Exploiting Metabolic Vulnerabilities In Solid Tumors Treated With ABL Kinase
Allosteric Inhibitors

by
Jillian Hattaway Luttman
Department of Pharmacology & Cancer Biology

Duke University

Date:

Approved:

Ann Marie Pendergast, Supervisor

Donald McDonnell

Chris Newgard

Nancie Maclver

Deborah Muoio

Jen-Tsan Ashley Chi

Thesis submitted in partial fulfillment of
the requirements for the degree of Doctor
of Philosophy in the Department of
Pharmacology & Cancer Biology in the Graduate School
of Duke University

2021



Exploiting Metabolic Vulnerabilities In Solid Tumors Treated With ABL Kinase

Allosteric Inhibitors

by
Jillian Hattaway Luttman
Department of Pharmacology & Cancer Biology

Duke University

Date:

Approved:

Ann Marie Pendergast, Supervisor

Donald McDonnell

Chris Newgard

Nancie Maclver

Deborah Muoio

Jen-Tsan Ashley Chi

An abstract of a thesis submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of
Pharmacology & Cancer Biology in the Graduate School of
Duke University

2021



Copyright by
Jillian Hattaway Luttman
2021



Abstract

Metastases are common and devastating complications linked to ~90% of cancer
deaths. Therapy-resistance is a major challenge for the treatment of cancer cell
metastasis as metastatic cells metabolically rewire to survive cytotoxic therapies and
adapt to new environments. Understanding and effectively targeting these metabolic
changes opens an entirely new therapeutic avenue for combating cancer by defining
cancer-related metabolic vulnerabilities. Using a CRISPR/Cas9 loss-of-function screen
and RNA-sequencing analysis, the studies presented herein identify two metabolic
vulnerabilities that arise following ABL allosteric inhibitor treatment to target metastatic
and therapy-resistant cancer cells. First, we identify a novel combination therapy of ABL
kinase allosteric inhibitors with lipophilic statins that impairs growth of clinically
relevant therapy-resistant and brain metastatic lung cancer cells in vitro and in in vivo
using mouse models. We found that ABL allosteric inhibitors impair mitochondria
function without altering glycolytic capacity, leading to sensitization to statin
therapeutics, and enhanced synergy to promote cancer cell death by combination
therapy. Further, we found that ABL inhibitors are sensitized to statins due to the ability
of statin therapeutics to inhibit the isoprenoid pathway, specifically protein
geranylgeranylation. These results reveal a potential striking clinical benefit as synergy

was not noted upon combination with standard of care therapeutics, gefitinib and

iv



docetaxel, and identify a new treatment strategy for patients refractory to first-line
therapeutics or with metastases to difficult to treat organs like the brain.

We have also characterized a novel ABL signaling axis as ABL inhibition was
shown to deplete SLC7A11 protein levels in cancer cells. SLC7A11 is the catalytic
subunit of system xCT and enables cystine import for cell detoxification and
concomitant glutamate export. By depleting cancer cells of SLC7A11, cell detoxification
processes are limited and excretion of toxic glutamate levels into the tumor
microenvironment decrease. These data suggest that ABL regulation of this pathway
could extend survival and relieve harmful symptoms in patients experiencing primary
and secondary metastatic tumors. Collectively, our findings reveal metabolic
vulnerabilities that can be targeted in cancer cells through treatment with ABL allosteric

inhibitors, leading to improved patient survival and quality of life.
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1. Introduction

Sections from this chapter are published in Cell Communication and Signaling, 2021

1.1: Background on solid tumor metastasis

Metastasis is the process whereby cancer cells spread from the primary tumor to
surrounding tissues and distant organs (1-3). Metastases are common and devastating
complications linked to ~90% of cancer deaths (4). Despite being a significant factor
affecting patient overall survival, the mechanisms behind this process remain poorly
understood. The progression of the metastatic cascade begins with invasion of primary
tumor cells into surrounding tissue, intravasation of cancer cells into the blood stream,
migration through the circulatory system, extravasation into a distal organ, and
colonization at distant sites (5). To successfully achieve these feats, cancer cells must
activate gene regulatory networks that enable and drive these processes so that they can
evade the immune system and survive in new environments.

As cancer cells adapt to new environments, they will genetically and
metabolically rewire to survive in these new niches. This makes the treatment of
metastases difficult as their genetic and metabolic profiles are disparate from the
primary tumor allowing them to evade cancer therapies, which often leads to treatment
relapse (6, 7). Additionally, other forms of adjuvant care such as surgery and radiation
can be difficult to perform due to the anatomically diffuse localization of metastases.

Thus, further understanding into the rewiring that occurs as cancer cells travel to distal



sites will enable new therapies to treat these devastating complications. This dissertation
will provide an overarching description of known metabolic perturbations in tumors

and highlight exciting new findings to treat patients with these cancerous lesions.

1.2 Metabolic rewiring in solid tumors

Metabolic reprogramming is a hallmark of cancer development that occurs
following direct or indirect activation of oncogenic mutations as well as in response to
chemotherapy, radiation, and immunotherapy (8). In fact, recent work has found that
the current metabolic state of cancer cells can help predict how well tumors respond to
various forms of therapies (9-12). Often, the microenvironments in which cancer cell
metastases reside are nutrient poor causing these cells to shift their metabolic needs and
energy processing centers to adapt to their new microenvironment. In general, cancer
cells acquire simple nutrients such as sugars, lipids, and proteins from the extracellular
space to fuel biosynthetic pathways. These metabolites are catabolized through core
metabolic pathways to produce biosynthetic intermediates necessary for cancer growth.
Four core metabolic pathways in cancer cells are: glycolysis, the TCA cycle, fatty acid
synthesis, and protein catabolism. These four fundamental pathways and their

susceptibility to oncogenic rewiring will be reviewed in more detail.

1.2.1 Glycolysis

One of the first examples that cancer cells reprogram their metabolism was

observed by Otto Warburg in the 1920s when he found that cancer cells undergo



glycolysis under normal oxygen states (13). Generally, glycolysis is a metabolic pathway
activated under states of hypoxia, when oxygen levels are low, forcing cells to rely on
glucose for energy. Glycolysis begins with glucose uptake from the extracellular
environment leading to production of two molecules of pyruvate and ATP from one
glucose molecule through oxygen-independent enzymatic reactions (14). The ability of
cancer cells to undergo glycolysis in the presence of oxygen has been termed “aerobic
glycolysis” (14).

This phenomenon was originally believed to occur because of impaired
mitochondrial function in cancer cells, but more recent studies have debunked these
claims finding that mitochondrial metabolism is indeed intact. Rather, it is believed that
cells undergo aerobic glycolysis because glycolysis-derived ATP is generated much
faster than ATP made through oxidative phosphorylation, and excess glycolytic
intermediates feed into the pentose phosphate pathway resulting in NADPH and ribose-
5-phosphate production (15). Both, NADPH and ribose-5-phosphate are essential for the
synthesis of lipids and nucleic acids.

Oncogenic mutations increase the glycolytic pathway by either increasing
expression of glucose transporters or increasing the activity of glycolytic enzymes (8).
The PI3K/Akt pathway acts as a master regulator of glycolysis by promoting the
expression of glucose transporter 1 (GLUT1) as well as GLUT1 translocation to the cell

surface (16, 17). Akt also potentiates the activity of hexokinase (HK), a rate-limiting



enzyme of the glycolytic pathway that phosphorylates glucose molecules allowing for
their movement through the pathway, as well as phosphofructokinase (PFK) enzyme,
which catalyzes the key irreversible step of glycolysis (18, 19).

The MYC oncoprotein plays a key role in cancer cell glycolysis as it can directly
bind to a classical E-box sequence and activate transcription of a large majority of
glycolytic genes (20). MYC can modulate glucose uptake by increasing expression of
SLC2A1 as well as lactate export through inducing expression of MCT1 and MCT?2 (21,
22). Further, glycolytic enzymes such as HK2, GAPDH, and ENOI, are transcriptionally
upregulated by MYC (20). MYC was also shown to regulate alternative splicing of
pyruvate kinase preferentially promoting processing of PKM2 over PKM1 (23). PKM2
has been shown to cause cells to undergo aerobic glycolysis while PKM1 induces
oxidative phosphorylation (23).

HIF-1a is a transcription factor that is canonically known for its ability to
regulate cellular adaptive responses to hypoxia. Genetic alterations in cancer cells as
well as hypoxic stimuli promote HIF-1a expression (24). In addition to its ability to
maintain cell fitness in the presence of low oxygen levels, HIF-1a can increase glycolytic
activity in cells by inducing transcription of glycolytic enzymes and transporters. HIF-1a
stimulates expression of hexokinases 1 and 2, phosphoglycerate kinase 1, and the

glucose transporters GLUT1 and GLUT3 (25). HIF-1a also upregulates lactate



dehydrogenase A allowing for lactate breakdown into pyruvate and NADH for energy
utilization (26-30).

Additionally, HIF-1a can shunt cell metabolism away from the mitochondria by
phosphorylating pyruvate dehydrogenase kinases which in turn causes inhibitory
phosphorylation of pyruvate dehydrogenase (31). Inhibition prevents pyruvate
dehydrogenase from processing pyruvate for entry into the mitochondria as fuel for the
citric acid cycle (TCA). It is believed that this inhibitory mechanism helps maintain
NADH levels for energy utilization. NADH is oxidized in the mitochondria to fuel the
electron transport chain and is regenerated as NAD for glycolysis (32). When this
process shuts down, NADH is instead used to convert pyruvate into lactate and NAD is
generated following lactate secretion into the extracellular space. By shutting down
mitochondrial metabolism, HIF-1a can maintain cellular reliance on glycolytic cycle and
cell redox levels. HIF-1a-dependent modification of mitochondrial metabolism has been
shown to be beneficial for tumor growth in pancreatic cancers (33).

The oncogenic signaling protein Ras has also been shown to be a master
regulator of cancer cell metabolism. Oncogenic activation of RAS can directly and
indirectly activate glycolytic enzymes. Ras can directly increase aerobic glycolysis by
promoting GLUT1 mRNA expression leading to enhanced glucose import (34, 35).
Further, Ras can enhance glycolytic flux by increasing expression of HK2, PFKFB3, and

MCTT1 (36, 37). Thus, Ras can control cancer cell glycolysis by regulating these key



processes: glucose import and phosphorylation, fructose-1,6- bisphosphate production,
and lactate export. In an indirect manner, RAS can also modulate glycolysis through
upregulating HIF-1a protein synthesis through the RAS/RAF/MEK/ERK signaling

cascade (38, 39).

1.2.2 Mitochondrial metabolism

Despite the high glycolytic rates of most cancer cells, mitochondrial metabolism
generates the majority of ATP and is necessary for cancer cell proliferation and
tumorigenesis (14, 40, 41). Mitochondrial ATP production is supplied not only by
pyruvate from glycolysis but also fatty acids and amino acids which serve as substrates
for the citric acid cycle (TCA). Fatty acids are broken down through beta-oxidation to
generate acetyl-CoA and reducing molecules NADH and FADH2 (14). NADH and
FADH2 are used by the electron transport chain (ETC) to facilitate the hydrogen pump
to produce ATP. Branched chain amino acids like isoleucine, valine, and leucine are
converted into acetyl-CoA for entrance into the TCA cycle (42). The amino acid
glutamine undergoes a process called glutaminolysis where it is converted into
glutamate and subsequently a-ketoglutarate to fuel the TCA cycle (43). The flexibility of
the TCA cycle to rely on multiple metabolic inputs allows cancer to adapt to changing
environments during tumor growth and progression.

Cancer cells have an increased basal mitochondrial respiration rate in

comparison to non-oncogenic counterparts. Because of this, mitochondria produce more



reactive oxygen species (ROS) than normal cells and this helps facilitate activation of
oncogenic signaling pathways such as PI3K, MAPK/ERK, HIF, and NF-kB (44-46).
Oncogenic mutations and the tumor microenvironment contribute to this increased rate
of ROS production and it has been shown that increased ROS levels enable tumor
progression (47). Interestingly, treatment with antioxidants has been shown to decrease
the growth of some tumors (47-49).

Activation of oncogenes and loss of tumor suppressors can have direct or
indirect consequences on mitochondria function or metabolism during tumor formation.
Several oncogenic mutations that can affect mitochondrial activity include
PI3K/Akt/mTOR, Myc, p53, and BCL2. PI3K/Akt/mTOR activation can redirect carbon
flux from glucose molecules into biosynthetic pathways that reprogram citrate
metabolism in the mitochondria and increases anabolic mitochondrial metabolism (50).
Additionally, mTOR can upregulate glutaminolysis to increase a-ketoglutarate uptake
in the TCA cycle by inhibiting SIRT which activates glutamate dehydrogenase (51).
Expression of mitochondrial SHMT (SHMT?2) partially restores survival of c-Myc-null
cells, as discovered during a functional screen of Myc-responsive cDNAs in cells deplete
of Myc (52). SHMT2 breaks down serine into one-carbon units and glycine, and has been
shown to be required for efficient cell respiration as products of SHMT2 help assemble
complex I of the ETC (53). Myc can also upregulate expression of GLUT1 to increase

glucose transport and GLS for glutamine metabolism.



p53 has also been shown to affect mitochondrial function in part by regulating
a-ketoglutarate levels, as loss of p53 decreases a-ketoglutarate while expression of wild-
type p53 increases a-ketoglutarate in pancreatic cells (54). Additionally, increased
expression of a-ketoglutarate in p53 deplete cells antagonizes malignant growth. p53
null cells also have increases in the anti-apoptotic protein BCL2 (55). BCL2 can prevent
activation of downstream apoptotic proteins like Bax and Bak and inhibit mitochondrial-
induced cell death (56). Expression of wild-type p53 in p53 null cells caused a shift in
this balance and a decrease in BCL2 levels, while subsequently increasing Bax levels and
initiating cell death (55). BCL2 can also directly affect oxidative phosphorylation as
inhibition of BCL2 in acute myelogenous leukemia stem cells reduced mitochondrial

respiration and eradicated quiescent stem cells (57).

