from the Ph-like
ALL patient were engrafted into immunodeficient mice. Ex vivo cytotoxicity assay data from these
mice showed sensitivity to crizotinib whereas imatinib had no effect.

In another case, a 37-year-old relapsed-AML patient with an abundance of EN transcripts was

sensitive to BMS-754807, an IGF-IR/TrkC inhibitor?®®. This inhibitor was also effective in blocking

293 286

EN-mediated transformation in cell lines models=* as well as inhibiting viability of M0-91 cells
Interestingly, an EN fusion found within a cell culture model of acute promyelocytic leukemia,?®
a subtype of AML, was hypersensitive to AZ-23, a selective NTRK inhibitor that has been

previously validated in a Trk-expressing xenograft model of neuroblastoma?®*.
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Results from basket trials performed on entrectinib (RXDX-101), a selective pan-Trk, ROS1,
and ALK inhibitor have garnered much attention. Entrectinib demonstrated robust antitumor
activity across a broad range of solid tumors regardless of histology®?" 2*°. It was well tolerated,
with mainly Grade 1 and 2 adverse events that were reversible with dose modification. Given
entrectinib’s therapeutic profile, Yang et al. (2017) showed that treatment with entrectinib
decreased activation of TrkA in mast cell lines (HMC-1, HMC-1.2), primary mast cells from
patients with systemic mastocytosis, and in mice xenotransplanted with HMC-1 cells. Moreover,
they showed that inhibition of Trk signaling via entrectinib restored sensitivity to KIT inhibition in
their in vitro and in vivo studies®®.

Another study reported that entrectinib inhibited cell proliferation, at sub-nanomolar
concentrations, of IMS-M2 and MO0-91 cells (0.47 and 0.65 nM, respectively) and induced
apoptosis®®. Entrectinib was 6 to 158-fold more potent than other tested Trk inhibitors (i.e.,
crizotinib, larotrectinib, and belizatinib (TSR-011)). Phosphorylation of the EN fusion and
downstream signaling mediators was inhibited by entrectinib in a dose-dependent manner. Lastly,
in animal models (mice and zebrafish), entrectinib treatment resulted in tumor regression. In
August 2019, entrectinib received accelerated FDA approval for adults and pediatric patients with
solid tumors harboring NTRK mutations®®.

Likewise, in a cohort of 17 tumor types, larotrectinib, the most selective pan-Trk inhibitor,
blocked Trk signaling with an overall response rate of 80% in patients. Based on these data, in
November 2018 larotrectinib received Breakthrough Therapy FDA approval for adult and pediatric
patients with solid tumors bearing NTRK fusions®”. Given the efficacy of larotrectinib in solid
tumors, its ability to inhibit the EN fusion in a murine xenograft model of Ph-like B-ALL and Ba/F3
cell assay was evaluated®’. In all cases, treatment with larotrectinib reduced the tumor burden,
splenic weight, and decreased phosphorylation of ERK1/2, STAT3, and STAT5 with robust
response seen following 24 hours. Similar trends were seen with PLX7486, a NTRK, CSF1R, and
AURK inhibitor. However, larotrectinib was much more efficacious. In comparison to crizotinib,
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within their Ba/F3-EN model, larotrectinib was approximately 12 times more potent (17 nM vs.
205 nM, respectively)®’.

Taylor et al. (2018) also evaluated larotrectinib’s activity on Trk fusions found in patients with
AML, histiocytosis, and multiple myeloma in a cell-based proliferation assay and on an AML
patient-derived xenograft containing ETV6-NTRK2 cells. In all cases, larotrectinib reduced
expression and Trk activity®*®. Based upon the xenograft model results, larotrectinib was given
twice daily to a 77-year-old man with refractory secondary AML possessing an ETV6-NTRK2
fusion. The patient achieved a partial remission with changes in ETV6-NTRK2 fusion abundance
mirroring clinical response®®. Although these results are from a single case report, they suggest
a potential clinical utility of Trk inhibition in hematological malignancies harboring Trk fusions and
highlight a previously unrecognized role of the ETV6-NTRK2 fusion. Due to the inherent
differences in biology between solid and liquid tumors, a tailored basket trial or other unique
clinical trial designs may be required specifically for Trk fusion positive leukemias and lymphomas.

Our recent work in a venetoclax-resistant cell line model system uncovered a role for NTRK
in TP53 null cells™®. TP53 knockout cell lines were found to be highly sensitive to a number of
Trk inhibitors such as entrectinib, larotrectinib, GW-2580, crizotinib, AZD 1480, and foretinib.
These results, along with confirmatory western blots in cell lines and primary patient samples
identified upregulation of Trk protein in the context of TP53 loss of function and a concomitant
gain of sensitivity to Trk inhibitors. Similar to our work, mice harboring NTRK1 and TP53 co-
mutations developed a highly aggressive erythroid leukemia that was very responsive to
larotrectinib, further highlighting the relevance of Trk inhibitors for clinical trials in patients with
hematological malignancies®".

Apart from the aforementioned inhibitors, many others have been validated in solid tumors
bearing NTRK fusions or mutations. These include cabozantinib®, foretinib®®’, merestinib®®, and

nintedanib®” among others. Moreover, IGF1R/IR pathway inhibitors, in particular, have shown to
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be effective at blocking EN activity by initiating a process that results in the ubiquitylation and
proteasomal degradation of the fusion protein itself?®.

Amino acid substitutions involving the solvent front, activation loop DFG motif, or gatekeeper
residues have conferred resistance to a variety of tyrosine kinase inhibitors®**"'. In CML, the

classic gatekeeper mutation, BCR-ABL™"!

interferes with imatinib’s ability to bind the ABL kinase,
rendering it ineffective®®': 3. Similar mechanisms of resistance have been recently reported for
entrectinib and larotrectinib in the setting of colorectal®®? and MASC?® tumors. As such, second
generation NTRK inhibitors that overcome this acquired resistance are currently in development.
These inhibitors include LOXO-195° and repotrectinio (TPX-0005)**. Advancements in

molecular profiling and the occurrence of NTRK mutations in liquid tumors, calls for the validation

of these inhibitors in hematologic malignancies.

Conclusion

The success of imatinib not only improved the prognosis for patients with CML but ushered
an era of precision oncology—where knowledge of the underlying biology is key to efficient drug
development. Though Trk oncofusions were among the first oncogenes to be identified following
BCR-ABL1, they often went unnoticed due to their low prevalence among various solid cancers.
However, this is no longer the case. Recent advances in deep sequencing technologies and
immunohistochemical techniques provide promising avenues to identify Trk alterations” 22! 30
%% In many ways, such methods have negated the notion that alterations in Trk receptors are
uncommon. Mechanistic studies have further shown the importance of Trk signaling in driving
leukemia. The success of early clinical trials with larotrectinib and entrectinib as well as the
different studies discussed above suggest that oncogenic Trk aberrations are amenable to

targeted inhibition and hold the promise of providing clinical benefit in a variety of hematologic

malignancies. While it is difficult to predict the efficacy of Trk inhibition in patients, our work, and
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that of others provide a rationale for the need to initiate trials focused on Trk inhibition in liquid

tumors.
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Key Points

We identified and characterized four oncogenic NTRK point mutations in patients with

hematologic neoplasms that are amenable to FDA-approved Trk inhibitors.

Abstract

Much of what is known about the neurotrophic receptor tyrosine kinase (NTRK) genes in
cancer is through the identification and characterization of activating Trk fusions across many
tumor types. A resurgence of interest in these receptors has emerged owing to the realization that
they are promising therapeutic targets. The remarkable efficacy of the pan-Trk inhibitors,
larotrectinib and entrectinib, in clinical trials led to their accelerated, tissue agnostic FDA approval
for adult and pediatric patients with Trk-driven solid tumors. Despite our enhanced understanding
of Trk biology in solid tumors, the importance of Trk signaling in hematological malignancies is
underexplored and warrants further investigation. Herein, we describe mutations in NTRK2 and
NTRKS that were identified via deep sequencing of 185 patients with hematological malignancies.
Ten patients contained a point mutation in NTRK2 or NTRK3. Among these patients, we identified
nine unique point mutations. Of these nine mutations, four were oncogenic—NTRK242%3T,
NTRK2R4%86  NTRK3E'®P, and NTRK3“**F—as determined via cytokine-independent cellular
assays. Our data demonstrate that these mutations have transformative potential to promote
downstream survival signaling and leukemogenesis. Specifically, the three mutations located
within the extracellular (i.e., NTRK2*?%T and NTRK3F'"®?) and transmembrane (i.e., NTRK3"*4%F)
domains increased receptor dimerization and cell-surface abundance. The fourth mutation,
NTRK2™%8¢  residing in the juxtamembrane domain, activates TrkB via non-canonical
mechanisms that may involve altered interactions between the mutant receptor and lipids in the

surrounding environment. Importantly, these four activating mutations can be clinically targeted
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using entrectinib. Our findings contribute to ongoing efforts focused on defining the mutational
landscape that drives hematological malignancies and underscore the utility of FDA-approved Trk

inhibitors for patients with aggressive Trk-driven leukemias.
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Introduction

The neurotrophic receptor tyrosine kinases (NTRKs) are a family of genes—NTRK1, NTRK2,
and NTRK3—that encode TrkA, TrkB, and TrkC receptors, respectively?’’. These surface
receptors consist of an extracellular domain for ligand binding, a single-pass transmembrane
domain, and intracellular juxtamembrane and kinase domains. Upon ligand binding, these
receptors homodimerize, which in turn leads to trans-phosphorylation of key tyrosine residues in
the intracellular domain that further activate several downstream pathways including JAK/STAT,
PI3K/AKT, and RAS/MAPK to promote proliferation, differentiation, and survival®®,

Apart from the seminal role these receptors play in the central and peripheral nervous

SyStern307-311

, oncofusions containing NTRKs have been implicated in pediatric and adult cancers,
with the first fusion (i.e., TPM3-NTRK1) reported in 1986 in a patient with colorectal cancer?'® ">
228,312 gGince then, fusions with NTRKs have been identified and characterized in many solid
tumors, including congenital fibrosarcoma®?, secretory breast carcinoma?'®, papillary thyroid

" among others’. The resultant chimeric Trk oncoproteins

carcinoma®™, and glioblastoma?®'
promote ectopic expression and constitutive kinase activity. Of the fusions identified, the ETV6-
NTRKS fusion, which juxtaposes the helix-loop-helix domain of transcription factor ETV6 and the
kinase domain of NTRK3, has been intensively studied as a defining driver and diagnostic marker
for many rare solid tumor malignancies® 2'"-218.232,

Although Trk-mediated cancers are rare (<1%), alterations in these receptors have recently
emerged as promising therapeutic targets in solid tumors owing to the development of highly
selective and durable inhibitors?®’-221:29.304.313 'Regardless of age or tumor origin, larotrectinib, a
selective pan-Trk inhibitor, demonstrated robust antitumor activity with an overall response rate

of 80%, culminating in its breakthrough FDA approval®®’. Entrectinib, a pan-Trk, ROS1, and ALK

inhibitor, has also shown efficacy against a broad range of histologies, including in patients with
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primary or secondary central nervous system disease?". Its clinical utility resulted in its recent
accelerated FDA approval®'.

The tolerability and effectiveness of entrectinib and larotrectinib for Trk-positive solid tumors
have sparked our interest in assessing the role of NTRKs in hematological malignancies. Studies
thus far have primarily focused on ETV6-NTRKS3 fusions in patients with acute myeloid leukemia
(AML)*** 247 chronic eosinophilic leukemia®*, and Philadelphia chromosome-like acute
lymphoblastic leukemia®®® 2, In animal models of AML, entrectinib treatment resulted in tumor
regression and elimination of residual ETV6-NTRK3" cancer cells from the marrow?®*. More
recently, after evaluating Trk fusions across 7,311 patients with hematologic malignancies, Taylor
et al., identified four previously unrecognized Trk oncofusions in patients that were sensitive to
larotrectinib?*®. They also reported partial remission in a patient with AML who harbored an ETV6-
NTRK2 fusion following treatment with larotrectinib. Despite these and other studies®®® #°, the
significance of Trk signaling in leukemia largely remains unrecognized®.

While Trk fusions represent the primary genetic alteration that confer oncogenic behavior in
Trk-driven liquid tumors, point mutations in NTRK genes may also contribute to the tumorigenic
process; however, this has not been rigorously investigated to date. Point mutations in the kinase
domain of the NTRK genes have been previously reported in hematologic malignancies,?*® 2%
although their functional significance remains uncertain. We recently sequenced primary samples
from patients with hematologic malignancies and identified nine novel point mutations in the
NTRK2 or NTRK3 genes, many of which were found outside the kinase domain. Of the nine
unique mutations we identified and tested, here, we show that four mutations are oncogenic
drivers and cells transformed by these mutations are amenable to Trk inhibition. We also suggest
a potential mechanism that drives the activation of these NTRK mutants and highlight major
trends revealed through our functional genomics screens involving small-molecule inhibitors and
siRNA perturbation that were conducted on leukemia cells from patients that harbored the specific

NTRK mutations we report herein.
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Results

Identification of oncogenic NTRK point mutations in leukemia patient samples

Deep sequencing using a custom capture library consisting of 1,862 kinase and kinase-
associated genes in 185 leukemia samples revealed NTRK point mutations in ten patients (5.4%)

2R4%86 was identified in two patients.

diagnosed with hematologic malignancies (Figure 1A). NTRK

To assess the oncogenic capacity of these mutations, we stably expressed them in Ba/F3
cells, a murine IL-3 dependent pro-B cell line that provides a well-established transformation
model*™. Certain oncogenes transform Ba/F3 cells by permitting sustained proliferation in the
absence of IL-3. Of the nine unique mutations we identified and tested, four mutations—
NTRK242%3T - NTRK2R4%8¢  NTRK3E'®P and NTRK3“*F—conferred IL-3 independent growth.
Going forward, these four mutants were prioritized for further characterization. Ba/F3 cells
expressing wildtype (WT) NTRK2, NTRK3, and empty vector (pMX-puro) were unable to grow
without IL-3 (Figure 1B). Similarly, mutants NTRK25'%”Y, NTRK2"245Y NTRK3"™¢" NTRK3-"8V,
and NTRK3R®**¢ did not exhibit oncogenic capacity (Supplemental Figure 1).

Independent of the Ba/F3 model, NTRK WT and prioritized mutants were transiently
transfected into HEK 293T/17 cells. We observed robust Trk phosphorylation with NTRK mutant
cells compared to WT following serum starvation (Supplemental Figure 2).

We confirmed the presence of NTRK242%T NTRK2R48¢ NTRK3E'7®0 and NTRK3“4%F in
patient samples via Sanger sequencing of genomic DNA (Figure 1C-F) and immunoblotting
(Figure 1G). Protein lysates from available clinical samples indicated expression and
phosphorylation of TrkB or TrkC in patients with the NTRK24?%T NTRK2R*%%¢ gand NTRK3-44%F
mutations. Protein lysate for the patient with NTRK3E'"®® was unavailable.

NTRK2*%3T was found in a patient with primary myelofibrosis and resides within the
extracellular domain. NTRK2R4%¥¢ | [ocated within the juxtamembrane domain, was observed in

two patients, one with chronic myeloid leukemia (CML) and the other with atypical CML (Figure
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1H). NTRK3F'"®® was observed in a patient with NPM1-mutated AML and found within the
extracellular domain. NTRK3"°F was seen in a patient with T-cell ALL and is located within the
transmembrane domain (Figure 1H). Available information about patient variant allele frequency
and co-occurring mutations is provided in Supplemental Table 3. It should be noted that the
capture library is focused on kinase-associated genes, and there may, therefore, be other
mutations present in other gene families now known to be prevalent in leukemia that were not
assessed using this platform.

Analysis of sequence alignment of NTRK2 genes from different species suggests that the
R458 residue is a highly conserved residue throughout evolution whereas A203 was conserved
only among mammals (Supplemental Figure 3). Sequence alignment of multiple NTRK3
homologues show that both E176 and L449 are also highly conserved throughout evolution
(Supplemental Figure 4). These alignment studies suggest that these residues may contribute
to the structure and biologic function of the TrkB and TrkC receptors, implicating that mutations
in such residues may have functional consequences. In our analysis of cBioPortal, The Cancer
Genome Atlas, PeCan, and COSMIC, we saw that our transforming mutants fell in regions of the
NTRK genes where similar mutations have been identified in other cancers, further supporting

our hypothesis that these mutants may contribute to leukemogenesis (Supplemental Figure 5).
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Gene Amino Acid Change Location of Mutation Patient SpecimenID Diagnosis Specific Diagnosis
NTRK2 H245Y 0.27 Extracellular 10-00440 AML AML, NOS
NTRK2 S167Y 047 Extracellular 08-00423 MPN CML, BCR-ABL1"
NTRK2 A203T 048 Extracellular 12-00171 MPN Primary Myelofibrosis
NTRK2 R458G 0.46 Juxtamembrane 12-00337 MPN CML, BCR-ABL1*
NTRK2 R458G 0.53 Juxtamembrane 13-00187 MPN aCML, BCR-ABL1"
NTRK3 L449F 0.26 Transmembrane 10-00828 ALL T-ALL
NTRK3 T261I1 0.62 Extracellular 10-00669 AML AML with mutated NPM1
NTRK3 R645C 0.49 Kinase 11-00366 AML AML with mutated NPM1
NTRK3 L378V 0.41 Extracellular 12-00035 AML AML with mutated NPM1
NTRK3 E176D 0.48 Extracellular 12-00165 AML AML with mutated NPM1
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Figure 1: ldentification of four oncogenic NTRK point mutations in leukemia patient
samples. A. Among the 185 patient samples sequenced using a custom capture library consisting
of 1,862 kinase and kinase-associated genes, ten patients harbored a mutation in one of the
NTRK genes. The NTRK2R4%¥¢ mutation was found in two patients. Mutations are organized by
gene and diagnosis. Patient Specimen ID is also provided. VAF, Variant Allele Frequency. B.
NTRK24?%T  NTRK2R4%%C NTRK3E'®P and NTRK3“*F mutations transform the murine Ba/F3
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pro-B cell line and enable IL-3 independent growth. No growth was observed in Ba/F3 cells
harboring an empty vector (pMX-puro) or wildtype (WT) NTRK2 or NTRKS3. Total viable cells are
plotted over time and cell growth was measured after the withdrawal of IL-3. This experiment was
repeated at least twice with consistent results. Additional validation studies are found in
Supplemental Figure 2. C-F. Electropherograms from sanger sequencing of patient genomic DNA
confirm the presence of NTRK242%T NTRK2R4%8¢ NTRK3E'%P and NTRK34%F mutations. Peaks
correspond to the following nucleotides: A (green), T (red), C (blue), and G (black). Arrows
indicate direction of sequencing. G. Immunoblot analysis of total and phosphorylated TrkB and
TrkC on patient samples with known NTRK*?%T (12-00171), NTRKR*%¢ (12-00337 & 13-00187),
and NTRK3"4%F (10-00828) mutations. H. Gene schematics depict the location of the NTRK2 and
NTRK3 point mutations. The location of the following domains is included: LRRNT (NTRK2-
specific), LRR 1, LRR 2, LRRCT, Ig-like C2-type 1, Ig-like C2-type 2, transmembrane (TM),
juxtamembrane, and tyrosine kinase. Daniel Bottomly assisted with VAF assessment (A) and
Cristina E. Tognon assisted with Ba/F3 IL-3 withdrawal studies (B).
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Supplemental Figure 1: NTRK2%'%"Y, NTRK2"245Y, NTRK3™*"", NTRK3"*"®V, and NTRK3R®45¢
mutations do not transform the murine Ba/F3 pro-B cell line to cytokine-independent
growth. Total viable cells are plotted over time and cell growth was measured after the withdrawal
of IL-3. Cristina E. Tognon performed Ba/F3 studies shown in A and B.
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Supplemental Figure 2: Transient transfection of NTRK mutants shows robust
phosphorylation of TrkB and C receptor, respectively. A-B. 2 ug of NTRK WT, mutant, or
empty vectors were transiently expressed in HEK293T/17 cells. Following 48 hours, cells were
serum starved for 4 hours in 0.1% BSA DMEM and lysed for immunoblotting. In comparison to
cells transfected with WT NTRK2 or NTRKS3 vectors, cells expressing mutant vectors show
increased phosphorylation of TrkB and C receptor, respectively.
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Supplemental Figure 3: R458 is a highly conserved residue in NTRK2 homologues. A.
Taxonomic distribution of species used for multiple sequence alignment. B-C. Multiple sequence
alignment for NTRK2 residues A203 and R458 among homologues. A203 is conserved among
mammals while R458G is conserved among all species. Alignment performed using CLUSTALO,
11.71% of positions were identical across all species.
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Supplemental Figure 4: Both NTRK3 mutations affect residues that are highly conserved
throughout evolution. A. Taxonomic distribution of species used for multiple sequence
alignment. B-C. Multiple sequence alignment for NTRK3 residues E176 and L449 among
homologues. Alignment performed using CLUSTALO, 22.555% of positions were identical across
all species.
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Prioritized NTRK mutants exhibit increased Trk signaling and confer entrectinib sensitivity

Immunoblot analysis revealed increased phosphorylation of TrkB (Tyr516) or TrkC (Tyr516)
in mutant-transformed Ba/F3 cells relative to parental Ba/F3 cells or cells transfected with WT
NTRK or empty vectors (pMX-puro) (Figure 2A-B). Furthermore, NTRK2 and NTRK3 mutant-
driven cells exhibited enhanced phosphorylation of AKT (Ser473), and ERK (Thr202/Tyr204)
compared to WT cells, suggesting the importance of MAPK and PI3K/AKT signaling in promoting
the survival of these oncogenic cells. While phosphorylation of STAT3 (Tyr705) was significantly
increased in Ba/F3 cells transfected with both NTRK3 mutants, it was increased only in one of
the NTRK2 mutants (A203T). Upregulation of SRC phosphorylation (Tyr527) was observed only
with Ba/F3 cells transfected with NTRK2 mutants. No significant difference was seen with
phosphorylation of STAT5 (Tyr694) between WT and mutant NTRK2 or NTRK3 Ba/F3 cells
(Figure 2A-B).

We next sought to identify inhibitors that could abrogate Trk signaling with the following

tyrosine kinase inhibitors - BGJ398, cabozantinib, crenolanib, crizotinib, entrectinib, foretinib,

297 256, 292, 296
b b ,

imatinib, and ponatinib (Supplemental Figure 6A). Of these, cabozantinib=®’, crizotini
entrectinib®®, and foretinib™® have been previously reported to have activity against NTRK and
its orthologues, ROS1 and ALK. Apart from BGJ398 (pan-FGFR inhibitor) and imatinib (BCR-
ABL1 inhibitor), which served as negative controls, all other tested inhibitors reduced the growth
and viability of our mutant-transformed NTRK Ba/F3 cells to varying degrees (Supplemental
Figure 6A & Supplemental Table 4). Entrectinib was the most potent inhibitor with an ICso of
1.644 nM for NTRK2*2%%T 1,566 nM for NTRK2R4%%¢ 0.9794 nM for NTRK35"®° and 1.015 nM
for NTRK3"*4°F Ba/F3 cells (Figure 2C). With the recent accelerated FDA approval of larotrectinib
for NTRK-positive solid tumors, we also tested the sensitivity of larotrectinib on our mutant Ba/F3

cell lines®® 2%, Larotrectinib inhibited cell growth with an ICso of 12.91 nM for NTRK242%37 /13 .42

nM for NTRK2R**%¢ 11.46 nM for NTRK3E'®P, and 12.97 nM for NTRK3"*F Ba/F3 cells (Figure
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2D). These data suggest that our four NTRK point mutations are highly sensitive to selective
NTRK inhibitors. In all cases, WT NTRK Ba/F3 cells grown in IL-3 supplemented media were
completely insensitive to all inhibitors.

As a consequence of entrectinib’s potency in our mutant-transformed Ba/F3 cell lines, we
further characterized its cytotoxicity and specificity. We saw increased apoptosis following 48 and
72 hours of entrectinib treatment in all mutant-driven Ba/F3 cells (Figure 2E). Entrectinib did not
induce apoptosis in Ba/F3 cells harboring the BCR-ABL1 oncogene or empty vector (pMX-puro),
indicating that the cell death we observed in NTRK-transformed Ba/F3 cells is not due to
entrectinib’s off-target toxicity but due to its specificity for NTRK (Supplemental Figure 6B-C).

Upon treating our NTRK mutant-transformed Ba/F3 cells with entrectinib (0, 5, 25, 75, 100,
and 250 nM), we observed a decrease in expression of total and phosphorylated TrkB and TrkC
in all mutants (Figure 2F). However, we saw a varying degree of inhibition of STAT3, AKT, and

ERK phosphorylation, suggesting some variability in downstream signaling among the mutants.
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Figure 2: NTRK2 and NTRK3 mutants are constitutively phosphorylated and sensitive to
Trk inhibition. A-B. Expression of total and phosphorylated TrkB and TrkC is increased in

mutant-transformed Ba/F3 cells relative to

downstream effectors — AKT and ERK. STAT3 phosphorylation was not evident in NTRK

WT cells. All mutants phosphorylate canonical
2R4586.
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Both NTRK2 mutants result in increased SRC phosphorylation. GAPDH served as a loading
control. Prior to lysis, WT cells were grown in IL-3 supplemented media and all lines were starved
overnight in 0.1% BSA RPMI. C-D. NTRK mutants are sensitive to entrectinib and larotrectinib.
Six replicates of WT and mutant NTRK2 and NTRK3 Ba/F3 cells were plated with varying
concentrations of entrectinib and larotrectinib for 72 hrs. NTRK2"" and NTRK3" cells were plated
in media supplemented with IL-3. Cell viability was determined using a tetrazolamine-based
viability assay. Viability is represented as a percentage of the untreated control. The average
mean + SEM is shown. Additional validation studies are found in Supplemental Figure 6B. E.
Mutant-transformed Ba/F3 cells were starved overnight in 0.1% BSA RPMI and then treated with
increasing concentrations of entrectinib (ENT) for approximately 16 hours and immunoblotted for
Trk and downstream effectors. F. ENT induces apoptosis in mutant-transformed Ba/F3 cells
following 48 and 72 hours. Annexin V staining was performed in triplicate. The average mean +
SEM is shown. Validation studies in Supplemental Figure 6C. Kristin Qian performed annexin V
staining (F).
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Supplemental Figure 6: Entrectinib selectively inhibits NTRK with minimal toxicity. A. Of
the small-molecule inhibitors we considered, NTRK mutants were most sensitive to entrectinib as
evident by the plotted ICso values. WT and mutant NTRK Ba/F3 cells were plated in triplicate and
exposed to small-molecule inhibitors for 72 hrs. WT cells were grown in media supplemented with
IL-3. Cell viability was determined using a tetrazolamine-based viability assay. The average mean
+ SEM is shown. B. Entrectinib and larotrectinib are selective for NTRK. Ba/F3 cells harboring a
BCR-ABL1 construct were used as a negative control to account for non-specific inhibition. Six
replicates of BCR-ABL1 Ba/F3 cells were plated. Cell viability was determined as in A. Viability is
represented as a percentage of the untreated control. The average mean + SEM is shown. C.
Entrectinib induction of apoptosis is NTRK-specific. Annexin V staining was performed in
triplicate. The average mean + SEM is shown. Monika A. Davare performed inhibitor screening
(A) and Kristin Qian performed annexin V staining (C).
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Increased cell surface abundance of Trk receptors seen with mutants NTRK242%%T,

NTRK2F'7%0 and NTRK3"4F

To begin to understand how our NTRK mutants lead to kinase activation, we modeled the
impact of the amino acid change to the secondary structure of the Trk receptors using a previously
published protein prediction model, Phyre? (Protein Homology/analogY Recognition Engine V
2.0)*"™. While NTRK2*?%T was predicted to result in a partial loss of the beta-pleated sheet,
NTRK2R4%86 was predicted to shift the stretch of amino acids that contribute to the transmembrane
domain alpha helix and increase the helix by one amino acid (Supplemental Figure 7A-B). In
the case of NTRKS3, both mutations were predicted to replace beta-pleated sheets found in the
WT receptor with alpha helices (Supplemental Figure 8A-B).

These predicted changes in secondary structure led us to hypothesize that our NTRK mutants
may alter cell surface localization and retention of the TrkB and TrkC receptors. To test our
hypothesis, we measured cell surface localization and retention via flow cytometry using APC-
conjugated anti-TrkB or anti-TrkC antibodies. These flow antibodies were validated on human
glioblastoma cell lines that endogenously express TrkB or TrkC (Supplemental Figure 9A-B).
NTRK22%T resulted in approximately a two-fold increase in the abundance of TrkB receptor on
the cell surface relative to WT (p=0.002, Figure 3A). No significant difference in TrkB receptor
localization was observed between NTRK2R*%¢ and WT receptor (p=0.6436, Figure 3A). While
both NTRK3 mutations resulted in increased receptor localization statistically compared to the
WT receptor (p<0.0001), the biological significance of this finding is uncertain as evident by the
small increase observed (Figure 3B and Supplemental Figure 9E-F).

To evaluate alterations in protein retention at the cell surface, we performed a time course
experiment (12 and 24 hours) by treating serum-starved WT and mutant NTRK2 and NTRK3
Ba/F3 cell lines with 100 pg/mL of cycloheximide followed by flow staining for cell surface

expression of TrkB and TrkC. Following 12 hours of cycloheximide treatment of Ba/F3 cells
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expressing the NTRK2 mutants or WT, NTRK2*?%T possessed a decreased half-life relative to
WT TrkB receptor (p=0.0410, Figure 3C). At 24 hours, no difference in protein retention at the
cell surface was observed between the NTRK2 mutants or WT Ba/F3 cells. Both NTRK3 mutants
were less stable than WT TrkC receptor following 12 hours of cycloheximide, with the difference
between WT and NTRK3F'7®P resulting in statistical significance (p=0.0481, Figure 3D). After 24
hours of cycloheximide treatment, both NTRK3 mutants were found at lower levels at the surface
relative to NTRK3"T (p=0.0007 for NTRK3E'"®" and p=0.0012 for NTRK"**F Figure 3D). Despite
higher surface expression of NTRK242%T and NTRK3E'76PL449F (Figure 3A-B), this was not due to
an increase in protein retention at the cell surface, and in fact the mutated isoforms had shorter

cell surface half-lives.
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Supplemental Figure 7: NTRK2 mutants change the secondary structure of the TrkB
receptor. A. A203T mutation results in partial loss of a beta-pleated sheet. B. R458G shifts the
amino acid sequence that contributes to the formation of the transmembrane domain alpha helix
and increased the helix by one amino acid. Brown represents transmembrane domain helix.
Green represents alpha helix.
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Supplemental Figure 8: Point mutations in NTRK3 result in the loss of beta-pleated sheets.
A-B. According to the Phyre? prediction model, mutations E176D and L449F shift the secondary
structure from beta-pleated sheets to alpha helices at both mutation sites of NTRK3.
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Supplemental Figure 9: APC-conjugated TrkB and TrkC antibodies are target-specific in
our Ba/F3 model. A-B. SNB-75 and U-251, human glioblastoma cell lines endogenously express
TrkB and TrkC, respectively. Minimal expression of TrkC was observed with SF-268, a human
astrocytoma cell line. C-D. SNB-75 and U-251 were stained with APC-conjugated anti-TrkB or
anti-TrkC antibodies (Supplemental Table 2) and analyzed by flow cytometry. These cell lines
served as positive controls for all flow experiments. E-F. Flow staining to assess cell surface
localization of NTRK3E'"®? and NTRK3"°F with their respective WT samples was performed on
separate days. The data presented in Figure 3D are shown here as separate plots.
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Figure 3: Mutants NTRK2"2%*T NTRK3E'7%®?, and NTRK3'*%F increase Trk cell surface
localization but not retention. A-B. In order to assess differences in mutant receptor
localization, WT and mutant Ba/F3 cells were stained with APC-conjugated anti-TrkB or anti-TrkC
antibodies and analyzed by flow cytometry. A significantly higher localization of Trk receptors was
observed with NTRK24?%T NTRK3E'"®P and NTRK3“***F mutants relative to their respective WT
receptor. Validation of APC-conjugated Trk flow antibodies is shown in Supplemental Figure 9C-
D. C-D. To assess receptor retention at the cell surface, WT and mutant NTRK2 and NTRK3
Ba/F3 cells were treated with 100 pg/mL of cycloheximide for 12 or 24 hours, stained with APC-
conjugated anti-TrkB or anti-TrkC antibodies, and analyzed via flow cytometry. Following 12
hours, NTRK2*?%T was less stable than NTRK2"T. Both NTRK3 mutants were less stable than
NTRK3"T after 12 and 24 hours of cycloheximide treatment. Normalized mean fluorescence
intensity (MFI) is shown over time. For all experiments, WT Ba/F3 cells were grown in IL-3
supplemented media and all lines were starved overnight in 0.1% BSA RPMI. Staining was
performed in triplicate. Statistical significance was assessed by a one-way or two-way ANOVA
followed by a Tukey’s multiple comparison test. All statistical comparisons shown are between
WT and mutant receptors. The average mean + SEM is shown. *, p<0.05, **, p<0.01, ***, p<0.001,
e p<0.0001
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NTRK2%?%T NTRK3E'7C and NTRK3“F mutants increase receptor dimerization

Another possible explanation for increased concentration of NTRK2423T NTRK3E'®P| and
NTRK3"°F at the cell surface despite decreased cell surface retention (Figure 3) is increased
receptor dimerization. To this end, we created and co-transfected C-terminal FLAG- and HA-
tagged vectors for all WT and NTRK mutants in HEK 293/T17 cells. Dimerization was measured
by immunoprecipitating the FLAG-tagged construct followed by immunoblotting for HA (Figure
4A). A higher ratio of HA to FLAG immunoprecipitation was indicative of increased receptor
dimerization.

We saw an approximate two-fold increase in dimerization with NTRK222%T relative to
NTRK2"T (p=0.0405, Figure 4B-C). NTRK2R*8¢ exhibited no increase in dimerization (p=0.6751,
Figure 4B-C). Both NTRK3 mutants had a statistically significant increase in dimerization relative
to WT NTRK3 (four-fold increase, p=0.0002 for NTRK3E'"®P and three-fold increase, p=0.0013 for

NTRK3"**F Figure 4D-E).
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Figure 4: NTRK2"2%T NTRK3F'7®® and NTRK3"44°F exhibit increased receptor dimerization
in comparison to their respective WT receptor. A. Schematic of NTRK dimerization studies.
0.5 pg of FLAG- and HA-tagged NTRK WT or mutant constructs were co-transfected into
HEK293T/17 cells and immunoprecipitated using anti-FLAG beads. FLAG immunoprecipitates
were then probed with an anti-HA antibody to detect the co-immunoprecipitating receptor,

87



suggestive of receptor dimerization. The level of HA and FLAG co-immunoprecipitation was
quantified using ImagedJ and normalized to input. A higher ratio of HA to FLAG
immunoprecipitation was indicative of increased receptor dimerization. B-C. Immunoblot analysis
and quantification of WT and mutant NTRK2 constructs suggest that the NTRK2?%3T mutation
caused increased receptor dimerization. D-E. Increased receptor dimerization was seen with both
NTRK3 mutants relative to WT as evident by immunoblot and quantification analysis. For all
experiments, statistical significance was assessed by a one-way ANOVA followed by a Tukey’s
multiple comparison test. All statistical comparisons shown are between WT and mutant
receptors. Three biological replicates were performed for each condition. Each experiment was
performed at least twice with consistent results. The average mean + SEM is shown. *, p<0.05,
** p<0.01, ***, p<0.001

TrkB and TrkC are expressed in patients with leukemia and sensitive to small-molecule

inhibitors and siRNAs

To identify functional targets in primary patient samples, peripheral mononuclear white blood
cells from patients carrying the NTRK24?%T (12-00171; Figure 5A), NTRK2R*%¢ (12-00337;
Figure 5B), and NTRK3"**F (10-00828; Figure 5C) mutations were assayed ex vivo against
panels of small-molecule inhibitors or small interfering RNA (siRNAs)*'® *'". Among the various
small-molecule drug families, we saw an increased sensitivity to PISK/AKT/mTOR and Type llI
RTK/VEGEF inhibitors in the patient harboring the NTRK2*2%T mutation (Figure 5A). As for the
patient with the NTRK2R*%%¢ mutation, among the tested inhibitors, this patient sample showed
enhanced sensitivity to an NF- kB activation inhibitor, crizotinib (an inhibitor of Trk/ALK/ROS1),
and LY294002 (a PI3K inhibitor) (Figure 5B). It should be noted that entrectinib and larotrectinib
had not been developed at the time of patient sample accrual. Since ex vivo inhibitor testing can
only be done on fresh samples at the time of sample procurement, we cannot comment on how
these patients would respond to these two inhibitors. Reduced cell viability in the presence of
siRNA targeting NTRK2 and NTRK3 was observed with the patient containing the NTRK3"*4F
mutation, suggesting that these cells may exhibit dependence on NTRK2 and NTRK3 for cell

survival. The knockdown of NTRK2 significantly altered cell viability (Figure 5C).
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Figure 5: Patients with leukemia harboring NTRK mutations show altered sensitivity to
small-molecule inhibitors of various signaling pathways. A. Inhibitor profile for patient 12-
00171, with the ICso response to each inhibitor shown on a log1e-scale relative to the median I1Cso
of all primary samples tested to-date. Dotted line indicates 20% of the median ICso, which has
historically been a marker for patient samples remarkably sensitive to a screened inhibitor®'”- 318,
Inhibitors targeting the indicated families are colored, and then emphasized with the breakout
panel on the right (drugs targeting other families are removed from the chart). B. Inhibitor profile
for patient 12-00337, all drugs with ICso responses less than the median ICso are shown in the
breakout panel on the right and labeled. C. siRNA screen targeting tyrosine kinases in patient 10-
00828. Targets are compared against non-targeting control, with unadjusted p-values derived
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from a Student’s two-tailed T-test (n=3 for each target) shown on the y-axis (negative log1o scale),
and effect size shown as difference in median viability on the x-axis. NTRK2 and NTRKS3
knockdown resulted in reduced cell viability. The data shown in A-C are available in our lab’s Beat

AML repository and were visualized with the assistance of Kevin Watanabe-Smith and Daniel
Bottomly.
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Discussion

Inhibitors targeting Trk oncofusions have shown dramatic and durable responses in pediatric
and adult patients with solid tumors regardless of histology?"” 208.221.295.313 The syccess of these
inhibitors has reinvigorated interest in delineating the contribution of Trk signaling in hematologic
tumors. Similar to FLT3, KIT, CSF1R, CSF2R3, CSF3R, and PDGFR, previous studies have
suggested that Trk receptors and their respective ligands also contribute to different stages of
hematopoiesis®® 22274319 Trk receptors are expressed on hematopoietic cells and mesenchymal
stromal cells found within the bone marrow microenvironment?’®. They promote proliferation and
survival of dendritic cells, lymphocytes, macrophages, and monocytes®™. In particular, TrkB is

highly expressed on immature thymocytes and its expression declines as T cells differentiate®”.

Marrow stromal cells secrete nerve growth factor that binds to TrkA on hematopoietic cells?’®.
However, apart from these studies, a clear functional role of Trk signaling in normal hematopoiesis
remains undefined.

There is increasing evidence highlighting Trk receptors in leukemogenesis®’. Differing from

the activation of ABL1 that is predominantly driven by the BCR-ABL1 fusion, Trks can be activated

by much broader mechanisms, including oncogenic fusions?** 2425 deletion/truncation events®

145, 271, 277 249, 250

7 transcriptional upregulation , and point mutations in leukemia.

In this study, we identified and characterized four novel oncogenic NTRK point mutations in
patients with leukemia: two in NTRK2 (A203T, R458G) and two in NTRK3 (E176D, L449F)
(Figure 1H). Stable expression of these mutations in IL-3-dependent Ba/F3 cells provided a
proliferative advantage (Figure 1B) and increased downstream signaling (Figure 2A-B), further
underscoring that NTRKs can serve as an oncogene. Upon further evaluation, we saw that a
majority of these point mutations facilitate increased receptor dimerization with the exception of
NTRK2™8¢ (Figure 4). Selective inhibition of NTRK2 and NTRK3 with entrectinib, a well-

221, 295
)

validated NTRK inhibitor currently in clinical trials for NTRK-fusion positive cancers can
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inhibit proliferation and induce apoptosis of NTRK mutant-transformed Ba/F3 cells (Figure 2C-
E). Collectively, our data in combination with others, accentuate a previously underestimated role
of NTRK point mutations in a subset of patients with leukemia and propel the need to consider
Trk inhibitors for such patients clinically.