1.2.3 Lipid synthesis

Tumorigenesis is associated with rapid production of fatty acids for membrane
biosynthesis. Increased levels of saturated fatty acids in the cell membranes protects
against oxidative stress (58). Lipid synthesis requires acetyl-CoA and NADPH. Often,
cancer cells will rely on glucose for acetyl-CoA sources, but glutamine and acetate have
also been shown to provide alternative sources of acetyl-CoA (59, 60). Citrate can also be
converted into acetyl-CoA by acetyl-CoA carboxylase (ACLY). To synthesize fatty acids,
acetyl-CoA will be processed by acetyl-CoA carboxylase (ACC) to make malonyl-CoA

which will then be used by fatty acid synthase (FASN) to assemble long chain fatty



acids. Malonyl-CoA can also be diverted for production of cholesterol, a type of lipid
that contains a sterol group, which has been shown to enable tumor growth.

The SREBP family of transcription factors, SREBP-1 and SREBP-2, are considered
master regulators of lipid homeostasis. SREBP-1 regulates genes that either catalyze or
promote fatty acid synthesis (61). When lipid levels are high, SREBP-1 is sequestered in
the endoplasmic reticulum, but, when lipid levels decrease, SREBP-1 is released from the
endoplasmic reticulum and can travel into the nucleus to activate target gene expression.
SREBP-1 promotes transcription of ACLY, ACC, and FASN, which are frequently
upregulated in cancer cells and inhibition of these components effects tumorigenesis (62-
65). SREBP-2 is primarily responsible for the activation of genes in cholesterol
biosynthesis (66).

Uptake of lipids and fatty acids from the extracellular environment can also
occur simultaneously to intracellular lipid biosynthesis to support membrane synthesis.
Low-density lipoprotein receptor (LDLR) is responsible for taking up cholesterol-
carrying lipoproteins and inhibition of LDLR can decrease tumor progression (67).
Further, expression of oncogenes can affect both lipid synthesis and uptake. Oncogenic
expression of PI3K or Ras can upregulate SREBP-1 expression through activation of
mTORCI causing enhanced lipogenesis (68). High levels of mTORC1 are associated with
increased mRNA and protein of SREBP-1 as well as activation of several SREBP-1

transcriptional targets (50). Both SREBP-1 and LDLR are activated by epidermal growth



factor receptor (EGFR) in gliomas and cancer cells are sensitive to fatty acid and

cholesterol synthesis inhibitors (69).

1.2.4 Glutaminolysis

Glutaminolysis is the production of a-ketoglutarate from glutamine. It is a
necessary process as a-ketoglutarate is used as an anaplerotic substrate in the TCA cycle,
meaning that a-ketoglutarate will help restore the supply of carbon to offset the release
of intermediates for anabolism, and a-ketoglutarate produces reducing agents for
oxidative phosphorylation (70). To produce a-ketoglutarate, glutamine is first converted
into glutamate by glutaminases encoded by the GLS and GLS2 genes (71). Subsequently,
glutamate undergoes catalysis into a-ketoglutarate either through oxidative
deamination by glutamate dehydrogenase (GDH) in the mitochondria or by
transamination in either the cytosol or the mitochondrion. Glutamate is also a precursor
to production of the antioxidant glutathione and also serves as a source of amino groups
for nonessential amino acids.

Myc driven cancer cells are highly sensitive to glutamine depletion. Myc drives
glutamine uptake and stimulates expression of GLS enzymes (72). Elevated expression
of GLS enzymes in tumors has been shown to be directly correlated with growth rate
and malignancy (73-75). Glutamine deprivation in Myc transformed cancer cells causes
reduction in TCA cycle intermediates and TCA cycle flux, decreased ATP levels, and

apoptosis (76, 77). Silencing of GLS enzymes produced similar phenotypes to glutamine

10



depletion. KRAS-driven pancreatic cancer cells also rely on glutamine for growth and

redox balance (78).

1.3 Pharmacological targeting of metabolic pathways

Effectively targeting metabolic pathways in tumors has been the focus of a
growing field of cancer therapy. Finding the exact therapeutic window in which to treat
and the appropriate drug combination that also minimizes toxicity to the patient has
remained a major challenge. However, some metabolic therapies have shown promise
while others need to undergo further assessment.

Inhibitors against key glycolytic enzymes have been developed and used in
preclinical studies with mixed efficacy. Many drugs have shown promising antitumor
phenotypes but exhibit off targets effects due to expression of their target proteins in
non-transformed cells. Among drugs that have shown promising results in clinical trials
are lonidamine and 3-BrPA. Lonidamine is a HKII inhibitor (Figure 1). HKII is a rate-
limiting enzyme responsible for the first step of glycolysis where glucose is converted
into glucose-6-phosphate (15). Lonidamine has completed phase III clinical trials, but its
success has been limited by significant pancreatic and hepatic toxicities (79). 3-BrPA is a
3-bromopyruvate analog of pyruvate with specificity against GAPDH (80, 81) (Figure 1).
3-BrPA can inhibit GAPDH causing the production of NADH to become depleted and
cellular redox balance to become skewed (82, 83). 3-BrPA is currently in Phase I clinical

trials.
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Despite the poor vascularization and oxygen availability within the core of many
tumors, tumor cells still use mitochondrial respiration as the ETC has been shown to
function optimally even at oxygen levels as low as 0.5% (84-86). Thus, inhibitors for the
ETC can have efficacy despite oxygen availability. One of the most successful drugs to
date is metformin. Metformin is a mitochondrial ETC complex I inhibitor that has been
tested in multiple clinical trials in combination with standard of care therapies for
anticancer treatment (87) (Figure 1). Metformin is believed to regulate tumor growth
through two different mechanisms. The first possible mechanism is its ability to decrease
circulating insulin levels, which is important as insulin has been shown to be mitogenic
(88). Alternatively, metformin could also be eliciting anti-tumor effects by inhibiting
complex I of the ETC. This mechanism may be the most relevant as metformin has had
mixed effectiveness in tumor models as tumors expressing lower levels of organic cation
transporters (OCTs), metformin intracellular transporters, are less sensitive to
metformin treatment (42). Thus, profiling tumors for the expression of OCTs may
facilitate prediction of their responsiveness to metformin treatment.

Two other drugs that impair mitochondrial metabolism that are currently
undergoing clinical trial testing are venetoclax and telaglenastat (Figure 1). Venetoclax is
a BCL-2 inhibitor that has shown efficacy in cancers, such as acute myeloid leukemias,
that are reliant on BCL-2 for survival (42). It is currently in phase III clinical trials.

Telaglenastat is a glutaminase inhibitor and impairs conversion of glutamine into
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glutamate (42). Currently, it is in phase II clinical trials and is being tested in
combination with the mTOR inhibitor Everolimus or the multi-tyrosine kinase inhibitor
Cabozantinib for patients with advanced or metastatic renal cell carcinoma
(NCT03163667 and NCT03428217).

Many inhibitors have been developed to target lipid synthesis, uptake, and
oxidation, but the most successful in clinical trials to date are TVB-2640 and statins
(Figure 1). TVB-2640 is the only FASN inhibitor that has advanced to clinical trials and is
currently in phase II clinical trials for patients with KRAS mutant breast and non-small
cell lung cancers (NCT03179904 and NCT03808558). Statins are FDA-approved inhibitors
that target HMGCR and inhibit cholesterol production (89). Preclinical studies have
shown anticancer capabilities of statins, but studies in patients where these drugs have
been used in combination with standard of care therapies have had mixed results (90).

Current attempts to clinically target glutaminolysis have focused on inhibiting
the enzymes encoded by the glutaminase genes GLS and GLS2. Various inhibitors
targeting theses enzymes cause decreased cancer growth in preclinical studies (91-95).
Of these inhibitors, CB-839, is currently in phase I/II clinical trials for patients with
colorectal, lung, and metastatic sold tumors (NCT04265534, NCT03965845,
NCT03263429, NCT03047993, NCT02861300). Further work will be needed to
understand the correct drug combinations and therapeutic windows for the described

metabolic inhibitors in order to harness their full anticancer abilities.
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Figure 1: Diagram of metabolic pathways with FDA-approved inhibitors. FDA
inhibitors (shown in red) and their target enzymes in the following metabolic pathways:
glycolysis, mitochondrial metabolism, glutaminolysis, fatty acid production, and
cholesterol synthesis.

1.4 The Abelson family of non-receptor tyrosine kinases

Tyrosine kinases regulate a vast array of cellular signaling networks necessary for
processes such as survival, growth, migration, and invasion. Regulation of these processes
is required for proper mammalian development and cellular homeostasis (96). The
Abelson (ABL) family of tyrosine kinases ABL1 (c-ABL) and ABL2 (ABL-related gene,
ARG) regulate diverse cellular processes during development and normal homeostasis,
but ABL kinases are aberrantly activated during tumor progression, metastasis, tissue
injury responses, inflammation, neural degeneration and other diseases (97-106). ABL

kinases are activated by diverse stimuli including but not limited to growth factors,
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adhesion receptors, chemokines, oxidative stress, and DNA damage (107). Upon
activation, ABL kinases can alter the cytoskeletal network necessary for cell migration,
adhesion, polarity, phagocytosis and motility (108). In solid tumors, activated ABL
kinases can promote invadopodia formation, invasion, and diverse cellular processes
implicated in the epithelial-mesenchymal transition (EMT) and subsequent steps in the

metastatic cascade.

ABL1 was initially identified as a driver of leukemia in mice and humans (109,
110). Subsequently, ABL1 and ABL2 were shown to promote solid tumor progression and
metastatic dissemination (99, 101, 106, 111-113). In the context of solid tumors, ABL
kinases are upregulated due to enhanced gene expression and/or enzymatic activation by
oncogenic drivers, such as receptor tyrosine kinases (RTKs) and chemokine receptors
(107). Upon activation, ABL kinases can potentiate cancer cell survival, proliferation,
migration, and invasion, depending on the cellular context. In this review, we will focus
on the role of ABL kinases in regulating downstream targets implicated in EMT as well as
distinct cellular processes required for metastatic dissemination. Recent reports have
revealed that inhibition of the ABL kinases can decrease tumor outgrowth and impair
metastatic spread, indicating the potential use of ABL kinase inhibitors for the treatment

for some solid tumors with activated ABL kinases (97, 99-101, 105, 106, 112, 114-117).
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1.4.1 Structure and regulation of ABL kinase function and activity

ABL kinases are a family of non-receptor tyrosine kinases (nRTKSs) consisting of
two paralogs, ABL1 and ABL2 (Figure 2A). ABL1 was first discovered as the cellular
homolog of the Abelson murine lympho-sarcoma virus (A-MuLV) (109). It was later
discovered that constitutive activation of ABL1 upon fusion with the breakpoint cluster
region (BCR) generated the BCR-ABL1 oncoprotein responsible for driving several forms
of human leukemia (110). ABL2 was later identified using a sequence homology search
(118). While the oncogenic ABL proteins exhibit constitutively active kinase activity, the
endogenous ABL kinases cycle between inactive and active conformations dependent on

intra-and inter-molecular interactions (Figure 2B).

The amino (N)-terminal domain of the ABL kinases contains highly conserved
regulatory SRC homology (SH) 3 (SH3) and SH2 domains, followed by the kinase or SH1
domain. While the SH3-SH2-SH1 cassette is shared by 19 of the 22 human non-receptor
tyrosine kinases (nRTKS), the SH3-SH2-SH1 domains of human ABL1 and ABL2 are more
highly conserved (92%) to each other than the corresponding domains of any other nRTKs
and their closest respective paralogs or orthologs (119). SH3 domains canonically bind
proline-rich peptides that form left-handed polyproline type II helices (120). SH3 domains
exhibit a wide-array of ligand (PxxP) specificities that have been broadly divided into two
major classes: class 1 which bind a (K/R)xxPxxP motif and class 2 which bind a PxxPx(K/R)

motif (120). The consensus binding motif of the ABL SH3 domain is divergent from both
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class 1 and class 2 with a target sequence of PPx(F/W/Y)xPPP(A/G/I/LV) (121). Further,
recent work revealed that the ABL2 SH3 domain can bind a proline-independent sequence

(122).

SH2 domains canonically bind tyrosine phosphorylated peptides. The ABL SH2
and SH1 have co-evolved to exhibit a similar consensus binding motif (VYxxP) (119). The
SH3 and SH2 domains are preceded by an amino (N)-terminal CAP region and together
these sequences engage in intra and intermolecular interactions that modulate tyrosine
kinase activity. There are two major splice variants of the ABL kinases with alternative
start sites (1A- short isoform, 1B- long isoform; numbering in this review uses 1B) (123).
A glycine residue exists in the 1B isoform that becomes myristoylated, and the myristoyl
moiety binds to a pocket in the C-lobe of the kinase domain to stabilize the inactive kinase
conformation (124). Activation of ABL kinases by diverse stimuli leads to disruption of

intramolecular interactions and phosphorylation of downstream targets (Figure 2B).

The carboxy (C)-terminal domain of the ABL kinases is encoded by a single exon
(Figure 2A). While the N-terminal CAP-SH3-SH2-SH1 domains are highly conserved
(90%), the C-terminal domains are divergent (29%), suggesting potential unique functions
of ABL1 and ABL2 (118). Both kinases have three conserved class 2 PxxP located adjacent
to the SH1 domain which mediate binding to proteins containing SH3-binding domains
(125). The ABL1 protein localizes to the nucleus and cytoplasm and encodes three K/R-

rich nuclear localization signals (NLS) and a nuclear export signal (NES) allowing its
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entrance and egress from the nucleus (Figure 2A). In contrast, ABL2 lacks these domains
and is retained in the cytoplasm (126, 127). ABL1 contains globular (G)-actin and
tilamentous (F)-actin binding domains, while ABL2 contains two F-actin binding domains
and a microtubule-binding domain (128-131). The presence of these C-terminal sequences
endows the ABL kinases with a unique capacity to integrate diverse stimuli to dynamic

changes in the actin and microtubule cytoskeletons.
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Figure 2: Representation of the ABL structural domains and regulation of ABL kinase
activity. A) There are 2 major splice variants of ABLI and ABL2, the 1A isoforms (straight
line) and the 1B isoforms (jagged line); numbering uses the 1B isoform. The amino (N)-
termini of the ABL kinases contain the SRC homology 3 (SH3), SH2 and SH1 (tyrosine
kinase) domains. The carboxyl C-termini of the ABL kinases are divergent with only a
conserved filamentous (F)-actin-binding domain (BD) between both paralogs. ABL1 has
a globular (G)-actin-binding domain and a DNA-binding domain, whereas ABL2 has a
second internal F-actin-binding domain and a microtubule (MT)-binding domain. ABL1
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has three nuclear localization signal (NLS) motifs (three green lines located near the SH1
domain) and one nuclear export signal (NES) (single red line in FA BD) in its C terminus.
Both paralogs have conserved XPxXP motifs to mediate protein—protein interactions
(denoted as black vertical lines in both structures). P131/158L is a mutation that destroys
SH3-mediated interactions and R171/198K is a mutation that destroys SH2-mediated
interactions. L290/317R are kinase inactivating mutations. B) Inactive and active forms of
the ABL kinases are regulated by dynamic intramolecular interactions that modulate ABL
kinase activity. The SH3 domain binds to the linker sequence connecting the SH2 and the
kinase (SH1) domains, and the SH2 domain interacts with the C-terminal lobe of the
kinase domain forming an SH3-SH2 clamp structure locking the kinase in an inactive
state. The dashed line represents ABL N-terminal sequences upstream of the SH3 domain
that fold over and bind to the myristoyl group in a pocket of the C-lobe of the kinase
domain. The myristoylated residue is present in in the N terminus of the ABL 1B isoforms
and creates a hydrophobic pocket within the C-lobe of the kinase domain that stabilizes
the auto-inhibited conformation. Activation of the ABL kinases by diverse stimuli
disrupts the inhibitory intra-molecular interactions. Phosphorylation within the
activation loop of (Y412 in ABL1; Y439 in ABL2) as well as within the SH2-kinase domain
linker (Y245 in ABL1; Y272 in ABL2) stabilizes the active conformation. Binding of
pharmacological inhibitors to the ATP-binding site (Nilotinib or Imatinib) or to the
allosteric site (GNF5 or ABL001) disrupts these interactions and causes kinase inhibition
by eliciting different conformations.

1.5 Role of ABL kinases in solid tumors

Large-scale sequencing projects have identified increased expression of the ABL
kinases in different solid tumor types due to ABL amplification, somatic mutations, and/or
increased mRNA expression (reviewed in (107)). These findings are consistent with
clinical reports analyzing patient samples for genomic and/or gene expression changes in
high-grade pancreatic, renal, colorectal, breast and gastric tumors (132-135). Studies
examining Kaplan-Meier survival curves of lung, breast, colorectal, hepatocellular
carcinoma patients of varying subtypes found that elevated ABL1 and/or ABL2 is
associated with decreased metastasis-free survival and/or lower overall survival (99, 101,

106, 136, 137).
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The consequences of elevated expression of ABL1 and ABL2 for tumor progression
are cell context dependent. Single knockdown of either ABL1 or ABL2 in triple-negative
breast cancer cells impaired anchorage independent growth, while expression of a
constitutively active form of ABL1 in 4T1 murine mammary tumors inhibited tumor
growth (138, 139). Consistent with these findings, knockdown of ABL2 in triple-negative
MDA-MB-231 breast cancer xenografts promoted tumor growth via increased cell
proliferation (97). In contrast, depletion of ABL1 and ABL2 in MCF7 cells impairs the
growth of MCF7 xenograft tumors (140). While the effects of ABL1 or ABL2 inhibition has
mixed effects on primary breast tumor growth, genetic or pharmacologic inhibition of the
kinases impairs breast cancer metastasis (97, 104, 106). Notably, ABL1 plays a critical role
in an aggressive form of hereditary kidney cancer observed in patients with a germline
mutation in the enzyme fumarate hydratase (FH) that leads to the development of
hereditary leiomyomatosis and renal cell carcinoma (HLRCC) (141). In these cells, ABL1
signals through mTOR and HIFla to upregulate aerobic glycolysis and neutralize
proteotoxic stress by promoting nuclear accumulation of NRF2, a transcription factor that
activates a cell detoxification program (Figure 2). Inactivation of ABL1 markedly inhibited
the growth of HLRCC xenografts (141).

Preclinical mouse models have shown that genetic or pharmacologic inhibition of
the kinases has a greater impact impairing cancer cell metastasis of solid tumors in

comparison to primary tumor growth (97, 99-101, 104, 112-114). The predominant effects
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of the ABL kinases on metastatic phenotypes might be due to cumulative regulation of
the epithelial to mesenchymal transition and other distinct steps of the metastatic cascade

required for initiation, dissemination and colonization of distal sites (142-145).

1.5.1 Role of ABL kinases in solid tumor metastasis

Several reports have shown a requirement for ABL kinases in breast cancer
metastasis using preclinical mouse models. Knockdown of ABL2 in breast cancer cells
resulted in decreased spontaneous metastasis to the lungs following orthotopic
implantation of breast tumors in the mammary fat pad (97). Using an intracardiac mouse
model of metastasis, shRNA-mediated knockdown of both ABL1 and ABL2 in bone tropic
triple-negative breast cancer cells decreased metastasis to the bone and increased overall
survival (106). Importantly, this study demonstrated that ABL-dependent activation of
the TAZ and STATS5 transcription factors was required for breast cancer metastasis to the
bone (Figure 3). Further, treatment with ABL kinase pharmacologic inhibitors reduced
breast cancer spontaneous metastasis to the lungs (104).

Following intracardiac injection of non-small cell lung cancer (NSCLC) cells in
preclinical mouse models, it was found that the ABL kinases, specifically ABL2, drove
metastasis of lung cancer cells to distal sites in the body including the brain (99-101).
Genetic and pharmacologic inhibition suppressed metastasis and increased overall
survival in mice. Global transcriptome analysis revealed that the ABL kinases are required

for expression of pro-metastasis genes (99). Specifically, ABL kinases promote stability of
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the transcriptional coactivators TAZ and (3-catenin by decreasing their interaction with
the 3-TrCP ubiquitin ligase (99). Both TAZ and B-catenin have been implicated in EMT.
Active TAZ can promote tumorigenesis by increasing cell proliferation, metastatic
colonization, chemoresistance, and EMT (146-148). In this regard, 3-catenin is expressed
at the invasive front of colorectal carcinomas and upregulates a pro-invasive gene
expression profile during colorectal metastasis (149, 150). Interestingly, it was found that
ABL2 and TAZ activate an autocrine signaling loop during lung adenocarcinoma
metastasis to promote colonization of the brain parenchyma (101). The ABL2-TAZ
signaling axis induces expression of multiple targets including the AXL RTK that engages
with ABL2 protein kinase in bi-directional signaling (Figure 3). ABL2 targets distinct
transcriptional regulatory networks that include the heat shock factor 1 (HSF1) in lung
adenocarcinoma cells to drive brain colonization through increased lung cancer cell
survival and outgrowth (Figure 3) (100). Further, lung cancer cells harboring shRNAs
against the ABL kinases exhibited decreased extravasation from blood vessels into lung
tissue in preclinical mouse models of metastasis (99). Recently, ABL kinases were shown
to be activated by co-culture of lung adenocarcinoma cells with mesenchymal stem cells
(MSCs) leading to ABL-mediated MMP-9 expression, secretion, activation of MMP-9
proteolytic activity and metastasis (112) (Figure 3). Both ABL1 and ABL2 kinases are
required for metastasis of MSC-primed lung cancer cells to distal sites following

intracardiac injection in mouse models.
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ABL kinases target diverse protein signaling pathways to facilitate EMT and
metastasis. In hepatocellular carcinomas, ABL1 was shown to be important for claudinl
expression (105, 117). Claudin1 promotes a malignant phenotype by inducing expression
of the EMT transcription factors Slug and Zeb1 leading to repression of cell adhesion
proteins and increased cell motility (105). ABL1 and ABL2 promote invasion and
metastatic progression of melanomas in part by activating the transcription factors Ets1,
Sp1, and NF-kB/p65 which induce expression of cathepsin ECM proteases (114, 116). In
colorectal cancer, when the tumor suppressor gene Aes is knocked out NOTCH1
becomes activated and stimulates ABL1 activity (136). ABL1 then phosphorylates the
Rac/RhoGef protein TRIO on Y2681 causing Rho activation and colorectal cancer cell
invasion. Phosphorylation of Y2681 on TRIO is correlated with poor colorectal cancer
patient prognosis and inhibition of ABL suppressed cancer cell invasion in mice (136). In
non Aes mutant colorectal cancer, ABL1 can also increase NOTCH1 and MYC protein
levels leading to enhanced tumor growth (151). Additionally, ABL1 can become
activated following PDGF stimulation leading to phosphorylation of Y593 on the nuclear
RNA helicase p68. Phosphor-p68 then promotes nuclear translocation of 3-catenin and
stimulation of EMT (152). These findings highlight the ability of the ABL kinases to
promote metastasis by modulating a vast array of substrates in diverse signaling
pathways necessary for cellular processes that contribute to EMT and subsequent steps

in the metastasis cascade (highlighted in Figure 3).
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ABL-dependent Targets:

| Primary Tumor Formation
| HIF1a, mTOR, NRF2, p68,

Localized Invasion

B-catenin, Cathepsins, Cortactin,
Crk, MMP-1, MMP-3, MMP-9,
MT1-MMP (MMP-14), N-WASPp,
RhoA, Rac, STAT3, TAZ, TRIO,
TWIST, WAVE1/2/3, ZEB1

. Dissemination and Extravasation
. B-catenin, STAT5, TAZ

' Colonization
1 AXL, HSF1, MMP-9, TAZ

Figure 3: ABL-dependent targets promote EMT and metastasis. Activated ABL kinases
and their downstream signaling targets promote tumor progression and metastasis by
targeting distinct processes required for tumor growth, invasion, dissemination,
extravasation and colonization of distal sites.

1.6 Role of ABL kinases in cancer cell metabolism

Studies examining the role of ABL kinases in tumor metabolism have shown that
the kinases modulate glycolysis and mitochondria function. ABL kinases have been
shown to modulate glycolysis in the context of BCR-ABLI1 driven leukemia cells.
Inducible expression of BCR-ABL1 in a hematopoietic cell line caused increased

expression of GLUT1 and increased glucose transport (153). The effects were nullified
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following treatment with imatinib. Interestingly, treatment with sublethal doses of
imatinib in BCR-ABL1 mutant chronic myelogenous leukemia (CML) causes a reduction
in glycolytic activity and while increasing flux through the TCA cycle (154). However,
upon treatment with lethal doses, both glycolysis and TCA cycle activity are shut down.
ABL kinases have also been shown to have differential effects on mitochondria
function depending on the cell context. In mouse embryonic fibroblasts (MEFs) and a
myeloid leukemia cell line, treatment with hydrogen peroxide to elevate intracellular
ROS levels caused ABL1 to localize to the mitochondria (155). It was shown that in MEF
cells, ABL1 localization at the mitochondria decreased mitochondrial membrane
potential and caused cells to undergo cell death (155). Hematopoietic cells inducibly
expressing BCR-ABL1 were treated with sorafenib (a pan inhibitor that targets the Raf
serine/threonine kinases (Raf-1, wild-type B-Raf, and oncogenic B-Raf V600E), receptor
tyrosine kinases (VEGFR-1, VEGFR-2, VEGFR-3, PDGFR-(, Flt-3, and c-Kit), and ABL)
and underwent mitochondrial-mediated apoptosis suggesting a potential regulatory role
of ABL kinases at the mitochondria (156). Further exploration in the context of HER2
amplified breast cancer cells found that ABL1 phosphorylates mitochondrial creatine
kinase 1 (MtCK1), which stabilizes MtCK1 causing increased activity of the
phosphocreatine energy shuttle and promoted cancer cell proliferation (157).

Knockdown of MtCK1 reduced mitochondrial respiration and decreased cancer cell
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outgrowth. These results suggest ABL kinases influence cell metabolism in a cell context

dependent manner.

1.7 Therapeutics targeting ABL kinases

Among the clinically available tyrosine kinase inhibitors (TKIs), some of the most
successful to date target the ABL kinases, specifically in the context of BCR-ABL driven
chronic myelogenous leukemia (CML) (Appendix Table 1). ABL kinases are also activated
in many solid tumors, expanding the utility of ABL kinase inhibitors, and particularly the
highly specific ABL allosteric inhibitors have shown efficacy in the treatment of metastatic
lung cancer (99, 100). Importantly, the available ATP-competitive ABL kinase TKIs target
multiple tyrosine kinases in addition to ABL1 and ABL2, whereas the ABL allosteric
inhibitors are specific to the ABL kinases (Appendix Table 1). The ability of the ATP-
competitive inhibitors to target other kinases, such as PDGFRA and KIT, has made these
inhibitors efficacious in the treatment of selective solid tumors that require the activity of
such kinases to promote tumor growth. However, in tumors where these mutations are
not driving growth, the necessary concentration needed to effectively inhibit disease
progression by non-selective ATP-competitive inhibitors may result in detrimental off-
target effects due to the promiscuous nature of the ATP-site inhibitors. Therefore, using
ABL inhibitors that are highly specific and mono-selective, such as the allosteric inhibitors

and PROTACS, might be a more effective strategy for developing future therapies.
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1.7.1 ATP-competitive ABL inhibitors

Classical ABL tyrosine kinase inhibitors can be stratified into classes based on their
mechanism of action. ATP competitive inhibitors target the ATP binding pocket of the
kinase domain and can be further subdivided into type 1 or type 2 based on whether they
target the active or inactive conformation of the kinase domain. Imatinib (Gleevec) was
the first TKI developed against BCR-ABL. It binds the ATP-binding site of ABL1 and
inhibits both BCR-ABL1 and ABLI resulting in inhibition of cell proliferation and
apoptosis of leukemic cells (158-161). Treatment of early chronic phase CML patients with
Imatinib as a first line therapy leads to durable remission and a stark improvement in 5
year overall and progression free survival (162). However, the relapse rate among patients
with advanced or blast crisis phase CML is high due to the development of drug resistance
mutations in the ABL kinase domain. This clinical need led to the development of several
second and third generation TKIs targeting BCR-ABL including: Dasatinib, Nilotinib,
Bosutinib, and Ponatinib (163) (Appendix Table 1). Dasatinib and Nilotinib have been
FDA approved as first and second line therapy, and Ponatinib and Bosutinib have been
approved as second line therapy for Ph+ leukemia patients with BCR-ABL mutations
(163). Additionally, Axitinib, a vascular endothelial growth factor receptor (VEGFR)
inhibitor has been shown to inhibit the drug resistant gate keeper mutant of BCR-ABL
(164). Vandetanib, originally designed as a VEGFR2 inhibitor, has also been shown to be

a potent inhibitor of several kinases including ABL and has been FDA approved for the
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treatment of medullary thyroid carcinoma (Appendix Table 1) (165, 166). Type 1 ATP
competitive inhibitors including Dasatinib, Bosutinib, Vandetanib, and Axitinib target the
active conformation of the kinase domain. Conversely, type 2 ATP competitive inhibitors
including Imatinib and Nilotinib target the inactive conformation of the kinase domain
(167, 168) (Appendix Table 1).