Although rare, the few NTRK point mutations—NTRK15¢¢"N  NTRK2TS73IVe84 = gng
NTRK3Y8"__previously reported in patients with acute leukemias were identified in the kinase
domain of the Trk receptor®*® 2°°. Their functional characterization and potential contribution to
leukemogenesis has yet to be reported. More recently, a study identified point mutations—H498R,
G617D, and H766R—in the kinase of domain of NTRK1 in patients with acute erythroid

3R172H induced an

leukemia®'. Interestingly, co-occurrence of these mutations with TP5
aggressive form of erythroid leukemia®®'. A single NTRK1 mutation in the absence of mutated
TP53 did not generate such a phenotype. Of the nine mutations we identified, only one, R645C,
was found in the kinase domain of NTRK3. However, this mutation did not confer IL-3-
independent growth. Among the four transforming mutations we identified, two reside in the
extracellular domain of the TrkB and TrkC receptors (A203T and E176D, respectively), one within
the transmembrane domain of TrkC (L449F), and one within the juxtamembrane domain of TrkB
(R458G). While similar point mutations have been reported in solid tumors (Supplemental Figure
5), to our knowledge, we are the first to study and characterize these mutations in hematological
malignancies. Due to the unavailability of a matched skin biopsy, we were unable to confirm if
these mutations are somatic or germline. While they are not found in the COSMIC database, it
should be noted that the NTRK2*2%T mutation has been reported in EXAC, albeit at a very low

allele frequency®®

(Supplemental Table 3). The location of these point mutations may be
indicative of the activating mechanism, which we discuss below.

We saw that point mutations, A203T and E176D in the extracellular domain of TrkB and TrkC
receptors, respectively, transformed Ba/F3 cells and led to increased phosphorylation of the Trk

receptor and its downstream effectors, RAS/MAPK, PI3K/AKT, and JAK/STAT signaling. Both
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point mutations also exhibited increased receptor dimerization (Figure 4). Our data is in
agreement with the deltaTrkA mutation that was found in a patient with AML?. This in-frame
mutation contains a 75-amino acid deletion in the extracellular domain of the TrkA receptor that
resulted in constitutive kinase activity, activation of downstream signaling, transformation of
fibroblasts in vitro, and polyclonal AML in mice transplanted with deltaTrkA* cells®® 27, Deletion
of the 75 amino acids likely alters the tertiary structure of the receptor and results in the removal
of key glycosylation sites which prevent spontaneous receptor-receptor interactions (i.e.,
dimerization)®°. Previous work from our lab has also shown that a point mutation in the colony-
stimulating factor 3 receptor (CSF3R)—T618l—abrogates an O-glycosylation event, which in turn
increases receptor dimerization®'. As evident by both studies, the extracellular domain,
particularly glycosylation sites within this domain could serve as a regulatory switch that prevent
spontaneous dimerization and kinase activation.

In line with these findings, we speculate that NTRK2?%T and NTRK3F'"®? disrupt nearby N-
glycosylation sites at residues 205 of TrkB and 163 of TrkC, enabling receptor dimerization
(Figure 4) and, thus supporting the aberrant kinase activity we observed (Figure 2A-B).
NTRK3E'®P could also disrupt disulfide bond formation between cysteines at residues 166 and
207 and, thereby distort the receptor’'s tertiary structure leading to aberrant signaling. The
increase in NTRK22%T and NTRK3E'7®P receptor molecules at the cell surface and decrease in
cell surface retention (Figure 3A & 3C) further reinforce that receptor dimerization is possibly the
predominant mechanism of activation for these mutants. It is likely that increased abundance of
cell surface receptor molecules could facilitate increased dimerization events, culminating in
increased receptor internalization, which is further supported by the decrease we saw in surface
retention of the mutant receptors.

We also saw an increased propensity to dimerize with our transmembrane domain mutant,
NTRK3"“4F (Figure 4C-D). Transmembrane domain mutations have been shown to cause
constitutive receptor activation through receptor stabilization, which increases kinase activity and
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downstream oncogenic signaling®-*2. For example, previous work from our lab has shown that a
transmembrane domain mutation in the colony-stimulating factor 2 receptor beta (CSFR2p),
R461C, resulted in prolonged surface retention of the mutant receptor relative to the WT receptor
in a patient with T-ALL*. A very similar finding was seen with activating mutations in the
interleukin 7 receptor again in patients with T-ALL*. Receptor stability, in both studies, stemmed
from the formation of disulfide bonds between cysteine residues that were introduced by the
respective point mutations. Although we saw a similar downstream signaling profile for the
NTRK3"*F mutant, in our case, disulfide bond formation was not the underlying activation
mechanism. Increased dimerization exhibited by NTRK3“*4*F could potentially be explained by the
change in secondary protein structure. Our Phyre? modeling predicted that a leucine to
phenylalanine alteration results in a shift from a beta-pleated sheet to an alpha helix
(Supplemental Figure 8B). The alpha helix is possibly more conducive for receptor dimerization.

Unlike the extracellular and transmembrane domain NTRK mutants, NTRK2R**%¢ did not
induce increased receptor dimerization (Figure 4A-B). Nonetheless, we saw robust kinase
activation (Figure 2A) and oncogenicity (Figure 1B), signifying that dimerization may not serve
as the underlying activation mechanism. It should be noted that the arginine residue at position
458 is conserved in all three NTRK genes and, therefore may play an important function in Trk
regulation (Supplemental Figure 10A).

Given the proximity of the R458 residue to the TrkB transmembrane domain, we examined
whether NTRK2R4%8C gltered the transmembrane domain and if this change influenced receptor-
receptor interactions or interactions between the juxtamembrane and transmembrane domains®®.
Based on our analysis of the transmembrane domain using previously validated prediction
models®” 322332 NTRK2R**®¢ did not significantly alter the stretch of amino acids that typically

delineate the transmembrane domain (Supplemental Figure 10B-C).
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Supplemental Figure 10: Multiple prediction models suggest that residue R458 does not lie
within the transmembrane domain of NTRK2. A. Arginine (R) is a conserved residue among
all three NTRK genes. B. A series of transmembrane prediction models show that a loss of a
positively charged arginine residue does not heavily change the composition of the NTRK2
transmembrane domain. Predicted domain is labeled in mustard and residue 458 is bolded. In
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very few models is residue R458 included within the transmembrane domain of NTRK2.
Sequence of WT NTRK2 is based on uniprot.org. C. The chart provides information on each
prediction model used and the corresponding sequence differences observed between NTRK2VT
and NTRK2R4%8¢,

It may be the case that the NTRK2R***¢ mutant modifies the structure of the juxtamembrane
domain and the manner by which this domain interacts with lipids in its immediate environment.
To date, multi-scale molecular dynamics receptor simulation studies have shown the importance
of the interaction between anionic lipids found within the membrane and juxtamembrane domains
of epidermal growth factor and ephrin receptors®* *. Both of these studies highlight that basic,
positively charged residues at the N-terminus of the juxtamembrane domain interact with
negatively charged phosphatidylinositol-4,5-biphosphate (PIP2) headgroups, driving the formation
of lipid nanoclusters in the membrane. Specifically, arginine and lysine are key residues that
mediate this interaction with PIP2in all 58 human receptor tyrosine kinases (RTKs), implicating
the importance of this interaction for the structure and function of these receptors®. Studies
suggest that these lipid nanoclusters around the juxtamembrane domain may maintain an
autoinhibitory function that prevents unwarranted receptor activation in normal physiologic
conditions®” 333 3% | oss of this autoinhibitory function may enable constitutive receptor activation
and downstream signaling that facilitates cancer growth and progression. We believe this
phenomenon is analogous to what is observed in a subset of RTKs, such as FLT3 and PDGFR,
where key residues in the juxtamembrane domain of the receptor maintain basal receptor
activity®. As such, we postulate that loss of the positively charged arginine in the R458G mutant
could alter these lipid-protein interactions, resulting in a functionally active TrkB receptor that
encourages upregulation of downstream signaling and leukemogenesis.

Based on a previously reported course-grain molecular dynamics simulation study, we
prepared the homology model of human NTRK2 WT and colored each protein residue by the
)34_

mean number of contacts with PIP, (Supplemental Figure 11A Two significant changes
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observed following the mutation of an arginine to a glycine were the change in polarity (i.e.,
decrease in the positively charged blue area) and a decrease in the shape of the molecular
surface due to the loss of a bulky side chain (Supplemental Figure 11B-C). We, therefore predict
that the R458G mutation changes the way PIP2 lipid molecules are recruited and how they

nanocluster around the juxtamembrane domain.
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Supplemental Figure 11: Loss of a positively-charged, basic amino acid residue may
explain the activation of the NTRK2R*%%¢ mutant. A. PIP; interactions in human NTRK2 (L448-
TM-JM-D474). Each protein residue is colored by the mean number of contacts with the
phosphoryl group attached to the glycerol moiety of the PIP> headgroup per course-grain
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simulation frame, as previously reported®. B. Homology model of human WT NTRK2 (V432-TM-
JM-H482). The protein is displayed as molecular surface and colored according to electric
potential (basic residues in blue; anionic residues in red). C. Homology model of human
NTRK2R*%8¢ mutant (V432-TM-JM-H482). The protein is displayed as molecular surface and is
also colored according electric potential. Transmembrane Domain, TM; Juxtamembrane Domain,
JM. Molecular dynamic simulation modeling was performed in collaboration with William Bisson
of the Oregon State University.

The lack of a crystallized structure that engages the flexible Trk juxtamembrane domain

prevents us from fully understanding how the NTRK2R4%8¢

mutation alters the lipid-juxtamembrane
domain interactions relative to the WT receptor. Despite this limitation, our data suggest that the
loss of arginine, a conserved residue among all three Trk receptors, is crucial to the regulatory
function of the TrkB receptor. Future studies will consider the use of cryo electron microscopy to
study the molecular interactions by which the juxtamembrane domain controls Trk function and
activity.

Irrespective of the underlying activation mechanism, we saw decreased phosphorylation of
TrkB and TrkC in our mutant-transformed Ba/F3 cells following treatment with entrectinib. We
also observed a dose-dependent increase in apoptosis in our mutant cells following entrectinib
treatment. Our findings were in line with Smith et al., who reported that in vitro entrectinib
treatment potently inhibits cellular proliferation, Trk activation, and induces apoptosis in ETV6-
NTRK3" AML cell lines and in a xenograft study?*. Akin to their study, we found entrectinib to be
more potent than larotrectinib, a selective pan-Trk inhibitor, in our Ba/F3 model.

Assays performed on freshly isolated clinical material from patients with NTRKA230T/R458G
mutations, allowed us to observe altered sensitivities to small-molecule inhibitors of various
signaling pathways (Figure 5A-B). Importantly, we saw sensitivity to Trk and PI3K/AKT inhibitors
based on ICso values. These findings correlate with the increased Trk activation and downstream

PI3K/AKT signaling we observed in our mutant-transformed cells (Figure 2A). It should be noted
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that both patients with the NTRK2R**%¢ mutation, had either a co-occurring mutation in BCR-
ABL1™" or CSF3R™N (Supplemental Table 3). Despite these known oncogenes, the
NTRK2?4*8¢ mutation may play an important role in mediating resistance. According to our small-
molecule inhibitor screen, the patient (i.e., 12-00337) with the BCR-ABL1™"® was resistant to

17315 mutations seen in CML. We also

ponatinib, an FDA-approved inhibitor against BCR-ABL
saw no response to other known CML tyrosine kinase inhibitors such as imatinib, dasatinib, and
nilotinib (Supplemental Table 5). Here, the NTRK2?*%¢ may serve as a bypass resistance
pathway for these leukemia cells. Whether the NTRK mutation is an early event or a secondary
mutation is outside the scope of this current work but will be considered in future studies. As for
the patient (i.e., 13-00187) harboring NTRK2%4%¥¢ with an accompanying functional CSF3R™N
co-mutation, we are unable to comment on which mutation is driving leukemogenesis®®. It may
be the case that both mutations contribute to the overall phenotype.

Taken together, we identified and characterized four oncogenic NTRK point mutations in the
setting of leukemia. These mutations bear functional consequence. Their response to FDA-
approved inhibitors—entrectinib and larotrectinib—is striking and warrants investigation of other
rare, yet targetable NTRK mutations in hematological malignancies. In an era of personalized
cancer therapy, where understanding a patient’s mutational landscape is imperative for treatment,
our study paves the way for therapeutic targeting of Trk signaling in hematological malignancies.

Similar to basket trials focused on solid tumors harboring Trk mutations, a parallel systematic

approach is necessary to assess the efficacy of Trk inhibitors in patients with liquid tumors.
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Materials & Methods

Sequencing of patient samples

All clinical specimens were collected with informed consent from patients with hematologic
malignancies according to a protocol approved by the Oregon Health and Science University
(OHSU) institutional review board (IRB 4422; NCT01728402). A total of 185 patient samples were
collected and sequenced, including 96 acute myeloid leukemia (AML), 51 acute lymphoblastic
leukemia (ALL), and 38 myeloproliferative neoplasms (MPN).

Peripheral blood and bone marrow aspirates from these patients were processed by Ficoll
gradient centrifugation followed by red blood cell lysis. Cell pellets for subsequent genomic and
protein studies were snap-frozen in liquid nitrogen. DNA was extracted using the Qiagen DNeasy
Blood & Tissue kit (Qiagen Inc., Germantown, MD) according to the manufacturer’s protocol.

Deep sequencing was performed on 1,862 kinase and kinase-associated genes as described
previously*'® %% _In brief, the final purified libraries were sequenced on a HiSeq 2000 sequencer
(NMumina Inc., San Diego, CA) followed by FASTQ assembly using the CASAVA pipeline
(Ilumina)®'®. Sequence capture, library preparation, and deep sequencing were performed by the
OHSU Massively Parallel Sequencing Shared Resource. Raw sequencing files are available upon
request. Variant allele frequencies (VAF) were determined based on GATK v3.3 as reported
previously'.

NTRK mutations were confirmed by PCR amplification of NTRK exons using the primers listed
in  Supplemental Table 1a. Sanger sequencing with M13 forward (5—
GTAAAACGACGGCCAGT—3) and M13 reverse (5—CAGGAAACAGCT-ATGACC—3)
primers was used to confirm the presence of NTRK point mutations in patient genomic DNA.
Sequencing was performed using Eurofins MWG Operon (Louisville, KY) and analyzed using
Sequencher and DNASTAR software. Additional sequencing was performed by GeneWiz Inc.

(South Plainfield, NJ).
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Cloning

NTRK2 cDNA (NM_006180), NTRK3 cDNA (NM_001012338), and gateway-compatible entry
clones (pDONR223 and pENTR223) were purchased from Arizona State University. All NTRK
mutations were introduced by site-directed mutagenesis using the QuikChange Il XL kit (Agilent
Technologies Inc., Santa Clara, CA) and primers listed in Supplemental Table 1b. Mutagenesis
primers were designed using the QuikChange Primer Design Program available through Agilent
and purchased from Eurofins. Mutated cDNAs were then transferred into a Gateway-compatible
pMX retroviral vector using a Gateway LR Clonase kit (Life Technologies Inc., Carlsbad, CA).

Constructs were verified by Sanger sequencing.

Cell culture and retroviral production

HEK 293T/17 cells (ATCC, Manassas, VA) were cultured in DMEM (Life Technologies Inc.)
supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA), 2% L-glutamine, 1%
penicillin/streptomycin (Life Technologies Inc.), and 0.1% amphotericin B (HyClone, South Logan,
UT). To produce murine retrovirus, HEK 293T/17 cells were co-transfected with FUGENE 6
(Promega, Madison, WI), EcoPac helper packaging plasmid, and pMX NTRK constructs (wild-
type (WT) or mutant). pMX-puro was used as an empty vector control. Retroviral supernatants
were harvested 48 hours after transfection.

Ba/F3 cells were grown in RPMI (Life Technologies Inc.) supplemented with 10% FBS, 2% L-
glutamine, 1% penicillin/streptomycin, 0.1% amphotericin B as stated above, and 15% WEHI
conditioned medium (a source of IL-3). Stable Ba/F3 NTRK2"", NTRK3"", and mutant cell lines
were generated by infection of 3 x 10° cells with 1 mL of retroviral supernatant followed by
spinoculation with polybrene at 2500 rpm for 90 minutes®. Ba/F3 cells infected with the pMX
empty, WT NTRK and mutant vectors were then selected using 2 pg/mL puromycin

(ThermoFisher Scientific, Waltham, MA) selection.
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Ba/F3 transformation assay (IL-3 withdrawal)
Parental Ba/F3 cells and cells expressing empty vector, NTRK2VT, NTRK3"", and mutants

were washed three times in RPMI medium with 10% FBS (to remove all traces of IL-3-containing

WEHI conditioned medium). Cells were then suspended at a density of 5 x 109 cells per mL and
counted on a Guava personal flow cytometer (Millipore Inc., Burlington, MA) every other day and

divided as necessary® 3%,

Transient transfection studies
2 pg of NTRK WT, mutant, or empty vector constructs were transfected into HEK 293T/17
cells using FUGENE 6. Following 48 hours, cells were serum starved (0.1% BSA) for 4 hours and

prepared for immunoblotting as described below.

Immunoblotting

Following overnight serum starvation in 0.1% BSA RPMI media, 10-15 million parental, empty
vector, NTRK WT, and mutant Ba/F3 cells were spun down and lysed with 150 uL of Cell Lysis
Buffer (Cell Signaling Technologies Inc., Danvers, MA) containing a Complete Mini Protease
Inhibitor Cocktail Tablet, Phosphatase Inhibitor Cocktail 2, and Phenylmethanesulfonyl Fluoride
(PMSF) solution (Sigma-Aldrich Inc., St Louis, MO) and clarified by centrifugation at 14,000 g, 4
°C for 15 minutes. Cell pellets from available clinical samples were lysed in 30-40 uL of lysis
buffer. Protein was quantified using a bicinchoninic acid (BCA) assay (ThermoFisher Scientific
Inc.). 50 ug of each protein lysate was loaded on NUPAGE 4-12% Bis-Tris gradient gels
(Thermo Fisher Scientific Inc.), transferred on Immobilon-FL PVDF membranes (Millipore Inc.),
and blocked for 1 hour. Following overnight incubation with primary antibody (Supplemental
Table 2) at 4 °C, the membranes were washed and probed with fluorescent IRDye 800CW goat

anti-rabbit 1IgG and IRDye 680RD Goat anti-mouse IgG antibodies (1:15,000; LI-COR
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Biosciences, Lincoln, NE). The membranes were then imaged with the Odyssey Infrared Imaging

System (LI-COR Biosciences).

Inhibitor studies

Small-molecule inhibitors, purchased from LC Laboratories Inc. (Woburn, MA),
MedChemExpress (Monmouth Junction, NJ), and Selleck Chemicals (Houston, TX) were
reconstituted in DMSO and stored at -80°C. In this study, the following small-molecule inhibitors
were used - BGJ398, cabozantinib, crenolanib, crizotinib, entrectinib, foretinib, imatinib,
larotrectinib, and ponatinib. Cells were seeded into 384-well assay plates using a Multidrop™
Combi Reagent Dispenser (ThermoFisher Scientific Inc.) at a density of 1,000 cells/well in 50 uL
of RPMI media supplemented with 10% fetal bovine serum, 2% L-glutamine, 1% penicillin-
streptomycin, and 0.1% amphotericin B. Inhibitors were dispensed into the plates with an HP
D300e Digital Dispenser (Tecan, Mannedorf, Switzerland) at increasing concentrations. The final
concentration of DMSO was <0.1% in all wells. All conditions were plated with six replicates. After
three days of culture at 37°C in 5% COg, cell viability was measured using a methanethiosulfonate
(MTS)-based assay (CellTiter96 Aqueous One Solution; Promega) and absorbance (490 nm) was
read at four hours after adding MTS reagent using a BioTek Synergy 2 plate reader (BioTek,
Winooski, VT). MTS absorbances of inhibitor-treated wells were normalized to those of untreated
cells as previously described'®. Regression curve fit analysis of the normalized data to determine

ICs values was performed using GraphPad Prism software.

Annexin staining

To detect apoptosis of cells, the Guava Nexin Annexin V Assay (Millipore Inc.) was used
according to the manufacturer’'s protocol and cells were counted using Guava personal flow
cytometer following 48 and 72 hours of entrectinib treatment. The assay uses two dyes: Annexin

V-PE to detect phosphatidylserine (PS) on the external membrane of early apoptotic cells and 7-
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AAD, a cell impermeant dye, to identify cells in late-stage apoptosis and dead cells. All

experiments were performed in triplicate.

Cell surface localization and protein retention studies

For cell surface localization and protein stability studies, all Ba/F3 cell lines were serum
starved overnight (~16-18 hours) in 0.1% BSA RPMI media. For localization studies, 1 million
cells per Ba/F3 cell line (WT or mutant), were stained with APC-conjugated anti-TrkB or anti-TrkC
antibodies (Supplemental Table 2; Novus Biologicals, Centennial, CO) for 1 hour, washed in
PBS with 0.5% BSA, and analyzed by flow cytometry (BD FACSAria lllu and BD LSR II) for mean
fluorescence intensity (MFI) and normalized to WT samples. The experiment was performed in
triplicate (n=3 per cell line).

For protein retention studies, Ba/F3 cells (WT and mutant) were treated with 100 pyg/ml of
cycloheximide in DMSO or DMSO (control) for 12 and 24 hours, washed with 1X PBS, and stained
with APC-conjugated anti-TrkB or anti-TrkC antibodies as described above. Cells were analyzed
by flow cytometry for MFI and normalized to untreated DMSO controls. The experiment was

performed in triplicate (n=3 per condition).

Taxonomy studies

Alignment was performed using the Clustal Omega program available via UniProt.

Protein secondary structure and transmembrane domain prediction modeling
To understand the structural impact of the NTRK point mutations, we utilized a prediction

model, Phyre? (http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) to study changes in

protein secondary structure, that has been previously validated>'® 3%7- 338

For transmembrane domain analysis, consensus coding sequences for WT and NTRK2R458¢

were analyzed by the indicated transmembrane modeling programs in Supplemental Figure 9
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as previously described®. Top predictions that maintained a single transmembrane domain and

type-| orientation are listed.

Receptor dimerization studies

FLAG and HA-tagged NTRK WT and mutant constructs were created using the In-Fusion HD
Cloning Plus kit and pCMV-FLAG and HA vector sets (Takara Bio Inc., Mountain View, CA)
according to the manufacturer’s instructions. FLAG and HA vectors were linearized by restriction
digestion with EcoR1 HF (NEB Inc., Ipswich, MA) and fused with PCR-generated NTRK WT and
mutant inserts using the Takara In-Fusion Enzyme. All PCR primers were designed with the on-
line Takara Primer Design tool and are listed in Supplemental Table 1c.

Dimerization studies were performed using a previously validated protocol®?' 3*°. Briefly, 0.5
Mg of FLAG and HA-tagged NTRK WT or mutant constructs were co-transfected into HEK
293T/17 cells. Following 48 hours, cells were lysed with cell lysis buffer as described above and
incubated overnight with anti-FLAG M2 Affinity Gel beads (Sigma-Aldrich Inc.).
Immunoprecipitates were then collected by brief centrifugation for 30 seconds and washed by
spinning through cell lysis buffer containing 15% sucrose. Bound protein was eluted by boiling
immunoprecipitates with electrophoresis 4X sample LDS loading buffer and 10X reducing
buffer (Life Technologies Inc.) at 95 °C for 10 minutes and loaded onto NuPAGE 4-12% Bis-
Tris gradient gels as described above. Blots were probed using anti-FLAG and anti-HA
antibodies (Supplemental Table 2). Immunoprecipitations were normalized to the starting

input using ImagedJ quantification.

SiRNA and kinase inhibitor assays

Mononuclear cells isolated from fresh primary patient samples were screened in triplicate on
an siRNA panel targeting the tyrosine kinome as previously described*'®. Following normalization
by row, column, and plate, viability following knockdown of each target was compared to non-
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targeting control siRNA using a Student's two-tailed T-test to determine significance. Unadjusted
p-values are compared against difference in median viability between each target and the non-
targeting control in a volcano plot with points of interest labeled.

Patient samples, processed as above, were screened on multiple inhibitor panels containing
individual targeted agents in four-point or seven-point dose curves with cellular viability measured
72 hours later, as previously described' 3", It should be noted that larotrectinib and entrectinib
had not been developed at the time of patient sample accrual. Since ex vivo inhibitor testing can
only be done on fresh samples at the time of sample procurement, we cannot comment on how
these patients would respond to larotrectinib or entrectinib.

Relative viability readouts were constrained between 0 and 100% viability, fitted with a probit
regression curve, and the concentration corresponding to 50% relative viability (ICso) was
interpolated. When a response curve never reached 50% viability, the 1Cso is reported as the
highest tested dose. ICso values were converted into percent of median 1Cso, where the median
ICs0 is the median response of all primary leukemic patient samples (n = 2,395) screened on the
same inhibitor compound. Drug families of inhibitors are derived from prior work'' and manually
simplified into larger subcategories. Analysis and visualization were performed using R version
3.5.1, Rstudio version 1.1.463, the tidyverse packages, as well as ggrepel, readxl, janitor,

extrafont, scales, and patchwork®***'.

In silico molecular modeling

The homology models of human WT and NTRK2R4%¥¢ (V432-TM-JM-H482) were built using
the 3D-coordinates of human EGFR TM-JM-A segments®? and energetically refined in the
internal coordinate space®®. The protein skin representing the molecular surface was colored
according to the electrostatic potential calculated by the Rapid Exact-Boundary Electrostatics

(REBEL) method (hydrogen atoms were ignored). The energy calculated by this method consists
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of the Coulomb energy and the solvation energy. Areas colored blue represent positive areas and

red represents negative areas (Molsoft ICM v3.8).

Statistical analysis

Mean + SEM are shown unless otherwise stated. One-way or two-way ANOVA with Tukey’s
multiple comparison test were used to determine statistical significance. Statistical analysis was
conducted using GraphPad Prism version 8.0. P values less than 0.05 were deemed significant.

Asterisks in figures and in their corresponding legends denote level of statistical significance.

Data Sharing Statement

Raw sequencing files are available upon request.
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Supplemental Table 2: A list of all antibodies used in this study.
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Table 3: Available Patient & Mutation Information

. . Specific Nucleotide | Amino Acid | Variant Allele ExAC COSMIC | Other Genetic
PEEIES 2 Diagnosis GO | S| R Change Change Frequency | Frequency | Status Alterations
MPN Primary | \ya | N/A | NTRK2 | GBO7A A203T 0.48 0.0002142 | Not Found JAK2:
Myelofibrosis
MPN BC%,GEU : N/A F NTRK2 A1372G R458G 0.57 0 Not Found | BCR-ABL1T313!
. CSF3RT64N,

MPN Atypical CML N/A M NTRK2 A1372G R458G 0.48 Not Found SETBP1G870é
AML NPM1* AML 48 F | NTRK3 G528T E176D 0.48 0 Not Found N/A
ALL T-ALL N/A | M | NTRK3 C1345T L449F 0.26 0 Not Found N/A

Supplemental Table 3: List of NTRK point mutation variant allele frequencies and co-occurring
mutations. These point mutations were checked in COSMIC and ExAC to determine if they were
previously reported. VAF, Variant Allele Frequency
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Table 4:

Inhibitors NTRK2A203T NTRK2R4586 ICso (nM) NTRK3E176D NTRK3L449F
BGJ398 1506 3218 1654 10000
Cabozantinib 93.37 10.05 23.45 13.10
Crenolanib 202 41.99 140.10 91.75
Crizotinib 101.20 19.09 77.25 33.71
Entrectinib 1.644 1.566 0.9794 1.015
Foretinib 28.730 18.730 6.245 3.491
Imatinib 10000 10000 10000 10000
Larotrectinib 12.91 13.42 11.46 12.97
Ponatinib 117.50 21.51 48.88 104.40

Supplemental Table 4: Summary of ICso values for inhibition of NTRK mutant-transformed Ba/F3
cell growth by small-molecule inhibitors calculated from data presented in Figure 2C, 2D, and
Supplemental Figure 6A.

Supplemental Table 5 and 6 are available at https://doi.org/10.1182/blood.2019003691

Supplemental Table 5: Tabular form of analyzed inhibitor response data for patients 12-00171
(NTRK242%3T) and 12-00337 (NTRK2?4*8¢). Data corresponds to waterfall plots shown in Figure

5A and 5B.

Supplemental Table 6: Tabular form of normalized siRNA data for patient 10-00828
(NTRK3"4%F) that was utilized for statistical analysis and to create the volcano plot shown in

Figure 5C.
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Abstract

The ErbB/HER family of receptor tyrosine kinases is among the most studied receptor families
in cell signaling owing to its role in oncogenesis. In addition to receptor amplification or
overexpression, studies in solid tumors, particularly in breast and non-small cell lung cancers,
have shown that activating point mutations in ErbB/HER receptors similarly contribute to the
tumorigenic phenotype and drug resistance. Nonetheless, very little is known about aberrant ErbB
signaling in hematological malignancies. We recently performed deep sequencing on 185 patients
with acute myeloid leukemia, acute lymphoblastic leukemia, or myeloproliferative neoplasms and
identified point mutations within the extracellular domain (i.e., R188C and P489L) and the
intracellular C-terminal region (i.e., L1157R) of the ErbB2/HER2 receptor in three patients. Here,
we report that these point mutations are oncogenic. Stable expression of these mutations in Ba/F3
cells led to cytokine-independent growth and in NIH 3T3 fibroblasts exhibited a transformed
morphological phenotype. Survival of Ba/F3 cells expressing ERBB2 mutants was inhibited by
treatment with irreversible ErbB inhibitors, many of which are FDA-approved in solid tumor
malignancies. Although the identification of ERBB2/HER2 mutations is unexpected in leukemia,
our results highlight a unique therapeutic opportunity for a subset of patients with acute leukemia
harboring ERBB mutations and urge the need to further consider such mutations in the setting of

hematological malignancies.
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Introduction

The ErbB/HER family of receptor tyrosine kinases consists of four cell surface glycoproteins:
epidermal growth factor 1 (EGFR or ErbB1), ErbB2 (c-Neu or human EGF receptor 2 [HER2]),
ErbB3, and ErbB4**°. Each receptor contains an extracellular ligand binding domain, a single-
pass transmembrane region, and a cytoplasmic tyrosine kinase domain®*®. Binding of the soluble
ligand to its cognate ErbB receptor induces formation of homo- or heterodimer complexes, which
activates receptor tyrosine kinase activity, leading to increased downstream RAS/MAPK,
PI3K/AKT, and JAK/STAT signaling®". It should be noted that ErbB2 is always in an active
conformation, requiring no ligand binding. For that reason, it is the preferred heterodimerization
co-receptor for all other ErbB family members®".

These receptors play a fundamental role in the development, proliferation, and differentiation
of epithelial, mesenchymal, and neuronal tissues; however overexpression, amplification, and

3%0. 351 - Amplification or

activating point mutations of these receptors promote oncogenesis
overexpression of ErbB2 is classically observed in approximately 25 to 30% of breast cancers®?
33 and is associated with an aggressive clinical phenotype. This oncogenic behavior of ErbB2
can be attributed to its ligand-independent activation and propensity to readily heterodimerize with
other ErbB receptors as noted above. Specifically, data gleaned from in vitro studies has shown
that the ErbB2/ErbB3 heterodimer acts as an oncogenic unit to induce breast cancer cell

354, 355

proliferation via PI3K/AKT signaling . Moreover, activating point mutations such as

ERBB2>*" and ERBB2"%**R enable ErbB2/ErbB3 dimerization, oncogenic signaling, and cell
growth while the gatekeeper mutation ERBB2'"%®' confers resistance'®® 3%,

Analysis of HER2 status by immunohistochemistry, in situ hybridization, and Sanger
sequencing has shown that HER2 is also overexpressed and/or amplified in approximately 7 to

34% of gastric tumors®’, 30% of salivary duct carcinomas®®®, and 20% of non-small-cell lung

cancer (NSCLC)*? ** cases. Activating mutations in the kinase domain of EGFR have also been
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reported in NSCLC?®® %', Similar to HER2-mediated breast cancer, EGFR dimerizes with ErbB3
in NSCLC, culminating in up-regulation of PIBK/AKT signaling and aberrant cell proliferation®?.
With advances in precision oncology, blocking antibodies that bind the extracellular domain
of EGFR and ErbB2 alongside small-molecule inhibitors that inhibit their intracellular kinase
activity have been developed clinically. Most notably, the FDA approval of the monoclonal
antibody trastuzumab (Herceptin) has revolutionized the treatment of HER2" breast cancer and

363

improved clinical outcomes™™°. More recently, neratinib, an irreversible tyrosine kinase inhibitor of

ErbB2/HER2 and EGFR was FDA-approved for adjuvant treatment of adult patients with early
stage HER2" breast cancer and holds the potential to reduce breast cancer relapse rate®®*.
Emerging data has suggested that afatinib, another irreversible inhibitor approved for the
treatment of NSCLC, is also effective against HER2" breast cancer®®*. The development of these
and numerous other ErbB inhibitors reinforce the importance of these receptors in tumorigenesis.

However, despite the well-studied role of ErbB receptors in solid tumors and paralleled
advances in their therapeutic targeting, the potential of deregulated ErbB signaling to contribute
to leukemia is largely unknown. We recently performed deep sequencing on primary samples
from patients with a range of hematologic malignancies and discovered point mutations in the
ErbB2 receptor in a small subset of patients. Here, we show that these mutations are oncogenic

and cells transformed by these mutations are sensitive to several irreversible ErbB inhibitors and

trastuzumab.
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Results

Identification of ERBB2 point mutations in patients with acute leukemia

Point mutations in the ERBB2 gene were uncovered and characterized in three of 185 patients
with hematologic malignancies following deep sequencing using a custom capture library
consisting of 1,862 kinase and kinase-associated genes. The cohort of 185 included patients with
acute myeloid leukemia (AML; n = 96), acute lymphoid leukemia (ALL; n = 51), and
myeloproliferative neoplasms (MPN; n = 38). The three ERBB2 mutations were prioritized by the
HitWalker algorithm®®, which uses ex vivo functional drug screening data collected in parallel to
rank mutations that may be associated with critical survival pathways in a given patient sample
(Supplemental Figure 1). It should be noted that the capture library is focused on kinase and
kinase-associated genes, and so there may be other mutations present that were not assessed
using this platform.

Two mutations, ERBB2R'8¢ and ERBB2P*%" were found in pediatric patients with AML and
ALL, respectively. Both mutations lie within the extracellular domain of the ErbB2 receptor.
Specifically, R188C mutation resides within the Furin-Like Cysteine Rich Region (FLCRR, domain
[I) and P489L is located in between the Receptor L Domain (RLD, domain IIl) and the Growth
Factor Receptor Domain (GRRD4, domain 1V). Another mutation discovered in an adult patient
with AML, ERBB2"""*"R 'is [ocated near the C-terminus (Figure 1A, Supplemental Figure 2). The
presence of all three mutations was confirmed via Sanger sequencing (Figure 1B). While P489L
has been previously reported in patients with breast®® and lung squamous cell carcinoma®®, to
our knowledge, R188C and L1157R have not yet been reported. Due to the unavailability of a
matched skin biopsy, we were unable to confirm if these mutations are somatic or germline.
Information about patient variant allele frequency (VAF) and HitWalker ranking®® is provided in
Supplemental Table 1. Of note, the higher disease burden in the bone marrow for all three

patients (ranging from 72-100% blasts) makes it difficult to determine whether the 52% VAF for
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P489L and the 46% VAF for L1157R are heterozygous somatic or germline mutations. The
R188C mutation, with a 29% VAF, is most likely somatic and potentially a prominent subclone
within the leukemia, with approximately 60% of the 91% blasts harboring a heterozygous variant
(Supplemental Table 1).

Given that very little is known about ERBB2 in hematopoiesis and leukemia, we sought to
measure the expression of ERBB2 in available patient samples harboring the specific mutations
discussed above. While no clinical material was available for the adult patient with AML harboring
ERBB2'""5R we found that ERBB2 is expressed at the RNA level in both pediatric patients with

ERBB2R'8C gnd ERBB2P*®- mutations via Affymetrix exon microarray analysis>®° (

Supplemental
Figure 3A-B). Expression was determined using the probeset detected above background
(PSDABG) metric, which measures whether a given ERBB2 exon probeset signal was detected

t369

at significantly higher intensity than background regions with similar GC content™". Our analysis

suggests that a majority of the ERBB2 exons are expressed above background for these samples.
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Supplemental Figure 1: ERBB2 point mutations represent important targets in leukemia
using the HitWalker algorithm that integrates deep sequencing data with functional
screening. Hitwalker diagrams are shown for patient: 08-00053 expressing ERBB2R'¢¢ (A), 09-
00076 expressing ERBB2P*®% (B), 11-00319 expressing ERBB2-"'*'R (C). The functional targets
(acquired from inhibitor screening data) are shown in red, and mutated genes are shown in blue.
Each mutated gene is assigned a rank based on predicted association with one or more putative
drug targets. Networks are drawn using a Steiner Tree approximation®”® with the seed genes in
this context being the union of the functional targets and mutations. HitWalker diagrams were
provided by Daniel Bottomly.
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Figure 1: ERBB2 point mutations found in leukemia samples are oncogenic, enable
cytokine-independent proliferation, and downstream activation. A. ERBB2 gene schematic
with location of point mutations depicted. The location of the following domains is included:
Receptor L Domain (RLD, domain | and lIll), Furin-Like Cysteine Rich Region (FLCRR, domain
II), Growth Factor Receptor Domain (GRRD4, domain V), transmembrane domain (TM), and
tyrosine kinase domain. B. Sanger sequencing chromatograms of patient genomic DNA confirms
the presence of ERBB2R'8¢, ERBB2P*® and ERBB2-""*'R mutations. Peaks correspond to the
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following nucleotides: A (green), T (red), C (blue), and G (black). Arrows indicate direction of
sequencing. C. ERBB2R'®¢ ERBB2"*%%" and ERBB2"""*’R mutations transform the murine Ba/F3
pro-B cell line to IL-3-independent growth. No growth was observed in parental Ba/F3 cells or
cells harboring an empty vector or wildtype (WT) ERBB2. All engineered Ba/F3 cell lines were
flow sorted for low, equivalent GFP expression prior to the IL-3 withdrawal assay. Total viable
cells are plotted over time after the withdrawal of IL-3. This experiment was repeated at least
twice with consistent results. D. Stable expression of ERBB2 mutants in NIH 3T3 fibroblasts
exhibited spontaneous foci formation in monolayers independent of cell plating density. 3T3 cells
transduced with ERBB2"T lack this phenotype but exhibit an increased rate of cell growth. E.
Immunoblot analysis of ERBB2-transformed Ba/F3 cells shows increased phosphorylation of
ErbB2 with all three mutants compared to ERBB2"". GAPDH served as a loading control. Prior
to lysis, WT cells were grown in IL-3 supplemented media and all lines were starved overnight in
0.1% BSA RPMI. F. In comparison to Ba/F3 cells expressing ERBB2"T, changes in gene
expression were observed in mutant-transformed Ba/F3 cells. Most notably, all mutants resulted
in an increase in expression of MAPK signaling. Prior to RNA isolation, WT cells were grown in
IL-3 supplemented media and all lines were starved overnight in 0.1% BSA RPMI. Expression
analysis was performed in triplicate. G. Expression of phosphorylated AKT is increased in mutant-
transformed Ba/F3 cells relative to WT cells. ERK phosphorylation was evident only in Ba/F3
expressing ERBB2R'8¢ and ERBB2-""°"R. GAPDH served as a loading control. As noted above,
all cell lines were starved overnight in 0.1% BSA RPMI. NIH 3T3 experiments were performed by
Jamie M. Keck.
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Supplemental Figure 2: 3D mapping of ERBB2 point mutations. A. Gene schematic of
ERBB2 with location of point mutations indicated. B. Relative positions of native ERBB2 amino
acids (i.e., R188, P489, and L1157) for the mutations studied are highlighted using PyMOL. Since
the ERBB2 receptor is not fully crystallized, the location of L1157 is approximated.