Clinical trials have effectively used the ATP-site inhibitors imatinib and nilotinib
to treat melanoma patients harboring c-Kit mutations as these drugs can target the c-Kit
receptor kinase in addition to ABL and other tyrosine kinases (169-171). However, clinical
trials designed to use the ATP-site inhibitors in non-c-Kit mutant solid tumors because of
their ability to target multiple tyrosine kinases, such as PDGFR, Kit, DDR1/2, or Src, were
ineffective (167, 168, 172-176). The lack of efficacy could be due in part to toxicity elicited
by effective tumor killing doses or activation of alternative cell survival pathways (167,
168, 176). These findings have been further substantiated by preclinical data showing that
treatment with imatinib induces activation of the RAF-ERK pathway in cancer cells (99,

106, 177).

1.7.2 ABL allosteric inhibitors

Allosteric ABL inhibitors bind to regulatory regions that inhibit kinase activity.
Unlike ATP competitive inhibitors, allosteric inhibitors are highly specific for ABL
kinases and effectively target ABL1, ABL2, as well as the BCR-ABL1 fusion protein. The

first allosteric ABL inhibitor to be described was GNF2, a compound that bound to the
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myristate binding cleft of ABL (178).To circumvent inherently limiting pharmacokinetic
properties of GNF-2, GNF-5 a structural analog of GNF-2 was designed and shown to
have similar inhibitory properties to GNF-2 (178). Treatment with GNF-5 effectively
decreased tumor burden in mice harboring BCR-ABL1 leukemias and sensitized ATP-
site inhibitor resistant leukemias to the ATP competitive TKIs (178). Recently, the ABL
allosteric inhibitor ABL001 (Asciminib) which binds to the myristoyl binding site with a
higher affinity than GNF-2/5 (179), has been evaluated in multicenter clinical trials in
patients with CML and Ph+ ALL (NCT02081378, NCT03292783) (Appendix Table 1).
More recently, Asciminib was used in a Multicenter Phase 3 Study in CML chronic
phase patients that had been previously treated with two tyrosine kinase (180). Notably,
ABL allosteric inhibitors have also been shown to be efficacious in preclinical mouse
models of breast and lung cancer metastasis, as treatment with GNF5 or ABL001
decreased lung adenocarcinoma metastasis to the brain and breast cancer metastasis to
the bone (99, 101, 106). Unexpectedly, recent work uncovered functional differences
between ABL allosteric versus ATP-competitive inhibitors as the pro-metastatic ABL2-
HSF1 complex was completely disrupted by GNF5 treatment, but was largely unaltered
after treatment with the ATP-competitive inhibitor Nilotinib (100). These exciting
findings support the notion that allosteric and ATP-competitive inhibitors have

differential effects on the protein-interactome of the ABL kinases, which suggests that
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these drugs could have distinct therapeutic effects in cancer cells and patients harboring

solid tumors.

1.7.3 Emerging strategies to target ABL kinases: PROTACs

While established ABL inhibitors have been instrumental in the treatment of CML
and have emerging potentials in solid tumors, treatment with these inhibitors can result
in drug resistance. Resistance mechanisms could be due to previously described
mutational changes as well as residual scaffolding functions of ABL outside of its kinase
activity (181, 182). Proteolysis Targeting Chimera (PROTAC) technology is an emerging
therapeutic strategy that could be useful to impair ABL expression and function.
PROTAC:s are bifunctional small molecules designed to target both the target protein as
well as an E3 ubiquitin ligase to induce degradation of the target protein (183). Recent
studies designing PROTACs that effectively degrade ABL1, ABL2 and BCR-ABL1 have
been successful in vitro (184-186). ABL was partially degraded by targeting the kinase
domain using either Bosutinib and a ligand that recruits E3 ligase Cereblon, or -Dasatinib
fused to ligands for either Cereblon or VHL (186). However, because both Bosutinib and
Dasatinib target multiple protein kinases other than ABL (Appendix Table 1), it is likely
that the effects of these PROTACS are mediated by degradation of several kinases. A
recent study showed enhanced sensitivity and complete degradation of ABL by targeting

the myristoyl binding pocket of ABL and VHL-mediated degradation (185). While these
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early studies have only been conducted in vitro, they are promising for potential future in

vivo preclinical and clinical studies.

2. ABL allosteric inhibitors synergize with statins to
promote lung cancer cell apoptosis

Material from this chapter will be published in Cell Reports, 2021

2.1 Introduction

Metabolic reprogramming is a hallmark of cancer and contributes to tumor
development (8). Oncogenic activation can increase expression and activity of metabolic
enzymes and transporters to meet the bioenergetic and biosynthetic needs of the cancer
cell thus creating metabolic vulnerabilities that might be exploited for emerging cancer
therapies (14, 187-190). Among these dependencies is mitochondrial metabolism which
generates energy, regulates redox homeostasis, and provides key metabolites for
macromolecule synthesis (191). While results from clinical trials evaluating the anticancer
capability of drugs targeting mitochondrial metabolic pathways have shown potential
benefits, the utility of these drugs is limited by expression of transporters that facilitate
import of these drugs into cancer cells, or toxicity associated with targeting mitochondrial

metabolism not only in tumor cells but also in non-cancerous tissue (42).

The ABL family of non-receptor tyrosine kinases, ABL1 and ABL2, are activated
downstream of diverse stimuli, including oncogenic drivers such as EGFR, HER2, and

KRAS, and promote progression and metastasis of solid tumor types including lung and
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breast cancer (99, 106, 112, 113, 192). ABL1 and ABL2 promote cancer cell growth, survival,
adhesion, and migration depending on the cellular context (107, 111). Recently, a role for
ABL kinases in the regulation of mitochondria function was shown in HER2 amplified
breast cancer cells as HER2 promoted ABL-mediated tyrosine phosphorylation of
mitochondrial creatine kinase 1 (MtCK1) leading to increased cellular energy production
through the mitochondrial phosphocreatine shuttle (157). These findings suggested that
inhibition of ABL signaling may uncover additional metabolic vulnerabilities in tumor

cells.

Lung cancer is the leading cause of mortality among cancers worldwide in part
due to the lack of actionable targets and transient responses to current therapies (193).
Here, we show that ABL kinases regulate mitochondrial function and integrity in lung
adenocarcinoma cells harboring EGFR and KRAS mutations, and that inactivation of ABL
kinases impairs oxidative mitochondrial metabolism. As ABL inhibition impairs
mitochondrial oxidation, we sought to determine whether targeting metabolic pathways
could enhance sensitivity to ABL allosteric inhibitors by performing a CRISPR/Cas9 loss-
of-function screen targeting 2,322 metabolic enzymes and transporters. This screen
identified HMG-CoA reductase (HMGCR), a rate-limiting enzyme of the mevalonate
pathway and target of statin therapy, as a top-scoring sensitizer capable of potentiating
cell death in the presence of sublethal doses of ABL allosteric inhibitors. Notably, we

found that combination therapy of ABL kinase allosteric inhibitors with lipophilic statins
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impaired growth of clinically relevant therapy-resistant and brain metastatic lung cancer
cells in vitro and in vivo mouse models. These results suggest new treatment avenues for

lung cancer patients with advanced disease.

2.2 Results

2.2.1 ABL kinase allosteric inhibitors regulate mitochondria function
in lung cancer cells

We investigated whether inhibition of the ABL kinases could perturb
mitochondrial function in lung adenocarcinoma cells with oncogenic mutations in EGFR,
either sensitive to EGFR tyrosine kinase inhibitors (TKIs) (PC9) or TKl-resistant (PC9
GR4), as well as KRAS mutant large cell lung carcinoma (LCC) H460 cells and KRAS
mutant lung adenocarcinoma H358 cells. Lung cancer cells were analyzed for
mitochondrial basal respiration, maximal respiration, and ATP production following
treatment with ABL kinase inhibitors (Figures 4A-D). For these studies we used ABL
allosteric inhibitors, GNF5 and ABL001 (Asciminib), which bind with high affinity to the
unique myristate-binding pocket of the ABL kinases, as well as the second-generation

ABL ATP-competitive inhibitor Nilotinib (194, 195).
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Figure 4. ABL kinase allosteric inhibitors regulate mitochondria function in lung cancer
cells. (A-D) Seahorse XF Analyzer Mito Stress Test analysis of mitochondrial basal
respiration, maximal respiration, and ATP production as measured by changes in oxygen
consumption rate (OCR). Cells were treated with ICs doses of each drug (see Appendix
Table 2) for 24 hours. (E) Mitochondrial basal respiration, maximal respirati\ on, and ATP
production as measured by Seahorse XF Analyzer's Mito Stress Test for PC9 cells
harboring shRNAs against ABL1/ABL2 (shAA) and non-targeting control (shSCR). (F-G)
Mitochondrial ROS (MitoROS) release as measured by FACS analysis of median
fluorescent intensity (MFI) using Mitosox probe. Cells were treated with ICso doses for 24
hours. Statistical analysis was performed using one-way ANOVA and Tukey post hoc
testing (n = 3). *p<0.05, **p<0.01, **p<0.001, **p<0.0001. Data are mean + SEM.
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Surprisingly, only the ABL allosteric inhibitors, but not Nilotinib, markedly
impaired mitochondria basal respiration, maximal respiration, and ATP production at all
time points evaluated (Figures 4A-D and 5A-E). The inability of Nilotinib to inhibit
mitochondria function might be due to the lack of specificity of ABL ATP-competitive
inhibitors as these drugs inhibit multiple enzymes other than ABL in solid tumors, and/or
the inability of Nilotinib to disrupt interactions with specific ABL downstream targets,
which we showed can be blocked by ABL allosteric inhibitors through binding to a
distinct site in the ABL kinase domain (100). Moreover, treatment with ABL ATP-
competitive inhibitors, but not allosteric inhibitors, induces activation of the RAF-ERK
pathway in diverse cancer cell types (99, 106, 177). Notably, genetic knockdown of ABL1
and ABL2 (shAA) demonstrated that depletion of the ABL kinases similarly decreased
mitochondrial respiration and ATP production in EGFR and KRAS mutant lung cancer
cells (Figures 4E and 6A). Thus, depletion of ABL kinases phenocopied the ABL allosteric

inhibitors by decreasing mitochondria function in lung cancer cells.
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Figure 5. ABL allosteric inhibitors preferentially impair mitochondria function in lung
cancer cells. (A-E) Seahorse XF Analyzer Mito Stress Test analysis of mitochondrial basal
respiration, maximal respiration, and ATP production as measured by changes in oxygen
consumption rate (OCR) in the indicated lung cancer cells. Cells were treated with ICso
drug doses for each drug in cell line. Cells were treated for either 24 hr (A-C), 48 (B), or 72
hours (C). (F-G) Seahorse XF Analyzer Glycolytic Rate analysis of basal and compensatory
glycolysis in PC9 and PC9 GR4 cells. Cells were treated with ICs doses for 24 hours.
Statistical analysis was performed using one-way ANOVA and Tukey post hoc testing (n
= 3). *p<0.05

Next we evaluated whether aberrant mitochondria function induced by treatment
with ABL allosteric inhibitors was also observed following treatment with two current
FDA-approved therapeutics for lung adenocarcinoma patients: gefitinib, an EGFR TKI,

and docetaxel, a taxane chemotherapy (196). Lung cancer cells were treated with ICso drug
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doses determined by dose-response assays (Appendix Table 2). Strikingly, mitochondrial
function as measured by basal and maximal respiration, and ATP production, was greatly
decreased following treatment with either GNF5 or ABL001 in lung cancer cells harboring
EGFR or KRAS mutations (Figures 4A-D), but was not impaired upon treatment with
gefinitib or docetaxel in EGFR mutant PC9 parental cells and gefitinib-resistant PC9 GR4
cells (Figures 4A, B and 5D, E ). Additionally, treatment with docetaxel in KRAS mutant
H460 and H358 lung cancer cells, did not significantly impair mitochondria function
(Figure 4C, D). Notably, while the ABL001 and GNF5 allosteric inhibitors markedly
decreased mitochondrial function as measured by decreased mitochondrial respiration
and impaired ATP production at all the time points examined, treatment with gefitinib,
nilotinib, and docetaxel failed to elicit these changes (Figure 4A-D and 5D, E). Further, we
examined changes in basal and compensatory glycolysis in lung cancer cells following
drug treatment. In contrast to nilotinib, gefitinib, and docetaxel which decreased basal
and compensatory glycolysis in PC9 and PC9 GR4 cells, the ABL allosteric inhibitors did
not inhibit glycolytic capacity in these cells (Figure 5F, G). Thus, ABL allosteric inhibitors

promote lung cancer cell death in part by impairing mitochondria function and integrity.

To dissect the mechanism by which mitochondria function is impaired by ABL
allosteric inhibitors, mitochondrial superoxide release was examined to identify changes
in organelle integrity (197, 198). We observed that mitochondrial reactive oxygen species

(MitoROS) levels were increased upon GNF5 or ABLOO1 treatment, but not following
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gefitinib or docetaxel treatment in EGFR mutant lung cancer cells sensitive or resistant to
gefitinib therapy (Figure 4F, G). MitoROS levels were also increased in KRAS mutant
H460 cells upon ABL allosteric inhibitor treatment, but not by docetaxel (Figure 6B). Thus,
ABL allosteric inhibitors impair organelle integrity in lung cancer cells irrespective of
oncogenic driver (Figures 4F,G and 6B). MitoROS levels were also increased following
ABL1 and ABL2 knockdown in PC9 and H460 cells (Figure 6C, D). Analysis of
mitochondria number following knockdown or pharmacologic inhibition of the ABL
kinases did not show detectable changes in mitochondria numbers in PC9 and H460 cells
indicating that the decrease in OCR is not due to changes in mitochondrial density but
rather mitochondria function (Figure 6E- H). Examination of changes in mitochondrial
morophology by immunoflorescence staining with Mitotracker revealed that ABL001
caused a marginal, non-significant increase in mitochondrial network morphology, while

the other drugs did not affect mitchondria length and width (Figure 61, J).
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Figure 6: ABL inhibition impacts mitochondria function in lung cancer cells without
altering mitochondria number. (A) Mitochondrial basal respiration, maximal
respiration, and ATP production as measured by changes in oxygen consumption rate
(OCR) from Seahorse XF Analyzer Mito Stress Test analysis for H460 cells harboring
shRNAs against ABL1/ABL2 (shAA) and non-targeting control (shSCR). (B) FACS
analysis of mitochondrial ROS (MitoROS) using mitosox probe in H460 cells treated
with ICso doses for each drug for 24 hours. n =3 (C-D) MitoROS in H460 AA knockdown
cells (C) or PC9 AA knockdown cells (D). (E-F) Mitotracker staining to analyze
mitochondria number in H460 cells with 15 uM GNF5 (E) or PC9 cells treated with 10
uM GNF5 (F). n = 3 (G-H) Mitotracker staining of H460 AA knockdown cells (G) or PC9
AA knockdown cells (H). n = 3. Statistical analysis was calculated using unpaired two-
tailed t test *p<0.05, Data are mean + SEM. (I) Representative immunofluorescence
images of H460 cells stained with Mitotracker and Hoescht 33342 following treatment
with ICso dose for each drug for 24 hours. (J) Image quantification for Fig. S2I showing
mitochondprial length x width plotted for thousands of mitochondria from >10 cells
across at least two independent experiments. Changes were not statistically significant.
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2.2.2 Metabolically focused CRISPR/Cas9 loss-of-function screen
identifies HMGCR inhibition with statin therapy as an apoptotic
sensitizer in lung cancer cells

Because inhibition of ABL kinases impairs oxidative mitochondrial metabolism,
we sought to determine whether targeting additional metabolic nodes enhanced
sensitivity to ABL inhibition. Thus, we employed a CRISPR/Cas9 loss-of-function screen
targeting 2,322 metabolic enzymes and transporters (199) in the absence and presence of
sublethal doses of the ABL allosteric inhibitor GNF5 that corresponded to a 20% loss in
cell viability following a 3-day dose response assay (Figure 7A). Library-transduced cells
were puromycin selected and grown for 10 days prior to treatment. The cells were then
exposed to either vehicle or GNF5 for two weeks after which DNA was extracted from
cell samples and polymerase chain reaction (PCR) was used to amplify and index barcode
short guide RNA (sgRNA) amplicons, and the composition of sgRNA pools was
deconvoluted through deep sequencing. The screen was validated for known essential
genes by comparing the final and initial sgRNA pools in the vehicle treated screen as
previously described (199). Depletion metrics for each sgRNA were determined by
normalizing the relative abundance of each construct following GNF5 treatment to the
construct quantity present in vehicle treated cells. The three most depleted constructs per
gene were averaged to produce a gene-level three score (TS) as previously detailed (199).
TS scores were ranked allowing for identification of genes that were specifically depleted

or enriched in the GNF5 treated cell population (Figure 7B; Appendix Table 3). We
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focused on the subset of depleted genes that fell below the inflection point of the curve to
experimentally evaluate whether loss of the top 5% of deleted genes could potentiate the
cell killing effects of ABL allosteric inhibition. Among these hits were metabolic enzymes
and transporters that converged on metabolic nodes that regulate cholesterol synthesis
and mobilization, as well as complexes of the electron transport chain. We focused on
targets that could be pharmacologically inhibited with FDA-approved drugs, and
identified HMG-CoA reductase (HMGCR), the rate-limiting enzyme of the mevalonate
pathway, as a top-scoring reactive sensitizer to cell death in the presence of low dose
GNF5 (Figure 7B, C). We selected HMGCR for further study because it was in the top 1%
of depleted genes and is the target of statin therapies commonly prescribed for patients
with high cholesterol (200). Statins have a highly tolerable pharmacokinetic profile and

availability making HMGCR an attractive target for combination therapy.
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Figure 7: Metabolically focused CRISPR/Cas9 loss-of-function screen identifies
HMGCR as an apoptotic sensitizer in the presence of ABL allosteric inhibitors. (A)
Diagram of CRISPR/Cas9 loss-of-function screening strategy adapted from [29]. (B)
Gene-level representation of GNF5 sensitization phenotype. Genes were ranked by their
log2-transformed three score (TS) (GNF5-treated/DMSO-treated). Apoptotically reactive
genes are denoted by the red box and HMGCR TS is highlighted. (C) Schematic of the
mevalonate pathway indicating statin inhibition of HMGCR. (D) Validation of
pharmacologic sensitization of statin therapeutics to GNF5-mediated cell death using 72
hr growth inhibition assays. Shown are sublethal doses of GNF5 (5 uM), simvastatin (1
uM), and fluvastatin (0.5 uM) derived from 72 hr dose-response curves in the presence
and absence of each drug. (E) Representative images from colony formation assays of
PC9 cells treated with ABL001 (1 puM), simvastatin (100 nM) alone and in combination
for 1 week. (F) Quantification of absorbance reading for colony formation assays from
Fig. 2E (n=2). (G) Immunoblots of cleaved PARP, cleaved caspase-3, and 3-tubulin in
PC9 cells treated for 24 hr with GNF5 (5 uM), simvastatin (1 uM), and fluvastatin (0.5
puM) alone and in combination. (H) FACS of total events and relative change in Annexin
V+ PC9 cells treated for 24 hr with GNF5 (5 uM), simvastatin (1 uM), and fluvastatin (0.5
puM) alone and in combination. Graph (bottom) shows fold change in Annexin V
staining. Statistical analysis was performed using one-way ANOVA and Tukey post hoc
testing (n = 3). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are mean + SEM.
Acknowledgement: CRISPR/Cas9 library was obtained from Kevin Lin, deep sequencing analysis
was performed by the Duke Center for Genomic and Computational Biology, and Jiaxing Lin
performed the bioinformatics analysis of the sgRNA abundance from deep sequencing (Figure
7B).

To validate the results of the screen, PC9 cells were treated with sublethal doses
of GNF5 and two statins, simvastatin and fluvastatin. Following 72hr of combination
treatment, over 90% of cells underwent cell death (Figure 7D). Similar results were seen
when cells were cultured in colony formation assays (Figure 7E, F; Figure 8A, B). To
validate the on-target effect of statins, sShRNAs against HMGCR were transduced into
PC9 lung cancer cells, and these cells were then treated with GNF5 (Figure 8C, D).
HMGCR was partially knocked down allowing for the cells to remain viable albeit with

reduced pathway activity. HMGCR-knockdown exhibited markedly decreased cell
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survival compared to control lung cancer cells following treatment with GNF5 (Figure
8C, D), which corresponds with the pharmacologic data. Further, immunoblotting
revealed dramatic induction of the apoptotic mediators cleaved poly (ADP-ribose)
polymerase (PARP) and cleaved caspase-3 following 24hr of combination treatment with
GNF5 and statins, which was consistent with identification of apoptotic cells by flow
cytometry of annexin V-stained lung cancer cells co-treated with GNF5 and statins
(Figure 8G, H). These data reveal a novel treatment paradigm whereby HMGCR
inhibition combined with ABL allosteric inhibition sensitizes cells towards apoptotic cell

death.
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Figure 8: HMGCR inactivation sensitizes lung cancer cells to cell death in the
presence of ABL allosteric inhibitor but not ATP-competitive inhibitor. (A)
Representative images from colony formation assays of PC9 GR4 and H460 cells treated
with ABLOO1 (1 uM), simvastatin (100 nM), and combination of ABLO01 and simvastatin
for 1 week. (B) Quantification of absorbance reading for colony formation assays from
Fig. S3A (n=2). (C) PC9 cells harboring two distinct shRNAs (#46448 and #46452) against
HMGCR or non-targeted control (NTC) were treated with GNF5 for 72hr to assess cell
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viability. (D) Immunoblotting for HMGCR and (3-Tubulin shows knockdown of
HMGCR protein with both shRNAs #46448 and #46452. (E-F) Cell viability assays were
used to examine sensitization of statin therapeutics to the ABL ATP-site inhibitor
Nilotinib after 72 hr of co-treatment in the indicated lung cancer cells. Sublethal doses of
Nilotinib (PC9 GR4, 5 uM; H460, 7.5 uM), simvastatin (PC9 GR4, 1 uM; H460 3 uM), and
fluvastatin (PC9 GR4, 0.5 uM; H460 2 uM), were used and cell viability assays were
performed after 72 hr with indicated drugs. Statistical analysis was performed using
one-way ANOVA and Tukey post hoc testing (n = 3). *p<0.05, ** p<0.01

2.2.3 ABL allosteric inhibitors preferentially synergize with statins to
induce lung cancer cell death

To assess whether ABL allosteric inhibitors preferentially synergize with statins in
comparison to EGFR inhibitors and chemotherapeutic drugs, lung cancer cells were
treated at equivalent sublethal doses below the ICs value of each drug as determined with
dose response assays for each cell line. Notably, only the ABL allosteric inhibitors
exhibited enhanced cell killing effects upon combination with either simvastatin or
fluvastatin in EGFR mutant cells sensitive to EGFR TKIs (PC9), resistant to gefitinib (PC9
GR4), or harboring metastatic tropism to the brain (PC9 BrM3) (Figure 9A-C). Similar
findings were observed in KRAS mutant H460 and H358 cancer cell lines (Figure 9D, E).
The combination of ABL allosteric inhibitors with statins was found to be synergistic
across cell lines as assessed by the Bliss formula for synergy (201), where a score of 1

indicates true synergy (Figure 9F).
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Figure 9: ABL allosteric inhibitors preferentially synergize with statins to induce lung
cancer cell death. (A-E) Comparison of pharmacologic sensitization of statin
therapeutics to ABL allosteric inhibitors versus FDA-approved therapies using 72 hr
growth inhibition assays. Shown are sublethal doses of GNF5 (PC9, PC9 GR4, PC9 BrM3
5 uM; H460, H358 7.5 uM), ABL0O01 (PC9, PC9 GR4, PC9 BrM3 5 uM; H460, H358 7.5
uM), Gefitinib (PC9, PC9 BrM3 7.5 nM; PC9 GR4 100 nM), Docetaxel (PC9, PC9 GR4,
PC9 BrM3, H358 0.5 nM; H460 0.25 nM), Simvastatin (PC9, PC9 GR4, PC9 BrM3 1 uM;
H460, H358 3 uM), and Fluvastatin (PC9, PC9 GR4, PC9 BrM3 0.5 uM; H460, H358 2
uM), derived from 72 hr dose-response curves in the presence and absence of each drug.
(F) Heat map representing the synergy score for each drug interaction as calculated by
the Bliss formula for synergy. A score of 1.0 indicates true synergy. Statistical analysis
was performed using one-way ANOVA and Tukey post hoc testing (n = 3). *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Data are mean + SEM.

Next, we sought to evaluate whether sensitization to statin treatment was specific
to the ABL allosteric inhibitors or could also be induced by ABL ATP-site inhibitors. Co-
treatment of PC9 GR4 and H460 cells with sublethal doses of Nilotinib and either

simvastatin or fluvastatin did not promote additive or synergistic decreases in cell
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viability (Figure 8E, F). These findings highlight the differential effects induced by ABL
allosteric versus ATP-competitive inhibitors, and support the notion that ABL allosteric
inhibitors preferentially sensitize lung cancer cells to cell death by combination treatment

with lipophilic statins.

There are conflicting in vitro reports indicating additive cell killing effects of
chemotherapy with high-dose statin therapeutics (202, 203). Thus, we treated lung cancer
cells with ICso doses of GNF5, ABL001, gefitinib, and docetaxel to determine whether
treatment at higher than sublethal doses could enhance the cell killing effects of these
drugs. Again, we found that only ABL allosteric inhibitors could synergize with
simvastatin and promote cleavage of PARP and caspase-3 in PC9 cells (Figure 10A-C). In
this regard, clinical trial data have shown that statins in combination with various
chemotherapies had either marginal or no effect on progression-free survival or overall
survival in lung cancer patients (204-206). Together, these results show that in contrast to
gefitinib and docetaxel, ABL allosteric inhibitors are preferentially capable of sensitizing

lung cancer cells to statins and dramatically inhibit cancer cell survival.
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Figure 10: ICso doses for ABL allosteric inhibitors, Gefitinib, or Docetaxel, with low
dose statins demonstrate preferential synergy with ABL allosteric inhibitors. (A-B)
Cell viability assays to evaluate sensitization of statin therapeutics to ABL allosteric
inhibitors versus FDA-approved therapies at ICso doses using 72 hr growth inhibition
assays. Simvastatin was used at subtherapeutic doses (PC9, PC9 GR4 1 uM). (C)
Corresponding western blot analysis of cleaved PARP, total PARP, cleaved caspase 3,
total caspase, and -Tubulin in PC9 cells treated with ICso doses of ABL001, Gefitinib,
and Docetaxel combined with subtherapeutic doses of simvastatin.
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2.2.4 Mevalonate, but not cholesterol, rescues cell survival in lung
cancer cells co-treated with statins and ABL allosteric inhibitors

The mevalonate (MVA) pathway catalyzes the conversion of acetyl-CoA to HMG-
CoA which is then converted by HMGCR into mevalonate (Figure 2C). Mevalonate is
required for the generation of cholesterol and isoprenoids among other end products.
Rescue experiments were performed to identify if MVA or the downstream metabolite
cholesterol could reverse the cell killing effect induced by low dose simvastatin treatment
in cells co-treated with sublethal doses of ABL allosteric inhibitors. Interestingly, only
MVA, but not cholesterol, could rescue cell survival in PC9 GR4 and H460 lung cancer
cells (Figure 11A, C). Consistent with these findings, addition of MVA, but not cholesterol,
prevented cleavage of PARP and caspase-3 suggesting that sensitization of lung cancer
cells to apoptosis induced by ABL allosteric inhibitors in combination with statin therapy

is independent of cholesterol (Figure 11B, D).