123



A 08-00053 (ERBB2%'85°)

NM_001289937

NM_004448

NR_110535

NR_039881

NM_001289938

NM_001005862

NM_001289936

B 09-00076 (ERBB2P4%)

NR_039881

Supplemental Figure 3: Summary of Affymetrix exon microarray expression for ERRB2. A-
B. Expression was determined using the probeset detected above background (PSDABG) metric,
which measures whether a given ERBB2 exon probeset signal was detected at significantly higher
intensity than background regions with similar GC content®®®. Our analysis suggests that a
maijority of the ERBB2 exons are expressed above background for these samples. The RefSeq
gene models for ERRB2 are provided relative to hg19 (bottom track). Each high-confidence
probeset was tested for whether its expression was greater than background. A red line tracing
the -log10(P-values) from this test is plotted in the middle track with the dot-dash line indicating
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the nominal 0.05 p-value threshold. If the given probesets would still be significant after FDR
correction they are indicated by an "™'. The top track shows the probeset-level robust multi-array
average (RMA) expression values with the dashed line indicating the median across all probesets
for that sample. Only the high-confidence probesets are displayed here for clarity. Exon
microarray data was analyzed and visualized by Daniel Bottomly and Shannon McWeeney.

ERBBZ2 point mutations are transforming and upregulate receptor signaling activity

To determine if the identified ERBB2 mutations induce oncogenic transformation, we stably
expressed each of them in Ba/F3 cells, a murine IL-3-dependent pro-B cell line that provides a

314

well-established model to study kinase mutations®™*. Oncogenes expressed in Ba/F3 cells enable

IL-3 independent growth. Since it is known that overexpression of wildtype (WT) ERBB?2 itself

3% we sorted all ERBB2 Ba/F3 cell lines for equivalent, low

confers some transforming activity
GFP-positive expression prior to performing the IL-3 withdrawal assay. At low expression, all three
ERBB2 mutations enabled IL-3-independent growth and proliferation, whereas parental Ba/F3
cells or cells expressing empty vector or WT ERBB2 were unable to grow without IL-3 (Figure
1C). Retroviral transduction of ERBB2 constructs into murine NIH 3T3 fibroblast cells further
showed a transformed morphological phenotype and increased ability to spontaneously form foci
when grown to confluence for ERBB2 mutant-expressing NIH 3T3 cells compared to those
expressing ERBB2 WT or empty vector controls (Figure 1D).

Using western blotting, we validated the expression of total and phosphorylated ErbB2 in our
ERBB2-mutant transformed Ba/F3 cell lines and found that all three mutants resulted in increased
autophosphorylation of the ErbB2 receptor at Tyr1221/1222 in comparison to Ba/F3 cells that
expressed WT ERBB2 (Figure 1E). We also used these stable Ba/F3 cell lines to assess

downstream signal transduction pathways that could contribute to the tumorigenic phenotype.

With NanoString’s nCounter technology, we saw that ERBB2R'# and ERBB2"""*"Rresulted in an
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upregulation in gene expression of several pathways relative to ERBB2"T cells, including
JAK/STAT, PI3K/AKT, RAS/MAPK, and WNT signaling. Notably, with the ERBB2P*®*- mutant, we
saw an increase in hedgehog signaling (Figure 1F). Similar to our NanoString data, we saw
variability in downstream signaling among the mutants via western blotting (Figure 1G). Together,
these data indicate that these mutations in ERBB2 result in hyperactivation of the receptor with

pursuant cellular transformation.

ERBB2 point mutants are sensitive to irreversible ErbB inhibitors

Given the factor-independent growth and heightened receptor signaling activation of the
ERBB2 mutants in Ba/F3 cells, we assessed the ex vivo sensitivity of primary patient samples
harboring ERBB2 R188C, P489L, and L1157R mutations to a panel of clinically relevant ErbB
inhibitors that were available at the time of patient sample accrual. Our panel consisted of
reversible ErbB family inhibitors (i.e., erlotinib, gefitinib, and lapatinib) and two investigational
irreversible inhibitors (i.e., canertinib and pelitinib). Among the reversible inhibitors, erlotinib and
gefitinib are currently FDA-approved for the treatment of NSCLC harboring exon-19 deletions and
activating EGFR mutations, and lapatinib is approved for metastatic HER2" breast cancer®’".
However, only lapatinib targets cancers that overexpress ERBB2/HERZ; erlotinib and gefitinib act
in cancers with mutated or overactive EGFR®'. Upon patient sample procurement, leukemia cells
were assayed for cell survival after incubation with one of four graded concentrations of a given
drug and a 3™ order polynomial curve was fit per sample and inhibitor. An ICs, value was
calculated for each inhibitor and compared with the median of the inhibitor ICsgs for the overall
patient sample cohort of similar 4-point dose-responses. Inhibitors for which the 1Cso value was
less than 20% of the cohort median were considered effective given historical inhibitor screening

data®'"3'8, Considering only members of the cohort with similar diagnoses (i.e., acute myeloid or
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acute lymphoid leukemias) did not change the result. On the whole, we saw little to no sensitivity
to these reversible ErbB inhibitors in our primary patient samples (Figure 2A). While this result
may be expected for the EGFR inhibitors erlotinib and gefitinib, it was surprising to observe a
minimal response with lapatinib.

Our ErbB2 mutant-transformed Ba/F3 cell lines were also insensitive to erlotinib and gefitinib
(Supplemental Figure 4A, Supplemental Table 2). However, we saw some activity of lapatinib.
Of the three mutants, ERBB2™*"-transformed Ba/F3 cells showed modest sensitivity to lapatinib
with an 1Cso of 27.1 nM followed by ERBB2R'%¢ and ERBB2"""*"R-transformed cells with an 1Cso
of 38.0 nM and of 53.8 nM, respectively (Supplemental Figure 4A, Supplemental Table 2). In
each case, ERBB2"" Ba/F3 cells grown in IL3-supplemented media were insensitive to all
inhibitors.

We observed a trend towards increased sensitivity in patient samples to pelitinib and
canertinib, especially against the ERBB2"""*'R mutation with an ICsy of 0.6 uM and 2.2 uM

respectively. The patient with ERBB2R18¢

showed higher sensitivity to canertinib with an I1Cs of
2.9 uM in comparison to the patient with ERBB2"*%-. However, on the whole, the response to
these inhibitors in patient samples was limited in comparison to their response observed with
ERBB2 mutant-expressing Ba/F3 cell lines. All ERBB2 mutant-expressing Ba/F3 cell lines were
sensitive to irreversible ErbB inhibitors. Pelitinib potently inhibited the proliferation of the ERBB2
mutant expressing Ba/F3 lines with ICsy values of 18.7, 10.9, and 19.3 nM for ERBB2R'8C,
ERBB2™%" and ERBB2-""*'R, respectively. Mutant lines exhibited even greater sensitivity
canertinib, with 1Cso values ranging from 3.3 to 8.4 nM (Supplemental Figure 4B, Supplemental
Table 2).

The differences in sensitivity observed between the primary samples and cell line models is
likely due to additional mutations. We observed that the pediatric patient with ERBB2R'%C had a
MAP3K107'%8Q co-mutation while the pediatric patient with ERBB2™®* harbored additional

mutations in MAP4K1P4?2- and CSF3RM®%T A FLT1'2%V mutation was found in the patient with
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ERBB2-""*"R (Supplemental Figure 1). While the functional significance of these mutations is
undetermined, MAP3K10 and MAP4K1 lead to activation of the JNK pathway, which could
contribute to leukemia cell growth downstream of ERBB2°"% %3, Similarly, CSF3R and FLT1 could
activate downstream MAPK and JAK/STAT signaling, further facilitating leukemogenesis®'® 37,
Additionally, the possible subclonal status of the ERBB2R'® mutation with a VAF of 29% with a
disease burden of 91% blasts within the marrow may also explain the limited sensitivity observed
to ErbB inhibitors.

Given the increased potency observed for the investigational irreversible ERBB2 inhibitors
pelitinib and canertinib, we expanded drug profiling to evaluate the response of our ErbB2 mutant-
transformed Ba/F3 lines to the current FDA-approved irreversible ErbB inhibitors afatinib and
neratinib. These second-generation inhibitors irreversibly inhibit both EGFR and ErbB2 and have
shown potency against HER2" breast cancer®®* 3¢ 31 Neratinib is also particularly well-suited to
target the EGFR™*M gatekeeper mutation that mediates resistance in NSCLC*"". Treatment of
mutant-transformed ERBB2 Ba/F3 cells with either afatinib or neratinib potently inhibited cell
growth with ICso values ranging 1.6 to 3.2 nM and 0.8 to 1.8 nM, respectively (Figure 2C).
Additionally, a recent pan-cancer analysis revealed that poziotinib, an irreversible pan-ErbB family
inhibitor, has broad antitumor effects in multiple ERBB2 mutant cancer types independent of the
mutation location®”®. This compound was equally robust in inhibiting growth in our Ba/F3 lines with
an ICso of 1.1 nM for ERBB2R'%¢ 1.9 nM for ERBB2™%%", and 0.7 nM for ERBB2"""*"R (Figure
2C, Supplemental Table 2). Since ex vivo small-molecule inhibitor screening requires the use of
fresh patient samples, we cannot comment on how patients with ERBB2 R188C, P489L, or
L1157R would respond to afatinib, neratinib, and poziotinib. Nonetheless, our small-molecule
inhibitor data in Ba/F3 cells show that our ERBB2 point mutants are generally sensitive to
irreversible ErbB inhibitors in the nanomolar range. These findings are in line with previous studies
that also show increased efficacy of irreversible over reversible inhibitors against ERBB2 point

mutations®% 375,
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Lastly, we evaluated the efficacy of trastuzumab in our mutant-transformed Ba/F3 cell lines.
Compared to the cytoplasmic mutant ERBB2-''°’R both extracellular domain mutants,
ERBB2R'%¢¢ and ERBB2P*°", demonstrated higher sensitivity to trastuzumab with an ICsy of 1.2
nM and 0.6 nM, respectively. However, neither mutant reached an 1Cq following treatment with
trastuzumab. The trastuzumab antibody binds ERBB2 at the extracellular domain IV where it
interacts with its partnering ErbB receptors, and therefore it would not be expected to effectively

2L1157R

inhibit the cytoplasmic mutant, ERBB , which plateaued after reaching its ICso of 8.7 nM

(Supplemental Figure 4C, Supplemental Table 2).
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Figure 2: ERBB2 point mutations confer sensitivity to irreversible ErbB inhibitors. A-B. Ex
vivo inhibitor profiles for patients 08-00053 (ERBB2R'%¢), 09-00076 (ERBB2P*®), and 13-00319
(ERBB2-""®"R) with the 1Cso measure of response to each reversible (A; erlotinib, gefitinib, and
lapatinib) and irreversible (B; pelitinib and canertinib) inhibitor shown on the Y axis. Sensitivity is
determined by % median IC50 which has historically been a marker for patient samples
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remarkably sensitive to a screened inhibitor®'” 3'® Solid black lines indicates 20% of median 1Cso
for the overall cohort while the grey dotted line indicates 20% of the median ICso for samples with
similar diagnoses (i.e., acute myeloid leukemia or acute lymphoid leukemia). C. ERBB2 mutant-
transformed Ba/F3 cells are sensitive to irreversible inhibitors. Five replicates of WT and mutant
ERBB2 Ba/F3 cells were plated with varying concentrations of afatinib, neratinib, and poziotinib
for 72 hrs. ERBB2"" cells were plated in media supplemented with IL-3. Cell viability was
determined using a tetrazolamine-based viability assay. Viability is represented as a percentage
of the untreated control. The average mean + SEM is shown.
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Supplemental Figure 4: ERBB2 mutant-transformed Ba/F3 cell lines display minimal
sensitivity to reversible ErbB inhibitors. A. FDA-approved reversible ErbB inhibitors erlotinib,
gefitinib, and lapatinib were tested. Lapatinib showed modest sensitivity against ERBB2
mutations. B. All ERBB2-transformed Ba/F3 cells were sensitive to irreversible inhibitors pelitinib
and canertinib at low nanomolar concentrations. Higher sensitivity was observed with canertinib.
C. Both extracellular domain ERBB2 mutants, R188C and P489L, demonstrated an increased
response to trastuzumab. The trastuzumab antibody binds ERBB2 at the extracellular domain IV
where it interacts with its partnering ErbB receptors, and therefore it would not be expected to
effectively inhibit the cytoplasmic mutant, ERBB2""'*"R, which plateaued after reaching its 1Cso of
8.7 nM. Cell viability was determined using a tetrazolamine-based viability assay. Viability is
represented as a percentage of the untreated control. The mean of five replicates is plotted, along
with the SEM.
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Discussion

The advent of next-generation sequencing technologies has enabled the identification of
ERBB2/HER2 point mutations in various cancers. However, their functional characterization and
oncogenic potential has yet to be rigorously investigated. Despite the paucity of ERBB2
expression in hematopoietic tissues, in this study, we discovered three oncogenic ERBB2 point
mutations—R188C, P489L, and L1157R—in patients with acute leukemia. Stable expression of
these mutations in Ba/F3 cells provided a proliferative advantage and enabled increased
activation of ErbB2. ERBB2R'%C is located within subdomain Il of the extracellular domain, a
region that is characterized by 11 disulfide bonds. Based upon data from previously reported
mutations in ERBB2 (C311R and C334S) and CSF2RB (R1461C), we speculate that R188C
induces constitutive receptor activation via formation of disulfide bonds between cysteine residues
that stabilize the mutant receptor*® *°. In the case of mutations P489L and L1157R, these

R"%R in lung cancer®”,

mutations may destabilize the inactive receptor, similar to the EGF
culminating in active receptor molecules that contribute to the underlying leukemia. Particularly,
the loss of proline with mutant P489L could introduce flexibility into the protein that destabilizes
the receptor and enables it to readily adopt the activated form. This could explain why it
predominately resides in the phosphorylated form as evident from our immunoblot results.

Selective inhibition of ErbB2 with irreversible ErbB inhibitors attenuated proliferation and
induced cell death of our mutant-transformed ERBB2 Ba/F3 cells. It should be noted that the
current clinical indication for the approved ERBB2 inhibitors afatinib, lapatinib, and neratinib is
limited to cancers with ERBB2 amplification and overexpression. No small-molecule inhibitor is
currently approved for cancers harboring oncogenic ERBB2 point mutations.

In aggregate, we report three functional ERBB2 mutants in the setting of leukemia that are

highly sensitive to irreversible ErbB inhibitors in our cytokine-independent cellular assay. Whether

these mutations drive leukemia or mediate secondary resistance is currently unknown.
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Nonetheless, our data suggest that these mutations have the potential to contribute to
leukemogenesis and highlight the importance of investigating rare, yet clinically targetable
mutations, as such studies further our ability to develop precise and individualized treatment

regimens for a subset of patients with leukemia.
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Materials & Methods

Sequencing of patient samples

Clinical specimens were collected with informed consent from patients according to a
biorepository research protocol approved by the Oregon Health & Science University institutional
review board (IRB 4422; NCT01728402). Deep sequencing was performed on 1,862 kinase and
kinase-associated genes using a custom capture library as described previously*'® 2%, A total of
185 patient samples were sequenced: 96 acute myeloid leukemia (AML), 51 acute lymphoblastic
leukemia (ALL), and 38 myeloproliferative neoplasms (MPNs). It should be noted that the capture
library is focused on kinase and kinase-associated genes, and so there may be other mutations
present that were not assessed using this platform.

ERBB2 mutations were confirmed via Sanger sequencing genomic DNA using the following
primers: ERBB2R'®¢ Forward 5—GCCCCAAGGGAAGCAGAAGGTG—3', Reverse 5—
CCCCAGAGATGAAGAGGCACAGGG—3; ERBB2"48%" Forward 5—
CCTGTGGGAAGCTTTGGGCCTG—3’, Reverse 5—GACGGGCAGTCTGCACAAGTCC—3’;
ERBB2-""*"?  Forward 5—AGCGGTACAGTGAGGACCCCAC—3’, Reverse  5—

TTCCCCTCTCAGGCCAGCTTCC—3'.

Functional drug screening-guided variant prioritization

Primary patient mononuclear cells were screened ex vivo using an established panel of small-
molecule inhibitors as previously described'’. Genomic variants were prioritized based on the
HitWalker algorithm, which integrates genomic information with functional screening (i.e., ex vivo
small-molecule inhibitor screening) to identify oncogenic targets as described previously>®® 378,
First scores were assigned to genes based on the small-molecule inhibitor profiles in relation to
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putative gene-targets Based on the distribution of these gene scores, the top genes were

chosen as ‘seeds’. A network propagation approach was used to rank genes in the STRING®”®
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network with respect to seed proximity. Using their relative ranks, the top ten putative gene

mutations were chosen for further inspection.

Affymetrix exon microarray

cDNA was prepared from available patient RNA. Samples were amplified and labeled using
the Affymetrix WT Terminal Labeling kit (ThermoFisher Scientific Inc.) per manufacturer
instructions.

The exon microarray data was processed using the ‘oligo’ package®®. Expression values for
the ‘core’ probesets were computed using the robust-multiarray average (RMA) method®®'. The
probeset detected above background (PSDABG) approach was used to calculate a p-value
indicating whether a given probeset (roughly an exon) was more expressed than background. In
practice this was done by computing p-values for each probe and sample using the DABG
approach®®® with the resulting p-values summarized to the probeset level using Fisher's method.

These data are available from GEO (GSE42731).

Cell culture

Ba/F3 cells were maintained in RPMI (Life Technologies Inc.) supplemented with 10% FBS,
2% L-glutamine, 1% penicillin/streptomycin, 0.1% amphotericin B and 15% WEHI-3B-conditioned
medium (a source of IL-3). NIH 3T3 cells (ATCC) were grown in DMEM (Life Technologies Inc.)

supplemented with 10% calf serum (Atlanta Biologicals).

Retroviral transduction & downstream assays
Wild-type and mutant ERBB2 cDNA constructs were ectopically expressed in Ba/F3 and NIH
)30,

3T3 cells using a Gateway-modified pMX-IRES-GFP puro retroviral vector (Cell BioLabs Inc.

336 All ERBB2 mutations were introduced by site-directed mutagenesis using the QuikChange I
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XL kit (Agilent Technologies Inc.). The following primers were used for mutagenesis: ERBB2R'8¢
Forward 5—GCAGGCCCGAGAGCAGTTGGTGTCTATCA—3’, Reverse 5—
TGATAGACACCAACTGCTCTCGGGCCTGC—3;; ERBB2M8% Forward 5—
GCAGAGCTTGGTGCAGGTTCCGAAAGAGC—3, Reverse 5—
GCTCTTTCGGAACCTGCACCAAGCTCTGC—3’; ERBB2""*'R Forward 5'—
GGGCAGCAGGCCGAGGGCCCTCT—3’, Reverse 5—AGAGGGCCCTCGGCCTGCTGCCC
—3.

Cells were then sorted using a FACSAria flow cytometer (BD Biosciences Inc.) for equivalent,
low levels of GFP expression to avoid the known transformative effects of highly overexpressed

ErbB2 levels. Ba/F3 cell culture model provides a well-established model to study kinase

mutations®™. For IL-3 withdrawal studies, Ba/F3 cell lines were seeded at a density of 5 x 10°
cells/mL, monitored by Guava Viacount assay (Millipore Inc.) and expanded as described
previously®® 3. NIH 3T3 lines expressing ERBB2 constructs were grown as a monolayer until
confluence, and images were obtained using a Leica DM IL LED microscope (Leica Microsystems

Inc.). All were experiments were performed twice with consistent results.

Immunoblotting

Immunoblot analysis was performed on serum starved (0.1% BSA RPMI) Ba/F3 cells as
described previously*'®. Following overnight serum starvation, 10-15 million WT and ERBB2
mutant Ba/F3 cells were spun down and lysed with 200 pL of Cell Lysis Buffer (Cell Signaling
Technologies Inc.) containing a Complete Mini Protease Inhibitor Cocktail Tablet, Phosphatase
Inhibitor Cocktail 2, and Phenylmethanesulfonyl Fluoride (PMSF) solution (Sigma-Aldrich Inc.)
and clarified by centrifugation at 14,000 g, 4 °C for 15 minutes. 50 ug of each protein lysate
was loaded on NuPAGE 4-12% Bis-Tris gradient gels (Thermo Fisher Scientific Inc.),

transferred on Immobilon-FL PVDF membranes (Millipore Inc.), blocked for 1 hour, and
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incubated with primary antibody overnight. The primary antibodies used were rabbit anti-ErbB2
(Cell Signaling Technology; #2242), anti-phospho-ErbB2 (#2243) and mouse anti-GAPDH
(ThermoFisher; #AM4300). Following overnight incubation with primary antibody at 4 °C, the
membranes were washed and probed with fluorescent IRDye 800CW goat anti-rabbit IgG and
IRDye 680RD Goat anti-mouse IgG antibodies (1:15,000; LI-COR Biosciences). The membranes

were then imaged with the Odyssey Infrared Imaging System (LI-COR Biosciences).

Gene expression profiling
Isolated RNA (Qiagen) from serum starved ERBB2-expressing Ba/F3 cell lines (n=3 per
cell line) was evaluated for nCounter analysis using the Pan-Cancer Human Pathways codeset

(Nanostring Technologies Inc.).

Inhibitor studies

Ba/F3 cell lines or primary leukemia cells were seeded in 384-well plates, incubated with the
indicated concentrations of inhibitor for 72 hours, and assessed for cell survival using a
methanethiosulfonate (MTS)-based assay (Promega) as previously described' *'". The final
concentration of DMSO was <0.1% in all wells. Five technical replicates were plated for all Ba/F3
cell lines. Small-molecule inhibitors were purchased from LC Laboratories Inc. and Selleck
Chemicals. Herceptin was purchased from MedChemExpress. Analysis for the cell line was
completed via GraphPad Prism version 8.0. For the primary leukemia cells, raw absorbance
values were first adjusted to a reference blank and then normalized to untreated control wells to
form a measure of normalized viability expressed as a percentage. The concentration values were
log transformed and curves were fit to these data using a 3™ degree polynomial. The ICso was
defined as the estimated concentration where the normalized viability was equal to 50%. An 1Csq
value was calculated for each inhibitor and compared with the median of the inhibitor ICsgs for the

overall patient sample cohort of similar 4-point dose-responses. Inhibitors for which the ICso value
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was less than 20% of the cohort median were considered effective given historical inhibitor

screening data3'®

. It should be noted that ex vivo inhibitor testing can only be done on fresh patient
samples at the time of sample procurement. Frozen samples have compromised viability, which

confounds interpretation of the results.
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Supplemental Tables

Table 1: Available Patient & Mutation Information

Specimen Diagnosis Specific Sex Pediatric/Adult Blast % ERBB2 | BM COSMIC ExAC HitWalker
ID 9 Diagnosis (Age) ° | Mutation | VAF Status Frequency | Ranking

AMML with MLL Pediatric PB: 59

08-00053 AML rearrangement F ) BM: 91 0.29 No 0.00003298 2

09-00076 ALL B-ALL, CRLF2* | M Pediatric PB: 75 P489L | 0.52 Yes 0.0007738 6
(unknown) BM: 100
NPM1*, FLT3- Adult PB: 45

11-00319 AML TD* F (66) BM: 72 L1157R | 0.46 No 0.00007937 5

PB, Peripheral Blood; BM, Bone Marrow; VAF, Variant Allele Frequency
CRLF2, Cytokine Receptor-like Factor 2

Supplemental Table 1: Available clinical and mutation information on patients harboring ERBB2
point mutations. VAF from patient bone marrow aspirate is provided. These point mutations were
checked in COSMIC and ExAC to determine if they were previously reported. Hitwalker ranking
is provided. Of note, the higher disease burden in the bone marrow for all three patients (ranging
from 72-100% blasts) makes it difficult to determine whether the 52% VAF for P489L and the 46%
VAF for L1157R are heterozygous somatic or germline mutations. The R188C mutation, with a
29% VAF, is most likely somatic and potentially a prominent subclone within the leukemia, with
approximately 60% of the 91% blasts harboring a heterozygous variant. PB, Peripheral Blood;
BM, Bone Marrow; VAF, Variant Allele Frequency; CRLF2, Cytokine Receptor-like Factor 2.
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Table 2: Summary of inhibitor screening on mutant-transformed

Ba/F3 cell lines

Inhibitors ICs0 (M)
ERBB2WT ERBB2P433L | ERBB2L1157R
Erlotinib 727 .4 500.0 390.6 396.3
Gefitinib >1000 526.4 717.8 ~539.0
Lapatinib 694 .1 38.0 27 1 53.8
Afatinib 628.6 2.6 1.6 3.2
Canertinib 661.3 8.4 3.3 6.4
Neratinib 573.9 1.7 0.8 1.8
Pelitinib 474 1 18.7 10.9 19.3
Poziotinib >1000 1.1 1.9 0.7
Trastuzumab >1000 1.2 0.6 8.7

Supplemental Table 2: Summary of ICso values for inhibition of ERBB2 mutant-transformed
Ba/F3 cell growth by small-molecule inhibitors calculated from data presented in Figure 2C and

Supplemental Figure 4.
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Introduction

Acute myeloid leukemia (AML) is a genetically heterogenous disease with approximately
20,000 new cases per year in the United States'" %2, Patients with AML have a 5-year survival of
<25%, and intense efforts are underway to develop new treatments to improve survival®®.
Mutations in the FMS-like tyrosine kinase-3 (FLT3) gene are among the most common genomic
aberrations in AML. Internal tandem duplication (ITD) in the juxtamembrane domain of FLT3 are
present in approximately 20% of patients with AML. These mutations cause constitutive kinase
activity, and lead to an increased risk of relapse and reduced survival. Another set of mutations
in the tyrosine kinase domain (TKD) of FLT3 occur in 5-10% of AML patients. In contrast to FLT3-
ITD, FLT3 TKD mutations result in less activation of FLT3 and do not increase the risk of relapse®’.

Multiple FLT3 tyrosine kinase inhibitors have been developed and can be separated into two
classes. Type | inhibitors are canonical ATP competitors that bind the ATP binding site of FLT3
in the active conformation and are effective against both ITD and TKD mutations. By contrast,
type Il inhibitors bind the hydrophobic region adjacent to the ATP binding domain in the inactive
conformation. Type Il inhibitors are effective against FLT3-ITD, but do not inhibit FLT3 TKD
mutations. Quizartinib, a type Il inhibitor, has potent activity against FLT3, KIT, and RET. Despite
high response rates as a monotherapy in patients with relapsed/refractory AML, the duration of
response to quizartinib is approximately 4 months, and resistance via FLT3 TKD mutations is
common'? 4% 15 These mutations occur frequently at the activation loop residue D835 and less
commonly at F691 which represents the “gatekeeper” position in FLT3.

Gilteritinib is second-generation inhibitor that targets FLT3 and AXL%%. As a type | inhibitor, it
is active against TKD mutations that impart quizartinib resistance. It was approved as
monotherapy in relapsed/refractory patients with AML based upon the randomized phase 3

383

clinical study (ADMIRAL) which compared gilteritinib with chemotherapy*°. Despite the significant

survival benefit in the gilteritinib arm, monotherapy is limited by the development of resistance,
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which typically occurs after 6-7 months. Resistance to gilteritinib most commonly occurs through
acquisition/expansion of NRAS mutations, however a minority of patients with F691L gatekeeper
mutations were also identified'®. To search for additional resistance mutations to gilteritinib,
Tarver et al. used a well-established ENU mutagenesis assay and identified Y693C/N and G697S
as mutations that confer resistance in vitro’®®. These mutations appear to function similar to the
gatekeeper mutation by blocking gilteritinib binding to FLT3, but have not been reported in

patients.
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Results & Discussion

To more broadly investigate mechanisms of resistance to gilteritinib, we developed a two-step
model of resistance that recapitulates the role of the marrow microenvironment (Figure 1A). In
the first stage of resistance, or early resistance, the FLT3-mutated AML cell lines MOLM14 and
MV4;11 are cultured with exogenous ligands, fibroblast growth factor 2 (FGF2) and FLT3 ligand
(FL), that are normally supplied by marrow stromal cells. These culture conditions allow the cells

to become resistant to gilteritinib without the need for resistance mutations'%

. When ligands are
removed, the cells regain sensitivity to gilteritinib, but ultimately become resistant, which we term
late resistance. At this point, intrinsic resistance mutations were identified in all of the cultures via

%3 we found that the most common mutations

whole exome sequencing. Similar to clinical data
are activating mutations in NRAS (submitted for publication). One late resistant culture had an
FLT3Ft gatekeeper mutation, and 3 cultures had an FLT3V°' mutation, which has not
previously been reported (Figure 1B). Given its proximity to F691L (Figure 1C-D), we
hypothesized that this mutation might also disrupt gilteritinib binding to FLT3.

To determine whether the FLT3V°™® mutation has oncogenic capacity, we evaluated this
mutation in the Ba/F3 transformation assay. Ba/F3 cells are normally IL-3 dependent but the
presence of certain oncogenes transforms them to grow indefinitely in the absence of IL-3*'. The
FLT3N9' mutation, similar to FLT3'™ and FLT3P%%" is an activating mutation and promoted

growth of Ba/F3 cells in the absence of IL-3, whereas the parental, empty vector, FLT3 wild type

(FLT3™T), or FLT3'" did not confer IL-3-independent growth (Figure 1E).
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Figure 1: FLT3V"'¥ js an oncogenic mutation. A. Model of early and late gilteritinib resistance.
MOLM14 (N = 8) and MV4;11 (N = 8) cultures were continuously treated with gilteritinib and
exogenous microenvironmental ligands (FGF2 or FL, 10 ng/mL) to recapitulate the role of the
marrow microenvironment in the development of early resistance. Following ligand withdrawal,
cultures become transiently sensitive to gilteritinib again, but eventually become resistant with the
outgrowth of NRAS and FLT3 resistance mutations that drive late resistance. B. Potential clonal
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evolution paths resulting in the outgrowth of the FLT3V°™ mutation in three cultures. Mutations
were identified by whole exome sequencing and displayed via fishplots®®*. All mutations were
confirmed by Sanger sequencing. C. Gene schematic depicts location of the FLT3V°™ point
mutation relative to FLT3 gatekeeper (F691L) and activating loop (D835Y) mutations. The location
of the following domains is included: immunoglobulin (Ig)-like loops, transmembrane (TM),
juxtamembrane (JM), and tyrosine kinase. D. Ribbon diagram mapping the location of FLT3V0™
onto the crystal structure of the FLT3 kinase domain. Diagram was adapted from PDB 1RJB*
and visualized with the UCSF Chimera software*®. E. FLT3V9'¥ transforms the murine Ba/F3 pro-
B cell line and enables IL-3 independent growth. No growth was observed in parental Ba/F3 cells
or cells harboring an empty vector (pMX-puro), wildtype (WT) FLT3, or FLT3"". Total viable
cells are plotted over time and cell growth was measured after the withdrawal of IL-3. This
experiment was repeated at least twice with consistent results. Janét Pittsenbarger assisted with
Ba/F3 withdrawal studies.

In contrast to Ba/F3 cells expressing FLT3"%%", Ba/F3 cells with FLT3V°'% were much less
sensitive to gilteritinib with an approximate 8.5-fold increase in ICso (Figure 2A). To test whether
FLT3N0'% also promoted resistance to gilteritinib in the presence of FLT3'™® mutations (Figure
1B), we generated FLT3'™? * N0 gnd FLT3'™° * P91 double mutants and expressed them in Ba/F3
cells. Concordant with previous studies*’, the FLT3'™® * 81t mutant demonstrated an approximate
11-fold increase in ICso to gilteritinib comparedto FLT3-ITD alone. FLT3'™*N0™8 Ba/F3 cells were

3ITD + F691L

nearly identical to FLT cells in their resistance to gilteritinib (Figure 2B). As a control,

FLT3"" Ba/F3 cells grown with IL-3 were insensitive to gilteritinib at comparable doses.

Next, we assessed the impact of FLT3N0

mutations on downstream FLT3 signaling
pathways. Ba/F3 cells transformed with FLT3V0'K FLT3™ FLT3'™0*Fe9IL gnd FLT3™P *N70K gj|
resulted in phosphorylation of FLT3 (Y589/591) and STAT5 (Y694), AKT (S473), and ERK
(T202/Y204) (Figure 2C). However, only FLT3'™ * N0 op F| T3P * FE9IL ghowed sustained
phospho-FLT3 with increasing concentrations of gilteritinib (Figure 2D), indicating that both of

these mutations prevent gilteritinib inhibition of FLT3, particularly at lower doses. The FLT3 kinase

activity as reflected by FLT3 phosphorylation mirrored the viability assays in Figure 2B.
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Figure 2: FLT3V*'X confers resistance to gilteritinib. A-B. Ba/F3 cells expressing FLT3V0™¥
and FLT3'™*N0C demonstrate reduced gilteritinib sensitivity. FLT3"%°Y and FLT3™*F were
used as historical controls. Six replicates of WT and mutant FLT3 Ba/F3 cells were plated with a
dose gradient of gilteritinib (0 — 1000 nM) for 72 hrs. FLT3"" cells were plated in media
supplemented with IL-3. Cell viability was determined using a tetrazolamine-based viability assay.
Viability is represented as a percentage of the untreated control. The average mean + SEM is
shown. C. Expression of total and phosphorylated FLT3 is increased in mutant-transformed Ba/F3
cells relative to cells harboring empty vector. All mutants phosphorylate canonical downstream
effectors — STAT5, AKT, and ERK. GAPDH served as a loading control. Prior to lysis, empty
vector cells were grown in IL-3 supplemented media and all lines were starved overnight in 0.1%
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BSA RPMI. D. FLT3 activity is sustained with mutations in N701K and F691L. Ba/F3 cells
harboring FLT3'™®, FLT3'T™*70™K and FLT3'™*F'- were treated with gilteritinib (0 — 400 nM) for
90 minutes and lysed for immunoblot analysis*® '®°. Setareh Sharzehi assisted with western
blotting experiments (D).

Since F691L gatekeeper mutations are known to drive resistance to multiple FLT3 inhibitors*®
62,137,164 " we treated FLT3'™®, FLT3'™® * N0 gnd FLT3'™ * P9t Ba/F3 cells with midostaurin,
crenolanib, and quizartinib. Although FLT3'™® *Fe91L gng FLT3'™ * N70'K were largely insensitive to
type | inhibitors midostaurin and crenolanib, cells with FLT3'™® *N"0™K yyere notably more sensitive
to the type Il inhibitor quizartinib (Supplemental Figure 1), suggesting that N701K blocks
gilteritinib binding of type | inhibitors more effectively than type Il. This was further apparent from
our modeling of the FLT3V°"™ mutation. While the FLT3"V°'% mutation may sterically interfere with
the binding of gilteritinib, quizartinib binding does not appear to be affected (Supplemental

Figure 2).

3N701 K 3F691 L

Through our studies, we identified the novel FLT mutation in addition to the FLT
gatekeeper mutation. We used the Ba/F3 system to demonstrate that N701K blocks gilteritinib
binding to FLT3, similar to the gatekeeper F691L, and promotes resistance to gilteritinib. Our data
fit nicely with recent data from a mutagenesis screen of Ba/F3 cells with FLT3-ITD that identified
F691L in addition to D698N, G697S, and Y693C/N as mutations that drive resistance to
gilteritinib'®°. Modeling of these mutations indicates that they cause the loss of hydrogen bonding
that accommodates the FLT3 side chain, leading to a steric clash between the tetrahydropyran
ring of gilteritinio and FLT3"®°. Given the proximity of N701K to these mutations, we speculate
that the mechanism of resistance to gilteritinib imparted by this mutation is similar (Supplemental
Figure 2). Importantly, these complementary methods identify a common hotspot for gilteritinib
resistance mutations (Supplemental Figure 3). Given the increasing use of gilteritinib in the

clinic, we anticipate that additional resistance mutations will likely be identified in patients. Of note,

the N701K mutation appears to be more resistant to type | inhibitors but retains sensitivity to type
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Il inhibitors such as quizartinib (Supplemental Figure 1). This knowledge can be used to help

rationally sequence FLT3 inhibitors upon development of resistance.
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Supplemental Figure 1: FLT3V'¥ js resistant to type | inhibitors, midostaurin and
crenolanib but relatively sensitive to type Il inhibitor, quizartinib. A-C. Six replicates of
FLT3YT, FLT3'™, FLT3'™*F70™K and FLT3'™*F%'- Ba/F3 cells were plated with a dose gradient (0
— 1000 nM) of type | and Il inhibitors, midostaurin (A, type 1), crenolanib (B, type 1), and quizartinib
(C, type ll) for 72 hrs. FLT3"T cells were plated in media supplemented with IL-3. Cell viability
was determined using a tetrazolamine-based viability assay. Viability is represented as a
percentage of the untreated control. The average mean + SEM is shown.

153
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Steric Hindrance - Quizartinib
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Supplemental Figure 2: FLT3N"'X sterically hinders binding of type | inhibitor gilteritinib
(black). Binding of type Il inhibitor quizartinib (green) is not affected by FLT3"°', This modeling
correlates with the drug sensitivity results presented in Supplemental Figure 1. A. Front view. B.
Side view. Ribbon diagrams were adapted from PDB 4RT7°2 (quizartinib) and PDB 6JQR"* (FLT3
and gilteritinib) and visualized with the UCSF Chimera software*®.
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Supplemental Figure 3: FLT3V*X is found in a region where multiple noncanonical

mutations that confer gilteritinib resistance reside. A. Gene schematic depicts location of all
noncanonical gilteritinib-resistant mutations'®®. B-C. Noncanonical mutations mapped onto the
crystal structure of the FLT3 kinase domain. FLT3V%™¥ is in close proximity to these mutations.
Diagram was adapted from PDB 1RJB*" and visualized with the UCSF Chimera software?®.
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Materials & Methods

Generation of early (ligand-dependent) and late (ligand-independent) gilteritinib resistant
cultures

Human MOLM14 cells were generously provided by Dr. Yoshinobu Matsuo (Fujisaki Cell
Center, Hayashibara Biochemical Labs, Okayama, Japan). Human MV4;11 cells were purchased
from ATCC (Manassas, VA). Both cell lines were grown in RPMI (Life Technologies Inc.,
Carlsbad, CA) supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA), 2% L-
glutamine, 1% penicillin/streptomycin (Life Technologies Inc.), and 0.1% amphotericin B
(HyClone, South Logan, UT). Authentication was performed on all cell lines used in this study at
the OHSU DNA Services Core facility.

To establish resistant cultures, 10 million MOLM14 or MV4;11 cells were treated with 100 nM
of gilteritinib (Selleck Chemicals, Houston, TX) in media alone (N = 4) or in media supplemented
with 10 ng/mL of FGF2 (N = 4) or FLT3 ligand (N = 4, FL; PeproTech Inc., Rocky Hill, NJ). All
cultures were maintained in 10 mL of media. Every 2 or 3 days, recombinant ligands and gilteritinib
were replaced and cell viability was evaluated using the Guava personal flow cytometer (Millipore
Inc., Burlington, MA). Following ligand withdrawal, gilteritinib and media were similarly replenished
and viability was monitored every 2 to 3 days. All cell lines were tested for mycoplasma on a

monthly schedule.

Whole Exome Sequencing

Genomic DNA for all cell lines was extracted using the DNeasy Blood & Tissue Kit (Qiagen
Inc., Germantown, MD) according to the manufacturer’s protocol. High throughput sequencing
was performed on all MOLM14 and MV4;11 parental and late/ligand-independent gilteritinib

resistant cell lines. Paired-end 100 base reads were generated using the lllumina HiSeq 2500
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(INumina Inc., San Diego, CA) for parental and gilteritinib resistant cell lines after capture with the
Nextera DNA Exome kit v1.2. Each sample was pre-processed using GATK 4.1%° including
alignment to build 37 (GRCh37) of the human genome using BWA?®¥*. Raw mutations were called
for all replicates relative to the parental cell lines using MuTect2. The mutations were annotated
using the Variant Effect Predictor v99.1%¥". The final set of mutations were: selected after limiting
to those that passed filter, predicted to have a non-synonymous change or indel, seen in less than
1% of GNOMAD?®*®, and had at least 5 reads with a tumor variant allele frequency (VAF) of greater
than 8%. All NRAS and FLT3 mutations were confirmed by Sanger sequencing as previously
described (manuscript in review). Sequencing was performed using Eurofins (Louisville, KY) and

analyzed using Sequencher and DNASTAR software.

Site-Directed Mutagenesis

All FLT3 (F691L, N701K, D835Y) mutations were introduced by site-directed mutagenesis to
FLT3"" vector (Addgene, #23895) using the QuikChange Il XL kit (Agilent Technologies Inc.,
Santa Clara, CA) and primers listed in Supplemental Table 1a. Mutagenesis primers were
designed using the QuikChange Primer Design Program available through Agilent and purchased
from Eurofins. Mutated cDNAs were then transferred into a Gateway-modified pBABE-IRES-GFP
puro retroviral vector (Cell BioLabs Inc., San Diego, CA) using a Gateway LR Clonase kit (Life
Technologies Inc.). Constructs were verified by Sanger sequencing with primers listed in
Supplemental Table 1b. FLT3P%%" was verified using the M13R primer (5’-caggaaacagctatgacc-

3’) available via Eurofins.