The apoptotic cascade is mediated by interplay among BCL-2 family proteins
comprised of pro-apoptotic and anti-apoptotic proteins (207). Following combination
treatment with ABL allosteric inhibitors and statins, we observed that gene expression of
the pro-survival factors BCL-2 and BCL-Xt was downregulated, while expression of pro-
apoptotic PUMA was increased (Figure 11E). Supplementation with MVA, but not
cholesterol, restored gene expression back to baseline (Figure 11E). Changes in BCL-2
family member expression can elicit pore formation in the mitochondria, resulting in

mitochondria outer membrane permeabilization (MOMP), leading to cytochrome c
50



release (208). Subcellular fractionation revealed release of cytochrome c¢ from the
mitochondrial membrane fraction into the cytosol in response to co-treatment with
ABLO01 and Simvastatin, which was reversed following the addition of MVA (Figure
11F). Further, treatment with ICso values of ABL inhibitors rescued cell survival in the
presence of BAX knockdown indicating that high doses of ABL inhibitors alter BCL2
expression and promotes mitochondrial mediated cell death (Figure 11G). These data
show that ABL001 and Simvastatin combination therapy alters gene expression of BCL-2
family members leading to permeabilization of the mitochondria, release of cytochrome c
into the cytosol, and cleavage of caspase 3, and that these processes can be reversed by the

addition of MVA.
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Figure 11: Mevalonate, but not cholesterol, rescues cell survival in lung cancer cells
co-treated with statins and ABL allosteric inhibitors. (A) Cell viability of PC9 GR4 cells
treated with the combination of 5 uM ABL001 and 1 uM simvastatin supplemented with
500 pM mevalonate (MVA) or 25 uM cholesterol for 72 hours. Statistical analysis was
performed using one-way ANOVA and Tukey post hoc testing (n = 3). (B) Immunoblots
of cleaved PARP, cleaved caspase 3, and B-tubulin in PC9 cells treated for 24 hr with 5
uM ABLO01 and 1 uM simvastatin supplemented with 500 uM MVA or 25 uM
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cholesterol. (C) Cell viability of H460 cells treated with the combination of 7.5 pyM
ABLO001 and 3 uM simvastatin supplemented with 500 uM MVA or 25 uM cholesterol
for 72 hours. Statistical analysis was performed using one-way ANOVA and Tukey post
hoc testing (n = 3). (D) Immunoblots of cleaved PARP, cleaved caspase 3, and (3-tubulin
in H460 cells treated for 24 hr with 7.5 uM ABL001 and 3 uM simvastatin supplemented
with 500 uM MVA or 25 uM cholesterol. (E) qRT-PCR of indicated mRNAs in PC9 GR4
cells treated with 5 uM ABL001 and 1 uM simvastatin supplemented with 500 uM MVA
or 25 uM cholesterol for 24 hours. Statistical analysis was performed using one-way
ANOVA and Fisher post hoc testing (n = 3). (F) Immunoblots of cytochrome ¢, cleaved
PARP, -catenin, GAPDH, and B-Tubulin. PC9 GR4 cells were treated with of 5 uM
ABLO001 and 1 uM simvastatin supplemented with 500 uM MVA for 24 hr, collected, and
fractionated. Cytoplasmic, membrane, and whole cell fractions are shown for drug
treatments. (G) Bax shRNA mediated knockdown in PC9 cells rescued cell survival
following IC50 treatment of the indicated drugs. *p<0.05, **p<0.01, ***p<0.001,
**#%p<0.0001. Data are mean + SEM.

2.2.5 Apoptotic sensitization to statin therapy by ABL allosteric
inhibitors requires inhibition of protein prenylation

Mevalonate is the precursor to farnesyl diphosphate (FPP), which can either be
converted to geranylgeranyl diphosphate (GGPP) or cyclized to produce squalene for
cholesterol production (209). Both FPP and GGPP are metabolites in the isoprenoid
pathway required for protein prenylation, a posttranslational enzymatic modification that
adds a prenylated motif to CAAX proteins, such as the RAP1A GTPase (210). These
modifications regulate protein localization to different cellular compartments, facilitate
specific protein—protein interactions and modulate protein stability. Since the
downstream sterol metabolite cholesterol did not rescue cell survival, we investigated
whether metabolites in the isoprenoid pathway were critical for sensitization to statin
therapeutics. We found that addition of GGPP preferentially rescued cell viability
compared to FPP in PC9 GR4, PC9, and H460 cells co-treated with ABL001 and
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simvastatin (Figures 12A and 13A, B). Inmunoblotting was performed to assess whether
protein prenylation was altered following simvastatin treatment (Figure 12B). Simvastatin
treatment increased levels of unprenylated RAP1A protein indicating inhibition of the
geranylgeranylation pathway and induced a mobility shift in HDJ2 signifying inhibition
of the farnesylation pathway, both of which were reversed by the addition of the indicated
prenylation metabolites (Figure 12B) (211, 212). We next tested whether inhibition of
either geranylgeranyl transferase (GGT) or farnesyl transferase (FT) could impact cell
survival in a manner similar to simvastatin treatment. Survival of PC9 GR4, PC9, and
H460 cells co-treated with ABL001 and the GGT-1 inhibitor (GGTI-298) was significantly
impaired, but cell survival was only slightly decreased following addition of the FT
inhibitor (FTI-277) in the presence of ABL001. Further, the non-additivity observed for
statin treatment and GGT and FT inhibition suggested that the synergizing effects of
statins or GGTI-298 + FTI-277 in the presence of ABL allosteric inhibitor operate through
the same pathway (Figures 12C and 13C, D). Immunoblotting confirmed that each
inhibitor specifically suppressed its target pathway (Figure 12D). Collectively, these data
reveal that inhibition of protein geranylgeranylation is sufficient to sensitize cells to ABL

allosteric inhibitors leading to enhanced intrinsic apoptosis.
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Figure 12: Apoptotic sensitization to statin therapy by ABL allosteric inhibitors
requires inhibition of protein prenylation. (A) Cell viability of PC9 GR4 cells treated
singly or with the combination of 5 uM ABL001 and 1 uM simvastatin supplemented with
500 utM MVA, 10 uM FPP, or 10 uM GGPP for 72 hours. (B) Immunoblots of unprenylated
RAP1A, HDJ-2, and p-tubulin in PC9 GR4 cells treated for 24 hr with 5 uM ABL001 and 1
uM simvastatin supplemented with 500 uM MVA, 10 uM FPP (farnesylation metabolite),
or 10 uM GGPP (geranylgeranylation metabolite). Simvastatin caused a mobility shift of
HD]J-2 (slower, migrating unprenylated form) and induced the appearance of
unprenylated RAP1A. Prenylation alterations were rescued with the indicated
metabolites for each pathway. (C) Cell viability of PC9 GR4 cells treated with 5 uM
ABLO001 and 1 uM simvastatin, 500 uM MVA, 5 uM GGTI-298 (GGT inhibitor), 12.5 uM
FTI-277 (FT inhibitor) for 72 hr (n=3). (D) Immunoblots of unprenylated RAP1A, HD]J-2,
and B-tubulin in PC9 GR4 cells treated for 24 hr with 5 uM ABL001 and 1 uM simvastatin
supplemented with 500 uM MVA, 5 uM GGTI-298, and 12.5 uM FTI-277. Statistical
analysis was performed using one-way ANOVA and Tukey post hoc testing (n = 3). (E)
Mitochondrial basal respiration, maximal respiration, and ATP production as measured
by Seahorse XF Analyzer’s Mito Stress Test for PC9 GR4 cells treated singly or with
indicated combinations of 2.5 uM ABL001, 1 uM simvastatin, 500 uM MVA, 5 uM GGTI-
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298 (GGT inhibitor), or 12.5 uM FTI-277 for 24 hr (n=2). **p<0.01, ***p<0.001, ****p<0.0001.
Data are mean + SEM.

Since we observed that oxidative metabolism was impaired following
treatment with ICso doses of the ABL allosteric inhibitors and that combination therapy
induced MOMP, we next investigated whether combination treatment with ABL allosteric
inhibitor and statin affected mitochondrial metabolism and whether these effects might
be due to changes in the protein prenylation pathway. To this end, we examined changes
in mitochondprial respiration in cells co-treated with low doses of ABL001 and Simvastatin
and found that basal and maximal respiration as well as ATP production were decreased
(Figure 12E). Notably, addition of MVA restored mitochondrial respiration back to
baseline, and while treatment with FTI-277 had minimal effect, treatment with GGTI-298
negated the MVA rescue and caused mitochondrial respiration levels to drop to a similar
degree as to those observed following ABL001 and simvastatin treatment (Figure 12E).
These data indicate that inhibition of the mevalonate pathway in combination with ABL

kinase inhibition promotes cell death by impairing mitochondrial function.
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Figure 13: Inhibition of protein prenylation sensitizes lung cancer cells to ABL
allosteric inhibitor. (A) Cell viability of PC9 cells treated with the combination of 5 uM
ABLO001 and 1 uM simvastatin supplemented with 500 uM MVA, FPP, or GGPP for 72
hours. (B) Cell viability of H460 cells treated with the combination of 7.5 uM ABL001
and 3 uM simvastatin supplemented with 500 uM MVA, FPP, or GGPP for 72 hours. (C)
Cell viability of PC9 GR4 cells treated 5 uM ABL001 and 1 uM simvastatin, 500 uM
MVA, 5 uM GGTI-298, 12.5 uM FTI-277 for 72 hr. (D) Cell viability of H460 cells treated
with the combination of 7.5 uM ABL001, 3 uM simvastatin, 500 uM MVA, 3 uM GGTI-
298, 3 uM FTI1-277 for 72 hr. Statistical analysis was performed using one-way ANOVA
and Tukey post hoc testing (n = 3). **p<0.01, **p<0.001, ***p<0.0001. Data are mean *
SEM.
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2.2.6 Combination therapy of ABL0O01 and simvastatin impairs tumor
growth and increases survival in mouse models of lung cancer brain
metastasis and gefitinib resistance

Despite recent clinical successes with next-generation EGFR TKIs such as
Osimertinib, relapses often occur among patients harboring EGFR mutant NSCLC.
Moreover, patients harboring KRAS driver mutations have few tractable therapeutic
options available (213, 214). Further, the ability of anti-cancer drugs to efficiently
penetrate the blood-brain barrier (BBB) and reach therapeutic doses for lung cancer
patients harboring brain metastases is limited. Thus, we chose to evaluate whether statins
could synergize with ABL inhibitors in vivo to treat cancer cells seeded at distal sites
following intracardiac injection in clinically relevant mouse models of brain metastasis
and therapy-resistance. We employed ABL001 as it has been shown to cross the BBB in
preclinical mouse models and is currently in clinical trials for therapy-resistant patients
with BCR-ABL+ chronic myeloid leukemia (192, 215). Importantly, administration of
ABLO01 by oral gavage is well tolerated and does not induce weight loss in mice (195).
Pharmacokinetic data has shown that lipophilic statins can cross the BBB more readily
than hydrophilic statins (216). In this regard, studies testing the ability of radiolabeled
simvastatin to cross the BBB identified simvastatin-derived radioactivity in the rat brain
following oral administration (217). Thus, we employed clinically relevant low doses of
simvastatin, and treated mice with 10 mg/kd qd simvastatin, which is equivalent to doses

used in humans (218-220)
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To determine whether combination treatment could impair brain metastatic
outgrowth, we used brain-metastatic PC9-BrM3 cells derived through serial rounds of
intracardiac injection in athymic nude mice (192). Previous studies have shown that
following injection into the arterial circulation, brain-metastatic lung cancer cells
extravasate into the brain parenchyma by day 6 post-injection (221, 222). Thus, to evaluate
the effectiveness of combination ABL001 and statin treatment on metastatic colonization,
we performed bioluminescent imaging (BLI) on day 6 post-intracardiac injection to
stratify mice into treatment groups and began drug treatments on day 7 (Figure 14A).
Mice were divided into four treatment groups: vehicle, ABL001, simvastatin, or
combination of ABLO01 and simvastatin. We found that overall survival was significantly
increased in mice harboring PC9-BrM3 brain metastases following combination treatment
in comparison to vehicle, ABL001, or simvastatin alone (Figure 14B). Similar results were
observed in mice harboring gefitinib resistant PC9 cells (PC9 GR4) as ABL001 and
simvastatin combination therapy extended overall survival (Figure 14C). Quantification
of brain flux at day 27 revealed decreased disease burden in mice treated with both
ABLO01 and simvastatin compared to vehicle or single drug treatment groups (Figure
14D,E). Immunofluorescence analysis of brain metastases for proliferation and apoptotic
markers revealed decreased expression of the proliferative marker Ki67 and increased

expression of the cell death marker cleaved caspase-3 (Figure 14F-H).
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Figure 14: Combination therapy of ABL001 and simvastatin increases survival in
mouse models of lung cancer brain metastasis and gefitinib resistance. (A) Schematic
showing experimental overview. PC9 BrM3 or PC9 GR4 labeled with luciferase-tomato
(pFULT) were intracardially injected into mice on Day 0. IVIS imaging of metastatic
burden was performed on Day 6 followed by equivalent stratification of mice into
treatment groups based on tumor flux. Oral gavage treatment of drugs began on Day 7
followed by weekly IVIS imaging until experimental end point (Day 50). Statistical
analysis of overall survival was calculated using log rank (MantelCox) test and
interactions below an adjusted p<0.017 were deemed significant accounting for 3
pairwise comparisons. (B) Overall survival of mice injected intracardially with PC9
BrM3-pFULT cells treated with DMSO (n=16), ABL0O01 (n=19), simvastatin (n=17), and
combination of ABL0O01 and simvastatin (n=19). (C) Overall survival of mice injected
intracardially with PC9 GR4-pFULT cells treated with DMSO (n=9), ABL001 (n=9),
simvastatin (n=9), and combination (n=9). (D) Representative images (day 27 post-
injection) of mice intracardially injected with PC9 BrM3-pFULT cells. (E) Quantitative
analysis (day 30 post-injection) of whole-body metastatic index in mice injected
intracardially with PC9 BrM3 cells and treated with DMSO (n=16), ABL001 (n=19),
simvastatin (n=17), and combination (n=19). (F) Inmunofluorescence staining of brain
tumors from PC9 BrM3 mice on Day 35 stained with Ki67 (green), cleaved caspase 3 (c-
C3) (red), and Hoescht 33342 (nuclei) (blue). (G-H) Quantification of percent positive
proliferative (G) and apoptotic (H) nuclei in tumor sections. Statistical analysis was
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performed using one-way ANOVA with Dunnet post hoc testing (n = 3) *p<0.05. Data
are mean + SEM. Acknowledgement: Jacob Hoj intracardially injected mice with tumor cells.