Retroviral production, Ba/F3 transduction, and IL-3 withdrawal assay

HEK 293T/17 cells (ATCC) were cultured in DMEM (Life Technologies Inc.) supplemented
with 10% FBS (Atlanta Biologicals), 2% L-glutamine, 1% penicillin/streptomycin (Life
Technologies Inc.), and 0.1% amphotericin B (HyClone). To produce murine retrovirus, HEK

157



293T/17 cells were co-transfected with FUGENE 6 (Promega, Madison, WI), EcoPac helper
packaging plasmid, and pBABE FLT3 constructs (wild-type (WT) or mutant). pBABE-IRES-GFP
puro was used as an empty vector control. Retroviral supernatants were harvested 48 hours after
transfection.

Ba/F3 cells were grown in RPMI (Life Technologies Inc.) supplemented with 10% FBS, 2% L-
glutamine, 1% penicillin/streptomycin, 0.1% amphotericin B as stated above, and 15% WEHI
conditioned medium (a source of IL-3). Stable Ba/F3 FLT3"" and mutant cell lines were generated
by infection of 3 x 10° cells with 1 mL of retroviral supernatant followed by spinoculation with
polybrene at 2500 rpm for 90 minutes. Ba/F3 cells infected with pBABE empty, FLT3"", and
mutant vectors were then selected using 2 yg/mL puromycin (ThermoFisher Scientific) selection.

Parental Ba/F3 cells and cells expressing empty vector, FLT3"T, and mutants were washed

three times in RPMI medium with 10% FBS (to remove all traces of IL-3-containing WEHI

conditioned medium). Cells were then suspended at a density of 5 x 109 cells per mL and counted

on a Guava personal flow cytometer every other day and divided as necessary.

Small molecule inhibitor studies

Ba/F3 cell lines were seeded in 384-well plates, incubated with the indicated concentrations
of inhibitor for 72 hours, and assessed for cell survival using a methanethiosulfonate (MTS)-based
assay (Promega) as previously described'" 3. The final concentration of DMSO was <0.1% in
all wells. Six technical replicates were plated for all Ba/F3 cell lines. Small-molecule inhibitors
were purchased from LC Laboratories Inc. and Selleck Chemicals. GraphPad Prism 8 was used
to model dose-specific, normalized cell viability values with 4-parameter logistic regression curves

to determine ICsgs.

Immunoblotting
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Following overnight serum starvation in 0.1% BSA RPMI media, 10-15 million parental, empty
vector, and FLT3 mutant Ba/F3 cells were spun down and lysed with 150 uL of Cell Lysis Buffer
(Cell Signaling Technologies Inc., Danvers, MA) containing a Complete Mini Protease Inhibitor
Cocktail Tablet, Phosphatase Inhibitor Cocktail 2, and Phenylmethanesulfonyl Fluoride (PMSF)
solution (Sigma-Aldrich Inc., St Louis, MO) and clarified by centrifugation at 14,000 g, 4 °C for
15 minutes. Protein was quantified using a bicinchoninic acid (BCA) assay (ThermoFisher
Scientific Inc., Waltham, MA). 50 pg of each protein lysate was loaded on NuPAGE 4-12% Bis-
Tris gradient gels (ThermoFisher Scientific Inc.), transferred on Immobilon-FL PVDF
membranes (Millipore Inc.), and blocked for 1 hour. Following overnight incubation with primary
antibody (Supplemental Table 2) at 4 °C, the membranes were washed and probed with
fluorescent IRDye 800CW goat anti-rabbit IgG and IRDye 680RD Goat anti-mouse IgG antibodies
(1:15,000; LI-COR Biosciences, Lincoln, NE). The membranes were then imaged with the

Odyssey Infrared Imaging System (LI-COR Biosciences).
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Supplemental Tables

Table 1a: Site-Directed Mutagenesis Primers

Gene A%:‘:ngzld Forward Primer Sequence (5°>3’) (1;3 Reverse Primer Sequence (5’>3’) (I?;)
F691L CCATAGCAACAGTATTCYAAAATCAAG 79.84 ACACTGTCAGGACCAATTTACTTGATTT 79.84
TAAATTGGTCCTGACAGTGT TRGAATACTGTTGCTATGG
FLT3 N701K TTTTCTCTTTTACTTCTTAGATACTTGA 78.10 TGTTGCTATGGTGATCTTCTCAAGTATC 78.10
GAAGATCACCATAGCAACA TAAGAAGTAAAAGAGAAAA
D835Y GTTGGAATCACTCATGATATATCGAGC 79.60 GTGACTTTGGATTGGCTCGATATATCAT 79.60
CAATCCAAAGTCAC ) GAGTGATTCCAAC )

Table 1b: Sanger Sequencing Primers

Gene Mutation Forward Primer Sequence (5°>3’) (Ig) Reverse Primer Sequence (5'>3’) (Ig)
FLT3 | F691L/N701K | ACCCACAGACTTCACGGTGCCT 62.13 | TCAGCAGAGAACCAAGCCCTCC 60.31

Supplemental Table 1: List of all site-directed mutagenesis (a) and Sanger sequencing (b)
primers used in this study.

Table 2: Antibodies used in this study

Antibod 9 Antibod Predicted Size
Target Pro duct);# Vendor Clone | Species Dilutiony (kDa)
Phospho-Akt (Ser473) 9271 Cell Signaling Rb 1:1000 60
Akt 9272 Cell Signaling Rb 1:1000 60
PhOSph‘(’}%“rg(’)“ZZ/T“SrAzzf)(E”“/ 2) 9101 Cell Signaling Rb 1:1000 42, 44
p44/42 MAPK (Erk1/2) 9102 Cell Signaling Rb 1:1000 42,44
Phospho-Stat5 (Tyr694) 9351 Cell Signaling Rb 1:250 90
Total Stat5 25656 Cell Signaling D3N2B Rb 1:1000 90
Phospho-FLT3 (Tyr589/591) 3464 Cell Signaling 30D4 Rb 1:1000 160
Total FLT3 3462 Cell Signaling 8F2 Rb 1:1000 130, 160
GAPDH AM4300 Thermo Fisher 6C5 Ms 1:5000 39
IRDye 800CW Goat anti-Rabbit IgG 926-32211 LICOR Rb 1:15000 -
IRDye 680RD Goat anti-Mouse 1gG 926-68070 LICOR Ms 1:15000 -

Supplemental Table 2: List of all antibodies used in this study.
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This paper was submitted for publication shortly after | joined the laboratory. | became a co-author
during the revision process. My main contribution to this work included optimizing and performing
western blots on primary human and mouse bone marrow stroma to show microvesicles
contained FGF2. | also performed trilineage differentiation assays on cultured primary human
bone marrow stroma. Lastly, | assisted in performing several inhibitor studies to test protection of
FGF2 and FL in other cell line models, not all of this data was included in the final manuscript.
The work presented in this chapter provided the context for our investigation of gilteritinib
resistance in chapter 8, especially given the fact that gilteritinib and quizartinib serve as two

unique prototypical examples of type | and Il FLT3 inhibitors, respectively.
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Abstract

Protective signaling from the leukemia microenvironment leads to leukemia cell persistence,
development of resistance, and disease relapse. Here, we demonstrate that fibroblast growth
factor 2 (FGF2) from bone marrow stromal cells is secreted in exosomes, which are subsequently
endocytosed by leukemia cells, and protect leukemia cells from tyrosine kinase inhibitors (TKIs).
Expression of FGF2 and its receptor, FGFR1, are both increased in a subset of stromal cell lines
and primary AML stroma; and increased FGF2/FGFR1 signaling is associated with increased
exosome secretion. FGFR inhibition (or gene silencing) interrupts stromal autocrine growth and
significantly decreases secretion of FGF2-containing exosomes, resulting in less stromal
protection of leukemia cells. Likewise, Fgf2 -/- mice transplanted with retroviral BCR-ABL
leukemia survive significantly longer than their +/+ counterparts when treated with TKI. Thus,
inhibition of FGFR can modulate stromal function, reduce exosome secretion, and may be a

therapeutic option to overcome resistance to TKis.
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Introduction

TKls have revolutionized the treatment of CML and have shown promise in AML, however
development of resistance remains a problem. In CML, resistance develops in a minority of
patients, and is most often caused by resistance mutations. However, some patients still develop
resistance in the absence of known resistance mutations. In contrast, development of resistance
in AML is the norm. Inhibitors of mutated FLT3, present in about 30% of AML patients, are initially
quite efficacious*®. However, resistance to FLT3 kinase inhibitors in AML typically develops within
a few months. In some cases, resistance is cell-intrinsic and due to secondary mutations in the
activating loop of FLT3 that prevent drug binding®®, however, resistance still develops in the
absence of these mutations. Within the marrow microenvironment, leukemia cell survival can be

150, 168, 199

mediated by extrinsic ligands that activate alternative survival pathways and over time

can lead to development of intrinsic resistance mutations®® 3%,

Bone marrow stromal cells provide a supportive structure and secrete cytokines that
contribute to the normal hematopoietic stem cell niche, but can also protect leukemic cells from
therapy ' %", Initial studies into the mechanisms of resistance utilized normal marrow stroma®®,
but the stroma can be altered by leukemia, in a manner similar to development of cancer
associated fibroblasts in solid tumors®*3%°. We found that fibroblast growth factor 2 (FGF2)
expression is increased in marrow stromal cells during tyrosine kinase inhibitor (TKI) therapy and
protects leukemia cells' 197 152.3% EGF2 has also been shown to be essential for stress

397,398 suggesting that leukemia cells can hijack a normal

hematopoiesis after chemotherapy
marrow stress response for their own survival.

Despite its important roles in physiology and pathology, several aspects of FGF2 biology
remain poorly understood. FGF2 does not have a signal peptide and is not secreted through the

canonical secretory pathway. Alternative mechanisms for secretion have been proposed, but how

FGF2 is conveyed between two cells remains unclear®®®4%°, Additionally, while recombinant FGF2
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directly stimulates myeloid colony formation**, there are also reports suggesting that FGF2 can
indirectly regulate hematopoiesis by stimulating stromal cells to produce cytokines*®.

We discovered that FGF2 is largely secreted in extracellular vesicles (ECVs) and exosomes
from bone marrow stromal cells. ECVs are able to protect leukemia cells from the effects of TKI
therapy. Furthermore, autocrine FGF2-FGFR1 activation in marrow stromal cells increases the
secretion of FGF2-laden exosomes, indicating that exosome secretion is regulated in part by
FGF2-FGFR1 signaling. Inhibition of FGFR1 can reverse this protective stroma-leukemia

interaction and restore leukemia cell TKI sensitivity in the marrow niche.
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Results

Stromal cell ECVs protect leukemia cells from TKI therapy

The human stromal cell line HS-5 expresses abundant FGF2, in addition to other soluble
cytokines such as IL-5, IL-8 and HGF*®, and conditioned media (CM) from HS-5 is highly
protective of leukemia cell lines. HS-5 CM was ultracentrifuged at 100,000g to separate soluble
proteins (supernatant, S100) from ECVs and larger macromolecules (pellet, P100). We compared
the protective effect of unfractionated CM, S100, and P100 fractions on the viability of two
leukemia cell lines: MOLM14 (FLT3 ITD* AML) and K562 (CML), in the presence of their
respective TKIs, quizartinib (AC220, a highly selective and potent inhibitor*®*) and imatinib
(Figures 1A and 1B). The protective capacity of the S100 fraction was less than unfractionated
CM, and protection was enriched in the concentrated P100 ECV fraction (Figure 1), indicating
that a substantial protective component of HS-5 CM is mediated by ECVs. A more extensive
profiling of protection is also shown in Supplemental Figure 1.

To determine if ECVs produced by HS-5 cells are internalized by K562 and MOLM14 leukemia
cells, K562 and MOLM14 cells were stained with a green lipophilic tracer (DiO) and incubated
with HS-5 ECVs stained with a red lipophilic tracer (Dil). Analysis by confocal microscopy showed
that ECVs are indeed internalized by leukemia cells, although the exact mechanism of

internalization is still under investigation (Figure 1C and Figure 1 — video 1 and 2).
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Figure 1: Extracellular vesicles (ECVs) secreted by HS-5 cells are internalized by MOLM14
and K562 cells and protect from treatment with AC220 or imatinib, respectively. HS-5
conditioned media (CM) was collected and separated by ultracentrifugation at 100,000g into a
supernatant (S100) and pellet (P100) fraction containing ECVs. These fractions were incubated
with A. K562 cells +/- 1 uM imatinib, or B. MOLM14 cells +/- 10 nM AC220, and viability measured
by MTS assay after 48 hours. Values were normalized to respective untreated condition. All wells
were plated in triplicate and error bars indicate standard deviation. RPMI is the media control. p
values are indicated by *<0.05, **<0.005, and ***=0.0007. C., MOLM14 and K562 cells were
stained with DiO (green) tracer, washed, and immobilized on Poly-D-lysine coated chamber
slides. HS-5 P100 fraction was stained with Dil (red) tracer and added to the cells for a 24-hour
incubation. Slides were stained with DAPI (blue) and imaged by confocal fluorescent microscopy.
A movie of the z-stack images is included in Supplemental data.
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Supplemental Figure 1: Comparison of protection from recombinant FGF2, HS-5 ECVs, and
CM after ECV depletion (-ECV) in both K562 and MOLM14 cells. HS-5 conditioned media (CM)
was collected and separated by ultracentrifugation at 100,000g into ECVs and CM without ECVs
(-ECV). These fractions and RPMI media +/- 10 ng/ml recombinant FGF2 were incubated with A.
K562 cells, or B. MOLM14 cells with the concentrations of inhibitors as shown, and viability
measured by MTS assay after 48 hours. Values were normalized to respective untreated
condition. Ponatinib inhibits FGFRs around 100 nM and midostaurin inhibits FGFRs around 200
nM, and this activity blocks the protection of recombinant FGF2 completely (consistent with our
previous work) and also blocks a portion of the protection of ECVs, which contain FGF2 as well
as other proteins. K562 cells were incubated with media, C. recombinant FGF2 10 ng/ml or D.
HS-5 ECVs and then treated with the indicated inhibitors +/- 1000 nM PD173074 (PD). Viability
was measured by MTS assay after 48 hours and normalized to respective untreated condition.
MOLM14 cells were incubated with media, E) recombinant FGF2 10 ng/ml or F) HS-5 ECVs and
then treated with the indicated inhibitors +/- 1000 nM PD173074 (PD). Viability was measured by
MTS assay after 48 hours and normalized to respective untreated condition. In both cases,
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addition of PD has no effect with just media, but blocks protection by FGF2. PD also partially
blocks protection by HS-5 ECVs, which contain FGF2. Wells were plated in triplicate and error
bars indicate standard deviation.

Figure 1 — Video 1: HS-5 ECVs were stained with Dil (red) and K562 cells were stained with DiO
(green) and incubated for 24 hours at 37°C as described in Materials and methods. Cells were
washed, placed on poly-D-lysine coated chamber slides, and DAPI-stained. Z-stack imaging was
performed on an Olympus IX71 inverted microscope. Video is available online,
https://doi.org/10.7554/eLife.40033

Figure 1 — Video 2: HS-5 ECVs were stained with Dil (red) and MOLM14 cells were stained with
DiO (green) and incubated for 24 hours at 37°C as described in Materials and methods. Cells
were washed, placed on poly-D-lysine coated chamber slides, and DAPI-stained. Z-stack imaging
was performed on an Olympus [X71 inverted microscope. Video is available online,
https://doi.org/10.7554/eLife.40033
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FGF2 is contained in stromal cell ECVs and exosomes

FGF2 is highly expressed in the HS-5 stromal cell line but the related HS-27 expresses little
FGF2 (Figure 2A'%), We analyzed FGF2 in S100 and P100 fractions of both HS-5 and HS-27 by
immunoblot (Figure 2B). Little FGF2 was detected in the soluble protein fraction (S100), but
FGF2 was enriched in ECVs (P100). Washing the ultracentrifuge tube with detergent liberated
even more FGF2 (detergent wash P100), due to ECVs adhering to the ultracentrifuge tube. To
compare FGF2 to other soluble cytokines, HS-5 CM was ultracentrifuged into S100 and ECVs,
cytokines quantified by Luminex multiplex assay, and normalized to unfractionated CM (Figure
2C). Pelleted ECVs were resuspended in 10% of the original CM volume, and the P100 bars in
Figure 2B thus represent a 10-fold enrichment, although as shown in Figure 2B not all ECVs can
be liberated from the ultracentrifuge tube. FGF2 was uniquely enriched in ECVs, whereas soluble
cytokines such as stem cell factor, interleukin (IL)-6, IL-8, etc. were found primarily in the S100
fraction.

HS-5 ECVs were further separated into microvesicles, exosomes, and insoluble extracellular
matrix proteins (ECM) using a sucrose step-gradient to separate by density. FGF2 and cell
compartment-specific molecular markers were probed by immunoblot (Figure 2D). FGF2 was
most highly enriched in the 15-30% sucrose interface, which also contained the exosome-specific
markers CD9 and tsg101. Markers of nuclear (lamin A/C), endoplasmic reticulum (calreticulin)
and mitochondria (Bcl-XL) were located in the 45-60% interface containing larger microvesicles
and apoptotic bodies.

To determine if FGF2 was bound to the outside of ECVS, or contained within ECVs,
proteinase K was used to digest proteins not enclosed by lipid membrane. Recombinant FGF2,
HS-5 or HS-27 ECVs, and intact HS-5 cells were incubated with proteinase K and probed for
FGF2 by immunoblot (Figure 2E). Recombinant FGF2 was completely degraded by proteinase

K (* indicates degraded fragments) but intact FGF2 was detected in both HS-5 ECVs and control

172



HS-5 cells. We repeated this experiment using purified HS-5 exosomes and again observed that
a fraction of FGF2 was protected from digestion (Figure 2F). Addition of 0.1% Triton X-100
disrupted the lipid membrane and resulted in complete digestion of all protein. We found a similar
digestion pattern with the exosomal transmembrane proteins CD9 and tsg101. We conclude that
FGF2 is contained within ECVs and exosomes, however we cannot exclude that FGF2 may also
be on the surface since partial FGF2 degradation was noted in intact HS-5 cells, ECVs and

purified exosomes (Figures 2E-F).
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Figure 2: FGF2 is enriched in exosomes from HS-5 bone marrow stromal cells. A.
Immunoblot of FGFR1, FGF2 and actin in HS-5 and HS-27 whole cell lysates. B. HS-5 and HS-
27 CM was ultracentrifuged at 100,000g for 2 hours at 4 degrees C. CM, soluble protein (S100),
and ECV (P100) fractions were collected and analyzed by immunoblot, using 10, 50, and 100
ng/ml recombinant FGF2 for comparison. The ultracentrifuge tube was also washed with

174



detergent to remove adherent ECVs and material (detergent wash P100). C. HS-5 CM, S100 and
P100 fractions (concentrated ~10 fold compared to HS-5 CM) were solubilized in 0.1% NP-40
and analyzed by cytokine multiplex ELISA (Luminex). The S100 and P100 fractions were
normalized to CM. D. The HS-5 P100 fraction (starting material, or SM) was further fractionated
on a sucrose step-gradient. Sucrose layer interfaces (0-7.5%, 7.5-15%, 15-30%, 30-45%, and
45%-pellet) were collected, lysed and analyzed by immunoblot with antibodies against the
exosomal markers CD9 and tsg101; FGF2; and cytoplasmic marker actin. E. HS-5 and HS-27
ECVs (P100), recombinant FGF2, and HS-5 cells were exposed to proteinase K and analyzed by
immunoblot (top panel). F. HS-5 exosomes were isolated by sucrose step-gradient (see panel D)
and then exposed to proteinase K with or without detergent (0.1% Triton X-100, used to dissolve
the lipid membrane). Samples were subjected to immunoblot analysis using antibodies against
tsg101, CD9 and FGF2. The * indicates degraded FGF2 after partial proteinase K digestion.
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HS-5 stromal cells overproduce ECVs

Since HS-5 CM is more protective than HS-27 CM%® %6392 we suspected that ECVs may be
more numerous in HS-5 CM. We chose several orthogonal methods to quantify vesicles in CM.
First, we used nanoparticle tracking analysis to quantify and compare HS-5 and HS-27 ECVs
(Figure 3A). In parallel, we employed the Virocyt Virus Counter, a flow cytometry-based
technique developed to detect viruses, which also works well to quantify ECVs (Figure 3B). As a
gold standard, negative stain transmission electron microscopy of purified HS-5 and HS-27
exosomes was also used to image and quantify exosomes by counting (30-100 nm diameter with
cup-shape appearance characteristic for exosomes, Figure 3C). Finally, we used sucrose step-
gradient fractionation of HS-5 and HS-27 ECVs to compare cell compartment and exosome-
specific markers by immunoblot (Figure 3D). Exosomes layer primarily at the 15-30% sucrose
interface as indicated by exosomal markers CD9 and tsg-101, and are increased in HS-5 cells
compared to HS-27. Interestingly the receptor for FGF2, FGFR1, was also found to localize
preferentially with HS-5 exosomes. With all methods, we consistently observed greater than two-
fold excess of vesicles produced by HS-5 compared to HS-27 cells (Supplemental Figure 2 for

additional data).
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Figure 3: HS-5 cells secrete more exosomes than HS-27 cells. Equal numbers of HS-5 and
HS-27 cells were plated in RPMI with exosome-depleted FBS for 24 hours. The ECVs were
pelleted by ultracentrifugation at 100,000g for 2 hours at 4 degrees C and resuspended in PBS.
ECVs were quantified by A. Nanosight, a nanovesicle tracking analysis, B. Virocyt Virus Counter,
a proprietary flow cytometry using fluorescent dyes that stain both nucleic acid and protein, or C.
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transmission electron microscopy. D. HS-5 and HS-27 exosomes were collected by sucrose-step
gradient and analyzed by transmission electron microscopy. Vesicles were quantified by counting
in three 2x2um areas per sample. All experiments were done in triplicate, error bars represent
standard deviation, p values are indicated by *<0.05, **<0.005. HS-5 and HS-27 ECVs (P100)
were obtained by ultracentrifugation (starting material, or SM), and the exosome fraction was
further purified by a sucrose step-gradient. Sucrose layer interfaces (0-7.5%, 7.5-15%, 15-30%,
30-45%, and 45%-pellet) were collected, lysed and analyzed by immunoblot. Blots were probed
with antibodies against exosomal markers CD9 and tsg101; cell compartment markers:
fibronectin, lamin A/C, BCL-XL; as well as FGFR1 and FGF2. The lanes with highest enrichment
for CD9 and tsg-101, indicating exosomes, are marked below.
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Supplemental Figure 2: Methods for exosome quantification and further evaluation of
microvesicle populations. A. CM fractionated by sucrose density gradient assessed for
microvesicles by nanoparticle tracking analysis (Nanosight). B. Fractions assessed by flow
cytometry optimized for virus particles (Virocyt). C. Transmission electron microscopy of sucrose
fractions showing microvesicle size difference between 15-30% and 30-45% fractions. D.
Fractions dyed with fluorescent tracer and analyzed by flow cytometry. Size distribution of two
different fractions shown relative to 200nm beads.
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FGF2-FGFR1 signaling promotes stromal growth and paracrine protection of leukemia

FGF2 is an autocrine signaling protein for stroma, but recombinant FGF2 also mediates
paracrine protection of leukemia cells'® ' Thus, there are two potential mechanisms by which
FGFR inhibition can attenuate protection of leukemia cells in the marrow microenvironment: 1)
FGFR inhibitors block FGF2-mediated paracrine protection at the leukemia cells; and/or 2) FGFR
inhibitors interrupt stromal FGF2-FGFR1 autocrine signaling to reduce secretion of protective
FGF2-containing exosomes. To compare the relative effect of FGFR inhibition on autocrine and
paracrine signaling, HS-5 cells were pre-treated with the FGFR inhibitor PD173074%% 4% for one
week prior to collection of CM. CM collected from HS-5 cells pre-treated with PD173074 was
significantly less protective than CM from an equal number of untreated HS-5 cells (Figure 4A),
providing evidence that interruption of FGF2-FGFR1 signaling affects subsequent protection of
leukemia cells. In contrast, addition of PD173074 to untreated HS-5 CM only modestly attenuated
protection of MOLM14 cells. We found similar results with K562 cells exposed to imatinib
(Supplemental Figure 3). Purified ECVs from HS-5 CM, which are enriched in FGF2, were more
sensitive to FGFR inhibition (Supplemental Figure 1), however pre-treatment of HS-5 cells with
PD173074 still had the greatest absolute reduction in protection. These results indicate that FGFR
inhibitors overcome protection of leukemia cells primarily by directly altering secretion of FGF2-
expressing stromal cells, making them significantly less protective.

To further evaluate the effects of FGFR inhibition in stromal cells, HS-5 cells were evaluated
for viability, morphology, and growth using HS-27 cells as comparison (low FGF2). HS-5 or HS-
27 cells had little reduction in cell viability after 72-hour treatment with PD173074 (Figure 4B),
however HS-5 growth slowed dramatically over 15 days (Figure 4C). HS-5 cells exposed to
PD173074 changed morphology and became less refractile, larger, and more adherent (Figure
4D). Cell size was quantified using CellProfiler software and PD173074 significantly increased

HS-5 cell size (Figure 4E).
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To evaluate FGF2 and FGFR1 expression in primary leukemia stroma, bone marrow aspirates
from a series of leukemia patients were cultured ex vivo and FGF2 and FGFR1-4 expression
quantified by RT-PCR (Figure 4F). FGFR1 and FGF2 transcripts were the most highly expressed
in primary stroma, and there was a strong positive correlation between FGFR1 and FGF2
expression (Figure 4G, r? = 0.5683 and p<0.0001 on nonparametric correlation). This indicates
that FGF2 and FGFR1 expression are coordinately regulated in primary marrow stromal cells
consistent with activation of an FGF2-FGFR1 autocrine loop. There were 9 stromal cultures from
AML patients with FLT3 ITD (indicated with red dots), but most of them were newly diagnosed,
and based upon our previous data we would not expect increased expression of FGF2'%. Similar
to our observations in cell lines described above, we also detected FGFR1 and FGF2 in ECVs
derived from primary marrow stromal cultures (Supplemental Figure 4). However, primary
marrow stromal cells grow slowly and produce smaller amounts of ECVs, so we were unable to
evaluate the effect of FGFR inhibitors on cell morphology, growth, and ECV production with
primary marrow stromal cells. Additional characterization of primary stromal cultures is contained

in Supplemental Figure 5.
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Figure 4: FGF2 is an autocrine growth factor in bone marrow stromal cells, and FGFR
inhibition attenuates growth. A. HS-5 cells were cultured in media +/- 250 nM PD173074 for
one week and then equal numbers of cells were replated for comparison. After adhesion, the cells
cultured in PD173074 were washed and fresh media added to collect CM. MOLM14 cells were
resuspended in media, untreated HS-5 CM, and PD pre-treated HS-5 CM and treated with +/- 10
nM AC220 and +/- 250 nM PD173074. Viability was measured by MTS assay after 72 hours and
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values were normalized to the relevant UT control. Error bars represent standard deviation, p
values are indicated by *<0.05, **<0.005, and ***=0.0007. B. HS-5 and HS-27 cells were plated
in triplicate on 96 well plates in a gradient of FGFR inhibitor PD173074. Proliferation was
measured using MTS reagent after 72 hours. Error bars indicate standard deviation. C. HS-5 and
HS-27 cells were incubated media +/- 250 nM PD173074 (PD). The number of viable cells was
measured with Guava ViaCount every 3 days over a 15-day period. Fresh media and PD173074
was added every 3 days. D. HS-5 and HS-27 cells were incubated in media +/- 1 yM PD173074
for 1 week. Brightfield microscopy images were obtained using a 10X objective. E. HS-5 cells
were incubated in 4-well glass chamber slides in media +/- 250 nM PD173074 (PD). Cells were
stained with lipophilic tracer Dil for 24 hours, fixed, then nuclei stained with DAPI.
Immunofluorescent images were analyzed with CellProfiler software to determine cell size (um?)
and number of cells for each size range was binned and graphically displayed. PD173074 had no
effect on HS-27 growth, morphology or size (CellProfiler data not shown), consistent with an on-
target FGFR effect. F. Ex vivo cultured primary bone marrow stromal cells from a series of
leukemia patients (n=42) were lysed for RNA extraction and cDNA synthesis. Tagman qPCR
analysis was performed using FGFR1, FGFR2, FGFR3, FGFR4, and FGF2 Tagman primer
assays and expression plotted (n=42 for each except FGFR4 which is n=41 due to failed PCR for
one sample). G. FGFR1 and FGF2 qPCR values (2*-ACT) were plotted against each other. There
were 9 AML patients with FLT3 ITD (most newly diagnosed) and these patients are indicated with
red dots. Linear regression produced a line fit with ’=0.5683 and slope significantly non-zero with
p<0.0001.
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Supplemental Figure 3: Pre-treatment of HS-5 stromal cells with FGFR inhibitor reduces
protective properties of HS-5 CM when added to K562 cells exposed to imatinib. A. HS-5
cells were cultured in media +/- 250 nM PD173074 for one week and then equal numbers of cells
were replated for comparison. After adhesion, the cells cultured in PD173074 were washed and
fresh media added to collect CM. K562 cells were resuspended in media, untreated HS-5 CM,
and PD pre-treated HS-5 CM and treated with +/- 1 uM imatinib and +/- 250 nM PD173074. B.
Viability was measured by MTS assay after 72 hours and values were normalized to the relevant
UT control. Error bars represent standard deviation, p values are indicated by *<0.05, **<0.005,
and ***=0.0007.
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Supplemental Figure 4: Cultures of primary human and mouse bone marrow stroma
produce microvesicles containing FGF2. Conditioned medium was collected from cultured
human bone marrow stroma. Samples were ultracentrifuged and pellets were lysed with 78 uL of
Cell Lysis Buffer (Cell Signaling Technologies Inc., Danvers, MA) containing a Complete Mini
Protease Inhibitor Cocktail Tablet, Phosphatase Inhibitor Cocktail 2, and Phenylmethanesulfonyl
Fluoride (PMSF) solution (Sigma-Aldrich Inc., St Louis, MO) and clarified by centrifugation at
14,000 g, 4°C for 15 minutes. All samples were loaded on NuUPAGE 4-12% Bis-Tris gradient gels,
ran in MES buffer (Thermo Fisher Scientific Inc., Waltham, MA), transferred on Immobilon-FL
PVDF membranes (Millipore Inc., Billerica, MA), and blocked overnight at 4°C. Following
overnight incubation, membranes were incubated with the following primary antibodies: anti-
FGFR1, anti-FGF2, anti-CD63, anti-CD9, and anti-actin (Supplemental File) overnight at 4°C. The
following day membranes were washed and probed with fluorescent IRDye 800CW goat anti-
rabbit IgG and IRDye 680RD Goat anti-mouse IgG antibodies (Supplemental File). The
membranes were imaged with the Odyssey Infrared Imaging System (LI-COR Biosciences).
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Supplemental Figure 5: Cultured primary human bone marrow stroma exhibits trilineage
differentiation. Mesenchymal stromal cells at passage 4 were differentiated into adipocytes,
osteocytes, and chondrocytes using the Human Mesenchymal Stem Cell Functional Identification
Kit (R&D Systems Inc., Minneapolis, MN) according to the manufacturer’s instructions. Cells were
cultured for 40 days with induction medium replaced every three days. On day 40 of induction,
the cultures were washed with PBS and fixed for 20 min in 4% buffered paraformaldehyde at
room temperature. The presence of adipogenic cells was confirmed with oil-red-o staining and
immunofluorescence staining for fatty acid binding protein (FABP). Osteogenesis was assessed
with alizarin red staining and immunofluorescence staining for osteocalcin. For chondrogenic
pellets, upon fixing, pellets were cryosectioned at a thickness of 5um and stained for aggrecan
using immunofluorescence.
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FGFR inhibition decreases stromal cell production of exosomes

Since FGFR inhibition attenuates HS-5 growth and morphology, we hypothesized that it might
also reduce secretion of ECVs. HS-5 cells exposed to graded concentrations of PD173074 and
BGJ398 had a dose-dependent decrease in ECVs measured by Virocyt Virus Counter (Figure
5A — B). Notably, there was a significant decrease in vesicle number as early as 6 hours after
drug exposure (Supplemental Figure 6), suggesting that FGFR inhibition directly affects vesicle
production or release. ECVs were also collected from HS-5 and HS-27 cells exposed to
PD173074 and analyzed by immunoblot. PD173074 reduced the exosome markers tsg101 and
CD9 (and FGF2) but had no effect on ECV production from HS-27 cells (Figure 5C, similar results
with BGJ398 shown in Supplemental Figure 6). Scanning electron microscopy of HS-5 cells
revealed abundant budding membrane, whereas the surface of PD173074-exposed cells was
smoother, implicating a change in membrane dynamics (Supplemental Figure 7). To evaluate
exosome secretion specifically, sucrose step-gradient fractionation was performed on ECVs from
untreated and PD173074 treated HS-5 cells. PD173074 reduced exosomal markers CD9, tsg101,

and FGF2 in the expected 15-30% interface fraction (Figure 5D).

186



A ECVs by Virocyt B ECVs by Virocyt
’(’T 25 b } * - { m - : *% :
_%_j é 4.0 |_||**—|
= O
c 2.0 l s i il
Q. a 3.0
°°O ©
= Z 20
S 1.01 5
Q o
© O 10
S 0.5 1 |;|;| | | % :
= h=
E 0.0 T T T T S 0.0 T T T T
UT 100 250 500 Ut 100 250 500
PD173074 [nM] BGJ398 [nM]
HS-5 HS-27
uTt PD uT PD
tsg101 -
CDO | — e —
[ -
FGF2 | -
- —
untreated PD-173074

SM 0-15% 15-30% 30-45% 45-60% Pellet SM 0-15% 15-30% 30-45% 45-60% Pellet
CD9 *— - e

tsg101h ~ —

FGFR1

-
FGF2 | .

Figure 5: FGFR inhibition decreases exosome production in FGF2-expressing stroma. HS-
5 cells were exposed to a gradient of the FGFR inhibitors A. PD173074 and B. BGJ-398 for 48
hours prior to collecting CM. ECVs were pelleted by ultracentrifugation at 100,000g and quantified
by Virocyt Virus Counter. Error bars indicate standard deviation and p values are indicated by
*<0.05. C. HS-5 and HS-27 cells were incubated in media +/- 1 uM PD173074 for 72 hours prior
to collecting ECVs. ECVs were analyzed by immunoblot for FGF2. The exosome markers CD9
and tsg101 are also shown. D. HS-5 cells were plated in media +/- 1 yM PD173074 for 72 hours.
P100 fractions were obtained by ultracentrifugation, and further fractionated on a sucrose step-
gradient. The interfaces (0-7.5%, 7.5-15%, 15-30%, 30-45%, and 45%-pellet) were collected,
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lysed and processed by immunoblot with antibodies against the exosomal markers CD9 and
tsg101 as well as FGFR1 and FGF2.
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Supplemental Figure 6: FGFR inhibition reduces HS-5 cell exosome secretion. A. HS-5 cells
were exposed to 500 nM PD173074 (PD) for 2, 4 and 6 hours before collection of CM and ECVs
as previously described. ECVs were quantified by Virocyt. Results obtained in triplicate. Error
bars indicates standard deviation. ** p<0.005 B. HS-5 cells were exposed to a gradient of BGJ-
398 for 72 hours before isolation of ECVs from CM. ECVs were lysed and run on immunoblot to
demonstrate reduction in exosome markers (CD9 and tsg-101).
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Supplemental Figure 7: Scanning electron microscopy of HS-5 cells shows altered
membrane dynamics after FGFR inhibition. Cells grown on coverslips were fixed with 2%
paraformaldehyde and 1% glutaraldehyde (Ted Pella Inc., Redding, CA, USA) in phosphate
buffered saline for at least one hour. Following three rinses in phosphate buffered saline, the
samples were immersed in 1% osmium tetroxide in phosphate buffered saline for one hour at
room temperature. Following three buffer rinses, the samples were rinsed once in ddH20 before
entering an ascending ethanol gradient, incubating for ten minutes in each mixture of
ethanol:ddH20 (50%, 75%, to 95% ethanol). After two incubations in 100% ethanol the samples
were critical point dried (Tousimis Samdri CPD, Rockville, MD, USA). Dried coverslips were
mounted on aluminum stubs with carbon tape and silver paint and then sputter coated with 6-10
nm of gold-palladium (Hummer Sputter System, Anatech USA, Hayward, CA, USA). The samples
were imaged on a FEI Helios Nanolab 660 (FEI Inc., Hillsboro, OR). Images were collected with
the Elstar in-lens TLD detector or the Everhart-Thornley Detector at 1 kV accelerating voltage.
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Genetic knock-down of FGFR1 or FGF2 attenuates exosome production

To confirm that decreased exosome secretion is specific for FGFR1 inhibition, HS-5 cells were
stably transfected with either a GFP-expressing lentivirus control vector (GIPZ), or doxycycline-
induced shRNA targeting FGFR1. FGFR1 silencing led to a significant reduction in ECVs (Figure
6C). Similar results were obtained with siRNA targeting FGFR1 (Supplemental Figure 8). siRNA
and shRNA constructs targeting FGF2 did not achieve reliable silencing of FGF2. HS-5
CRISPR/Cas9 knockout of FGFR1 and FGF2 in HS-5 cells were generated, however genetic
silencing prevented continued growth. Multiple attempts to make stable deleted cell lines were
unsuccessful, likely due to the importance of FGF2-FGFR1 signaling for HS-5 self-renewal and
growth®®4%_ That being said, ECVs collected shortly after CRISPR/CAS9 treatment, which
resulted in partial silencing of FGF2 or FGFR1, both demonstrated decreased ECVs by
immunoblot and reduced protection of MOLM14 cells (Supplemental Figure 9). To test the role
of FGF2 in ECV production in primary cells, equal numbers of murine stromal cells from Fgf2 +/+
and -/- mice (Fgf2tm1Doe'**) were treated with PD173074 and ECVs quantified by Virocyt (Figure
6D). Fgf2 +/+ stromal cells secreted significantly more ECVs than -/-, and PD173074 only reduced
ECV secretion in +/+ stroma. ECVs from Fgf2 +/+ and -/- mice were also analyzed by immunoblot

with similar reduction in ECV proteins from Fgf2 -/- stroma (Figure 6E).
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Figure 6: Genetic silencing of FGFR1 or deletion of FGF2 attenuates exosome secretion. A
doxycycline-inducible lentiviral shRNA targeting FGFR1 was used to create a stable HS-5 cell
line. The cells were then treated with doxycycline to induce FGFR1 silencing and compared to a
GIPZ lentiviral control. A. Silencing of FGFR1 expression is shown by immunoblot of cell lysates.
ECVs from doxycycline-treated cells were analyzed by B. immunoblot or C. Virocyt Virus Counter.
*p<0.05. D. Bone marrow was isolated from Fgf2 +/+ and -/- mice and cultured ex vivo to grow
adherent marrow stroma. Equal numbers of cells were then plated, CM collected for 72 hours,
and then ultracentrifuged to collect ECVs. The ECVs were quantified by Virocyt. *p<0.05. E. Equal
number of cultured marrow cells from Fgf2 +/+ and -/- mice were plated and then ECVs collected
by ultracentrifugation and analyzed by immunoblot.
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Supplemental Figure 8: Genetic silencing of FGFR1 by siRNA reduces exosome secretion
and protection capacity of HS-5 stromal cells. FGFR1 siRNA pool was purchased from
Thermo Fisher Scientific Dharmacon RNAi Technologies (Waltham, MA, USA). HS-5 cells were
transfected with siRNAs using Lipofectamine 2000 reagent purchased from Thermo Fisher
Scientific (Grand Island, NY, USA), according to manufacturer’s protocol. After 72 hours, cells
were harvested, and cells and CM collected for analysis. siRNA effectively silences of FGFR1 in
cells and leads to reduction in ECVs by A. immunoblot and B. Virocyt analysis.
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Supplemental Figure 9: Genetic silencing of FGFR1 by CRISPR/CAS9 reduces exosome
secretion and protection capacity of HS-5 stromal cells. A. FGFR1 and FGF2 genes were
knocked out in HS-5 cells by lentiviral CRISPR-Cas9 genome editing. Each gene was targeted
with two single guide RNA sequences (labeled 1, 2 and whole cell lysates were analyzed by
immunoblot to demonstrate gene silencing. However, once FGF2 and FGFR1 were genetically
mutated, the HS-5 cells were unable to continue to grow, so we were only able to analyze the cell
lines for a short time after CRISPR/CAS9 treatment, which initially results in a partial genetic
silencing as demonstrated in panel A. Constructs selected for subsequent experiments are
indicated in bold. B. ECVs from control HS-5 cells and CRISPR/Cas9 HS-5 cells were analyzed
by immunoblot with antibodies against FGFR1, tsg101, CD9, FGF2, and actin. C. CM was
harvested from HS-5 cells, FGFR1 CRISPR/Cas9 HS-5 cells, and FGF2 CRISPR/Cas9 HS-5
cells after 72 hours. MOLM14 cells were plated in 96 well plates in 10nM AC220 and media alone
or with serial dilutions of CM. Proliferation was measured using MTS reagent after 48 hours. D.
CM was harvested from HS-5 cells, FGFR1 CRISPR/Cas9 HS-5 cells, and FGF2 CRISPR/Cas9
HS-5 cells after 72 hours. MOLM14 cells were plated in 96 well plates in media alone or CM and
then graded concentrations of quizartinib (AC220). Proliferation was measured using MTS
reagent after 48 hours. Error bars indicate standard deviation. All experiments were done in
triplicate and p values are indicated by *<0.05, **<0.005, ***=0.0007.
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Fgf2 -/- stroma produces fewer exosomes and is less protective of BCR-ABL leukemia

To test the role of stromal Fgf2 in an in vivo leukemia model, bone marrow from Fgf2 +/+ mice
was retrovirally transfected with BCR-ABL containing GFP as a marker®*® and used to transplant
lethally irradiated FGF2 +/+ and -/- mice. This induces a very aggressive disease in mice that is
more akin to AML than CML, and TKis are only effective for a limited duration. Mice were treated
with nilotinib 75 mg/kg/day by oral gavage starting on day 14 post-transplant. Mice that were
found to have aplastic marrow (unsuccessful transplantation) were excluded from analysis since
their death was not related to leukemia (4 mice in the Fgf2 +/+ untreated group, 1 mouse in the
Fgf2 -/- untreated group, 2 mice in the Fgf2 +/+ nilotinib group, and 2 mice in the Fgf2 -/- nilotinib
group). The survival curves of the remaining mice are shown in Figure 7A. The cohorts of
untreated Fgf2 +/+ and -/- both died rapidly from disease, as expected. Nilotinib significantly
increased survival of Fgf2 +/+ and -/- mice compared to untreated mice, but the survival of the
nilotinib-treated Fgf2 -/- was also significantly longer than their Fgf2 +/+ counterparts. To ensure
equal engraftment of disease in both backgrounds, the blood and bone marrow was analyzed for
GFP and found to be similar in both Fgf2 +/+ and -/- mice at time of death (Figure 7B and
Supplemental Figure 10), suggesting that nilotinib was more effective at attenuating disease
progression of BCR-ABL leukemia cells in an Fgf2 -/- microenvironment. To directly evaluate the
protective effect of ECVs on leukemia progenitor cells, ECVs were isolated from equal numbers
of +/+ and -/- primary marrow stromal cells cultured with and without PD173074 treatment. Then,
bone marrow from +/+ mice was retrovirally transfected with BCR-ABL and incubated with the
ECVs overnight. The cells were washed, plated in methylcellulose with and without imatinib, and
colonies counted after 8 days. Imatinib significantly reduced colony formation without ECVs, but
ECVs from +/+ stroma almost completely reversed the inhibitory effects of imatinib (Figure 7C).
ECVs from PD173074-treated +/+ stroma or -/- stroma were not as protective, suggesting that

Fgf2 +/+ stroma more effectively protects BCR-ABL leukemia cells from the effects of kinase
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inhibition through secretion of protective exosomes. We confirmed the presence of Fgf2 in
microvesicles isolated from cultured Fgf2 +/+ mouse stroma (Figure 6). To confirm that ECVs
can be endocytosed by primary cells, lineage-negative hematopoietic progenitor cells were
isolated from Fgf2 +/+ mice and stained with a green lipophilic tracer (DiO) and incubated with
ECVs from Fgf2 +/+ or Fgf2 -/- stromal cells stained with a red lipophilic tracer (Dil). Confocal
microscopy confirmed internalization of fluorescently labeled primary stromal ECVs by murine

progenitor cells (Figure 7D and Figure 7 — Videos 1 and 2).
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Figure 7: Fgf2 -/- mice survive significantly longer with TKI therapy in a murine BCR-ABL
leukemia model. Fgf2 +/+ bone marrow was removed from donor mice and spinoculated with
pMIG BCR-ABL retrovirus containing an IRES-GFP marker. The transfected bone marrow was
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then transplanted into lethally irradiated Fgf2 +/+ or -/- recipients. Mice were treated with 75
mg/kg/day nilotinib by oral gavage starting on day 11 of transplant. A. Survival curves of untreated
and nilotinib-treated Fgf2 +/+ and -/- mice. B. GFP in peripheral blood was evaluated weekly and
at time of euthanasia to quantify disease burden. The average GFP (percent of nucleated cells)
is shown and did not differ significantly between groups indicating that all animals developed
similar disease burden. Error bars indicate standard deviation. C. Bone marrow cells from Fgf2
+/+ mice were spinoculated with pMIG BCR-ABL retrovirus containing GFP-IRES. The cells were
then incubated with ECVs obtained from Fgf2 +/+ and -/- primary stroma cultured alone or with
500 nM PD173074. The next day the incubated cells were washed three times to remove
cytokines and exosomes and plated in cytokine-free methylcellulose +/- imatinib. After 8 days,
colonies were counted and normalized to untreated condition. Graph shown on right. Error bars
indicate standard error of the mean. *p<0.5 and **p<0.05. D. Lineage-negative bone marrow cells
were isolated from Fgf2 +/+ mice and cells were stained with DiO (green) tracer, washed, and
immobilized on Poly-D-lysine coated chamber slides. ECVs from bone marrow stroma of Fgf2 +/+
or -/- mice were stained with Dil (red) tracer and added to the cells for a 24-hour incubation. Slides
were stained with DAPI (blue) and imaged by confocal fluorescent microscopy. Movie of the z-
stack images are included as Figure 7-video 1 and 2. E. Model of bone marrow stromal FGF2
autocrine signaling and paracrine protection of leukemia cells by FGF2-containing exosomes.
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Supplemental Figure 10: Fgf2 +/+ and -/- mice demonstrate engraftment of leukemia by
immunohistochemistry (IHC) of GFP. Fgf2 +/+ marrow was removed from donor mice and
spinoculated with pMIG BCR-ABL retrovirus containing an IRES-GFP marker. The transfected
marrow was then transplanted into lethally irradiated Fgf2 +/+ or -/- recipients. Mice were treated
with 75 mg/kg/day nilotinib by oral gavage starting on day 11 of transplant. Lungs, spleens, and
femurs were collected for analysis by hematoxylin and eosin staining and IHC for GFP as
previously described'® 7. A) IHC of GFP in marrows of representative mice to demonstrate
engraftment of leukemia. B) GFP in peripheral blood was evaluated weekly and at time of
euthanasia to quantify disease burden. The average GFP (percent of nucleated cells) at time of
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euthanasia is shown and did not differ significantly between groups indicating that all animals
developed similar disease burden prior to death. Error bars indicate standard deviation. C)
lllustration of patient tissue analysis using the Aperio ScanScope CS Slide Scanner. Bone marrow
tissue selected for analysis showing results of analysis using the membrane-v9 algorithm.

Figure 7 — Video 1: ECVs collected from Fgf2 +/+ primary marrow stromal cell cultures were
stained with Dil (red) and lineage-depleted hematopoietic cells from Fgf2 +/+ marrow were stained
with DiO (green) and incubated for 24 hours at 37°C as described in Materials and methods. Cells
were washed, placed on poly-D-lysine coated chamber slides, and DAPI-stained. Z-stack imaging
was performed on an Olympus [X71 inverted microscope. Video is available online,
https://doi.org/10.7554/eLife.40033

Figure 7 — Video 2: ECVs collected from Fgf2 -/- primary marrow stromal cell cultures were
stained with Dil (red) and lineage-depleted hematopoietic cells from Fgf2 +/+ marrow were stained
with DiO (green) and incubated for 24 hours at 37°C as described in Materials and methods. Cells
were washed, placed on poly-D-lysine coated chamber slides, and DAPI-stained. Z-stack imaging
was performed on an Olympus [X71 inverted microscope. Video is available online,
https://doi.org/10.7554/eLife.40033
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Discussion

The normal hematopoietic microenvironment is altered by leukemia, and can protect leukemia
cells from the effects of both chemotherapy and targeted kinase inhibitors'® 106: 107. 410 ynti|
recently, stromal protection of leukemia cells was thought to be largely mediated by secreted
cytokines or through direct contact (review®®). Here, we show that exosomes from bone marrow
stromal cells are transferred to leukemia cells, and protect them from kinase inhibitors. Exosomes
have previously been identified as important mediators of malignancy, including recent reports of
leukemia exosomes modulating marrow stroma>** 4413 We found that the reciprocal transfer
also occurs, and that marrow stromal exosomes efficiently protect leukemia cells from targeted
kinase inhibitors. Along with recent reports that entire mitochondria are transferred between

stromal cells and leukemia cells during therapy*'* 41°

, our data adds to an increasingly complex
and intimate relationship between marrow stromal cells and leukemia cells. Indeed, it is almost
hard to imagine the leukemia cell in the niche as a separate entity given the direct exchange of
organelles, ECVS, cell-cell signaling, and secreted cytokine signaling between stromal and
leukemia cells. A better understanding of this relationship is important to develop better ways to
eradicate leukemia cells and cure more patients.

Isolated reports have previously suggested that FGF2 is contained in ECVs*'®#'® but FGF2
has also been reported to self-assemble into a pore-like structure on the cell membrane and
mediate its own translocation with the help of extracellular heparan sulfate®*® 4. Compared to
other soluble secreted cytokines, FGF2 was uniquely enriched in ECVs and exosomes (Figure
2), suggesting that from marrow stromal cells secretion in ECVs is the primary mechanism of
FGF2 paracrine signaling. Since FGFR1 is also found on exosomes (Figure 3D), the FGF2-

FGFR1 interaction on exosomes may play a direct role in loading FGF2 in exosomes and/or

regulate secretion. FGFR inhibitors also increase the amount of FGFR1 protein in stromal cells
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as measured by immunoblot, consistent with a role in receptor cycling and/or reduced secretion
in exosomes.

Similar to our observations, epidermal growth factor receptor has been shown to be secreted
on ECVs, and secretion is increased after ligand stimulation*'® #°, Likewise, overexpression of
oncogenic HER2 in breast cancer cell lines resulted in qualitative differences in microvesicle

content*®

, suggesting a role for activated receptor tyrosine kinases in exosome production and
secretion. Receptor-mediated endocytosis is the first step of exosome biogenesis*?!, suggesting
that inhibitors of receptor tyrosine kinases may act at this step. How FGFR1 is positioned in the
exosome membrane (inside or out), how FGF2 binds FGFR1 in exosomes, and how exosomal
FGF2 activates FGFR1 in leukemia cells, are areas of active investigation.

FGF2 has been previously implicated in hematologic malignancy progression and
development of resistance*?* “%, Elevated levels of FGF2 have previously been measured in the
serum of CML and AML patients*** “?°  as well as in the bone marrow of AML patients, where it
was reported to function as an autocrine promotor of proliferation*?. We found that FGF2
expression was increased in CML and AML stroma during the development of resistance to
kinase inhibitors, indicating that FGF2 expression is a regulated autocrine growth factor for
stroma'®. This is consistent with the role of FGF2-FGFR1 autocrine expansion of stroma in

stress-induced hematopoiesis®®": 3%

and suggests that leukemia cells are able to hijack the FGF2
stress response for survival. The regulation of FGF2-FGFR1 signaling is also supported by the
positive correlation in expression of both FGF2 and FGFR1 in a subset of primary AML marrow
samples (Figure 4G), indicating that this pathway can be selectively activated. FGFR inhibitors
not only inhibit autocrine growth of stroma, but reduce exosome secretion and significantly alter
the protective ability of stromal cells (Figures 4A and 7). Since exosomes contain a complex
mixture of proteins, cytokines, lipids and microRNAs (all of which potentially contribute to
leukemia cell protection), inhibiting secretion of exosomes is a promising approach to blunting this

complex mechanism of resistance.
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In summary, FGF2 is a regulated autocrine growth factor for marrow stroma that is important

in reprogramming the marrow stroma during development of resistance to TKls. FGF2-FGFR1

activation in marrow stroma leads to increased secretion of exosomes, which are protective of

leukemia cells in both in vitro and in vivo models. Given the inevitable development of clinical

resistance to TKls (FLT3 ITD AML in particular), addition of FGFR inhibitors to directly modulate

the leukemia niche is a promising approach to improve the durability of response.

Materials & Methods

Key Resources Table

Reagent type (species) or . . Source or g Additional
resource DS reference EEiliEnE information
gene (homo sapiens) FGF2 NA
gene (mus musculus) Fgf2 NA
gene (homo sapiens) FGFR1 NA
gene (mus musculus) Fgfr1 NA
tm1Doe
strain, strain background (mus F§?2f2+/+ ar{j ) Jackson RRID:MGI:
musculus) /- mice Laboratory 2679603
. . Thermo shRNA in TRIPZ
genetic reagent (homo sapiens) FGF2 Scientific lentiviral vector
. . Thermo shRNA in TRIPZ
genetic reagent (homo sapiens) FGFR1 Scientific lentiviral vector
GeCKO
genetic reagent (homo sapiens) AddGene Iﬁg;%zgpg\f
guide RNA
CRISPR/Cas 9
genetic reagent (homo sapiens) FGF2-1 GenScript guide RNA
design
CRISPR/Cas 9
genetic reagent (homo sapiens) FGF2-2 GenScript guide RNA
design
CRISPR/Cas 9
genetic reagent (homo sapiens) FGFR1-1 GenScript guide RNA
design
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CRISPR/Cas 9

genetic reagent (homo sapiens) FGFR1-2 GenScript guide RNA
design
pMIG with
genetic reagent (mus musculus) | BCR-ABL and murine retrovirus
GFP
: : Dr. Yoshinobu | RRID:CVC
cell line (homo sapiens) MOLM14 Matsuo L 7916
American Type
cell line (homo sapiens) K562 Culture RRID:CVC
Collection L 0004
: . Dr. Beverly RRID:CVC
cell line (homo sapiens) HS-5 Torok-Storb L 3720
: : Dr. Beverly RRID:CVC
cell line (homo sapiens) HS-27 Torok-Storb L 0335
Mouse
antibody monoclonal Cell Signaling 9740 Dilution 1:1000
anti-FGFR1
Rabbit
antibody polyclonal Santa Cruz Sc-79 Dilution 1:500
anti-FGF2
Rabbit
antibody monoclonal ABCAM ab134045 | Dilution 1:1000
anti-CD63
Rabbit
antibody polyclona Santa Cruz Sc-9148 Dilution 1:200
anti-CD9
Mouse
antibody monoclonal Santa Cruz Sc-7964 Dilution 1:200
anti-tsg-101
Mouse
antibody monoclonal Millipore MAB1501 Dilution 1:5000
anti-actin
: : : FGF2
peptide, recombinant protein (human) Peprotech
Thermo
Scientific
commercial assay or kit lentiviral
transfection
kit
. quizartinib
chemical compound, drug (AC220) LC labs
chemical compound, drug imatinib LC labs
chemical compound, drug nilotinib SelleckChem
chemical compound, drug PD173074 SelleckChem
chemical compound, drug BGJ-398 SelleckChem
chemical compound, drug doxycycline Fisher
software, algorithm CellProfiler Cell area
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Cell lines

The human cell line MOLM14 was generously provided by Dr. Yoshinobu Matsuo (Fujisaki Cell
Center, Hayashibara Biochemical Labs, Okayama, Japan). The human cell line K562 was
obtained from the American Type Culture Collection (Manassas, VA, USA). The human stromal
cell lines HS-5 and HS-27a were kindly provided by Dr. Beverly Torok-Storb (Fred Hutchinson
Cancer Research Center, Seattle, WA). Cells were maintained in RPMI1640 media supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin/100 ug/mL streptomycin, 2 mM L-
glutamine, and 0.25 pg/mL fungizone (referred to as R10) at 37°C in 5% CO.. Exosome-depleted
FBS was pre-cleared by ultracentrifugation at 100,000g for 2hrs at 4°C. Cell lines were validated
by genetic and functional analysis based upon previous reported characteristics. Cell lines were

tested monthly for mycoplasma infection and discarded if found to be infected.

ECV isolation

HS-5 cells grown to 90-100% confluence in 15 cm dishes were washed in 8 ml PBS, and
incubated in 12 ml exosome-depleted R10 overnight. The media was collected, cleared of debris
(2X 2000g spin, 10 min), and ultracentrifuged at 100,000g for 2 hr at 4°C. The resulting
supernatant (S100) was poured off, and 100 uL PBS was added to the ECV pellet (P100). This

was shaken for 4 hr at 4°C at 2000 rpm. P100 was used fresh or stored at -80°C with 10% DMSO.

Sucrose density step-gradient

Layers of sucrose (60%, 45%, 30%, 15%, 7.5%, and 0%) were carefully pipetted into
ultracentrifuge tubes. ECVs were added on top, and the tube ultracentrifuged at 100,000g for 90
min at 4°C. The sucrose interfaces (45-60, 30-45, 15-30, 7.5-15, 0-7.5) were collected with a

micropipette, washed in PBS, and pelleted at 100,000g for 2 hr at 4°C.

ECV quantitation
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ECVs were quantified by Nanosight LM10 or by Virocyt Virus Counter 3100, following

manufacturers’ protocols.

Inhibitors and cytokines

Quizartinib (AC220) was purchased from LC labs (Woburn, MA, USA). Nilotinib, PD173074 and
BGJ-398 were purchased from SelleckChem (Houston, TX, USA). Imatinib was purchased from
LC labs (Woburn, MA, USA). Recombinant FGF2 was purchased from Peprotech (Rocky Hill, NJ,

USA).

Viability assays
Viability was assessed with MTS reagent, CellTiter 96 AQueous One Solution Proliferation Assay
from Promega Corporation (Madison, WI, USA) or by Guava ViaCount flow cytometer assay

(Millipore, Burlington, MA, USA).

Immunoblot analysis

Treated cells were washed in PBS before adding lysis buffer (Cell Signaling, Danvers, MA, USA)
supplemented with Complete protease inhibitor (Roche, Indianapolis, IN, USA) and phosphatase
inhibitor cocktail-2 (Sigma-Aldrich, St. Louis, MO, USA). Proteins were fractionated on 4-15%
Tris-glycine polyacrylamide gels (Criterion gels, Bio-Rad), transferred to PVDF membranes, and
probed with antibodies: FGFR1, fibronectin (Cell Signaling, Danvers, MA, USA); CD9, FGF2,
calreticulin, tsg101 (Santa Cruz Biotechnology, Dallas, TX, USA), CD63 (Abcam, Boston, MA,

USA), and actin (MAB1501, Millipore, Burlington, MA, USA).

Stromal cell cytokine ELISA
Stromal CM, S100 and ECVs were lysed with 0.1% NP-40 for 30 min, centrifuged 3,000 rpm for

10 mins, and 50 pL supernatant was incubated with the magnetic beads overnight and assayed
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as per manufacturer's instructions (Luminex Multiplex magnetic beads 30-plex Assay, Life

Technologies).

Primary bone marrow stromal cultures

Bone marrow aspirates were obtained from AML patients after informed consent under the
OHSU Institutional Research Board protocol IRB0004422, and were processed as previously
described?®. After Ficoll, the red cell pellets were incubated with ACK for 30 minutes on ice to lyse
red cells, and plated on 15 cm dishes in MEM-a supplemented with 20% fetal bovine serum (FBS),
100 U/mL penicillin/100 pg/mL streptomycin, 2 mM L-glutamine, and 0.25 pg/mL fungizone at
37°C in 5% CO.. After 48h, non-adherent cells were removed and new media was added. This
step was repeated after an additional 24h. Cells were then incubated for 1-3 weeks with media
changes every 7 days, until patchy proliferation became apparent. Cells were trypsinized and
replated to facilitate homogenous growth. Cells were expanded over a maximum of 3 passages
before use in experiments. Murine primary stroma was isolated from harvested femur marrow
without ACK treatment and then cultured as above. Primary stromal samples were analyzed after

>2 weeks growth.

Transmission electron microscopy

Stromal cell exosomes were isolated by sucrose step-gradient then washed in 0.22 pm filtered
PBS. 10 pyL was deposited onto glow discharged carbon formvar 400 mesh copper grids (Ted
Pella 01822-F) for 3 min, rinsed 15 secs in water, wicked on Whatman filter paper 1, stained for
45 secs in filtered 1.33% (w/v) uranyl acetate, wicked and air dried. Samples were imaged at
120kV on a FEI Tecnai Spirit TEM system. Images were acquired as 2048x2048 pixel, 16-bit gray
scale files using the FEI's TEM Imaging & Analysis (TIA) interface on an Eagle 2K CCD multiscan

camera.

206



Fluorescent confocal microscopy

MOLM14 and K562 cells were stained with DiO (Thermo Fisher) according to manufacturer’s
protocol. HS-5 ECVs were stained with Dil (Thermo Fisher), washed with PBS, and collected by
ultracentrifugation. For experiments using mouse bone marrow, cells were isolated from femurs
and tibias, RBCs were lysed using ACK buffer (0.8% NH4Cl and 0.1 mM EDTA in KHCOs buffer;
pH 7.2-7.6), and lineage-negative cells were isolated by MACS cell separation with the human
lineage cell depletion kit (Milteny Biotec). Cells were incubated with a cytokine mix (IL-3, IL-6,
SCF) in addition to DiO. DiO-stained cells were combined with Dil-stained ECVs and incubated
for 24 hours at 37°C. Cells were washed, placed on poly-D-lysine coated chamber slides, and
DAPI-stained. Z-stack imaging was performed on an Olympus IX71 inverted microscope. Images

were processed using the Fiji software package*?’.

Proteinase K digestion

ECVs, or exosomes isolated by sucrose step-gradient, were resuspended in proteinase K
buffer (Tris-HCI pH8, 10 mM CaCl2) and then incubated with 200 ug/ml proteinase K at room
temp for 30 min. 5 yL 0.1 M PMSF and SDS loading buffer was added and samples were

incubated at 98°C for 5 min to stop reaction prior to immunoblots.

Cell morphology analysis

HS-5 and HS-27 cells were grown to 90% confluence in 4-well chamber microscope slides in
R10 +/- 250 nM PD173074. Cells were stained with lipophilic tracer Dil, washed, and stained with
DAPI. Cells were imaged with Zeiss Axio Observer fluorescent microscope at 10X using

AxioVision software. Images were uploaded into CellProfiler software and analyzed for cell size.

Cell diameter was determined as diameter [um] = /pixels X 0.394 um?2 /pixel.
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ShRNA

TRIPZ inducible lentiviral FGF2 and FGFR1 shRNA were purchased from Thermo Fisher
Scientific Dharmacon RNAIi Technologies (Waltham, MA, USA), along with Dharmacon’s trans-
lentiviral ShRNA packaging kit with calcium phosphate transfection reagent and HEK293T cells.
HS-5 and HS-27 cells were transfected with GIPZ control or FGFR1 TRIPZ, per manufacturer’s
protocol. TurboRFP/shRNA expression was induced with 1 ug/mL doxycycline (Fisher) for 48
hours, cells were washed in PBS, and then media replaced with exosome-depleted R10 + 1 ug/mL

doxycycline. Cells and CM were collected after 72 hours for analysis.

CRISPR/Cas9 targeted genome editing

The vector GeCKO lentiCRISPRv2 was obtained from Addgene. This plasmid contains two
expression cassettes, hSpCas9 and the chimeric guide RNA. Guide RNA sequences were
obtained from GenScript*®, and oligos with 5’ overhang for cloning into lentiCRISPRvV2 were
manufactured by Fisher Scientific. The vector was digested with BsmBI and dephosphorylated,
the plasmid was gel-purified, and oligonucleotides were ligated after annealing and
phosphorylation. Plasmid was amplified in Stbl3 bacteria, purified, and lentivirus was generated
in HEK293T cells. Transduced HS-5 cells were selected in puromycin for 5 days, and cultured an

additional 5 days before assessing knockout.

Murine BCR-ABL leukemia experiments

Animal studies were approved by the OHSU Institutional Animal Care and Use Committee.
Fgf2'™P¢/J were purchased from Jackson Laboratory to breed homozygous +/+ and -/-
litermates. Bone marrow from 5-FU treated Fgf2 +/+ donors was spinoculated with pMIG
containing BCR-ABL and IRES-GFP reporter as previously described®®® 4?° and 2x10° cells were
retro-orbitally injected into lethally irradiated (2x 450 cGy administered 4 hours apart) Fgf2 +/+

and -/- recipients. 75 mg/kg/day nilotinib was administered by oral gavage and mice were
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monitored weekly with cell blood counts and FACS analysis of GFP in peripheral blood. Diseased
mice were subjected to detailed histopathologic analysis. For colony assays, ECVs were isolated
(as above) from equal numbers of Fgf2 +/+ and -/- primary stromal cells cultured on 10 cm plates
for 3 days, with and without 500 nM PD173074 (3-day pre-treatment and 3 days during ECV
collection). Bone marrow from FGF2 +/+ mice was spinoculated with pMIG containing BCR-ABL
and IRES-GFP reporter as above, incubated with ECVs overnight and washed 3x the next day.
3% of cells were GFP positive by FACS, and 4x103 cells were then plated in 1 ml of MethoCult®
M3234 Methylcellulose Medium for Mouse Cells without cytokines (Stemcell Technologies) in

triplicate. Mouse bone marrow colonies larger than 50 cells were counted after 8 days.

Statistical methods
Graphical and statistical data were generated with Microsoft Excel or GraphPad Prism

(GraphPad Software, La Jolla, CA, USA). P value <0.05 was considered significant.
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Abstract

Our study details the stepwise evolution of gilteritinib resistance in FLT3-mutated acute
myeloid leukemia (AML). Early resistance is mediated by the bone marrow microenvironment,
which protects residual leukemia cells. Removing these supportive extrinsic ligands drives
evolution of late, intrinsic resistance. Whole exome sequencing, CRISPR/Cas, metabolomics,
proteomics, and pharmacologic approaches were used to mechanistically define both early and
late resistance. Early resistant cells undergo metabolic reprogramming, grow more slowly, and
are dependent upon Aurora kinase B (AURKB). Late resistant cells are characterized by
expansion of pre-existing NRAS mutant subclones and continued metabolic reprogramming. Our
model closely mirrors the timing and mutations of AML patients treated with gilteritinib.
Pharmacological inhibition of AURKB resensitized both early resistant cell cultures and primary
leukemia cells from gilteritinib-treated AML patients. These findings support a combinatorial
strategy to target early resistant AML cells with AURKB inhibitors and gilteritinib before the

expansion of pre-existing resistance mutations occurs.
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Introduction

Acute myeloid leukemia (AML) is an aggressive hematologic malignancy that
disproportionately affects older adults. It is characterized by an aberrant proliferation of immature
myeloblasts that infiltrate the bone marrow and impair normal hematopoiesis. Among recurrent
genetic alterations, driver mutations in the fms related receptor tyrosine kinase 3 (FLT3) are
among the most common and occur in > 30% of all patients with AML'> "%, FLT3 mutations
predominantly consist of internal tandem duplication (ITD) events within the receptor
juxtamembrane domain and, to a lesser extent, point mutations in the tyrosine kinase domain
(TKD), resulting in constitutive FLT3 activation, pro-survival downstream signaling, and expansion
of leukemic cells'®®. FLT3-ITD mutations particularly portend a poor prognosis with increased risk
of relapse, providing impetus for the development of several generations of FLT3 inhibitors
(FLT3i).

While FLT3i rapidly clear peripheral leukemic cells in circulation, residual AML cells persist in
the bone marrow microenvironment'%* 1% 19 where their survival and expansion lead to disease
relapse. Importantly, residual cells are dependent upon growth factors and cytokines within the
AML microenvironment for survival, which confer early resistance, also known as disease
persistance®: 106 117.179. 185, 190. 430434 ‘However, due to the small number of residual cells available
for study, very little is understood about their biology and the mechanisms that keep these cells
alive. For that reason, drug resistance is most often studied after relapse, which we call late
resistance, and is usually defined by the outgrowth of resistance mutations** '*" % Pre-clinical
studies have shown that these mutations can often be predicted via well-established in vitro
mutagenesis and transformation assays*® 1% 167181 However, a fundamental understanding of
the adaptations that foster early resistance and how these changes contribute to late resistance,

and/or differ from late resistance, have yet to be thoroughly investigated.
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Gilteritinib is a potent FLT3i that was recently FDA-approved for relapsed/refractory AML38*

435 In this study, we comprehensively analyze the temporal evolution of early to late gilteritinib
resistance by integrating whole exome sequencing, CRISPR/Cas9 screening, metabolomics,
proteomics, phosphoproteomics, and small-molecule inhibitor screening. To recapitulate
microenvironmental-driven resistance, AML cells were cultured with exogenous protective
proteins that are normally secreted by bone marrow stromal cells, which promoted ligand-
dependent early resistance after a few months of culture. Removal of these ligands transiently
restored sensitivity to gilteritinib but eventually led to the expansion of activating mutations in
ligand-independent late resistance. Multiple orthogonal approaches showed that late resistance
to gilteritinib is primarily driven by clonal selection of NRAS activating mutations and
hyperactivation of downstream MAPK signaling, consistent with frequent NRAS mutations found
in gilteritinib-treated AML patients at relapse’®. In contrast, early resistance was not dependent
upon NRAS signaling but exhibited metabolic reprogramming, slower growth, and reliance upon
Aurora kinase B signaling (AURKB). These experimental observations were corroborated in
gilteritinib-treated AML patient samples, which displayed slower cell growth, alterations in
metabolism, and profound sensitivity to the combination of gilteritinib and AURKB inhibition.
Together, our work defines mechanisms of both early and late gilteritinib resistance and brings
forward a novel approach to understand the unique biology of early resistant AML cells, and

develop novel combination strategies to block expansion of late resistant cells.
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Results

Microenvironmental factors promote development of early gilteritinib resistance

To model microenvironmental protection in gilteritinib resistance, we used exogenous
fibroblast growth factor 2 (FGF2) and FLT3 ligand (FL). These proteins were shown to be secreted
by marrow stromal cells and can protect FLT3 AML cell lines and primary AML cells from other
FLT3i'% 17918 We treated MOLM14 cells, a human AML FLT3-ITD* cell line, with increasing
concentrations of gilteritinib (0 to 100 nM) +/- 10 ng/mL of FGF2 or FL for 72 hours (Figure 1A).
Both FGF2 and FL provided protection against gilteritinib in this short-term assay. To mimic
prolonged gilteritinib exposure within the protective bone marrow microenvironment that occurs
in patients, we cultured MOLM14 with 100 nM of gilteritinib in media alone (N = 4), or media
supplemented with 10 ng/mL of FGF2 (N = 4) or FL (N = 4) for approximately 4 months (Figure
1B). Media, gilteritinib, and exogenous ligands were replaced every 2-3 days. MOLM14 parental
cells treated with gilteritinib without protective ligands never resumed growth (Figure 1B, yellow
line). However, all cultures supplemented with FGF2 or FL eventually resumed growth,
highlighting the importance of extrinsic survival factors in facilitating early resistance to gilteritinib
(Figure 1B, solid teal and maroon lines). After approximately 4 months in extended culture, we
put selective pressure on the ligand-dependent, early resistant cultures by removing FGF2 and
FL. While this temporarily restored sensitivity to gilteritinib, the cultures eventually resumed
exponential growth after approximately two months, defining evolvement to ligand-independent,
late resistance (Figure 1B, dotted lines). Immunoblot analysis of FLT3, MAPK, and PI3K/AKT
pathways in ligand-dependent early resistant cultures demonstrated that FL partially restored
FLT3 activity, and FGF2 reactivated MAPK and AKT through activation of FGFR (Figure 1C-D).
In contrast, in the late resistant ligand-independent cultures, FLT3 itself remained inactive, but
there was clear reactivation of downstream MAPK and PI3K/AKT signaling (Figure 1C-D). We

also created a parallel gilteritinib resistance model with the human AML FLT3-ITD" cell line,
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MV4;11 and found with this second independent cell culture model a similar biphasic pattern of
resistance (Supplemental Figure 1A). Supplemental Table 1 provides a list of all gilteritinib
resistant cultures generated and used in downstream analyses. To understand the mechanisms
of early and late gilteritinib resistance, we utilized five distinct but complementary approaches:
whole exome sequencing (WES), genome-wide CRISPR/Cas screening, metabolomics,

proteomics and phosphoproteomics, and small-molecule inhibitor screening (Figure 1E).
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Figure 1: Emergence of early and late gilteritinib resistant cultures. A. MOLM14 parental
cells were treated with a gradient of gilteritinib + recombinant FGF2 or FL (10 ng/mL). Viability
was measured after 72 hours and normalized to untreated cells. The mean of five replicates +
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standard error are shown. B. MOLM14 cells were cultured continuously with 100 nM gilteritinib +
FGF2 or FL (10 ng/mL; N = 4 for each). Presence of protective ligands facilitated early resistance
(ligand-dependent phase). Removal of ligand enabled late resistance (ligand-independent
phase). Fresh media, gilteritinib, and recombinant ligands were replaced every two to three days.
Mean fold increase in viable cells is plotted + standard error. C. Immunoblot blot analyses of
MOLM14 parental cells treated for 48 hours with 100 nM gilteritinib or DMSO (first two lanes of
each panel) compared with early (left panel, lanes 3 — 10) and late (right panel, lanes 3 — 10)
extended gilteritinib resistant MOLM14 cultures. D. Graphic summary of immunoblot results from
early and late gilteritinib resistant cultures. E. Schematic of approach to study the evolution of
gilteritinib resistance.

NRAS mutations are dominant during late resistance, but not required in early resistance

We performed WES analysis of late gilteritinib resistant MOLM14 and MV4;11 cultures and
discovered activating NRAS point mutations in 13 of the 15 cultures, although the mutations were
not always identical (Figure 2A). These results are consistent with clinical data reporting that
mutant NRAS is commonly found at relapse in FLT3-mutated AML patients treated with

gilteritinib'®* (Supplemental Figure 1B). One late resistant culture had a FLT3°™-

gatekeeper
mutation, which has also been shown to promote resistance to gilteritinib'®, as well as other
FLT3i* 37 1% |n three other cultures, we detected a novel FLT3V?'% mutation, which we found
also drives resistance to gilteritinib in a manner similar to the F691L gatekeeper mutation
(manuscript submitted). All mutations detected by WES analyses in late gilteritinib resistant
MOLM14 and MV4;11 cultures were confirmed by Sanger sequencing (Figure 2B, Supplemental
Figure 1C, 2, 3) and FLT3-ITD" status was maintained, as confirmed by Pindel software**®. We
then assessed the time at which these mutations arose during long-term culture. Sanger
sequencing revealed that these mutations were undetectable in the presence of ligand in
MOLM14 early resistant cultures for up to 4 months (Figure 2B, Supplemental Figure 2),

however they were detectable in early resistant MV4;11 cultures after 5 months (Supplemental

Figure 1C & 3).
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To test whether low-level NRAS mutations were present prior to development of resistance or
arose de novo in the MOLM14 gilteritinib resistance model, we optimized a droplet digital PCR
(ddPCR) assay to quantify the variant allele frequency (VAF) of NRAS G12S and G12D in parental
MOLM14 cells, early resistant cultures, and late resistant cultures. The higher sensitivity of
ddPCR enabled us to detect NRAS G12S/D at very low levels in MOLM14 parental cells (< 0.1
%), indicating that these mutations did not arise de novo. The VAF increased slightly in early
resistant cultures (£ 0.15%), and then expanded rapidly once protective ligands were removed in
late resistance (Figure 2C). These data suggest that NRAS mutations are not required in the
presence of ligand, but become dominant upon ligand removal. In view of this hypothesis, we
sought to test whether NRAS mutations were sufficient to drive gilteritinib resistance in the
absence of ligand. We created MOLM14 cell lines that stably express NRAS"" and NRAS G12S/D
mutations and assessed their growth in the presence and absence of gilteritinib. In the absence
of FLT3 inhibition by gilteritinib, we observed no differences in cell proliferation in NRAS mutant
cell lines relative to MOLM14 parental and NRAS"T cells (Figure 2D). Treatment with 100 nM of
gilteritinib significantly inhibited growth of control and mutant cell lines after 1 week (Figure 2E-
F), indicating that NRAS mutations alone are insufficient to immediately confer resistance.
Eventually MOLM14 cells engineered with NRAS®'?® or NRAS®'? alleles developed resistance to
gilteritinib without the presence of ligand (Figure 2E-F, dotted lines). However, culturing these
cells with FGF2 or FL significantly accelerated the onset of resistance, highlighting the ability of
the microenvironment to catalyze development of resistance even in the presence of NRAS

mutations (Figure 2E-F, solid lines).
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Supplemental Figure 1: Early and late gilteritinib resistance in MV4;11 cells parallels
MOLM14 model. A. MV4;11 cells are very sensitive to gilteritinib, so early gilteritinib resistant
MV4;11 cultures were derived using stepwise dose escalation (25 to 100 nM) of gilteritinib over a
span of 75 days with continuous exposure to FGF2 or FL (10 ng/mL). Vertical dotted lines indicate
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changes in gilteritinib concentration. MVV4;11 cells cultured in the absence of protective ligands
were continually maintained in 25 nM of gilteritinib due to lack of growth. Ligand removal initiated
late gilteritinib resistant phase. For all cells, fresh media, gilteritinib, and recombinant ligands were
replaced every two to three days. Cell viability was assessed with Guava ViaCount. Mean fold
increase in cell number of biological replicates (N = 3 — 4) + standard error are plotted. B.
Consistency in NRAS and FLT3 mutations detected in AML patients on ADMIRAL trial and late
resistant MOLM14 and MV4;11 cultures. C. Schematic of overlap between WES analyses and
mutation confirmation by Sanger sequencing. The timepoints at which WES or Sanger
sequencing were performed is indicated by arrows. If a mutation could not be detected, it is
indicated with “-”. Sanger sequencing confirms presence of NRAS mutations in early and late
gilteritinib resistant MV4;11 cells. FLT3 gatekeeper mutation, F691L and N701K were also
detected in late gilteritinib resistant MV4;11 cells. However, FLT3"?' was not detected in early
resistant MV4;11 cells.