Notably, the effect of combination drug treatment on primary tumor growth was
minimal in comparison to vehicle or single treatment groups for PC9 GR4 cells injected
subcutaneously into the flank (Figure 15A, B). This finding is consistent with previous
reports showing that the inhibitory effects of ABL inactivation on primary tumor growth
are cell context-dependent, and that genetic and pharmacologic inhibition of the ABL
kinases decreased spontaneous metastasis but not primary tumor growth (97, 104).
Together, these data reveal that combination treatment with both ABL001 and simvastatin

impairs metastatic outgrowth of lung cancer cells by promoting tumor cell death.
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Figure 15: Combination therapy of ABL001 and simvastatin does not affect primary
tumor growth. (A) Mice were subcutaneously injected with PC9 GR4 cells and stratified
into four treatment groups once tumors reached 50 mm? and indicated drug treatment
began on Day 1. Mice were treated for a total of 3 weeks and tumor volume was
measured weekly. (B) Image of final tumors harvested from mice showing no
appreciable change in tumor size of ABL001 + simvastatin combination treatment in
comparison to vehicle or single treatment groups. Acknowledgement: Jacob Hoj
subcutaneously injected mice with tumor cells.
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2.3 Discussion

Metabolic reprogramming in tumors is an adaptation that allows cancer cells to
meet enhanced bioenergetic needs, but metabolic dysregulation also generates
vulnerabilities in cancer cells that can be exploited for the development of treatment
strategies. Among these vulnerabilities is mitochondrial oxidative metabolism as cancer
cells are reliant on functional mitochondria for malignant transformation and growth (42).
Here we show that in comparison to current FDA-approved therapeutics, gefitinib and
docetaxel, ABL allosteric inhibitors markedly decrease mitochondria function in lung
cancer cells without affecting glycolysis. A CRISPR/Cas9 loss-of-function screen targeting
metabolic enzymes revealed that HMGCR inactivation synergizes with ABL allosteric
inhibitors at sublethal doses to induce lung cancer cell apoptosis, thereby revealing dual
inactivation of the mevalonate pathway and ABL kinases as a strategy to augment
apoptotic cell death and enhance therapeutic efficacy. Patients with lung cancer have the
highest leading cancer-related mortality worldwide in part due to the lack of durable
responses to current therapies resulting in metastatic and therapy-resistant disease
progression (193). By targeting unique metabolic vulnerabilities of lung cancer cells
treated with ABL kinase inhibitors, we uncovered novel combination treatment strategies
using available ABL allosteric inhibitors with FDA-approved statins for treatment of

therapy-resistant and brain metastatic lung cancer cells in preclinical mouse models.
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Dysregulation of the mevalonate pathway has been implicated in the progression
of solid tumors including glioblastoma, breast, and liver cancer (223-226). Cancer cells
exploit distinct bioactive end-products generated by the mevalonate pathway, including
cholesterol and isoprenoid intermediates, to promote tumor progression and therapy
resistance. For example, glioblastomas rely on exogenous cholesterol for survival and
cholesterol depletion induces glioblastoma cell death (225). In contrast, we found that the
synergistic interaction between ABL allosteric inhibitors and statins appears to be
mediated by inhibition of protein prenylation and is independent of decreased
cholesterol. Specifically, metabolic rescue of the geranylgeranylation pathway, but not
cholesterol, was capable of rescuing cell survival in lung cancer cells co-treated with
ABLO01 and statins to an extent equivalent to mevalonate. Protein geranylgeranylation is
required for processes such as protein and vesicular trafficking, and cell proliferation
(227). Multiple geranylgeranylated proteins might be targeted by statins in ABL-depleted
lung cancer cells. A recent report showed that lipophilic statins prevent membrane
association of Rab11b, a small GTPase that regulates endosomal recycling, and decreases
breast cancer brain metastasis in mice (228). Among numerous substrates of the
geranylgeranylation pathway are RAS-related GTPases, including members of the RAS
and RHO-RAC families (227), which can function to regulate lung cancer cell survival in
vitro and metastasis in mice. Future studies are needed to assess whether decreased

protein geranylgeranylation of specific targets mediates the striking decrease in lung
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cancer cell survival in vitro and in in vivo mouse models of metastasis following

combination therapy with ABLO01 and statins.

ABL kinases can target multiple substrates in cancer cells to promote cytoskeletal
alterations, organelle trafficking, cell growth and cell survival (107, 111). Here we show
that ABL inactivation impairs mitochondria function and organelle integrity following
pharmacologic inhibition or genetic depletion, which are not induced by treatment with
gefitinib or docetaxel. These findings suggest that sensitization to statin therapy might be
mediated through mitochondrial priming triggered by ABL kinase inhibition. Statins have
also been shown to inhibit synthesis of coenzyme Q and ubiquinol-cytochrome c
reductase, critical components of the electron transport chain (ETC), through impeding
mevalonate production (229-232). Previous reports showed that statins can enhance
mitochondrial priming and sensitize cancer cells to mitochondrial-mediated apoptosis
(233). For example, inhibition of the pro-survival factor BCL-2 sensitized leukemia cells to
statin therapeutics promoting apoptosis (233). Future studies are needed to assess
whether ABL kinase inhibition impairs mitochondria by altering the activity of the ETC.
In this regard, Src family tyrosine kinases have been shown to phosphorylate subunits of
the ETC resulting in subsequent changes in ETC complex activity, and inhibition of Src
kinases results in decreases in complex I activity and decreased mitochondrial respiration

(234, 235). ABL1 has been shown to be activated downstream of oncogenic Src (236). Thus,
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combination treatment of ABL allosteric inhibitors and statins might impair one or more

complexes of the ETC, thereby augmenting mitochondrial-mediated apoptosis.

Previous reports have identified the potential of statins to function as anticancer
agents; however, clinical trials using various chemotherapies in combination with statins
have had either marginal or no effect on distant metastasis-free survival or overall
survival in lung cancer patients with advanced disease (204-206). Retrospective analyses
of various lung cancer patient cohorts have reported mixed findings on the impact of
statin therapeutics on cancer related mortality for patients taking statins at the onset of
chemotherapy treatment (90, 237-239). Our findings are consistent with clinical reports
showing that statins added to first-line standard of care chemotherapy do not impact lung
adenocarcinoma tumors (205, 206) and suggest the potential use of ABL allosteric
inhibitors in combination with statins for the treatment of lung cancer patients with

advanced metastatic disease with enhanced ABL signaling.

Whereas inactivation of ABL kinases impairs breast and lung cancer metastasis
in mouse models (99, 106, 112, 192), clinical trials to treat breast and lung cancer patients
with ABL ATP-site inhibitors have been ineffective in part due to targeting of multiple
kinases other than ABL, possibly leading to paradoxical activation of cell survival
pathways (172-175, 240). Moreover, upon inhibiting the ABL kinases, the ATP
competitive inhibitors cause the ABL kinase SH3-SH2 cassette to remain in an open

conformation while the allosteric inhibitors induce a closed conformation (241). In the
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open conformation, the SH3-SH2 domains can bind to downstream targets, and these
domains are not available upon binding to the ABL allosteric inhibitors. Notably, our
recent work revealed that ABL allosteric inhibitors, but not ABL ATP-competitive
inhibitors, disrupt the interaction between ABL2 and the HSF1 transcription factor (100).
This finding suggests that protein-protein interactions dependent on distinct ABL
protein conformations are specifically disrupted by the binding of the allosteric
inhibitors to a unique site in the ABL kinase domain. Consistent with these findings, our
work shows that the ABL allosteric inhibitors, which bind to the myristoyl-binding
pocket in the C-lobe of the ABL kinase domain and are highly selective inhibitors of the
ABL kinases, are capable of impairing mitochondria function in a manner similar to
genetic inhibition of the ABL kinases, whereas the ATP-competitive inhibitors fail to
impair mitochondprial function (195). Thus, our findings support the potential use of ABL
allosteric site inhibitors in combination with statins as a treatment strategy for lung
cancer patients with advanced metastatic disease, including those patients with difficult

to treat brain metastases or EGFR TKI resistance.
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3. ABL kinases regulate SLC7A11 expression and
system xCT function

3.1 Introduction

Patients harboring primary or secondary malignant brain tumors often present
with neurologic symptoms such as headache, cognitive impairment, seizures, and focal
deficits, all having negative consequences on quality of life and survival (242). Surgery,
stereotactic radiosurgery (SRS), and whole brain radiation therapy (WBRT) have been
historically used to treat patients with brain tumors (243, 244). However, surgery is
limited to patient cohorts whose tumors are surgically accessible and do not exceed a
certain number or are within an easily resectable size (245). Even if these conditions are
met, disease recurrence occurs in approximately 50% of patients (246). Radiation may be
used on patients who do not meet the criteria for surgery, but unfortunately it is rarely
curative and can have harsh side effects.

Chemotherapies have been explored as treatment for patients with brain tumors,
but many have failed due to low blood-brain barrier (BBB) penetration causing inability
to accumulate at effective therapeutic doses (247). BBB-penetrable targeted therapies
have had greater relative success in the clinic, such as the EGFR-targeted inhibitor
Osimertinib (248, 249). However, drug resistance to these therapies still arises causing

drug discovery efforts to focus on tumor brain-specific growth and survival.

One of the mechanisms by which tumors grow and survive in the brain

parenchyma is through enhanced extracellular glutamate release (250). Glutamate
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released by gliomas has been suggested to enhance tumor growth through neuronal cell
glutamate excitotoxicity (251). By killing the surrounding neurons, tumor cells have more
space to grow out. However, this causes patients to experience deleterious side effects
such as strokes, seizures, or epilepsy (252, 253). It is believed that the release of
peritumoral glutamate is due to upregulation of System xCT, particularly its catalytic
subunit SLC7A11 (254). SLC7A11 is responsible for glutamate release while its system
xCT counterpart SLC3A2 transports cystine into the cell for glutathione-mediated
detoxification. This phenomenon can be observed in the context of gliomas where
SLC7A11 is upregulated in malignant human gliomas and patients with these tumors
have greater neuronal cell death in the surrounding parenchyma due to neuronal
glutamate excitotoxicity (254). Further, glioma patients that lack SLC7A11 expression live

on average nine months longer than those with high-level SLC7A11 expression.

One FDA-approved drug exists to inhibit SLC7A11, and it is called sulfasalazine.
However, this is an imperfect drug as its half-life in the body is 80 mins due to the
breakdown of the majority of the drug by gut bacteria (252). It is currently the only
approved SLC7A11 inhibitor, but its short half-life does not make it a good option for use
as an anticancer treatment. Thus, other pharmaceuticals need to be explored to inhibit

SLC7A11.

ABL kinase inhibitors have been shown to cross the BBB and elicit therapeutic

responses in mouse models of brain metastasis and neurodegenerative disorders (255-
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260). Through unbiased RNA sequencing, SLC7A11 was identified as a top statistically
significant downregulated target in ABL-inhibited cells. The work described herein
identifies a new role for ABL kinases in regulating SLC7A11 expression, and a novel
discovery that inhibition of ABL kinases and/or SLC7A11 (1) downregulates glutamate
export in a cell, (2) prevents or reduces neuronal cell death through decreasing system

xCT activity, and (3) serves as a potential treatment for CNS disorders in a subject.

3.2 Results
3.2.1 ABL kinases regulate SLC7A11 RNA and protein expression

We performed global transcriptome analysis on PC9 EGFR mutant lung cancer
cells treated with the ABL allosteric inhibitor GNF5 for 72 hours to find the top
differentially up or downregulated targets (Figure 16A). We ranked the top 25
statistically significant targets regardless of increased or decreased RNA expression
(Figure 16B). We found that SLC7A11 was a top downregulated target upon ABL kinase
inhibition. In addition to SLC7A11, we also noted that DMBT1, ZNF37BP, and SPAG1
were among the top downregulated targets. DMBT1 is thought to be a tumor
suppressing glycoprotein, but its function in tumors is largely unknown. ZNF37BP and
SPAGI have not been associated with tumor progression as ZNF37BP is a pseudogene
and SPAGI1 is associated with spermatogenesis. Because of the lack of association of
these targets to tumor progression, we chose not to focus on them and instead study

SLC7A11.
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Figure 16: Gene expression is altered by allosteric inhibition of the ABL kinases:
identification of SLC7A11 as a downregulated transcript. A) Results from RNA
sequencing analysis of PC9 cells treated with vehicle or GNF5 for 72 hours. B) Top 25
statistically significant targets from RNA sequencing analysis. Acknowledgement: Samples
for RNA sequencing were collected by Jing Jin Gu.

To understand the clinical significance of SLC7A11 in lung cancer, we examined
Kaplan-Meier curves for overall survival of lung cancer patients expressing high levels
of SLC7A11 or ABL2 mRNA. We found that elevated expression of ABL2 or SLC7A11
was correlated with poor patient prognosis (Figure 17A). Thus, we performed
quantitative PCR analysis to analyze the relative abundance SLC7A11 mRNA following
either ABL kinase genetic or pharmacologic inhibition. In both cases, knockdown or
allosteric inhibition decreased SLC7A11 gene expression by ~50%, confirming the results

of the RNA sequencing analysis (Figure 17B,C). To understand the level to which ABL
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kinases regulate SLC7A11 expression, we examined protein expression of SLC7A11
following ABL1/ABL2 shRNA-mediated knockdown and saw that SLC7A11 protein
expression was decreased to an even greater extent than the reduction in mRNA levels
(Figure 17D). These data suggest that inactivation of ABL kinases decreases SLC7A11
via transcriptional and post-transcriptional mechanisms.

Further, since the kinases can have overlapping and divergent functions, we
wanted to see which paralog of ABL regulated SLC7A11 or if both could genetically
modulate the protein. Thus, we used shRNAs against either ABL1 or ABL2, and found
that only upon knock down of both kinases did SLC7A11 protein levels decrease (Figure

17E). This suggests that both ABL kinases are required for full SLC7A11 expression.
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Figure 17. ABL2 and SLC7A11 are associated with poor overall survival in lung cancer
patients and ABL kinase inactivation decreases SLC7A11 expression. A) Kaplan-Meier
curve analysis of overall survival of lung cancer patients expressing high mRNA levels
ABL2 or SLC7A11 correlates with a decrease in survival. B) RT-PCR analysis of
SLC7A11 mRNA expression in PC9 cells transduced with shRNAs against ABL1/ABL2
(shAA) or SCR control (shSCR). C) RT-PCR analysis of SLC7A11 mRNA expression in
PC9 cells treated for 72 hours with 10 uM GNF5. D) SLC7A11 protein analysis in PC9
cells expressing shRNAs against SCR, AA or SLC7A11 (TRC clone #43124). E) SLC7A11
protein analysis in PC9 cells expressing shRNAs against SCR, ABL1, ABL2, AA.