222



A Ligand-Independent (Late Resistant) Cultures

N_oYV D > N oo G2
R QT N N
é,ﬂ- FONOFOR: Y oP > PRy VoD >
TR TR
FLT3 (O[O O
FLT3Fe91L
weas[O]O]0]0]O|O]O]O O|o|e|o|o O
. FLT3N701K
PIK3R1 O NRASG?0
PAK2 O NRASG128
ROS1 @ nrasow
O NRASQ6HH
CBL
PRDM1
MOLM14 MV4;11
B Early Resistance Late Resistance C 100+ 89.80%
Months: |Q 1 2 3 N Ligand-Dependent 49.54%
A Y — (Early Resistance) 36.13%
¢ Protective Ligand Withdrawn * [ Phase
<>( { (———
Sanger Sequencing Sanger Sequencing :
Whole Exome Sequencing, VAF % 2
[ _NRAS T FLT3 3 Hgand-Independent
R-1 G12S, 47% - g (Late Resistance) Phase
R-2 G12S, 42% [ v
FGF2 '
R-3 G128, 63% [0}
R-4 G12S, 52%: © 014 -+ NRASC'?0 (n=4)
< 0.07% = NRASC'2S (n=4)
| __NRAS | FLT3 | kS o -~ Limit of Detection
R-1 G12D, 45% - .g 0.04%
FL| R-2 G12D, 7% N701K, 27% T 0.014
R-3 G12D, 18% N701K, 22% >
R-4 G12D, 38% =
. . . . 0.001 T T T T 1
EI Ligand-Dependent Culturing (FGF2 or FL) . Ligand-Independent Culturing 0 2 4 6 8 10
Time (months)
20+ MOLM14 Parental 309 MOLM14 Parental . 309 - MOLM14 Parental .
» MOLM14 NRASY » MOLM14 NRASWT : " MOLM14 NRASWT X
= -+ MOLM14 NRASS'20 2 |*MOLM14 NRASC™> + FGF2 . £ |- MOLM14 NRASC'® + FL X
3 =% MOLM14 NRASG"2S S v MOLM14 NRAS6"28 : & | MOLMI4NRASS :
o 15 o . Y :
el o N re) A
8 8 v S .
> > . S s
.S 10 £ y £
o o o
o jo2} jo2} .
f= c C .
© < < N
= £ £ .
5 51 = 5 5
o ke ke B
o4 T T T T O . 1 1 ——— v .
0 2 4 6 8 0 10 20 30 40 50 0 10 20 30 40 50
Days in Culture Days of Gilteritinib Treatment Days of Gilteritinib Treatment

Figure 2: NRAS mutations are enriched in late but not early resistance. A. Mutations (gray
squares) identified by WES in late gilteritinib resistant MOLM14 and MV4;11 replicate cultures.
AML drivers or genes in common cancer pathways are shown. Colored dots within the gray
squares represent specific FLT3 or NRAS mutations. B. Overlap between WES analyses and
mutation confirmation by Sanger sequencing. Arrows indicate timepoints at which WES or Sanger
sequencing were performed. Mutations not detected are indicated with “-”. VAF = Variant Allele
Frequency. C. ddPCR analyses for detection of NRAS G12S/D mutations in parental, ligand-
dependent, and independent MOLM14 cultures over time. Mean of 4 biological replicates +
standard error are shown. D. NRAS G12S/D mutations provide no growth advantage relative to
MOLM14 parental or NRAS"T cells in the absence of gilteritinib. Fold change in number of viable
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cells relative to day 0 is plotted. Mean of triplicates * standard error are shown. E-F. NRAS mutant
cell lines develop resistance to 100 nM gilteritinib treatment after one month in culture, whereas
MOLM14 parental and NRASY" do not. FGF2 or FL (10ng/mL), accelerate development of
resistance (solid vs. dotted lines). WES sequencing analysis and VAF determination was
performed by Daniel Bottomly. Janét Pittsenbarger assisted with ddPCR experiments.
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MOLM14 Sanger Sequencing
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Supplemental Figure 2: Electropherograms from Sanger sequencing of NRAS (A, B) and
FLT3 (C) point mutations detected in WES of late gilteritinib resistant MOLM14 cell lines.
Sanger sequencing was also utilized to detect the presence of these mutations in early resistant
cell lines. PCR amplification and sequencing primers are listed in Supplemental Table 2. Peaks
correspond to the following nucleotides: A (green), T (red), C (blue), and G (black).
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MV4;11 Sanger Sequencing
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Supplemental Figure 3: Electropherograms from Sanger sequencing of NRAS (A, B) and
FLT3 (C, D) point mutations detected in WES of late gilteritinib resistant MV4;11 cell lines.
Sanger sequencing was also utilized to detect the presence of these mutations in early resistant
cell lines. PCR amplification and sequencing primers are listed in Supplemental Table 2. Peaks
correspond to the following nucleotides: A (green), T (red), C (blue), and G (black).
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Genome-wide CRISPR screens reveal that early resistance is more complex than late

resistance

To genetically interrogate signaling pathways that drive resistance, we performed genome-
wide CRISPR resensitization screens in representative FGF2- and FL-dependent (early) and
independent (late) gilteritinib resistant MOLM14 cultures (Figure 3A). CRISPR analysis of FGF2
and FL early ligand-dependent cultures did not identify a single gene responsible for early
gilteritinib resistance, but rather revealed numerous genes involved in cell cycle progression, lipid
metabolism, and PI3BK/MAPK signaling pathways (Figure 3B), underscoring the multifaceted
character of early resistance. Validation of significant FGF2 early CRISPR screen hits found that
deletion of cell cycle regulators, cyclin D1 (CCND1) and postmeiotic segregation increased 1
(PMS1), improved sensitivity to gilteritinib among other hits (Supplemental Figure 4). Parallel
validation of top candidates from FL early gilteritinib resistant cells identified the mitotic spindle
checkpoint genes, NIMA-related kinase 6 (NEK6G) and STIL centriolar assembly protein (STIL),
and deletion of these genes also partially restored gilteritinib sensitivity (Supplemental Figure
5). Inactivation of sphingolipid metabolism genes, serine incorporator 4 (SERINC4) and
sphingosine 1-phosphate lyase 1 (SGPL1) partially restored sensitivity to gilteritinib in FGF2 early
cells (Supplemental Figure 4) and deficiency of ethanolamine kinase 2 (ETNK2), an important
factor in glycerophospholipid biosynthesis, resensitized FL early cells to gilteritinib
(Supplemental Figure 5).

In contrast to the early resistance screens, NRAS was by far the most significant hit in the late
resistant cultures (Figure 3C). We used a meta-analysis approach for comparing ranked gene-
lists with Robust Rank Aggregation (RRA)* to identify overlap between the FGF2 and FL late
resistant screens and found that NRAS (FDR < 0.002) was the main regulator of late gilteritinib
resistance (Figure 3C). Confirmatory CRISPR/Cas deletion of NRAS restored sensitivity to

gilteritinib in both late resistance cultures, although incompletely, demonstrating strong
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dependency on NRAS/MAPK signaling for survival (Figure 3D). The concordance of NRAS
dependency uncovered by WES and CRISPR screening (Figure 3E) prompted us to test small-
molecule inhibitors' of the downstream MAPK and PI3K/AKT signaling pathways (Figure 3F).
Two MEK inhibitors, selumetinib and trametinib, and a PIK3CA inhibitor, taselisib, were also able
to partially restore sensitivity to gilteritinib (Figure 3G-J, Supplemental Figure 6, Supplemental

Table 2), reinforcing the importance of NRAS signaling in late resistance.
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Figure 3: Early gilteritinib resistance is multifactorial while late resistance exhibits
dependency on NRAS. A. Genome-wide CRISPR resensitization screen workflow. Cas9* late
gilteritinib resistant MOLM14 cell cultures (FGF2 & FL Late R-4) were transduced with a library of
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sgRNAs and selected with puromycin for 5 days to enable virus integration. DNA was collected
at 0, 7, 14, and 21 days from cells exposed to 100 nM gilteritinib or vehicle (DMSO). PCR-
amplified sgRNA barcodes were subjected to deep sequencing to analyze gene depletion in
gilteritinib-treated samples relative to DMSO. B. Volcano plots display results from CRISPR
resensitization screens performed on FGF2 (left) and FL (right) early gilteritinib resistant (R-4)
MOLM14 cells. Mid Log»fold change is shown per genes. Only sgRNAs that significantly decrease
in gilteritinib-treated cells relative to DMSO-treated cells (p < 0.05) are shown. C. Volcano plot
combining results from two independent CRISPR resensitization screens performed with FGF2
and FL late gilteritinib resistant (R-4) MOLM14 cells. Mid Log. fold change versus P-values(-
Log(RRA P-value)) are plotted*”. Horizontal lines connect genes of highest significance in both
screens. D. Growth curves of NRAS knockout single clones in FGF2 (top) and FL (bottom) late
cells following treatment with gilteritinib. Viability of gilteritinib-treated cells was measured after 72
hours and normalized to untreated cells. Mean * standard error are shown. E. WES and
CRISPR/Cas implicate importance of NRAS in late resistance. F. Schematic of NRAS signaling,
downstream effectors, and pertinent small-molecule inhibitors. G-J. FGF2 (G, I) or FL (H, J) late
cells were treated with MEK (selumetinib) or PI3K (taselisib) inhibitors alone or in combination
with gilteritinib. Viability was measured after 72 hours and normalized to untreated cells. Mean of
triplicates + standard error are shown. CRISPR/Cas9 screening, analysis, and validation was
performed under the supervision and assistance of Tamilla Nechiporuk and Daniel Bottomly (A-
D).
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Supplemental Figure 4: Validation of candidate genes prioritized from FGF2 early CRISPR
screen partially restores gilteritinib sensitivity. A-O. FGF2 early gilteritinib resistant (R-4)
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MOLM14 cells were transduced with lentiviruses carrying single sgRNA/Cas9 constructs targeting
CCND1 (A), NDC80 (B), PSMA3 (C), SMC4 (D), PMS1 (E), PIK3CD (F), MAP3K7 (G), PLTP (H),
SGPL1 (I), ACOX1 (J), CPT1C (K), GNA13 (L), ACOT7 (M), ELOVL5 (N), SERINC4 (O), or
nontargeting (NT) control. Two weeks after transduction, gilteritinib sensitivity was measured in
triplicate using MTS viability assay. A 7-point concentration range of gilteritinib from 0.004 — 1 yM
was utilized. Viability was measured after 72 hours and normalized to untreated cells. Mean %
standard error are depicted in each individual plot.
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Supplemental Figure 5: Validation of candidate genes prioritized from FL early CRISPR
screen partially restores gilteritinib sensitivity. A-J. FL early gilteritinib resistant (R-4)
MOLM14 cells were transduced with lentiviruses carrying single sgRNA/Cas9 constructs targeting
STIL (A), CENPU (B), SAMHD1 (C), NEK6 (D), RAP2C (E), SCLY (F), PHGDH (G), FOLH1 (H),
ETNK2 (1), SMAD4 (J), or nontargeting (NT) control. Two weeks after transduction, gilteritinib
sensitivity was measured in triplicate using MTS viability assay. A 7-point concentration range of
gilteritinib from 0.004 — 1 yM was utilized. Viability was measured after 72 hours and normalized
to untreated cells. Mean + SE are depicted in each individual plot.

FGF2 Late (R-4) FL Late (R-4)
1004 100-
80 804
=2 =2
S 60 S 60
s >
8 401 8 40
=® — Gilteritinib X —— Gilteritinib
20+ Trametinib 204 Trametinib
== Combination -« Combination
0 T T rorrrrg T rrrom 0 T T T T T TTTTT]
10 100 10 100
Drug Concentration (nM) Drug Concentration (nM)

Supplemental Figure 6: Inhibition of MEK enhances efficacy of gilteritinib. A. Equimolar
gilteritinib and trametinib (MEK1/2 inhibitor) combination treatment inhibits growth of FGF2 (left
panel) and FL (right panel) late resistant MOLM14 cell lines. Viability was measured in triplicate
by MTS reagent following 72 hours and normalized to untreated cells. Mean + SE are plotted.
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Metabolic reprogramming starts with early resistance and continues into late resistance

Multiple hits from the FGF2 and FL early CRISPR screens hinted that perturbations in
metabolism may contribute to early resistance (Figure 3B & 4A), which prompted us to perform
global metabolic profiling. As a control, we first analyzed the effect of 48-hour gilteritinib treatment
on the metabolome of MOLM14 parental cells (N = 4) relative to untreated cells (N = 4;
Supplemental Figure 7-8, Supplemental Table 3). Close examination of metabolite clusters
indicated that gilteritinib rapidly decreased central energy metabolism and altered
glycerophospholipid metabolism (Supplemental Figure 7A & 8). These effects were modestly
dampened by the addition of FGF2 (N =4) and FL (N = 4) over 48 hours.

Examination of metabolites in early and late gilteritinib resistant cultures suggested that long-
term FLT3 inhibition resulted in a broad metabolomic reprogramming (Figure 4B, Supplemental
Figure 9). Partial least squares-discriminant analysis (PLS-DA) revealed dramatic differences in
the metabolome of early and late gilteritinib resistant MOLM14 cell lines relative to parental cells
(Figure 4C). Consistent with CRISPR screen results of FGF2-dependent early resistant cells
(Figure 4A), metabolic profiling of these cells (N = 4) confirmed a trend towards increased
sphingolipid/phospholipid metabolites relative to MOLM14 parental cells (N = 4). Unexpectedly,
changes to sphingolipid/phospholipid metabolism became even more pronounced in late
resistance, with significant enrichment of sphingosine 1-phosphate (p = 0.0118), sphinganine 1-
phosphate (p = 0.0006), and ethanolamine phosphate (p < 0.0001) in FGF2 late gilteritinib
resistant cells (N = 4) relative to parental (Figure 4D, Supplemental Table 3). All metabolite
comparisons were Sidak adjusted. These data, in conjunction with CRISPR resensitization
screens, implicate an initial dependency on sphingolipid/phospholipid metabolism in FGF2 early
resistant cells that becomes even more pronounced in late resistance.

FL-derived gilteritinib resistant cultures, on the other hand, demonstrate increased fatty

acid/carnitine metabolism. While acylcarnitine levels in FL early cells (N = 4) were similar to
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untreated parental cells, they became significantly higher in FL late resistant cells (N = 4; Figure
4E, Supplemental Table 3), similar to the trend observed with sphingolipid signaling in FGF2-
derived resistant cultures. To assess the functional relevance of fatty acid catabolism in FL early
and late cultures, we measured changes in oxidative phosphorylation (OXPHOS) activity using
the Seahorse assay (Figure 4G-l). Administration of etomoxir (ETO), an inhibitor of carnitine
palmitoyltransferase 1 (CPT1, Figure 4F), decreased OXPHOS activity the most in late FL
resistant cultures (Figure 4l, revealed by decreased maximal respiration between the FCCP and
Rotenone/Antimycin A dotted lines). This suggests dependence on acylcarnitines for energy
despite abundant glucose over time. In line with our metabolomics and Seahorse analyses,
CRISPR/Cas inactivation of CPT1A and CPT2 (Supplemental Figure 10) led to increased
sensitivity to gilteritinib in FL early and late resistant cultures, further supporting dependence on

carnitine metabolism in FL-derived cultures.
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Figure 4: Early and late gilteritinib resistant cells exhibit unique metabolic dependencies.
A. Plot summarizes major pathways important in early gilteritinib resistance as identified by
CRISPR resensitization screens in Figure 3B. B. Heat map of hierarchical clustering analysis of
significantly changed metabolites (ANOVA,; p < 0.05) in early and late gilteritinib resistant cultures
relative to MOLM14 parental cells. C. Partial least squares-discriminant analysis of normalized
data from 4B reveals the progression of acquired gilteritinib resistance. D-E. Comparison of
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selected metabolite abundance (au) in early and late gilteritinib resistant MOLM14 cultures
relative to parental cells. Statistical significance was assessed by one-way ANOVA followed by
SIDAK correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 F. Overview of carnitine
shuttle. CPT1, Carnitine palmitoyltransferase I; CACT, Carnitine-acylcarnitine translocase; CPT2,
Carnitine palmitoyltransferase 2 G-l. Oxygen consumption rate (OCR) for MOLM14 parental cells
(G), FL early (H), and FL late (1) following inhibition of CPT1 activity with etomoxir (ETO, arrow).
Each data point has at least three technical replicates; mean + SE are shown. Vertical dotted lines
show inhibitor injection times used in the Seahorse assay. Metabolomics and corresponding
analyses were performed under the supervision of Julie A. Reisz and Angelo D’Alessandro of
University of Colorado (B-E). Seahorse studies were performed in collaboration with Tamilla
Nechiporuk.
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Supplemental Figure 7: Short-term FLT3 inhibition causes broad metabolic changes in
MOLM14 parental cells that are dampened with protective ligands. A. Hierarchical clustering
analysis of significantly changed metabolites (ANOVA, p<0.05). B. Principal component analysis
of normalized data reveals the effect of gilteritinib treatment along PC1, which is partially
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diminished by FGF2 or FL ligands. Ligand-treated groups clustered as intermediates between
gilteritinib-treated and untreated MOLM14 parental cells. C. Relative abundance (au) of
metabolites involved in central carbon and nitrogen metabolism, redox metabolism, one carbon
metabolism, and glycerophospholipid metabolism are shown. Metabolites in the Krebs cycle, that
generate the majority of cellular ATP, were profoundly decreased along with mitochondrial bound
fatty acids (i.e., acylcarnitines) in all gilteritinib-treated samples. Statistical significance was
assessed by one-way ANOVA followed by SIDAK correction. *p < 0.05, **p < 0.01, ***p < 0.001,
****n < 0.0001. Metabolomics and corresponding analyses were performed under the supervision
of Julie A. Reisz and Angelo D’Alessandro of University of Colorado (A-C).
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Supplemental Figure 8: Heat map presented in Supplemental Figure 7A with full name of
metabolites provided. Metabolite data was analyzed using MetaboAnalyst 4.0 and heat maps
were generated using GENE-E (Broad Institute). Supplemental Table 3 contains full summary of
individual metabolites.
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Supplemental Figure 10: FL-derived gilteritinib resistant cells display unique dependence
on acylcarnitines for energy metabolism. A-B. Inactivation of CPT1A and CPT2 via
CRISPR/Cas9 resensitized FL early (A) and late (B) cells to gilteritinib treatment. The effect was
much stronger in late resistant cells. FL-derived gilteritinib resistant cells were transduced with
single sgRNAs targeting CPT1A, CPT2, or nontargeting (NT) control. Two weeks after
transduction, gilteritinib sensitivity was measured in triplicate using MTS viability assay. A 7-point
concentration range of gilteritinib from 0.004 — 1 uM was utilized. Viability was measured after 72
hours and normalized to untreated cells. Mean + SE are depicted in each individual plot.
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Distinct proteomes define early and late gilteritinib resistant cells

Although metabolic reprogramming was evident in early resistant cultures, we discovered an
even greater degree of metabolic rewiring in FGF2- and FL late resistant cultures. Interestingly,
expansion of NRAS mutations (Figure 2C) does not revert late resistant cells to mimic the
metabolic profile of MOLM14 parental cells, but rather seems to cement unique metabolic
dependencies initiated in early resistance. To further explore the unique features of early
resistance, we performed proteomics and phosphoproteomics as a complementary biochemical
approach through the Clinical Proteomics Tumor Analysis Consortium (CPTAC). Protein lysates
from parental, early, and late gilteritinib resistant MOLM14 and MV4;11 cells were digested and
analyzed by mass spectrometry using an isobaric labeling-based, integrated analysis approach**®
43 (Figure 5A). Proteomics and phosphoproteomics analyses identified a total of 7,694 proteins
and 36,004 phosphopeptides, respectively. PCA visualization of proteomics and
phosphoproteomics demonstrated a clear separation among MOLM14 parental (N = 4), early
resistant (N = 4/FGF2, 4/FL), and late (N = 8) resistant cultures. A distinct clustering by ligand,
FGF2 or FL, was also apparent within the early and late resistant cells (Figure 5B), similar to the
metabolic profiles (Figure 4C). We also analyzed the proteome and phosphoproteomes of
gilteritinib resistant MV4;11 cells, and observed similar differences between early and late
resistance, although not as clearly pronounced in the MV4;11 model, likely corresponding to the
earlier appearance of NRAS mutations during ligand supplementation (Supplemental Figure
11A and 1B).

We evaluated the proteomes of resistant cultures as they evolved from parental to early
resistance and then again to late resistance. For the initial analysis, FGF2 and FL early and late
resistant MOLM14 cultures (N = 8 early and N = 8 late cultures) were analyzed together. Since
phosphorylation modulates multiple cellular processes, kinase-substrate enrichment analysis

(KSEA) was used to infer changes in the activity of kinases by evaluating modifications to the
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phosphorylation levels of their respective substrates*® 4!, In early gilteritinib resistant MOLM14
cells, KSEA analysis indicated a significant decrease (p < 0.05) in activity of proteins facilitating
cell cycle progression (CDK 1, 2, 4, 5, 6, 7 and 9; Figure 5C), and a complementary increase in
activity of cell cycle checkpoint (PRKCA, CSNK2A1) and DNA damage response (DDR)
modulators (ATM; Figure 5C, Supplemental Figure 12). Early resistant MVV4;11 cells showed a
similar pattern, including increased activity of additional mitotic checkpoint proteins AURKB,
AURKA, and DDR proteins ATM and ATR, many of which were also found in MOLM14 resistant
cultures when FGF2 and FL-derived cultures were considered separately (Supplemental Figure
11B, 12, 13). Notably, these cell cycle alterations were largely reversed in late resistant MOLM14
and MV4;11 cells as evident by the significant increase in CDK phosphorylation from early to late
resistance (Figure 5C, Supplemental Figure 11B). While FGF2 and FL contributed to MAPK
and PI3K signaling in early resistant cultures relative to parental cells, these pathways were more
prominently increased in late, ligand-independent resistant MOLM14 and MV4;11 cells after
expansion of NRAS mutant subclones (Figure 2B, 5C, Supplemental Figure 1B, 11B, 12, 13).
We also utilized CausalPath, a computational method that uses curated signaling pathway
data from Pathway Commons to infer causal relationships between differential proteomic and
phosphoproteomic readouts**?. In agreement with KSEA, CausalPath suggested early resistance
is predominantly characterized by a decrease in cell cycle progression as evident by decreased
CDK1, CDK2, MYC, and cyclin D3 signaling in early resistant MOLM14 cultures (Figure 5D).
Early resistance network diagrams also highlighted proteins associated with lipid metabolism,
including CPT1A, NRF1, CAPNS1, and SPAST, consistent with the metabolic remodeling that
begins in early gilteritinib resistance (Figure 5D, Supplemental Figure 11C). Activity of CDKs
and MAPK, reflected in their phosphorylation, were then increased in late MOLM14 and MV4;11
resistant lines after acquisition of NRAS mutations (Figure 5E, Supplemental Figure 11D-E).
Collectively, proteomic and phosphoproteomic profiling of early and late gilteritinib resistant
MOLM14 and MV4;11 cultures independently validated many of the genes and pathways
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identified by WES, CRISPR/Cas9, and metabolomic analyses, as well as implicating additional

signaling pathways.
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integrated proteomics and phosphoproteomics workflow. B. Visualization of proteomic (left) and

248



phosphoproteomic (right) profiling by PCA shows clear separation among parental, early, and late
resistant MOLM14 cultures. C. KSEA infers changes in kinase activity (p < 0.05) throughout the
development of gilteritinib resistance from parental to early resistance (left plot) and then early to
late resistance (right plot). Higher Z scores correspond to increased activity of a given kinase and
vice versa (MOLM14 FGF2 and FL resistant cultures analyzed together). D-E. Pathway and
causality analysis using CausalPath (FDR < 0.1), visualized by ChiBE. Protein-protein network
diagram in D shows proteins dynamically regulated in early resistant cells relative to MOLM14
parental and E shows protein activity altered in late resistant cells relative to early cells (FGF2
and FL resistant cultures analyzed together). Proteomics and phosphoproteomics were
performed and analyzed in collaboration with the Pacific Northwest National Laboratory (PNNL)
under the supervision of Karin D. Rodland and Paul Piehowski. KSEA analyses were performed
by Sara J.C. Gosline. CausalPath diagrams were created by Ozgun Babur.
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(KSEA) of FGF2 and FL resistant cultures together. Bar plots show that activity of many kinases
significantly (p < 0.05) changed between MV4;11 parental and early resistant cell lines (left plot)
and between early and late resistant cell lines (right plot). Increase in cell cycle mitotic checkpoint
and DNA damage response is observed in early resistance, indicative of aberrations in cell cycle
progression. Cell cycle progression is restored in late resistance alongside increase AKT and
MAPK signaling. C-E. CausalPath analyses (0.1 FDR threshold) as visualized by ChiBE. Node
colors indicate the relative intensity of the protein, where red and blue denote increased or
decreased expression, respectively. Protein phosphorylation sites are shown with smaller “p”
circles, where the green border indicates an activating site and red border indicates an inactivating
site. The background color of phosphorylation sites indicates their differential measurement from
the data, red indicating an increase and blue indicating a decrease. Relative to MV4;11 parental
cells, early resistant cells show upregulation of checkpoint proteins and downregulation of
transcription (C). Relative to early resistant cells, late resistant cells show an increase in cell
proliferation, motility, and protein synthesis (D). In comparison to MV4;11 parental cells, late
resistant MV4;11 cells show marked MAPK and PI3K signaling (E). Proteomics and
phosphoproteomics were performed and analyzed in collaboration with the Pacific Northwest
National Laboratory (PNNL) under the supervision of Karin D. Rodland and Paul Piehowski. KSEA
analyses were performed by Sara J.C. Gosline. CausalPath diagrams were created by Ozgun
Babur.
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Supplemental Figure 12: Kinase-substrate enrichment analysis (KSEA) on MOLM14
gilteritinib resistant cell lines separated by ligand. A. KSEA (p < 0.05) on FGF2 early and late
resistant cell lines. Bar plot of FGF2 early cells (left plot) shows definitive decrease in CDK
phosphorylation (blue) and increase in AURKB (boxed). Late FGF2 cells (right plot) exhibit
recovery in CDK phosphorylation (red) and increased MAPK signaling. B. KSEA (p < 0.05) on FL
early and late cell lines. Similar to FGF2 early cells, FL early cells (left plot) show a decrease in
CDK phosphorylation. An increase in ATM (red) activation, transducer of DNA damage response,
is also noted. CDK phosphorylation is increased in late FL cells with a parallel decrease in DNA
damage response (i.e., ATM, right plot). Proteomics and phosphoproteomics were performed and
analyzed in collaboration with the Pacific Northwest National Laboratory (PNNL) under the
supervision of Karin D. Rodland and Paul Piehowski. KSEA analyses were performed by Sara
J.C. Gosline.
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Supplemental Figure 13: Kinase-substrate enrichment analysis (KSEA) on MV4;11
gilteritinib resistant cell lines separated by ligand. A. KSEA (p < 0.05) on FGF2 early and late
resistant cell lines. Bar plot of FGF2 early cells (left plot) shows decrease in CDK phosphorylation
(blue) and increase in AURKB and AURKA (boxed). Late FGF2 cells (right plot) exhibit recovery
in CDK phosphorylation (red) and increased MAPK and PI3K signaling. B. KSEA (p < 0.05) on
FL early and late cell lines. FL early cells (left plot) show an increase in CDK (red) phosphorylation
with a coinciding activation of ATR (red), transducer of DNA damage response. CDK
phosphorylation (red) is more pronounced in late FL cells with a decrease in DNA damage
response (i.e., ATM; right plot). Proteomics and phosphoproteomics were performed and
analyzed in collaboration with the Pacific Northwest National Laboratory (PNNL) under the
supervision of Karin D. Rodland and Paul Piehowski. KSEA analyses were performed by Sara
J.C. Gosline.
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Early gilteritinib resistance is dependent upon Aurora kinase B for cell cycle regulation

Our phosphoproteomic data strongly implicated that alterations in cell cycle contribute to early
gilteritinib resistance. Accordingly, we analyzed the cell cycle profile of MOLM14 parental and
early and late gilteritinib resistant cultures using propidium iodide (PI) staining of DNA content. As
expected, short-term gilteritinib treatment for 24 or 48 hours essentially halts cell cycle (S and
G2/M) of MOLM14 parental cells (Figure 6A). Cell cycle analyses of FGF2 and FL early gilteritinib
resistant MOLM14 cultures revealed a decrease in the number of cells entering S phase relative
to untreated parental cells (Figure 6A, C), consistent with decreased activity of CDK2, 4, and 6
in phosphoproteomic profiling (Figure 5C-D). At the same time, the number of cells in Go/M were
relatively unchanged, suggesting an overall decrease in cell cycle progression (Figure 6A, C). To
further distinguish actively cycling cells from non-cycling cells in Go, cells were co-labelled with Pl
(x-axis) and Ki67 (y-axis), a marker of proliferating cells. Early resistant cultures had the highest
percentage of non-cycling cells (Figure 6B-C). In contrast, late resistant cultures had a similar
cell cycle profile to untreated parental MOLM14s (Figure 6A, C), despite their divergence in
metabolic profile (Figure 4D-E). These data corroborate the predicted changes in cell cycle by
phosphoproteomics analysis (Figure 5C-D).

The reduction of cell cycle in early resistant cultures suggested regulation by checkpoint
molecules. We noted robust upregulation of Aurora kinases, which are key mitotic regulatory
serine/threonine kinases, in both MOLM14 and MV4;11 resistant cultures, and Aurora kinase B
(AURKB) activity in particular was significantly increased by KSEA analysis (Supplemental
Figures 11B, 12, 13). We tested a specific AURKB inhibitor, AZD2811, in the FGF2 and FL early
gilteritinib resistant MOLM14 cultures and found that these cultures were uniquely sensitive to
AZD2811 alone, and in combination with gilteritinib (Figure 6D-E, Supplemental Table 4).
AURKSB is a critical component of the chromosomal passenger complex, which regulates spindle

assembly and cytokinesis**®. In comparison, pharmacologic inhibition of AURKA and AURKC
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showed little activity in early resistance cultures, suggesting that early gilteritinib resistance is
AURKB dependent (Supplemental Figure 14A-H, Supplemental Table 4). To confirm the
specificity for AURKB, CRISPR-mediated knockout of AURKB was found to enhance sensitivity
to gilteritinib in early resistant cell lines (Figure 6F-G), whereas CRISPR-mediated inactivation of
AURKA or AURKC did not restore sensitivity to gilteritinib (Supplemental Figure 14I-L). As
further confirmation, genetic deletion of AURKB by CRISPR rendered them insensitive to further
inhibition by AZD2811, confirming the specificity of AZD2811 for AURKB (Supplemental Figure

14M).
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Figure 6: Early resistant cultures have a slower cell cycle and inhibition of AURKB
resensitizes early resistant MOLM14 cells to gilteritinib. A. Representative cell cycle analysis
profile of MOLM14 parental, treated with 100 nM gilteritinib for 24 and 48 hours, early, and late
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resistant cultures maintained with 100 nM gilteritinib. Analyses were performed in triplicate using
Pl staining and flow cytometry. B. Representative contour plots are shown. Cell cycle (PI) plotted
against proliferation (Ki-67) to determine Go vs G1. C. Quantification of cell cycle profile shown in
A and B. Percent of cells per phase * standard deviation. D-E. FGF2 (D) and FL (E) early
gilteritinib resistant MOLM14 cell lines were treated with the AURKB inhibitor, AZD2811, and
gilteritinib as single agents or in combination. Viability was measured after 72 hours and
normalized to untreated cells. Experiments were performed in triplicate. Mean + standard error
are plotted. F-G. CRISPR/Cas9 knockout of AURKB in FGF2 (H) and FL (I) early resistant
MOLM14 cells restored gilteritinib sensitivity. Viability was measured in triplicate as stated above.
Mean + standard error are plotted.
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Supplemental Figure 14: Early gilteritinib resistant MOLM14 cells show selective AURKB
dependency. A-H. Pharmacologic inhibition of AURKA (MLN8237, MLN8054, VX-680) and
AURKC (KW-2449) does not enhance efficacy of gilteritinib (dark red line, 0 — 1000 nM) in FGF2
or FL early gilteritinib resistant (R-4) MOLM14 cell lines. Viability was measured after 72 hours by
MTS assay. Inhibitor-treated wells were normalized to those of untreated cells. Experiments were
performed in triplicate. Mean  standard error are plotted. I-L. Similar to small-molecule inhibition
of AURKA and C, inactivation via CRISPR/Cas9 gene editing, shows no enhancement in
gilteritinib efficacy in early resistant MOLM14 cultures. Viability was assessed in triplicate and
measured as described above. M. CRISPR/Cas9 inactivation of AURKB desensitized cells to
AURKB small molecule inhibitor, AZD2811, demonstrating specificity of AZD2811 to AURKB.
AURKA and AURKC inactivated cells were sensitive to AZD2811. Viability was assessed in
triplicate and measured as described above. No gilteritinib was added in this experiment. Janét
Pittsenbarger assisted in the small-molecule inhibitor experiments (A-H).

258



Model of early and late gilteritinib resistance is recapitulated in human disease

Clinically, early resistance to gilteritinib is characterized by low-level residual disease confined
to the bone marrow, and late resistance by increasing leukemic burden and disease relapse.
McMahon et al. have shown that NRAS mutations and activation of RAS/MAPK signaling is a
frequent occurrence in patients with relapsed/refractory AML'®*, which is recapitulated by the
expansion of NRAS mutations in our late resistant cultures. To evaluate the clinical relevance of
our early resistant cultures, we used primary cells from AML patients treated with gilteritinib on
the Leukemia & Lymphoma Society supported Beat AML clinical trial (NCT03013998). We
selected 12 patients who had both pre-treatment samples and paired samples after 1 or 2 months
of gilteritinib. After gilteritinib, most patients still had detectable leukemia cells by flow cytometry,
but the percentage of leukemia cells was often low (Supplemental Table 5). Given the limited
number of patient cells, we developed a targeted proteomics panel of 123 proteins prioritized from
our proteomic profiling of MOLM14 and MV4;11 resistant cultures (Figure 5, Supplemental
Figure 11, Supplemental Table 6). This analysis was completed through the CPTAC.

Primary AML cells were enriched using CD33" and CD34" magnetic bead selection and
analyzed by targeted proteomics. One patient sample was omitted due to low protein yield.
Principal component analysis demonstrated a clear discrimination between the remaining 11 pre-
treatment (PT) and early resistant (ER) samples (Figure 7A). Of the 123 proteins surveyed with
targeted proteomics (Supplemental Table 6), 52 proteins were significantly altered between PT
and ER samples (g < 0.05). Unsupervised hierarchical clustering analysis revealed significant
alterations in three major signaling processes relative to PT samples: a prominent decrease in
abundance of proteins that regulate cell cycle progression, including CDK1, CDK2, CDK4, and
CDK®9, an increase in MAPK signaling proteins, and an increase in proteins involved in fatty acid

metabolism (Figure 7B-C).

259



Given the overlap in proteome signatures between early gilteritinib resistant cultures and
patient samples, we hypothesized that AURKB inhibition could similarly re-sensitize patient AML
cells to gilteritinib ex vivo. To this end, primary AML cells were selected from paired PT and ER
patient samples (N = 4) as noted above, plated in HS-5 stromal cell conditioned media to mimic
the marrow microenvironment'® '8 and treated with gilteritinio and AZD2811 alone and in
combination. Cell viability was evaluated after 3 days. Pre-treatment samples were relatively
insensitive to gilteritinib or AZD2811 in the presence of HS-5 conditioned media. However, early
resistant samples were strikingly sensitive to the combination of gilteritinib and AZD2811 (Figure

7D), mirroring results of early resistant cell cultures (Figure 6D-E).
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Figure 7: Targeted proteomics of primary early resistant AML samples shows reduced cell
cycle proteins, increase in lipid metabolism proteins, and alterations in MAPK signaling
proteins. Ex vivo treatment confirms AURKB vulnerability in early resistance. A. Pre-
treatment (PT) and early resistant (ER) AML patient samples (N = 11) were enriched for leukemia
cells by CD33*/CD34" selection and underwent targeted proteomic analysis. PCA of normalized
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peak intensity ratios shows clear segregation between PT and ER samples. B. Heatmap of
unsupervised hierarchical clustering analysis of differentially-expressed proteins between PT and
ER samples (N = 52, q < 0.05). C. Network cluster analyses of differentially-expressed proteins
shows significantly altered clusters of proteins involved in cell cycle, fatty acid metabolism, and
MAPK signaling. Glay (undirected)*** was used to perform clustering analysis using STRING
interactions**® within the cytoscape interface**®. D. AML cells from paired PT and ER patient
samples (N = 4) were enriched with CD33*/CD34" selection and treated with AURKB inhibitor,
AZD2811 and gilteritinib as single agents or in combination. Viability was measured after 72 hours
and normalized to untreated cells. Mean of triplicates + standard deviation are shown. Targeted
proteomics were performed and analyzed in collaboration with the Pacific Northwest National
Laboratory (PNNL) under the supervision of Karin D. Rodland and Tao Liu (A-C). Elie Traer
assisted with the selection of patient samples.
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Discussion

Genetic alterations resulting in constitutively active receptor tyrosine kinases (ABL, EGFR,
FLT3, HER2, TRK, etc.) often promote dependence upon these oncoproteins and their signaling
pathways, a process known as “oncogene addiction™” #’. This signaling addiction can be
exploited therapeutically with targeted small-molecule kinase inhibitors. However, for most
cancers, residual cells persist despite kinase inhibitor therapy and these early resistant cells are
the seeds for eventual outgrowth of resistant clones and disease relapse. Mutations that either
interfere with kinase inhibition or that activate accessory pathways are well defined and frequently
found in late resistant cells. In contrast, the mechanisms that facilitate initial disease persistence
are less well understood due to the paucity of early resistant cells and their relatively slow growth
rate. Recent studies of other malignancies have shown that a subpopulation of “drug tolerant
persister” cells are intrinsically more resilient to cancer drugs'®* %% 197. 448. 449 "\Whijle the term
persistent implies that the cells are merely static, our data show otherwise. We demonstrate that
these cells are uniquely dependent upon survival factors in the AML microenvironment, grow
more slowly, and rely on dynamic changes in lipid metabolism with increased
sphingolipid/phospholipid and/or fatty acid/carnitine metabolism to survive. Therefore, we prefer
the term early resistance to describe this active process. The adaptability of early resistant cells
allows them time to evolve mechanisms that free them from their dependency on the marrow
microenvironment, either by acquiring new resistance mutations or selecting for pre-existing
variant alleles, a process which ultimately culminates in disease relapse. Targeting this reservoir
of early resistant cells could yield a useful strategy to improve the durability of gilteritinib response.

Cell line models of resistance most commonly reproduce tumor-intrinsic changes, such as

mutations??: 137 181,450

, rather than extrinsically-mediated, non-genetic adaptations that define early
resistance in patients. By exposing AML cells to the microenvironmental ligands FGF2 and FL,

we created a two-step model that captured unique features of early resistance, as well as the
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evolution to late resistance (Figure 1B). Furthermore, it allows us to consider not only the features
of early and late gilteritinib resistance as discrete events, but also as a continuous evolutionary
process. Although the marrow microenvironment expresses a number of growth factors and
cytokines that affect leukemia cells, FGF2 and FL reproduce two fundamental paradigms of
resistance in FLT3 AML. FGF2 activates FGFR1 and downstream MAPK/AKT signaling in a
classic accessory resistance pathway in AML'% 50 185" 35 well as other kinase-driven
malignancies'®” '°' %2 Conversely, FL leads to partial re-activation of FLT3 and downstream
signaling of MAPK/AKT'% 79 Convergence of extrinsic signaling on the MAPK pathway serves
as a critical feature of leukemia cells in the marrow microenvironment'® "7 Expression levels of
both  FGF2 and FL increase during development of resistance, indicating that the
microenvironment is also dynamic during treatment'% 1%,

Our model shows that initial resistance to gilteritinib does not rely on activating NRAS
mutations, in spite of their presence at low levels in early resistant cells (Figure 2C). Likewise,
the introduction of activating NRAS mutations into MOLM14 cells (Figure 2E-F) did not
immediately confer resistance, indicating that NRAS mutations alone are insufficient. Despite
NRAS mutations in every cell, it took over a month for these cells to become fully resistant to
gilteritinib. However, supplementation with FGF2 or FL greatly accelerated development of
resistance, emphasizing that non-mutational, metabolic, and phenotypic adaptations during early
resistance lay the groundwork for growth of late resistant cells. Although, McMahon et al. show
that activating NRAS mutations are sufficient to confer gilteritinib resistance in MOLM14 cells, this

may result from their use of 25 nM gilteritinib'®*

as opposed our use of 100 nM. Our stepwise
model also faithfully recapitulates the timing and dynamic changes that occur in AML patients on
gilteritinib (Figure 7B-C). NRAS mutations are frequently found at relapse in AML, typically after
6 months of treatment®* 3¥3_ Indeed, we noted that an expansion of NRAS clones in late resistant
MOLM14 and MV4;11 cultures (Figure 2A-C, Supplemental Figure 1B) occurred in an

analogous timeframe to that observed in AML patients. Data from our CRISPR/Cas and proteomic
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profiling further underscored the significance of NRAS/MAPK signaling in late resistance (Figure
3C-D, 5E). Mutations in the gatekeeper region (FLT3'" in particular) were also identified in
some resistant cultures, which have also been shown to promote resistance in a subpopulation
of patients*® 137:164.383 Taken together, our data support a scenario in which gilteritinib resistance
follows a predictable, non-stochastic pattern: a non-mutational, early resistance phase that
precedes an NRAS-driven late resistance phase.

Early qilteritinib resistant cells evolve a unique metabolic profile compared to parental
MOLM14 cells (Figure 4B-E). Prior studies demonstrated that treatment with FLT3i quizartinib

has an immediate effect on the metabolism of AML cells*1-4%3

and we confirm that this also applies
to gilteritinib (Supplemental Figure 7). However, rescuing these cells with either FGF2 or FL did
not restore the metabolome to that of the pre-treatment state. Rather, they induced distinct
adaptations, indicating that the microenvironment has a strong influence on metabolism*** 4°°
(Figure 4). CRISPR/Cas interrogation revealed that early resistant cells do not rely on a single
metabolic pathway, suggesting a certain amount of metabolic flexibility (Figure 3B, 4A).
Proteomic profiling of AML patient samples after gilteritinib treatment further corroborated
alterations in metabolism in early resistance (Figure 7B-C). In contrast, the metabolome of late
resistant cells diverged significantly further from parental MOLM14 cells (Figure 4B). FGF2 late
resistant cultures had significant alterations in sphingolipid metabolism whereas FL late cultures
preferentially utilized carnitine/fatty acid metabolism (Figure 4D-l). While these particular
metabolic pathways were present in early resistance, they became more essential with the
expansion of NRAS mutations in late resistance. How this metabolic memory is retained from
early to late resistance warrants further investigation. Many previous studies have also shown
that metabolic dependencies of cancer cells evolve to contribute to drug resistance. In particular,
while leukemia stem cells (LSCs) rely on OXPHOS*® %57 the source of energy varies in the setting
of drug resistance'® '8 Similarly, findings from our study bring to light the evolution of a unique

metabolic program that parallels development of gilteritinib resistance.
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456 which is similar to what we discovered with our

Of note, LSCs also have a slower cell cycle
early resistant cultures (Figure 6A-C). A slower cell cycle may provide time for metabolic rewiring.
Proteomic and phosphoproteomic analyses revealed both a profound decrease in cell cycle
proteins during early resistance (Figure 5C) and validated many of the metabolic pathways
identified by CRISPR/Cas and metabolomics. Remarkably, the protein alterations associated with
a slower cell cycle and lipid metabolism in early resistant cells were reproduced by primary AML
cells after gilteritinib treatment (Figure 7B-C). More in-depth analysis of proteomics revealed that
activity of Aurora kinases, in particular AURKB, increased during early resistance (Supplemental
Figures 11-13). Inhibition of AURKB activity with AZD2811 restored gilteritinib sensitivity in early
resistant cell cultures and even more impressively in early resistant primary patient samples
(Figure 6D-E, 7D). Pre-treatment leukemia cells from patients were minimally responsive to
AURKB inhibition (Figure 7D), underscoring that AURKB dependency becomes a liability during
early resistance. A similar process has been described in non-small cell lung cancer in which
EGFR inhibitors induced activation of AURKA'™® and AURKB*** during acquired resistance. In
line with our early and late resistance model, Shah et al. demonstrated that AURKA activation
maintains residual disease (tolerant phase) that then establishes a path to a mature resistance

phenotype (acquired resistance phase)'®

. Collectively, these findings and those from our study
support a conserved pathway of cell cycle regulation by the Aurora kinase family during early
resistance.

AML patients usually respond to FLT3i initially, but residual disease in the marrow
microenvironment eventually leads to development of drug resistance " 1% Recent studies
have shown that resistant cells gain new sensitivities following initial therapy, a concept called

458 or antagonistic pleiotropy*®. These new sensitivities can be exploited in

collateral sensitivity
combination therapy to enhance the efficacy of the initial agent. Of relevance, the expansion of
NRAS mutations in late resistance offers one potential approach for combination therapy to

overcome gilteritinib resistance. Both MEK and PI3K inhibitors partially restored gilteritinib efficacy
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in late resistance (Figure 3F-J). These combinations have been proposed in AML'0: 137, 149. 164
and other cancers*%? to prevent resistance. However, it is unclear if the addition of these
inhibitors would forestall the expansion of NRAS mutations or rather drive early resistant cells to
adopt alternative resistance mechanisms. Only a third of patients treated with gilteritinib develop
NRAS or KRAS mutations, which means that these genomic alterations are not the only mode of
resistance?. For that reason, results from our study suggest that targeting early resistance may
be more effective. Our multipronged approach demonstrates that the microenvironment drives
both metabolic and cell cycle changes in early resistance that lay the foundation for late
resistance. While targeting metabolic dependencies of early resistant cells is a promising strategy,

the plasticity seen in our model and that of others'#¢-148: 463. 464

suggests that this may be
challenging to target. This approach is also limited due to the lack of effective small-molecule
inhibitors of metabolism. In contrast, irrespective of their unique metabolic profiles, our resistant
cultures and primary early resistant AML cells were exquisitely sensitive to the combination of
AZD2811 and gilteritinib (Figure 7D). Exploiting this unique vulnerability of early resistance may
therefore thwart multiple mechanisms of late resistance and improve the durability of response to
gilteritinib.

In conclusion, our stepwise, non-stochastic model of gilteritinib resistance recapitulates
clinical resistance and provides a novel framework to interpret the evolution of resistance. The
comprehensive cataloging of genomic, metabolomic, proteomic, and pharmacologic data
provides a rich resource for further investigations of the complex evolution of drug resistance in
AML. Our study also suggests that a more thorough understanding of how the marrow

microenvironment contributes to early resistance will identify new treatment strategies to increase

the depth and durability of FLT3i response.
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Materials & Methods

Generation of ligand-dependent (early) and -independent (late) gilteritinib resistant cell
lines

Human MOLM14 cells were generously provided by Dr. Yoshinobu Matsuo (Fujisaki Cell
Center, Hayashibara Biochemical Labs, Okayama, Japan). Human MV4;11 cells were purchased
from ATCC (Manassas, VA). Both cell lines were grown in RPMI (Life Technologies Inc.,
Carlsbad, CA) supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA), 2% L-
glutamine, 1% penicillin/streptomycin (Life Technologies Inc.), and 0.1% amphotericin B
(HyClone, South Logan, UT). Authentication was performed on all cell lines used in this study at
the OHSU DNA Services Core facility.

To establish resistant cultures, 10 million MOLM14 or MV4;11 cells were treated with 100 nM
of gilteritinib (Selleck Chemicals, Houston, TX) in media alone (N = 4) or in media supplemented
with 10 ng/mL of FGF2 (N = 4) or FLT3 ligand (N = 4, FL; PeproTech Inc., Rocky Hill, NJ). All
cultures were maintained in 10 mL of media. Every 2 or 3 days, recombinant ligands and gilteritinib
were replaced and cell viability was evaluated using the Guava personal flow cytometer (Millipore
Inc., Burlington, MA). Following ligand withdrawal, gilteritinib and media were similarly replenished
and viability was monitored every 2 to 3 days. A list of all generated resistant cell lines is available

in Supplemental Table 1. All cell lines were tested for mycoplasma on a monthly schedule.

Immunoblotting

Ten million from MOLM14 parental and gilteritinib resistant cell lines were spun down and
lysed with 50 uL of Cell Lysis Buffer (Cell Signaling Technologies Inc., Danvers, MA) containing
a Complete Mini Protease Inhibitor Cocktail Tablet, Phosphatase Inhibitor Cocktail 2, and
phenylmethanesulfonyl fluoride (PMSF) solution (Sigma-Aldrich Inc., St Louis, MO) and clarified

by centrifugation at 14,000 g, 4 °C for 15 minutes. Protein was quantified using a bicinchoninic
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acid (BCA) assay (ThermoFisher Scientific Inc., Waltham, MA). 50 ug of each protein lysate
was loaded on NuPAGE 4-12% Bis-Tris gradient gels (ThermoFisher Scientific Inc.),
transferred on Immobilon-FL PVDF membranes (Millipore Inc.), and blocked for 1 hour.
Following overnight incubation with primary antibody (Supplemental Table 8) at 4 °C, the
membranes were washed and probed with fluorescent IRDye 800CW goat anti-rabbit IgG and
IRDye 680RD Goat anti-mouse IgG antibodies (1:15,000; LI-COR Biosciences, Lincoln, NE). The

membranes were then imaged with the Odyssey Infrared Imaging System (LI-COR Biosciences).

Whole Exome Sequencing
Genomic DNA for all cell lines was extracted using the DNeasy Blood & Tissue Kit (Qiagen
Inc., Germantown, MD) according to the manufacturer’s protocol. High throughput sequencing
was performed on all MOLM14 and MV4;11 parental and late/ligand-independent gilteritinib
resistant cell lines. Paired-end 100 base reads were generated using the Illlumina HiSeq 2500
(INumina Inc., San Diego, CA) for parental and gilteritinib resistant cell lines after capture with the
Nextera DNA Exome kit v1.2. These data are publicly available at the Short Read Archive
(PRJNAGG6471). Each sample was pre-processed using GATK 4.1%% including alignment to build
37 (GRCh37) of the human genome using BWA*. Raw mutations were called for all replicates
relative to the parental cell lines using MuTect2. The mutations were annotated using the Variant
Effect Predictor v99.1%7. The final set of mutations were: selected after limiting to those that
passed filter, predicted to have a non-synonymous change or indel, seen in less than 1% of
GNOMAD?®*®, and had at least 5 reads with a tumor variant allele frequency (VAF) of greater than
8%. Mutations were further manually curated excluding known problematic genes/mutations and
adding back in a low frequency (VAF: 0.067) NRAS p.G12D for sample MOLM14 FL Late (R-2).
All NRAS and FLT3 mutations were confirmed by Sanger sequencing with primers listed in
Supplemental Table 7. Sequencing was performed using Eurofins (Louisville, KY) and analyzed
using Sequencher and DNASTAR software.
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Droplet Digital PCR

Digital Droplet PCR (ddPCR) reactions (20 uL) were prepared with 2X dUTP-free ddPCR
supermix (Bio-Rad Laboratories Inc., Hercules, CA), 20X NRAS mutant (FAM) and wildtype
(HEX) primer/probe set, and purified genomic DNA that contained approximately 60,000 copies
(~200 ng) of NRAS. The following commercially available assays were validated and utilized:
NRAS®'?P (dHsaMDV2010095) and NRAS®'?® (dHsaMDV2010093). To determine the limit of
detection, known mutant NRAS®'?® or NRAS®'? plasmids were titrated with NRAS" plasmid.
For all MOLM14 parental (N = 3) and resistant cell lines (N = 4 for FGF2-derived, N = 4 for FL-
derived), genomic DNA was isolated at 0, 2, 5.5, and 8.5 months. The ddPCR reaction mixture
and droplet generation oil were transferred to the Droplet Generator DG8 Cartridge (Bio-Rad
Laboratories Inc.) and droplets were generated with QX200 ddPCR Droplet Generator (Bio-Rad
Laboratories Inc.). Droplets were transferred to a 96-well PCR plate, heat-sealed, and placed in
the C1000 Touch™Thermo Cycler (Bio-Rad Laboratories). Cycling conditions were as follows:
95°C for 10 min, 40 cycles of 94°C for 30 sec, 55°C for 1 min followed by 98°C for 10 min (ramp
rate 2°C/sec). Results were analyzed and visualized by QuantaSoft™ software to determine

variant allele frequency. All biological replicates were merged in downstream analysis.

Site-Directed Mutagenesis

All NRAS (G12D and G12S) mutations were introduced by site-directed mutagenesis using
the QuikChange Il XL kit (Agilent Technologies Inc., Santa Clara, CA) and primers listed in
Supplemental Table 2. Mutagenesis primers were designed using the QuikChange Primer
Design Program available through Agilent and purchased from Eurofins. Constructs were verified

by Sanger sequencing with primers listed in Supplemental Table 7.

Lentivirus production and transduction
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HEK 293T/17 cells were transfected using Lipofectamine-2000 (Life Technologies Inc.) with
single transfer vectors in combination with packaging plasmids, psPAX2 (Addgene, #12260) and
VSVG (Life Technologies Inc.). The following transfer vectors were obtained from Addgene:
pLenti CMV GFP DEST 736-1 (#19732) and pLentiCRISPRv2 (#52961). NRAS WT, G12D, and
G12S plasmids were made with the CMV GFP backbone. Viral supernatants were collected,
filtered through 0.45 uM filters, and used for transduction as previously described'*®. Briefly, 0.5-
1 mL of supernatant was spinoculated with 1x10° cells in 2 mL of growth media in the presence
of 10 mM Hepes (ThermoFisher Scientific Inc.) and 8 pg/ml of Polybrene (Santa Cruz
Biotechnology, Dallas, TX.) using a six-well format. Centrifugation was carried out at 2600 rpm
for 2 hrs at 35°C. Infected cells from either library or single guide RNAs were selected with
appropriate antibiotics, (puromycin, 2 ug/ml or blasticidin, 10 ug/ml), for 5-7 days to achieve stable

integration. Cells were used for downstream assays following 2-3 weeks post-transduction.

CRISPR/Cas9 resensitization screening & single gene inactivation by individual sgRNAs

Early and late gilteritinib resistant Cas9-expressing cells were generated using lentiCas9-
Blast (Addgene, #52962). Loss-of-function screens were performed using the Kosuke Yusa®®®
human genome-wide sgRNA library purchased from Addgene (#67989), as described',
targeting 18,010 genes with 90,709 sgRNAs (average of 5 guides per gene). High titer lentivirus
was generated using standard calcium phosphate precipitation procedures in HEK 293T/17 cells.
Viral supernatant was concentrated and the titer was determined using a viral titration kit (ABM
good, Canada).

100 million cells were used for viral transduction at MOI 0.3 using the above spinoculation
protocol, selected with puromycin for 5-7 days to ensure stable viral integration. 5 million cells
were collected to ensure library representation and overall cultures were grown to 120 million. 30
million transduced cells were separated in individual flasks and treated with DMSO or 100 nM of

gilteritinib, in duplicate, for 14-21 days. For screens on early gilteritinib resistant Cas9-expressing
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cells, screen cultures were maintained in 10 ng/mL of FGF2 or FL, respectively. 20-30 million cells
were collected at each time point from each sample to ensure 300X representation of the library.
Early and Late CRISPR PCR-amplified barcode libraries were generated as previously
described'*® and deep sequencing was performed on the NovaSeq and HiSeq 2500, respectively
(Hlumina Inc.). These data are available at GEO (GSE158717).

The 100 base reads were trimmed leaving only the sgRNA sequences using cutadapt*®.
Alignments were performed with Bowtie2 relative to the database of sgRNA sequences requiring
unique matches*®’. Read counts were then generated per sgRNA using MaGeCK count*®®. EdgeR
was run after first filtering out lowly-represented sgRNAs (those not seen in the plasmid or those
with < 100 counts per million in more than half the samples of the comparison) generating log2
fold changes (gilteritinib treatment vs DMSO) and 2-sided P-values per sgRNA. The sgRNA-level
statistics were summarized to gene-level by selecting the sgRNA with the middle P-value as a
representative. Robust Rank Aggregation (RRA) was performed for both early and late gilteritinib
resensitization screens after ranking genes by their mid P-value*’. For the early CRISPR
screens, as no overlapping genes were found, genes were prioritized using constituent sgRNA
significance (median p value < 0.05) and average log fold change focusing on genes involved in
metabolism, cell cycle alterations, MAPK or PI3K/AKT pathways.

Inactivation of individual genes was carried out by cloning sgRNAs into plentiCRISPRv2
(Addgene, #52961) per manufacturer’s suggestion. All sgRNAs used in this study are provided in
Supplemental Table 9. GraphPad Prism 8 was used to model dose-specific, normalized cell

viability values with 4-parameter logistic regression curves to determine ICsos.

Small-molecule inhibitor screening and analysis pipeline

Small-molecule inhibitors, purchased from LC Laboratories Inc. (Woburn, MA),
MedChemExpress (Monmouth Junction, NJ), and Selleck Chemicals (Houston, TX) were
reconstituted in DMSO and stored at -80°C. Cells were seeded into 384-well assay plates using
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a Multidrop™ Combi Reagent Dispenser (ThermoFisher Scientific Inc.) at a density of 1,000
cells/well in 50 pL of RPMI media supplemented with 10% fetal bovine serum, 2% L-glutamine,
1% penicillin-streptomycin, and 0.1% amphotericin B. For inhibitor screening with early resistance
cell lines, the media was supplemented with 10 ng/mL of FGF2 or FL, respectively. Inhibitors were
dispensed into the plates with an HP D300e Digital Dispenser (Tecan, Mannedorf, Switzerland).
A 7-point inhibitor dilution series was utilized with 2-fold or 3-fold concentration increments
between adjacent doses. The final concentration of DMSO was < 0.1% in all wells. All conditions
were plated with at least three replicates. Each plate also included at least 32 “no cell” media-only
wells as a negative control and 10 untreated wells utilized as a positive control. After three days
of culture at 37°C in 5% CO., cell viability was inferred using a methanethiosulfonate (MTS)-based
assay (CellTiter96 Aqueous One Solution; Promega) and absorbance (490 nm) was read
between 3 to 24 hours after adding MTS reagent using a BioTek Synergy 2 plate reader (BioTek,
Winooski, VT). MTS absorbances of inhibitor-treated wells were normalized to those of untreated
cells.

For experiments with multiple MTS read times, the following quality control (QC) metrics were
considered in choosing the optimal read time for analysis: positive to negative control well ratio,
percentage of inhibitor wells with an absorbance value less than the negative control average,
percentage of inhibitor wells with an absorbance value greater than the positive control average,
and the median inhibitor- and dose-specific coefficient of variation (CV) computed on same-plate
replicates. To enhance reliability of results, an inhibitor tested on a specific plate was excluded if
had a raw absorbance median CV (across the 7 doses) greater than 10%. Entire experiments
were discarded before inhibitor efficacy analysis and subsequently rerun if pre-MTS microscopic
plate inspection or post-MTS QC parameters (including the above-mentioned metrics as well as
the average difference in absorbance between positive and negative control wells and the

negative control well CV) were deemed unreliable.
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To allow inhibitor efficacy comparisons across plates and experiments, raw absorbance
values in inhibitor wells were normalized to a plate’s negative and positive controls (specifically,
by subtracting the plate’s average absorbance value for media-only wells, dividing by the plate’s
average absorbance value for untreated wells not on the plate edge, multiplying by 100, and
bounding the resulting percentage at 0 and 100). These cell viability percentages were then
averaged across the same-plate replicates at the inhibitor-specific dose level with standard errors
of the mean computed for graphical display. Linear interpolation between observed dose-
response values (i.e., logio-concentration on x-axis and normalized, replicate-averaged cell
viability on y-axis) was employed to fit a line to each 7-point small-molecule inhibitor profile. The
half-maximal inhibitory concentration (ICs0) and area under the curve (AUC) were derived from
this line and used to quantify inhibitor effect. Fitted lines that did not intersect 50% cell viability
were given an ICso equal to the minimum or maximum drug concentration depending on if the
entire line was below or above 50%, respectively. Since concentration ranges and dilution
increments could vary by inhibitor, raw AUC values were transformed to percentages of the
maximum possible AUC to improve interpretability. Summary of small-molecule inhibitor

screening results is available in Supplemental Tables 2 and 4.

Metabolomics

High throughput metabolomics analysis was performed on frozen cell pellets from MOLM14
parental, short-term treated (48 hour), early, and late gilteritinib resistant cell lines at the University
of Colorado School of Medicine Metabolomics Facility, a shared resource of the University of
Colorado Cancer Center. Metabolites from frozen pellets were extracted at 2e6 cells per mL using
ice cold 5:3:2 methanol:acetonitrile:water (v/v/v) with vigorous vortexing at 4°C followed by

centrifugation as described*®*

. Clarified supernatants were analyzed (10 uL per injection) by ultra-
high-pressure liquid chromatography coupled to mass spectrometry on a Vanquish UHPLC
(ThermoFisher Scientific Inc.) coupled to a Q Exactive mass spectrometer (ThermoFisher
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Scientific Inc.) in positive and negative ion modes (separate runs). The UHPLC utilized a 5 min
C18 gradient at 450 pyL/min; eluate was introduced to the MS via electrospray ionization as
previously described in detail*’°. Profiling of acylcarnitines was performed using a 15 min positive
ESI method as described*’". Data analysis and quality control measures were performed as
described*®® "2, Resulting data was analyzed using MetaboAnalyst 4.0, heat maps generated
using GENE-E (Broad Institute), and individual metabolites plotted using GraphPad Prism 8.0.
For PLS-DA shown in Figure 4C, data was first normalized to a pooled sample from the parental
group and autoscaled in MetaboAnalyst 4.0. Data from Principal Component Analysis (PCA) in
Supplemental Figure 8B was first normalized to median and autoscaled in MetaboAnalyst 4.0.

Complete metabolite data is presented in Supplemental Table 3.

Seahorse assays

To measure changes in OXPHQOS following etomoxir treatment, we used the Seahorse XF
Long Chain Fatty Acid Oxidation Stress Test Kit (Agilent Technologies Inc., 103672-100)
according to the manufacturer's protocol. MOLM14 parental and gilteritinib resistant cell lines
were cultured in substrate-limited growth media (with final concentrations of 0.5 mM carnitine, 0.5

mM glucose, 1 mM glutamine, and 1% fetal bovine serum) overnight before performing assay.

Proteomics & phosphoproteomics on cell lines
Protein extraction and digestion
Parental (N = 4) and gilteritinib early (N = 4/ligand) and late (N = 4/ligand) resistant cell lines
were washed three times with PBS to remove any trace of fetal bovine serum, pelleted, and flash
frozen. All samples were processed in 3 batches of 22 samples. Fresh lysis buffer was prepared
for each batch containing 8 M urea (Sigma-Aldrich Inc.), 50 mM Tris pH 8.0, 75 mM sodium
chloride, 1 mM ethylenediamine tetra-acetic acid, 2 pyg/mL Aprotinin (Sigma-Aldrich Inc.), 10
ug/mL Leupeptin (Roche, Pleasanton, CA), 1 mM PMSF in EtOH, 10 mM sodium fluoride, 1% of
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phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich Inc.), 20 yM PUGNACc, and 0.01 U/uL
Benzonase. After adding 500 uL of chilled lysis buffer, the samples were vortexed for 10 seconds
and then placed in thermomixer set for 15 minutes at 4°C and 800 rpm. The lysis step was
repeated by vortexing samples for an additional 10 seconds and incubating for 15 minutes utilizing
the same settings. After incubation, the samples were centrifuged for 10 minutes at 4°C and
18000 rcf to remove cell debris. Following centrifugation, the protein supernatant was transferred
to a fresh tube. A BCA assay (ThermoFisher Scientific Inc.) was performed on the supernatant to
determine protein yield.

Protein concentrations were normalized based on the BCA assay before the entire sample
was reduced with 5 mM dithiothreitol (DTT) (Sigma-Aldrich Inc.) for 1 hour at 37°C and 800 rpm.
Reduced cysteines were alkylated with 10 mM iodoacetamide (Sigma-Aldrich Inc.) for 45 minutes
at 25°C and 800 rpm in the dark. The sample was diluted four-fold with 50 mM Tris HCI pH 8.0
and then initially digested with Lys-C (Wako Chemicals, Richmond, VA) at a 1:20
enzyme:substrate ratio, followed by an incubation for 2 hours at 25°C, shaking at 800 rpm.
Following the initial digest, trypsin (Promega, Madison, WI) was added at a 1:20
enzyme:substrate ratio, followed by a 14-hour incubation set at 25°C and 800 rpm. The sample
was quenched by adding formic acid (FA) to 1% and centrifuged for 15 minutes at 1500 rcf to
remove any remaining cell debris. The peptides were desalted using a C18 solid phase extraction
(SPE) cartridge (Waters Sep-Pak, Milford, MA). Global samples were vialed at 0.1 yg/uL and
remaining peptides were pooled with previously cleaned peptides from previous experiment and
aliquoted for TMT isobaric labeling (ThermoFisher Scientific Inc.).

TMT labeling

The samples were divided into four tandem mass tag-11 (TMT-11) plex sets, each with

approximately 3 mg of total peptides. After drying down, each sample was reconstituted with 50

mM HEPES, pH 8.5 to a concentration of 5 ug/uL. Each isobaric tag aliquot was dissolved in 250
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WL anhydrous acetonitrile to a final concentration of 20 pg/pL. The tag was added to the sample
at a 1:1 peptide:isobaric label ratio and incubated in thermomixer for 1 hour at 25°C and 400 rpm
and then diluted to 2.5 mg/mL with 50 mM HEPES pH 8.5, 20% acetonitrile (ACN). Finally, the
reaction was quenched with 5% hydroxylamine and incubated for 15 minutes at 25°C and 400
rpom. The samples were then combined per each plex set and concentrated in a speed-vac before
a final C18 SPE cleanup. Each 11-plex experiment was fractionated into 96 fractions by basic pH
reversed phase liquid chromatography (bRPLC) separation, followed by concatenation into 12
global fractions for MS analysis*’® 474,

Phosphopeptide enrichment using immobilized metal affinity chromatography (IMAC)

Six samples per plex were created by concatenation from the 12 global TMT fractions. Fe®'-
NTA-agarose beads were freshly prepared for phosphopeptide enrichment using the Ni-NTA-
agarose beads (Qiagen Inc.). Sample peptides were reconstituted to a 0.5 ug/uL concentration
with 80% ACN, 0.1% TFA and incubated with 40 uL of the bead suspension for 30 minutes at RT
in a thermomixer set at 800 rpm. After incubation the beads were washed with 100 yL 80% ACN,
0.1% TFA and 50 uL 1% FA to remove any non-specific binding. Phosphopeptides were eluted
off beads with 210 yL 500 mM K>HPO4, pH 7.0 directly onto C18 stage tips and eluted from C18
material with 60 yL 50% ACN, 0.1% FA. Samples were dried in speed-vac concentrator and
reconstituted with 12 pL of 3% ACN, 0.1% FA.

Liquid Chromatography (LC) coupled to tandem MS analysis

Proteomic fractions were separated using a Waters nano-Aquity UPLC system (Waters Inc.)
equipped with a in-house 75 um 1.D. x 25 cm length C18 column packed with 1.9 um ReproSil-
Pur 120 C18-AQ (Dr. Maisch GmbH). A 100-minute gradient of 95% mobile phase A (0.1% (v/v)
formic acid in water) to 19% mobile phase B (0.1% (v/v) FA in ACN) was applied to each fraction.
The system was coupled to a Thermo Orbitrap Fusion Lumos mass spectrometer for MS/MS

analysis. MS Spectra were collected from 350 to 1800 m/z at a mass resolution setting of 60,000.
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A top speed method was used for the collection of MS? spectra at a mass resolution of 50K. An
isolation window of 0.7 m/z was used for higher energy collision dissociation (HCD), singly
charged species were excluded, and the dynamic exclusion window was 45 seconds.

TMT global proteomics data processing

All 60 Thermo.raw files were processed using mzRefinery to correct for mass calibration
errors, and then spectra were searched with MS-GF+ v98814°*’" to match against the RefSeq
human protein sequence database downloaded on June 29, 2018 (hg38; 41,734 proteins),
combined with 264 contaminants (e.g., trypsin, keratin). A partially tryptic search was carried out
with a £ 20 ppm parent tolerance, allowed for isotopic error in precursor ion selection, and
searched a decoy database composed of the forward and reversed protein sequences. MS-GF+
considered static carbamidomethylation (+57.0215 Da) on Cys residues and TMT modification
(+229.1629 Da) on the peptide N terminus and Lys residues, and dynamic oxidation (+15.9949
Da) on Met residues. The resulting peptide identifications were filtered to a 1% false discovery
rate at the unique peptide level. A sequence coverage minimum of 6 per 1000 amino acids was
used to maintain a 1% FDR at the protein level after rollup by parsimonious inference.

The intensities TMT 11 reporter ions were extracted using MASIC software*’®. Extracted
intensities were then linked to peptide-spectrum matches passing the confidence thresholds
described above by scan number. The reporter ion intensities from different scans and different
bRPLC fractions corresponding to the same gene were grouped. Relative protein abundance was
calculated as the ratio of sample abundance to reference channel abundance using the summed
reporter ion intensities from peptides that could be uniquely mapped to a gene. The relative
abundances were log2 transformed and zero-centered for each gene to obtain final relative
abundance values.

TMT phosphoproteomics data processing

The 30.raw files generated from enriched IMAC fractions were used for phosphopeptide

identification as in the global proteome data analysis described above with an additional dynamic
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phosphorylation (+79.9663 Da) modification on Ser, Thr, or Tyr residues. The phosphoproteome
data were further processed with the Ascore algorithm*’® for phosphorylation site localization, and
the top-scoring assignments were reported. For phosphoproteomic datasets, the quantitative data
were not summarized by protein, but analyzed at the peptide sequence level. Because all
peptides are labeled simultaneously, all technical biases upstream of labeling are assumed to be
identical between global and phosphoproteomics datasets. Thus, to account for sample-specific
biases in the phosphoproteome analysis, we applied the same correction factors derived from
median-centering of the global proteomic dataset for normalization.

Data visualization, KSEA, & CausalPath analyses

PCA visualization was carried out using custom R scripts and packages from the Bioconductor
project*®®. Plots were created using all proteins (phosphopeptides for phospho) with abundance
ratios measured across all samples in the dataset. We used the Kinase Substrate Enrichment
Analysis (KSEAapp) R package to infer kinase activity changes between early and late resistant
MOLM14 and MV4;11 cells and their parental cell lines*® 4!, We selected those kinases with
significantly (p < 0.05) altered activity for visualization in Figure 5. Our analysis can be found on
GitHub.

CausalPath was used to identify potential cause-effect relations between proteomic changes
(global and phospho) by matching those changes with the signaling relations in pathway
databases and checking the compatibility of the change directions with prior information in a site-
specific manner. Readouts were compared using a T-test with 0.1 FDR threshold that was
determined by the Benjamini-Hochberg method*?. The data label randomization feature of
CausalPath was used to detect activated and inhibited proteins (0.1 FDR) based on the
enrichment of their effects on the downstream network. Network diagrams were generated via

ChiBE481, 482_

Cell cycle analysis
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For each parental or gilteritinib resistant MOLM14 cell line, 1e6 cells were fixed in ice-cold
70% ethanol on ice for 20 minutes, washed in cold FACS buffer, and then stained with anti-Ki67
(BioLegend Inc, San Diego, CA) for 45 minutes on ice. After staining, cells were washed twice in
FACS buffer and resuspended in FACS buffer containing 0.5 mg/mL PI dye. Cells were examined
on BD LSRFortessa flow cytometer (BD Biosciences, San Jose, CA) and the results were

analyzed in FlowJo version 9.

Targeted proteomics on AML patient samples
CD33" and CD34" leukemic blast cell isolation

All clinical specimens utilized in this study were collected with informed consent from patients
with AML according to the Beat AML clinical trial protocol approved by the Western IRB and local
institutional IRBs (Study of Biomarker-Based Treatment of Acute Myeloid Leukemia,
NCT01728402, Dr. Traer is Pl of S8 arm). Newly diagnosed elderly AML patients with activating
FLT3 mutations were treated with gilteritinib as single agent for a month. If the percentage of
leukemia cells remained < 5% in their marrow after 1 month, patients could continue gilteritinib
monotherapy. Patients with > 5% leukemia cells in their marrow had decitabine added to their
therapy. Frozen mononuclear cells from paired pre-treatment and on-gilteritinib treatment (early
resistant) samples (N = 12) were thawed with DNase | (100 pg/mL; Stem Cell Technologies Inc.,
Cambridge, MA) and counted. CD33" and CD34" isolation was performed using EasySep Human
CD33 and CD34 Positive Selection Il Kits (Stem Cell Technologies Inc.) using the manufacturer’s
protocol. Following isolation, samples were counted and flash frozen for targeted proteomics.
Protein digestion

The samples were processed in a single batch to minimize technical variance. The digestion
was carried out as described above for MOLM14 and MV4;11 cell line proteomics with the
following modifications. The samples were lysed using 100 L of chilled lysis buffer, and after
incubation, placed in a magnetic rack to capture the magnetic beads before transferring the
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supernatant to new tubes. Peptide yield was determined by BCA assay (ThermoFisher Scientific
Inc.), and 0.5 pg/uL aliquots were prepared for heavy peptide spike-in.
Stable isotope-labeled peptides

Proteotypic peptides for the target proteins were selected for targeted proteomics analysis
based on well-accepted criteria*®, and the corresponding crude heavy stable isotope-labeled
peptides were synthesized with ™*C/"°N on C-terminal lysine or arginine (New England Peptide,
Gardner, MA). The heavy peptides were dissolved individually in 15% ACN and 0.1% FA at a
concentration of 2 mM and used for creating a peptide mixture with a final concentration of 5
pmol/uL for each peptide.
Selected reaction monitoring (SRM) assay development

The heavy peptides in the peptide mixture were evaluated for peptide response and
fragmentation pattern using LC-SRM. For each peptide, transition settings were as follows: (1)
precursor charges: 2, 3 and 4; (2) ion charges: 1, 2 and 3; (3) ion type: y; and (4) m/z window:
250-1500. Transition lists were generated with optimal collision energy values by Skyline software
(Version 20.1)** LC-SRM was then used to evaluate all heavy peptides for stability of peptide
retention time, reliable heavy peptides identification, transition interferences, and endogenous
peptide detectability. In the end, 3 transitions per peptide were selected for the final assay
configuration for targeted quantitation of a total of 244 peptides of the 123 target proteins.
Supplemental Table 6 provides a list of all 123 targets studied.
LC-SRM

The digested patient samples were reconstituted in 2% ACN/0.1% FA and spiked with 5
fmol/uL heavy peptides for a final concentration of 0.25 ug/uL, and 2 pL of the resulting samples
were analyzed by LC-SRM using a Waters nanoACQUITY UPLC system (Waters Inc.) coupled
to a Thermo Scientific TSQ Altis triple quadrupole mass spectrometer (ThermoFisher Scientific
Inc.). A 100 umi.d. x 10 cm, BEH 1.7-um C18 capillary column (Waters Inc.) was operated at a
temperature of 44 °C. The mobile phases were (A) 0.1% FA in water and (B) 0.1% FA in ACN.
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The peptide samples were separated at a flow rate of 400 nL/min using a 110-min gradient profile
as follows (min:%B): 7:1, 9:6, 40:13, 70:22, 80:40, 85:95, 93:50, 94:95 and 95:1. The parameters
of the triple quadruple instrument were set with 0.7 fwhm Q1 and Q3 resolution, and 1.2 s cycle
time. Data were acquired in time-scheduled SRM mode (retention time window: 15 min).
Data analysis and visualization

SRM data were analyzed using the Skyline software (Version 20.1)*. The total peak area
ratios of endogenous light peptides and their heavy isotope-labeled internal standards (i.e., L/H
peak area ratios) were exported for quantitation*®®. Peak detection and integration were carried
out according to two criteria: (1) same retention time and (2) similar peak area ratios for the
transitions. All data were manually inspected to ensure correct retention time, peak detection and
accurate integration. After median centering normalization and student t-test, the significantly
expressed proteins (N = 52) were determined by filtering with permutation-based false discovery
rate control (g < 0.05)**. These normalized data were used for generation of heatmap and

network diagram shown in Figure 7B-C.

Ex vivo inhibitor sensitivity assay with primary AML samples

S8 clinical trial patients treated at Oregon Health and Science University (Study of Biomarker-
Based Treatment of Acute Myeloid Leukemia, NCT01728402, Dr. Traer is Pl of S8 arm) were
also consented to local research protocol and these samples were used for ex vivo treatments in
Figure 7 (IRB 4422). Frozen mononuclear cells from paired pre-treatment and on-gilteritinib
treatment (early resistant) AML patient samples (N = 4 pairs) were thawed with HS-5 stromal
conditioned medium and DNase | (100 ug/mL; Stem Cell Technologies Inc.). To remove dead
cells, Ficoll gradient centrifugation was utilized and cells were thereafter cultured overnight in HS-
5 stromal conditioned media supplemented with StemRegenin 1 (500 nM) and UM729 (1 uM,

Stem Cell Technologies Inc.)*.
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Isolated CD33" and CD34" cells were seeded into 384-well assay plates at 1,000 cells/well in
50:50 stromal conditioned media and RPMI-1640 media supplemented with fetal bovine serum
(10%), L-glutamine, penicillin-streptomycin and antimycotic. Gilteritinib and AZD2811 were
distributed in a 7-point concentration series ranging from 10 uM to 0.004 uM as single agents or
in combination. The final concentration of DMSO was < 0.1% in all wells. After 72 hours, viability
was inferred with MTS reagent as described above (read times: 3 and 6 hours). Raw absorbance
values were adjusted to a reference blank value, and then used to determine cell viability
(normalized to untreated control wells to produce cell viability estimates). GraphPad Prism 8 was
used to model dose-specific, normalized cell viability values with 4-parameter logistic regression

curves to determine 1Csgs.
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Supplemental Tables

Table 1: MOLM14 & MV4;11 parental cell lines & gilteritinib resistant cultures

Culture Name (Replicate #)

Whole Exome
Sequencing
(WES)

CRISPR/Cas9
Screening

Metabolomics

Proteomics &
Phosphoproteomics

Small-Molecule
Inhibitor
Screening

MOLM14 Parental (R-1)

X

x|

X

X

MOLM14 Parental (R-2)

MOLM14 Parental (R-3)

MOLM14 Parental (R-4)

X| X[ X

MOLM14 Parental with 48 hr GILT (R-1)

MOLM14 Parental with48 hr GILT (R-2)

MOLM14 Parental with48 hr GILT (R-3)

MOLM14 Parental with 48 hr GILT (R-4)

MOLM14 Parental with48 hr GILT + FGF2 (R-1)

MOLM14 Parental with 48 hr GILT + FGF2 (R-2)

MOLM14 Parental with 48 hr GILT + FGF2 (R-3)

MOLM14 Parental with48 hr GILT + FGF2 (R-4)

MOLM14 Parental with 48 hr GILT + FL (R-1)

MOLM14 Parental with 48 hr GILT + FL (R-2)

MOLM14 Parental with48 hr GILT + FL (R-3)

MOLM14 Parental with 48 hr GILT + FL (R-4)

MOLM14 FGF2 Early (R-1)

MOLM14 FGF2 Early (R-2)

MOLM14 FGF2 Early (R-3)

MOLM14 FGF2 Early (R-4)

MOLM14 FL Early (R-1)

MOLM14 FL Early (R-2)

MOLM14 FL Early (R-3)

MOLM14 FL Early (R-4)

MOLM14 FGF2 Late (R-1)

MOLM14 FGF2 Late (R-2)

MOLM14 FGF2 Late (R-3)

MOLM14 FGF2 Late (R-4)

MOLM14 FL Late (R-1)

MOLM14 FL Late (R-2)

MOLM14 FL Late (R-3)

MOLM14 FL Late (R-4)

XX X[ X[ X[ | | X X X[ X[ ] X)X X[ X X X X[ X[ X X X X[ X| X X[ X[ X X X

MV4;11 Parental (R-1)

XX XX XX X X[ <

MV4;11 Parental (R-2)

MV4;11 Parental (R-3)

MV4;11 Parental (R-4)

MV4;11 Parental (R-5)

MV4;11 FGF2 Early (R-1)

MV4;11 FGF2 Early (R-2)

MV4;11 FGF2 Early (R-3)

MV4;11 FL Early (R-1)

MV4;11 FL Early (R-2)

MV4;11 FL Early (R-3)

MV4;11 FL Early (R-4)

MV4;11 FGF2 Late (R-1)

MV4;11 FGF2 Late (R-2)

MV4;11 FGF2 Late (R-3)

MV411 FL Late (R-1)

MV4:11 FL Late (R-2)

MV4;11 FL Late (R-3)

MV4;11 FL Late (R-4)

X[ XXX X[ X X

X| X X X[ X[ | X X)X X[ X X X X X[ X| ] X X X[ X| ] X)X X)X X[ X X] X X X[ X X] X
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Supplemental Table 1: List of all MOLM14 and MV4;11 parental cell lines and early (ligand-
dependent) and late (ligand-independent) gilteritinib resistant cultures generated and used in the
different orthogonal approaches (whole exome sequencing, CRISPR/Cas9, metabolomics,
proteomics & phosphoproteomics, and small-molecule inhibitor screening). All extended resistant
cultures were maintained in 100 nM of gilteritinib and all early resistant cultures were additionally
supplemented with 10 ng/mL of FGF2 or FL. When possible four biological replicates (R1-4) per
cell line were generated. “X” indicates if a particular culture was used for a given assay.

Table 2: Ex vivo drug efficacy on late (ligand independent) gilteritinib resistant MOLM14 cultures

S . ) FGF2 Early R-4: FL Early R-4: FGF2 Early R-4: FL Early R-4:

Late Gilteritinib Resistant Cultures: ICso (nM) ICso (NM) AUC%* AUC%*

Inhibitor | ¥ ‘F’,flj’;‘sw' r;‘;lcfn"m Mono. | +Gilt. | CR' | Mono. | +Gilt. | CR' | Mono. | +Gilt. | CR' | Mono. | +Gilt. | CR?
Gilteritinib 10 2-100 | 463 | 63.0 | NA | 475 | 483* | NA |69.6% | 68.3'% | NA | 70.4% | 68.6°% | NA
(FLT3)
(T;%‘f(";)'b 3 2-100 | 1000 | 174 | 027 | 916 | 157 | 025 |765% | 557% | 0.79 | 68.7% | 51.7% | 0.75
(S“‘jgmg;"b 4 2-100 | 100.0 | 214 | 048 | 1000 | 221 | 054 |86.9% | 61.3% | 0.85 | 84.2% | 60.4% | 0.91
(T&'ﬁt;g;b 3 S | 10 | 192 | 088 | 10 | 304 | 054" [721% | 558% | 0.80 | 76.3% | 57.1% | 0.80

Supplemental Table 2: Summary of ICs values and area under the curve (AUC) for small-
molecule inhibitor studies in late gilteritinib resistant MOLM14 cultures. Data presented in Figure
3F-I and Supplemental Figure 4. ICso and AUC% values are medians and “Mono.” refers to
inhibitor monotherapy. AUC%* = area under the curve, as a percentage of the maximum possible
AUC with log1o concentration (nM) on the x-axis and plate-normalized cell viability percentage on
the y-axis. CR" = median Combination Ratio for the ICso or the AUC%, calculated by dividing the
ICs0/AUC% of the drug combination by the ICs)/AUC% of the more effective single agent
(Gilteritinib or the non-Gilteritinib drug) for each plate and then taking the median. *There were 6
(not 10) experiment plates involving a double dose series of Gilteritinib. ¥Trametinib was plated at
a higher dose range (2 — 100 nM) for one experiment and a 10-fold lower dose range (0.2 — 10
nM) for two experiments. Only the higher dose experiment was considered for the ICso CR since
this dose range matched the range used for Gilteritinib on the same plates. Each experiment of
late Gilteritinib resistance included in this table had at least two same-plate replicates (range 2-5)
for each drug. The ICso and AUC were derived from a linear piecewise curve fitted to the replicate-
averaged, normalized viability percentages for the 7 dose points.
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Supplemental Table 3: Level of all metabolites detected following short-term (48 hour) and long-
term gilteritinib treatment. Data presented in Figure 4D-E and Supplemental Figure 7. This table
is not included in the dissertation due to size constraints but will be published with the final

manuscript.

Table 4: Ex vivo drug efficacy on early (ligand dependent) gilteritinib resistant MOLM14 cultures

e . . FGF2 Early R-4: FL Early R-4: FGF2 Early R-4: FL Early R-4:

Early Gilteritinib Resistant Cultures: ICso (nM) ICso (NM) AUC%* AUC%*

Inhibitor | ¥ ‘F’,flft:g“ r;‘;’;"("n"m Mono. | +Gilt. | CR' | Mono. | +Gilt. | CR' | Mono. | +Gilt. | CR' | Mono. | +Gilt. | CRt
(GFiI'_‘?;i)“"ib 8 1-1000 | 603 | 261 | NA | 829 | 40.8 | NA |589% | 491% | NA | 60.0% | 50.3% | NA
?P%L?Fflié; 5 1-1000 | 71 | 41 | 069 | 85 | 70 | 082 [341% | 204% | 067 | 422% | 27.9% | 065
?Q\LUNR?Igi? 2 1-1000 | 7289 | 597 | 089 | 8512 | 78 | 0.85 |934% | 600% | 097 | 932% | 596% | 0.99
:‘f@“ﬁfg; 2 1-1000 | 457 | 228 | 051 | 632 | 293 | 046 |654% | 459% | 0.75 | 64.6% | 47.5% | 0.79
VX-680 2 1-1000 | 366 | 193 | 055 | 389 | 223 | 059 |588% | 427% | 0.74 | 57.5% | 42.4% | 0.74
(AURKA) - . o B . . . o (] . 0 . o ] B ('] .
KW-2449 2 1-1000 | 3654 | 552 | 0.82 | 4686 | 81.2 | 0.87 |793% | 57.9% | 0.94 | 833% | 594% | 0.98
(AURKC)

Supplemental Table 4: Summary of ICso values and area under the curve (AUC) for small-
molecule inhibitor studies in early gilteritinib resistant MOLM14 cultures. Data presented in Figure
6D-E and Supplemental Figure 14A-H. ICso and AUC% values are medians and “Mono.” refers to
inhibitor monotherapy. AUC%* = area under the curve, as a percentage of the maximum possible
AUC with log10 concentration (nM) on the x-axis and plate-normalized cell viability percentage
on the y-axis. CR" = median Combination Ratio for the ICso or the AUC%, calculated by dividing
the ICs0o/AUC% of the equimolar drug combination by the 1Cs0/AUC% of the more effective single
agent (Gilteritinib or the non-Gilteritinib drug) for each plate and then taking the median. Each
experiment of early Gilteritinib resistance included in this table had same-plate triplicates for each
drug. The IC50 and AUC were derived from a linear piecewise curve fitted to the triplicate-
averaged, normalized viability percentages for the 7 dose points.
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Table 5: Available Patient Information

e Gender | Karotype FLT3 Other genetic abnormalities* HEss Cycle*1 Blasts Cycle 2
ID (response)
Monosomy WT1 Splice site 1002-1G>A 5-20% blasts

5009 Male 7 ITD AR 0.92 45.15% (PR) 2%

5017 Male normal ITD AR0.10 TET2 M695fs*17 46.37% 50% (PD)

5029 Female normal ITD AR 0.23 2% (CRi) 9%

5087 Male normal ITD AR 0.24 NPM1 W288fs*12 12.36% 10% (SD)
TET2 R1516* 13.71%

5104 Male normal ITD AR0.18 40% (SD)

5145 Male normal ITD AR 0.69 WT1 T377fs*73 22.79% 4% (CRi) 8%
WT1 R369fs*7 41.28%

5155 Female normal ITD AR 0.47 DNMT3A Q696fs*9 38.87% (PD)

IDH1 R132H 41.24%
NPM1 W288fs*12 29.28%
5174 Male ring chr 8 ITD AR 0.41 NPM1 W288fs*12 31.73% 40% (SD)
FLT3 N841T 5.07%
FLT3Y842C 1.13%

5180 Male normal ITD AR 0.28 92% (PD)
FLT3 E444V
21.36%
5186 Male normal ITD AR 0.06 10% (SD)
FLT3 D835Y 1.69%
5210 Male normal ITD AR 0.21 NPM1 W288fs*12 33.81% 2% (MLFS)
FLT3 V491L 19.41% TET2 M1522R 47.96%
FLT3 N676S 2.82% WT1 R462Q 4.10%
5273 | Female | normal ITD AR 0.55 DNMT3A R882H 46.80% 3% (CRi)
FLT3 N151S
49.03% DNMTS3A T835A 49.12%

* Response assessed as per Cheson et al. JCO 2003. In order of response from best to worst: CR = complete response; CRi =
complete response with incomplete hematologic recovery; MLFS = morphologically-free leukemia state (<5% blasts); PR =
>50% reduction in blasts but 5-20% blasts in marrow with hematologic recovery; SD = stable disease; PD = progressive disease;
AR = Allelic Ratio

Supplemental Table 5: Available clinical information on patients from AML gilteritinib trial (trial is
ongoing and full results will be reported separately). The following patient samples from the LLS
Beat AML gilteritinib trial (NCT03013998, S8 sub-study) were analyzed by targeted proteomic
panel using pre-treatment (PT) samples and early resistant (ER) samples after either 1 to 2
months of gilteritinib monotherapy (samples used for ER are highlighted in blue). As part of the
trial screening and assignment, a rapid genetics screen was performed within one week using
cytogenetics and Foundation medicine panel focused on targetable mutations for the trial.
Mutated FLT3 patients (ITD and TKD mutations) were eligible for gilteritinib monotherapy and had
an initial bone marrow biopsy to evaluation response after one cycle (28 days). Patients were
eligible to continue gilteritinib monotherapy if they had at least partial response (PR) or better.
Blast percentages were reported by study sites, and/or by clinical response. If they did not achieve
PR, they were eligible to receive gilteritinib + decitabine. PD = Progressive Disease; SD = Stable
Disease. AR = Allelic Ratio. This table was prepared by Elie Traer.
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Supplemental Table 6 - Targeted proteomics panel

ABCD1

ACAA1

ACAA2

ACADM

ACADVL

ACAT1

ACAT2

ACOT?2

ACOT8

ACSF2

ACSL1

ACSL4

ACSL5

ACSS2

ADIPOR1

AFP

AKR1C1

AKT1

ALDH1A3

ALDH7A1

AMBRA

ANAPC1

ANAPC4

APOM

ARID1A

ARID1B

ARID2

ARID4B

ASF1A

ASF1B

ATF4

ATPS5F1C

AURKA

AURKB

BAD

BARD1

BAX

BCL2
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BECN1

BRAF

BUB1B

CBL

CCNB1

CCNB2

CCND3

CCNT2

CD36

CDK1

CDK2

CDK4

CDK5

CDKG6

CDK7

CDK9

CENPU

CHEK1

CHMP4C

CPT1A

CPT1C

CPT2

CRAT

CTGF

CYBB

DNMT1

DNMT3A

DOT1L

E2F3

ETNK2

FABP4

FABP5

FASN

FLT3

GSK3B

HIPK2

KATS

KRAS

LAMTORA4
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LIG1

MAP2K1

MAP2K2

MAP2K3

MAP2K4

MAP2K5

MAP2K6

MAP2K7

MAP3K8

MAPK11

MAPK12

MAPK14

MAPK4

MAPK7

MAPKS8

MAPK9

MAPKAPK3

MCAK

MCL1

MCM3

MCM7

MTOR

NEKG

NRAS

PABPCA1

PDPK1

PIM1

PIM2

PPARA

PPARG

PRKAA1

PRKAA2

PRKAB1

PRKCA

PTPN11

PTPN12

RAF1

RARA

RXRA
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RXRB
SGK1
SPRY3
SRC
STIL
TXNRD1
ZBTB7A

Supplemental Table 6: Targeted Proteomics Panel. 123 proteins were included in this panel
based upon significant CRISPR/Cas9, CausalPath, KSEA, and small-molecule inhibitor screening
data from resistant cell cultures. In addition, related-proteins in the signaling pathways were also
selected for analysis. For example, if CausalPath suggested that expression of CPT1A was
increased in early resistance, we also selected CPT1B, CPT1C, and CPT2 in our targeted
analysis since these proteins function within a signaling family.

Table 7a: Sanger Sequencing Primers

Gene Mutation Forward Primer Sequence (5'>3’) (Tog) Reverse Primer Sequence (5°2>3’) (Tog)
FLT3 | F691L/N701K | ACCCACAGACTTCACGGTGCCT 62.13 | TCAGCAGAGAACCAAGCCCTCC 60.31
G12D/G12S | GCATAGTGTTCGGCTTTGGG 59.55 | AGTCTCGCTACTATGGCCTG 58.68
NRAS G13D AGGATCAGGTCAGCGGGCTACC | 61.87 | GCGGGGGTCCTTCCATTTGGTG 62.04
Q61H ACTCTGGTTCCAAGTCATTCCCA | 57.45 | TGAACTTCCCTCCCTCCCTGCC 61.7

Table 7b: Site-Directed Mutagenesis Primers

Gene A?:‘:ng:id Forward Primer Sequence (5'>3’) (-[g') Reverse Primer Sequence (5’2>3’) (-[g')
GCTTTTCCCAACACCATCTGCTCCAAC GTGGTGGTTGGAGCAGATGGTGTTGGG
G12D 80.38 80.38
NRAS CACCAC AAAAGC
G12S CTTTTCCCAACACCACTTGCTCCAACC 80.38 GGTGGTGGTTGGAGCAAGTGGTGTTGG 80.38
ACCACC ) GAAAAG ]

Supplemental Table 7: List of all Sanger sequencing (a) and site-directed mutagenesis (b)
primers used in this study.
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Table 8: Antibodies used in this study

Target :rnc:tli?:::?; Vendor Clone | Species I'l\)r:lt:ft’:::‘:‘y Predzﬁge:) Size
Phospho-Akt (Ser473) 9271 Cell Signaling Rb 1:1000 60
Akt 9272 Cell Signaling Rb 1:1000 60
PhOSPh‘(’+‘;]4r%422/T'\3f$§)(Erk1/ 2) 9101 Cell Signaling Rb 1:1000 42,44
p44/42 MAPK (Erk1/2) 9102 Cell Signaling Rb 1:1000 42,44
Phospho-Stat5 (Tyr694) 9351 Cell Signaling Rb 1:250 90
Total Stat5 25656 Cell Signaling D3N2B Rb 1:1000 90
Phospho-FLT3 (Tyr589/591) 3464 Cell Signaling 30D4 Rb 1:1000 160
Phospho-FLT3 (Tyr842) 4577 Thermo Fisher 10A8 Rb 1:1000 160
Phospho-FLT3 (Tyr969) 3463 Cell Signaling C24D9 Rb 1:1000 160
Total FLT3 3462 Cell Signaling 8F2 Rb 1:1000 130, 160
FGFR1 9740 Cell Signaling D8E4 Rb 1:1000 92, 120, 145
FGF2 SC-79 Santa Cruz Rb 1:500 20
FL AB52648 ABCAM EP1140Y Rb 1:500 26
GAPDH AM4300 Thermo Fisher 6C5 Ms 1:5000 39
IRDye 800CW Goat anti-Rabbit IgG 926-32211 LIiCOR Rb 1:15000 -
IRDye 680RD Goat anti-Mouse 1gG 926-68070 LICOR Ms 1:15000 -

Supplemental Table 8: List of all antibodies used in this study.
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Table 9: CRISPR sgRNAs |

Target Gene Guide Number Sequence (5’2 3’)
Non-Targeting (NT) 1 GGAGATATCAATCCTCCCGC
ACOT7 1 CCTCGAGGTGCCTCCTGTTG
ACOT7 2 CATTGCAACAGCCAGAACG
ACOX1 1 CACTCGCAGCCAGCGTTATG
ACOX1 2 CGCAGCCAGCGTTATGAGG
AURKA 1 TGAGTCACGAGAACACGTTT
AURKA 2 TAGGCTACAGCTCCAGTTGG
AURKB 1 GGGCACTTACGTTAAGATGT
AURKB 2 GGCAGGGTGCTCAGGCCAGA
AURKC 1 TCTCAATTTCCCGGCGCAGC
AURKC 2 TTTCAAAGTCATCGACTGTG
CCND1 1 CGAAGGTCTGCGCGTGTTTG
CCND1 2 CATTTGAAGTAGGACACCG
CENPU 1 CTGATGTCTCAAGCATTGGC
CPT1A 1 GCCAAGATCGACCCCTCGTT
CPT1C 1 CACATAATTGGACGCCCACC
CPT1C 2 TTAGTACCTGGAGTCGGTC
CPT2 1 CTTTAACCTCATTATCGCCA
CPT2 2 CAACGGAGTCTCGAGCAGAT
ELOVL5 1 AGTCGAAGGATCAGTTCGTG
ELOVL5 2 GTGTTTGTTACAGTCCAAA
ETNK2 1 GACCCGGACGACATCCTTCC
FOLH1 1 TGTGCATCATAGTATCCAAT
FOLH1 2 CGTGGAATTGCAGAGGCTGT
GNA13 1 CTTCGACCAGCGCGCGCGCG
GNA13 2 CATTCCTTGGGCTGCCATG
MAP3K7 1 AGAGCCTGATGACTCGTTGT
NDC80 1 CTCACGTTTGAGGGGTATAG
NDC80 2 GATCCCGGAATAGTCAACT
NEK6 1 TCACGCCGGGTGATGCACCG
NEK6 2 CCTGCATGCCAGCCTCACGA
NRAS 1 AGAAAACAAGTGGTTATAGA
PHGDH 1 TTTCTGCTTCAGGACTGTGA
PHGDH 2 TGGACGAAGGCGCCCTGCTC
PIK3CD 1 GCGCGAAAGTCGTTCACTTC
PMS1 1 AATCTGATGACGACTTGTTA
PMS1 2 ATACAACAAATTGACCCCA
PSMA3 1 ACTTGAAAAACTCTTCCGTC
PSMA3 2 GGTCTTACAGTGTGAATGA
PLTP 1 TGAGCAGGACCGTCCCTGCG
PLTP 2 ATGGGGAGTCAATCACTGC
RAP2C 1 CCCCTCCGTGCTGGAAATTC
RAP2C 2 CTACCGCAAAGAGATCGAAG
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SAMHD1 1 GCTTAGTTATATCCAGCGAT
SCLY 1 TCCCCCCTATCATCTTCGCG
SERINC4 1 CTATTATGCAGCTGTGCCCG
SERINC4 2 ATGCTGTAGAATCCTAGGG
SGPLA1 1 TAATTGCATGGAGTGTCGTG
SGPLA1 2 GCAGACGCCTTCTGGCAAG
SMAD4 1 AACTCTGTACAAAGACCGCG
SMAD4 2 GGATTAACACTGCAGAGTAA
SMC4 1 ACCCTCATCGTGTTCAGTC
STIL 1 TAGCATGACGATAAGCAAGT

Supplemental Table 9: List of single guides tested in CRISPR/Cas validation studies.
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PART IV:
Discussion &
Future Directions



Summary, perspective, & future directions

“Don't let yourself be. Find something new to try, something to
change. Count how often it succeeds and how often it doesn't.
Write about it. Ask a patient or a colleague what they think about
it. See if you can keep the conversation going.”

— Atul Gawande

Leukemia is a dynamic disease that culminates from the concurrent dysregulation of multiple
cellular processes. While the work presented in this dissertation is heavily focused on the
dysregulation of RTKs, it is the interplay of several intrinsic and extrinsic modes of activation
and/or resistance that orchestrate the development and progression of leukemia. Moreover, these
intrinsic and extrinsic processes are broadly applicable to all cancers. In fact, our characterization
of NTRK mutations in part Il of this dissertation stems from the success of Trk inhibitors in solid
malignancies®. The persistence of residual AML cells as examined in part lll relies on extrinsic
microenvironmental signaling and is applicable across a wide range of malignancies'. In this
chapter, | briefly summarize our findings presented in the previous chapters, highlight concepts
that | found intriguing, and accordingly suggest future directions. As | discuss below, the
integration of genomic and transcriptomic information provided by single cell technologies will
allow us to further dissect signaling mechanisms of intrinsic and extrinsic activation and resistance

and, thereby facilitate the development of more-effective personalized therapies.
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Intrinsic activation: Activating NTRK, ERBB2, and FLT3 mutations in hematologic

neoplasms

Summary

Advances in molecular diagnostics and clinical sequencing technologies have paved the
discovery of both new and known drivers of tumorigenesis. In part Il of this dissertation, |
described our discovery and characterization of oncogenic NTRK, ERBB2, and FLT3 mutations
in hematologic malignancies. Although mutations in NTRK and ERBB2 are extremely rare (<1%)
in liquid tumors, the availability of FDA-approved inhibitors that directly target them is a cause for
excitement. Cells transformed by NTRK and ERBB2 mutations demonstrated robust sensitivity to
FDA-approved Trk and ErbB2 inhibitors, respectively*®” %8 While most treatment strategies focus
on targeting well-known drivers of cancer, our work emphasizes the need to consider
noncanonical activators which could be equally valuable in guiding treatment strategies. And for
that reason, rigorous in vitro characterization, while laborious in nature, is necessary to determine
if a given mutation has functional relevance. The activating mutations we report for NTRK and
ERBB2 all fall outside the tyrosine kinase domain and exhibit oncogenic potential, debunking the
common myth that mutations outside the tyrosine kinase domain are of minimal significance.

While intrinsic activation of RTKs can contribute to the initial malignancy as noted above with
NTRK and ERBB2, it can also manifest resistance. Through in vitro characterization, we identified
FLT3V°™% as an activating mutation that confers resistance to the type | inhibitor gilteritinib. Similar
to the FLT3 gatekeeper mutation F691L, N701K also sterically hinders the binding of gilteritinib,
acting as a noncanonical gatekeeper. The N701K mutation showed minimal sensitivity to type |
inhibitors midostaurin and crenolanib. It was strikingly more sensitive to the type Il inhibitor
quizartinib, suggesting that TKI class switching could serve as a promising avenue to mitigate
development of gilteritinib resistance. The use of type | FLT3 inhibitors following the acquisition

of resistance to type Il inhibitors is a well-established approach to overcome resistance. However,
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what makes the case with the N701K mutation interesting is acquired sensitivity to a type Il
inhibitor following development of resistance to a type | inhibitor, which is a largely

underappreciated concept.

Perspective & future directions

Our work reiterates that functional characterization of oncogenic mutations is extremely
informative in deciphering the genomic underpinnings of malignancies as it brings us closer
towards the promise of delivering personalized cancer care. The availability of cell-based models
(Ba/F3, NIH3T3, etc.) allows for rigorous yet rapid screening and prioritization of oncogenic
mutations. However, this approach cannot be used as a standalone as these prioritized mutations
often coexist in the presence of other known or unknown disease drivers, collectively culminating
in the observed disease phenotype. For that reason, it is imperative that we examine both the
functional relevance of a given mutation in the context of other genomic alterations and the
structural change it may educe.

Although it was necessary for us to assess the oncogenicity of each NTRK and ERBB2
mutation separately, it does not fully recapitulate the underlying biology in the patients we
prioritized. Chapter 4 of this dissertation discusses our characterization of the NTRK2R4%¢¢
mutation in a patient with CML*®". This patient also harbored a BCR-ABL1™"®" mutation and
exhibited insensitivity to known CML TKIls ponatinib, imatinib, dasatinib, and nilotinib. While we
speculate that NTRK2R4%8¢ may serve as a bypass resistance mutation in this setting, we are
unable to conclude that from our solo assessment of NTRK2?*®%¢_Indeed, preliminary work from
our lab has observed decreased sensitivity to ABL inhibitor treatment in BCR-ABL1™"' cells

2R4%8G (Ejde et al., unpublished). Future studies should consider

engineered to co-express NTRK
the interplay of these and other mutations to understand the overall disease landscape. In the

case of NTRKSs, our recent work and that of others has shown that a loss of TP53 induces aberrant
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activation of Trks'** 2, further underscoring the value of studying genomic interactions in parallel.
The order of mutation acquisition and/or co-occurrence could also enhance our understanding of

2R4%8G oo yld be a mutation that is accrued later in disease

the disease biology. For example, NTRK
relative to BCR-ABL1™" based on the loss of response to CML TKls that was observed.
However, this is merely a speculation. Keeping with this, the resolution offered by single cell
technologies could be informative here. Such technologies can resolve the co-occurrence of
mutations, provide a greater appreciation for the clonal complexity in cancer cells, and trace the
evolution/pre-existence of mutations.

The resultant structural changes that a mutation can introduce to RTKs can influence their
function, regulation, and interactions with the neighboring environment. A major challenge in
appreciating structural alterations is the unavailability of crystallized structures. For most RTKs,
crystallized structures are available only for the tyrosine kinase domain. As our work
demonstrates, mutations that arise outside the kinase domain can equally herald malignancy.
There is a need to comprehend the structural impact of such mutations. Given the unavailability
of a crystallized structure of the TrkB juxtamembrane domain, we were unable to fully appreciate
the underlying biological changes brought forward by the R458G mutation. Using a molecular
dynamics stimulation, we were able to hypothesize that a mutation in the juxtamembrane domain
at residue 458 causes the TrkB receptor to adopt a new conformation that alters its interaction
with the neighboring lipid nanoclusters of the cell membrane. As discussed in chapter 2,
interactions with the neighboring lipid environment, prevents unwarranted RTK activity by
maintaining the inhibitory switch of the juxtamembrane domain in place®. Future studies focused
on characterizing activating or resistance mutations should examine structural alterations. Similar
to advances in deep sequencing technologies to detect genomic changes, advances in protein
crystallization reveal that modeling structural changes no longer seems to be a monumental
undertaking. An artificial intelligence network developed by Google Al offshoot DeepMind has

489

brought a tool that can predict protein 3D structure from its amino acid sequence®”. One can
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speculate that such technology will enhance our interpretation of a protein’s function, its
interactions with downstream effectors, predict the effect of structural modifications brought by

genomic mutations, and importantly inform drug discovery efforts.

Extrinsic activation: The AML microenvironment catalyzes a step-wise evolution to

gilteritinib resistance

Summary

In this section | summarize our examination of gilteritinib resistance from chapter 8 as our
investigation on quizartinib resistance from chapter 7 provided the necessary framework.

Targeted kinase inhibitors have revolutionized oncology treatment, but the development of
resistance limits their durability. In acute myeloid leukemia (AML), activating mutations in FLT3
are the most common genetic abnormality, found in >30% of AML patients. Multiple FLT3
inhibitors have been developed to target FLT3 in AML, including the drug gilteritinib, which is a
potent FLT3 inhibitor recently approved by the FDA. However, AML patients only respond to
gilteritinib for approximately six months due to the emergence of drug resistance. While gilteritinib
efficiently eliminates peripheral blasts in the blood, residual blasts in the bone marrow
microenvironment are able to survive, protected by cytokines and growth factors. Persistence of
these residual cells represents “early resistance” to treatment. How these cells adapt to survive
in the marrow microenvironment remains unclear. Over time, resistant subclones resume growth
and lead to relapsed disease, often through the acquisition of intrinsic resistance mutations, what
we term “late resistance.”

In our study, we utilized a stepwise in vitro model that charts the temporal evolution of early

to late gilteritinib resistance. Experimentally, we recapitulated early resistance with exogenous
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microenvironmental ligands, FGF2 and FL, that allow cells to become resistant to gilteritinib in a
ligand-dependent manner, without the need for resistance mutations. Once the ligands are
removed, the cells became transiently sensitive to gilteritinib again, but eventually there was a
clonal expansion of NRAS resistance mutations that drove late, intrinsic resistance. To
understand the mechanisms of evolution from early to late resistance, we used a comprehensive
approach that includes whole exome sequencing, CRISPR/Cas9 screening,
proteomics/phosphoproteomics, metabolomics, and small-molecule inhibitor screening.

Early resistance is characterized by slowly dividing cells and metabolic reprogramming,
particularly with respect to lipid metabolism. Early resistant cultures also became uniquely
dependent on Aurora kinase B (AURKB) for survival. We then validated these pathways using
primary AML cells from patients treated with gilteritinib and found that early resistant cells,
protected in the marrow microenvironment, demonstrated reduced cell cycle and alterations in
lipid metabolism. Primary early resistant AML cells also became dependent on AURKB signaling,
and were exquisitely sensitive to the combination of AURKB inhibitors and gilteritinib. In contrast,
late resistant cells were characterized by an expansion of pre-existing NRAS mutant subclones,
which became the primary driver of late resistance. Despite the expansion of NRAS mutations,
metabolic reprogramming continued to evolve in late resistance with further dependence upon
lipid metabolism. The timeframe and expansion of late NRAS mutations observed in our model is
analogous to the acquisition of NRAS resistance mutations in gilteritinib-treated AML patients'.

The strength of our data derives from the complementary approaches that converge to reveal
the biology underlying early and late resistance and how closely it recapitulates resistance in AML
patients. Our work strongly supports the notion that resistance is a non-stochastic process, which
was nicely captured by our use of a two-step model that is clinically relevant. While mutagenesis
screens are informative in identifying mutations that confer resistance, they are unable to depict
the order of events and bottlenecks that precede the establishment of full resistance. Our

approach allowed us to define a unique vulnerability to AURKB inhibitors in early resistance. By
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targeting early resistance, it may be possible to thwart the expansion of late resistant NRAS

clones and improve the durability of FLT3 inhibitors.

Perspective & future directions

It is often thought that resistance is simply manifested by the acquisition of sequential intrinsic
genomic alterations. However, there is accumulating evidence that resistance also leverages
extrinsic signaling processes that occur concomitantly with intrinsic processes'®; they are not
mutually exclusive and should be studied in parallel. Notably, our work on understanding
gilteritinib resistance provides a greater appreciation for extrinsic signaling (1) as a mode of RTK
activation and (2) as a mediator of resistance and persistence disease. While most studies in AML
resistance have focused on defining intrinsic mutations that signify disease relapse*® 13" 164182
our work shifts the paradigm and emphasizes the need to understand the biology of residual
(persistent) AML cells that form the basis of relapse with the goal of improving the success of
FDA-approved therapies. Residual cells are protected by extrinsic survival signals purveyed by
the tumor microenvironment among other mechanisms. Previous treatment approaches to
addressing resistance have centered on the sequential use of single inhibitors or inhibitor
combinations to target intrinsic signaling pathways as determined from the mutational profile of a
patient at relapse™” . A focus on targeting residual disease may circumvent or delay the
development of full resistance, thereby moving away from our conventional ‘reactive’ strategy of
combating resistance and disease relapse to adopting a more ‘proactive’ approach in monitoring
and intercepting earlier in the disease course. Albeit, this requires knowledge of the underlying
biology that characterizes persistent or early resistant AML cells. To this end, our work and that
of others has begun to define the fundamental properties of these cells that can be therapeutically
exploited.

| believe we were successful in the answering the initial question that we set out to investigate:

what confers gilteritinib resistance and what combinatorial strategy can be used to prevent or
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delay the development of resistance? In relation to Stephen Paget’s “soil and seed” hypothesis,
our work heavily focused on defining the persistent ‘seed’ cells that bring about resistance®.
Equally important, our findings provided insight on the plausible role of the marrow
microenvironment ‘soil’ in nurturing these persistent AML cells. Given these findings, | am now

interested in further exploring the following two directions (Figure 1).

1. Performing a comprehensive examination of the stromal microenvironment to identify
other protective factors that communicate with leukemia cells and confer resistance. An
understanding of the pathological stromal landscape will enable development of therapies

that abrogate these protective signaling pathways to improve treatment outcomes.

2. Defining metabolic dependencies of leukemia cells to reveal pharmacologically actionable
targets that can be exploited in the clinic. Given that recent studies*** *° have suggested
that metabolomic reprogramming may emanate from the stromal microenvironment, the

nutritional role of AML stroma should be explored.

Stromal Metabolic

- - . AML Cells
Microenvironment Reprogramming

Figure 1: Schematic highlighting the importance exploring the crosstalk between AML
cells and stromal microenvironment. Apart from protection facilitated by growth factors or
cytokines, the microenvironment may also provide nutritional support to AML cells.
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While I limit my discussion below to AML, these concepts apply to both liquid and solid tumors.
| also acknowledge that such ideas would need to be developed further and focused for purposes
of grant applications. However, | broadly discuss these ideas below as | believe that a
comprehensive understanding of the stromal microenvironment and metabolism are needed
before delving deeper into specific pathways to gain a full appreciation of the landscape that
contributes to the AML phenotype. Where appropriate, | also include unpublished data to support

these ideas.

(i) Resolving heterogeneity of the dynamic stromal microenvironment

The tumor microenvironment, in particular the crosstalk between leukemia cells and bone
marrow mesenchymal stromal cells, has been implicated to be critical for both cancer
development and drug resistance. Particularly, previous work from our laboratory'®® 3% and that
of others'0® 117. 190-194. 490 hag shown that mesenchymal stromal cells found within the AML
microenvironment contribute significantly to the development of drug resistance by upregulating
survival pathways and/or providing nutritional support to leukemia cells. In parallel to leukemia
cells, our work suggests that the stromal microenvironment is also dynamically changing. Yet, this
idea seems to be under investigated. No published study thus far has examined heterogeneity
among mesenchymal stromal cells and how it could contribute to AML initiation, progression, and
development of drug resistance. Insight into the pathological stromal landscape could guide the
development of therapeutics to overcome microenvironmentally-mediated resistance.

Single-cell RNA-sequencing provides one promising approach to resolve the heterogeneity of
the stromal microenvironment as evidenced from the work of Tikhonova et al.**' and Severe et
al.*? who characterized AML stroma using elegant mouse models. However, a major limitation of
single-cell RNA-sequencing on fresh patient samples is the inability to capture a sufficient number
of stromal cells due to the size constraints (diameter of ~ 50 microns) of the current microfluidics

technology offered by 10X Genomics. Given that stromal cells can be cultured on plastic for weeks
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before undergoing senescence, this provides another promising avenue to study heterogeneity
of stroma over time in a patient. However, the major challenge in pursuing this approach is our
limited understanding of what surface markers and internal proteins constitute stromal cells. As
discussed in Chapter 2 of this dissertation, in 2006 the International Society for Cellular Therapy
defined mesenchymal stromal cells as having the following three markers among other criteria:
CD73, CD90, and CD105""®. Despite this definition, an in-depth understanding of stromal biology
in the context of AML is warranted.

Given the cost of single-cell RNA-Sequencing and other limitations (cell size, viability, etc.),
deconvolution of bulk RNA-sequencing data has emerged as a promising method to digitally

dissect heterogeneity among bulk populations of cells**?

. With respect to studying how AML
stroma changes over time, deconvolution could serve as a first step to unmask the heterogeneity
among stromal subsets and mitigate the challenges posed by single-cell technologies.
Deciphering the subpopulations of stromal cells may reveal other extrinsic, non-genetic factors
that may support cancer growth or underpin resistance to cancer therapies at different stages of
disease (Figure 2). Another method to study the contribution of the stromal microenvironment
entails examining its direct communication with leukemia cells. Such cell-to-cell communication
can now be inferred using computational tools such as CellPhoneDB, CellChat, ICELLNET, and

etc. that use a collated list of known ligand-receptor interactions to reveal aspects of disease

biology*®.
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Figure 2: Successful cataloging of stromal subpopulations could provide insight on the
dynamic reprogramming that occurs within the stromal microenvironment during the
disease process. Different colored dots represent stromal subpopulations.

(ii) Metabolic reprogramming

While most cancer research has largely focused on defining genomic alterations (mutated
oncogenes or tumor suppressors) that cause tumorigenesis, an interest in understanding how
cancer cells hijack cellular metabolism to support their proliferation and survival has garnered
interest in the last decade. However, it would be appropriate to say that the association of
metabolism and cancer has been long known and exploited, yet its complexity has been difficult
to study. In fact, the backbone of most chemotherapy regimens consists of inhibitors such as
cytarabine, 5-fluorouracil, 6-mercaptopurine, etc. that target metabolic constituents*®. For that
reason, it is predictable that targeting metabolic dependencies could be of therapeutic utility. In
the past decade, multiple studies have identified various metabolic processes that may have gone
awry in the setting of AML. In Table 1 and Figure 3, to my knowledge, | provide a comprehensive

496-498 as the

list of these studies. Many studies in AML have focused on the importance of glucose
preferred energy source owing to the observation made by Otto Warburg in 1927 that cancer cells
upregulate glycolysis under aerobic conditions, also known as the Warburg effect**® >, However,

more recent studies have brought to light that de novo AML cells have a dependency upon redox
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metabolism**" **' or oxidative phosphorylation (OXPHQS)*" 4% 457. 502:504 = challenging the

assumptions of the Warburg theory. In respect to OXPHOS, several studies have revealed the

)452, 457, 503, 505-507

importance of amino acids (glutamine, arginine, serine , vitamins*®®, nucleotides®®,

and fatty acids®? %9%°'5 as reliable sources of energy for AML cells. Importantly, the source of

146-148, 451 (

OXPHOS can also differ in the context of resistance Figure 3).
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Table 1:




Sykes et al., Cell, 2016.

AML mouse model Nucleotide metabolism PMID: 27641501 2016
AML mouse model . : van Gastal et al., Cell Metab.,
of residual disease | uciectide metabolism 2020. PMID: 32763164 2020

Table 1: Comprehensive list of all studies focused on defining the metabolic source in the setting
of AML. Studies are grouped by metabolic pathways and are color coded as follows: glycolysis
(green), oxidative phosphorylation (orange), amino acid metabolism (blue), fatty acid
oxidation/lipid metabolism (teal), nucleotide metabolism (yellow), vitamin metabolism (purple),
and redox metabolism (red). The table also provides information on the model used to study
metabolism (in vitro cell lines, ex vivo patient samples, and/or in vivo animal models).
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Sykes et al., Cell, 2016.

van Gastal et al., Cell Metab., 2020.
PMID: 32763164

*

[ Glycolysis
[l oxidative Phosphorylation
[l Amino Acid Metabolism
- Fatty Acid Oxidation/Lipid Metabolism
[] Nucleotide Metabolism
[l Vitamin Metabolism
. Redox Metabolism
Resistance studies

Figure 3: Timeline of key advances relating to the metabolic profiling of AML cells. Different
pre-clinical models (ex vivo patient cells, in vitro cell lines, and in vivo mouse studies) have
revealed the underlying metabolic heterogeneity of AML. Asterisk (*) indicates studies where the
source of metabolism is altered in the setting of drug resistance. Different metabolic pathways are
color coded as follows: glycolysis (green), oxidative phosphorylation (orange), amino acid
metabolism (blue), fatty acid oxidation/lipid metabolism (teal), nucleotide metabolism (yellow),
vitamin metabolism (purple), and redox metabolism (red).
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While many studies, including our own, have shown the predilection for lipid metabolism as a
preferred energy source of resistant AML cells, a full understanding of the molecular details that
guide this process remain largely undefined. In 2010, for the first time, Samudio et al. reported
that AML cells oxidize fatty acids for energy production, survival, and chemoresistance®?.
Inhibition of fatty acid oxidation (FAO) in their cell line model facilitated Bak/Bax oligomerization
and apoptosis. This work has been further strengthened by subsequent studies that detail the
importance of inhibiting FAO with etomoxir or ST1326, which prevent the entry of fatty acids into
the mitochondria by blocking activity of carnitine palmitoyl transferase 1 (CPT1)"6:%%.512 | oss in
expression of prolyl hydroxylase 3 (PHD3)*'" or upregulation of the scavenger receptor®'®, CD36
have also been shown to promote FAO in AML cells, potentially serving as biomarkers to identify
patients who may benefit from FAO inhibitors. In our two-step model of gilteritinib resistance, we
saw that AML resistant cells switched from glucose to lipid metabolism, which began in early
resistance and continued into late resistance. The switch in energy source was permanent in
contrast to other studies*, suggesting that AML resistant cells become reprogrammed over time
and develop a metabolic memory. An increase in lipid metabolism was also confirmed in residual
AML cells from patients on gilteritinib. Our unpublished data suggests that lipid metabolism may
result from the crosstalk between leukemia cells and neighboring stromal cells. It may be the case
that fatty acids are provided by the stromal microenvironment. Transcriptomic analyses of stromal
samples from AML patients on gilteritinib show an abundance of retinoic acid receptor responder
protein 2 (RARRES2) expression which is linked to FAO (Figure 4 & 5). The crosstalk of AML
cells and the neighboring RARRES2"* stroma needs to be further studied. Although the basic
aspects of these findings remain to be elucidated, targeting FAO could serve as a fruitful strategy

in a subset of patients.
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Figure 4: Enrichment of lipid metabolism genes in AML stromal cells following gilteritinib
treatment. Alignments were performed using Kallisto®'® and summarized to the gene level using
“tximport' ', Paired t-tests (comparing pre. vs post-gilteritinib) were carried out using the limma-
trend methodology®'®. Genes are displayed in terms of log, fold-change (x-axis) and raw p-value
(y-axis). Genes in teal are part of lipid metabolism. This volcano plot was prepared by Daniel
Bottomly.
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prepared by Daniel Bottomly.
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Additionally, from our current findings, it is difficult to conclude if the shift to lipid metabolism
is a cause or consequence of gilteritinib resistance. Our current CRISPR/Cas9 profiling suggests
that lipid metabolism contributes to resistance as we did not observe a single gene or pathway
dependency. One approach to fully answering this question could be attempting to create
gilteritinib resistant cell lines with MOLM14 cells after knocking out or knocking down the lipid
metabolism machinery to assess its contribution to conferring resistance. If lipid metabolism is a
driver of resistance, its downregulation should prevent or delay the development of resistance in
long-term culture.

Recent work from Stevens et al. and our analysis of Beat AML (Figure 6) have also suggested
a possible correlation between NRAS mutations and lipid metabolism'®. To this end, detailed
metabolomic and lipidomic analyses following knock-out of NRAS or stable expression of NRAS
mutations could be of great value in understanding if a causal relationship between NRAS and

lipid metabolism exists.
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Figure 6: Transcriptional analysis of patients with NRAS mutations from BeatAML show
an enrichment of genes involved in fatty acid and sphingolipid metabolism. Correlative
analysis was performed with patients with FLT3 mutations (n = 108) versus patients with NRAS

mutations (n = 65). Pathway determination was performed with WebGestalt (FDR < 0.05) and

visualized through Cytoscape**°.

Allin all, the work presented in this dissertation illustrates that intrinsic and extrinsic activation
of RTKs can initiate and sustain the growth of leukemia cells. Rigorous testing of intrinsic
mutations in NTRK2/3, ERBB2, and FLT3 steered the identification of new oncogenic targets.
Protective factors secreted by marrow stromal cells can promote the growth of leukemia cells via
sustained activation of FLT3 signaling, thereby thwarting the depth of current treatment
modalities. Understanding the interplay of intrinsic and extrinsic activation of RTKs may yield

improved therapeutic strategies that target leukemia cells more effectively.
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