#p<0.01, **p<0.005
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3.2.2 ABL kinases regulate SLC7A11 expression is conserved across
breast, lung, and glioma cell lines

Since elevated expression of SLC7A11 has been linked to outgrowth of malignant
gliomas, we wanted to determine how baseline SLC7A11 expression varies across
metastatic variants of breast, lung, and glioma cell lines. We analyzed a panel of triple-
negative breast cancer cell lines with different metastatic capabilities, glioma cell lines
with variable mutations, and lung cancer cells with EGFR and KRAS mutations. We
hypothesized that SLC7A11 levels would be highest in the glioma cell lines since these
cells have been linked to elevated levels of system xCT expression; however, we were
surprised to find that SLC7A11 was highest in breast and lung cancer cells with greater
metastatic capability (Figure 18). Elevated expression of SLC7A11 in breast, lung, and
glioma cell lines is correlated with decreased metastasis-free and overall patient
survival, which corresponds to the findings in Figure 18 where SLC7A11 expression is

highest in the cancer cell lines with greater metastatic capability (254, 261, 262).
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Figure 18. Expression of SLC7A11 protein levels across breast, glioma, and lung cell
lines. Expression of SLC7A11 is highest in metastatic breast and lung cancer cell lines.
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BrM is an abbreviation for brain metastatic. Acknowledgement: Felix Steinruecke ran the
lysates on western blot.

Next, we wanted to evaluate whether ABL mediated regulation of SLC7A11 was
conserved across cell lines. We transduced lung, breast, and glioma cell lines with
shRNAs against ABL1/ABL2 and probed for SLC7A11. In all cell lines tested, SLC7A11
protein levels were decreased upon ABL kinase genetic inhibition (Figure 19A-C). These
results imply that ABL kinases can promote SLC7A11 protein stability regardless of

mutational status or tumor subtype.
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Figure 19: Knockdown of ABL kinases decreases SLC7A11 protein expression across
cell lines. A-C) Transduction of shRNAs against ABL1/ABL2 (AA) in lung (A), breast
(B), and glioma (C) cell lines showed decreased SLC7A11 protein expression.
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To ascertain whether these results held true following pharmacologic inhibition,
we exposed breast and glioma cells to the ABL allosteric inhibitors GNF5 and ABL001.
After 3-day treatment, SLC7A11 protein levels were decreased in the MDA-MB-231 and
SUM159 triple-negative breast cancer cell lines and the U138 glioma cell line (Figure
20A-C). These results are exciting as inhibition of SLC7A11 has been shown to impair
tumor outgrowth and metastatic progression in preclinical mouse models (261, 263).
Further, ABL kinase signaling has a greater impact on driving the metastatic cascade
versus enabling primary tumor growth, thus it is possible that SLC7A11 could be a

downstream mediator of ABL kinase signaling during metastatic outgrowth (97, 104).
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Figure 20: Pharmacologic inhibition of ABL kinases decreases SLC7A11 protein
expression. A-C) Treatment of triple-negative breast cancer (A-B) or glioma cells (C)
with the ABL kinase allosteric inhibitors GNF5 or ABL001 for 72 hours decreased
SLC7A11 protein expression.

3.2.3 ABL kinase inhibition functionally impairs system xCT

SLC7A11 functions as part of system xCT to import cystine for cell detoxification
and simultaneously export glutamate to enable transporter activity (Figure 21A). System
xCT activity surges as metastatic potential multiplies causing exogenous glutamate

levels to increase, which in the context of the brain can be detrimental to neurons and
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cause glutamate excitotoxicity. To understand if ABL kinases regulate system xCT
activity, functional assays were employed to measure changes in exogenous glutamate
and intracellular glutathione.

Knockdown of ABL1/2 in lung and breast cancer cells exhibited markedly
decreased intracellular GSH levels, which were reduced to levels similar to those of
SLC7A11 knockdown cells (Figure 21B, C). Further, we observed decreased extracellular
glutamate in both ABL knockdown and SLC7A11 knockdown cells indicating impaired
System xCT function (Figure 21 D, E). These data suggest that ABL allosteric inhibitors
could be employed to inhibit SLC7A11 function leading to decrease tumor cell survival
and might also be effective in preventing neuronal cell death in mice bearing brain

metastases in part through decreased glutamate release.
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Figure 21: Genetic inhibition of ABL or SLC7A11 decreases functional capacity of
System xCT. A) Model of SLC7A11 function as part of the System xCT showing export
of glutamate and import of cystine. B-C) Lung (B) or breast cancer cells (C) harboring
shRNAs against ABL1/ABL2 (AA) or SLC7A11 (TRC clone #43124) have decreased
intracellular glutathione (GSH) levels. D-E) Breast cancer cells have decreased glutamate
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export following ABL1/ABL2 or SLC7A11 shRNA-mediated knockdown.To test whether
ABL kinase inhibition reduces glutamate export neuronal cell excitotoxicity, we exposed
rat cortical neurons to conditioned media from tumor cells harboring shRNA mediated
ABL1/ABL2 knockdown, treated with the SLC7A11 inhibitor sulfasalazine (SAS), or
media containing exogenous glutamate (Figure 22A). We examined the impact of ABL-
mediated regulation of SLC7A11 on neuronal cell viability and found that conditioned
media from lung cancer cells or addition of glutamate induced cytotoxicity of rat cortical
neurons whereas this effect was abrogated by ABL knockdown in lung cancer cells or
upon treatment with SAS (Figure 22 B-C). These results suggest that ABL kinase
inhibition has a protective effect on the surrounding tumor microenvironment and

prevents neuronal cell death.
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Figure 22: Conditioned media from ABL-deficient lung cancer cells fails to elicit

tumor-induced neuronal cytotoxicity. A) Schematic showing experimental overview. B)
Neurons cultured in PC9 shSCR conditioned media or exposed to exogenous glutamate

had a higher dead cell count in comparison to neurons cultured in PC9 shAA

conditioned media, PC9 + SAS conditioned media, or fresh media. C) Neurons cultured
in conditioned media from PC9 shSCR cells or glutamate conditioned medium show
fewer protrusion compared to neurons cultured in ABL-depleted PC9 shAA conditioned
media, PC9 + SAS conditioned media, or fresh media. *p<0.05 N=2 biological replicates.

Acknowledgement: Rat cortical neurons were obtained from Cagla Eroglu’s lab.
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3.2.4 Treatment with ferroptosis inhibitors does not rescue ABL
kinase allosteric inhibitor mediated cell death

Pharmacologic inhibition of SLC7A11 function has been linked to a form of cell
death called ferroptosis (264). Ferroptosis is an iron-dependent form of cell death caused
by the accumulation of lipid peroxides in the cell membrane (265, 266). System xCT-
mediated cystine import enables production of glutathione which enables cell
detoxification processes. Glutathione does this in part by activating GPX4, a lipid
peroxidase that converts toxic lipid hydroperoxides into non-toxic lipid alcohols (267).
When this process is obstructed by either a system xCT inhibitor or direct GPX4
inhibition, ROS levels increase in the cell causing lipid peroxides to form which can
accumulate in cell membranes causing them to become unstable and trigger cell death.

To understand if ABL-mediated inhibition of system xCT caused cells to undergo
ferroptosis, we treated triple-negative breast cancer cells with ferroptosis inhibitors in
the presence of ABL(001 at a concentration that decreased cell survival and SLC7A11
protein levels (Figure 23A,B). Ferrostatin-1 (Fer-1) and liproxstatin-1 (Liproxstn) slow
the accumulation of lipid hydroperoxides by inhibiting lipoxygenases and acting as
radical-trapping antioxidants downstream of GPX4 (268). Deferoxamine (DFO) is an iron
chelator that prevents ROS accumulation by removing excess iron, which has been
shown to potentiate ferroptosis (264). Addition of these compounds did not rescue cell
survival in the presence of ABL001 (Figure 23A,B). Interestingly, neither did treatment

with the ROS scavenger N-acetylcysteine suggesting that the mechanism by which
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cancer cells are undergoing cell death following ABL inhibition is not dependent upon
the accumulation of free radicals(Figure 23C). However, further studies will need to be

performed to truly understand how much decreased SLC7A11 protein expression

contributes to cell death following ABL inhibition.
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Figure 23: Treatment with ferroptosis inhibitors did not rescue ABL001-mediated cell
death. SUM159 (A) or MDA-MB-231 (B) cells treated with a concentration of ABL001
that depletes SLC7A11 levels were not responsive rescue experiments with ferroptosis
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inhibitors. C) Exposure of SUM159 to N-acetylcysteine, a ROS scavenger, also did not
rescue cell viability. **p<0.005, ****p<0.001

3.2.5 Mechanistic understanding of ABL-mediated regulation of
SLC7A11

ABL kinases regulate expression of SLC7A11 at both the transcriptional and
post-transcriptional levels. Reports in the literature have described multiple pathways
regulating SLC7A11 expression and many of these signaling mediators are also ABL

kinase targets (Figure 24).
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Figure 24: Model of possible mechanisms of ABL kinase regulation of SLC7A11.

In breast cancer cells, the antioxidant transcription factor NRF2 promotes
SCL7A11 gene expression, and we have reported that ABL kinases regulate nuclear
accumulation of NRF2 and promote expression of NRF2 target genes in renal cancer
cells (141, 269). NRF2 expression is triggered by oxidative stress, thus we exposed cells
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to low doses of hydrogen peroxide (H202) and examined changes in NRF2 expression
following ABL inhibition. NRF2 and SLC7A11 levels were decreased upon GNF5
treatment in cells not exposed to H202 (Figure 25). Following H202 exposure, NRF2
levels were increased in vehicle treated cells while GNF5 suppressed increases in NRF2
and SLC7A11 protein. This suggests that ABL kinases do modulate NRF2 expression
and that an ABL-NRF2-SLC7A11 signaling axis potentially exists in breast cancer cells.
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Figure 25: Elevated levels of NRF2 as mediated by treatment with hydrogen peroxide
(H202) partially rescues NRF2 levels following GNF5 treatment. Breast cancer cells
were treated with GNF5 or vehicle in the presence or absence of H202 and SLC7A11
and NRF2 protein levels were examined.

Further, we have previously described that ABL2 enhances protein stability of
TAZ, a Hippo pathway transcriptional coactivator, by decreasing its interaction with the
B-TrCP E3 ubiquitin ligase and subsequent protein degradation (99, 192). The ABL2-
TAZ signaling axis promotes brain metastasis in mouse models of non-small cell lung
cancer. Interestingly, TAZ has also been shown to be modulated by cell density
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whereupon periods of low cell density, TAZ will translocate into the nucleus and
increase susceptibility to ferroptosis (270). We wanted to investigate potential regulation
of the ABL2-TAZ pathway on SLC7A11 protein stability. Thus, we expressed a mutant
form of TAZ that is constitutively activated (TAZ4SA: alanine substituted for 566, S89,
S311, and 314) in SUM159 cells lacking functional ABL kinases. TAZ4SA rescued
SLC7A11 protein following ABL1/2 knockdown and restored system xCT function as
quantified by intracellular glutathione levels (Figure 26 A-C). Analysis of the SLC7A11
promoter did not reveal the presence of TAZ/TEAD binding sites indicating that the

regulatory effects of TAZ on SLC7A11 could be non-transcriptionally related.

A o ¥, X B Cc
o & N SUM159
£ g S T . 15 SUM159 [
E] I
SLC7A11 3 @
§:|: 10 EI 1.0
ABL1 | fr— p— | =X Ea —
2 s 2 o5
ABL2| — —_ | £ =
@ o
B Tubulin | e - —— ® 0.0 LY .
shRNA: SCR AA SLC7A11 TAZASA TAZASA TAZ4ASA
shRNA: SCR AA  SLC7A11

Figure 26: Constitutive TAZ expression rescues SLC7A11 protein and system xCT
function in ABL depleted cells. SUM159 triple-negative breast cancer cells expressing
activated TAZ (TAZ4SA) were transduced with either SCR or AA shRNAs. SLC7A11
protein levels (A) and intracellular glutathione (GSH) levels were assayed (B,C).

Additionally, SLC7A11 protein stabilization is mediated in part by the binding of
SLC7A11 to the CD44 cell surface receptor in cancer cells (271). In this regard, we
recently found that knockdown of ABL kinases in lung cancer cells downregulates CD44
protein expression. Further, EGFR was reported to interact with SLC7A11 through its

intracellular domain, thereby promoting cell surface expression of the xCT transporter
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(272). We reported that ABL kinases regulate EGFR endocytosis and active ABL impairs
EGEFR internalization (273). Further examination will need to be done to evaluate
whether ABL kinase inhibition impairs SLC7A11 expression and/or stabilization in a

manner dependent on EGFR or CD44 cell surface expression.

3.3 Discussion

Overexpression of SLC7A11 in cancer cells enhances their survival by producing
glutathione to neutralize ROS and detoxify cancer cells as well as chemotherapeutic
compounds (274). Further, SLC7A11 enables cancer growth in the brain by killing
surrounding neurons allowing for tumor outgrowth. Thus, treatment with ABL
allosteric inhibitors is expected to decrease brain metastatic outgrowth and colonization
and ameliorate tumor-induced neurotoxicity through reduced system xCT activity. It is
possible that the effect of decreased SLC7A11 expression on tumor outgrowth has less to
do with the impact changes in glutamate production has on the microenvironment and
more so related to decreased intracellular glutathione production. In this regard, a recent
report on breast cancer brain metastasis described a role for paracrine glutamate
secretion from glutamatergic synapses in promoting metastatic colonization of breast
cancer cells in mouse models (275). However, further work will need to be conducted to
understand how SLC7A11 depletion in parental cancer cells as well as SLC7A11
overexpression in ABL deplete cancer cells effects cell survival, metastasis, and tumor

outgrowth.
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4. Conclusions

The overarching aim of this body of work was to identify metabolic vulnerabilities
in solid tumors that could be exploited following treatment with ABL kinase inhibitors.
By uncovering unique changes in cancer cell metabolism following treatment with ABL
kinase inhibitors, we defined a novel combination therapy using available ABL allosteric
inhibitors with FDA-approved statins for treatment of therapy-resistant and brain
metastatic lung cancer cells in preclinical mouse models. Additionally, we also discovered
a novel ABL-mediated regulatory mechanism of SLC7A11 RNA and protein expression.
Given that metabolic rewiring is among the mechanisms cancer cells utilize to evade
cytotoxic therapies and survive in metastatic environments, our findings expose
targetable vulnerabilities that can be exploited as new treatment options for patients with

refractory or metastatic tumors.

In the first story, we identified a synergistic interaction between ABL kinase
allosteric inhibitors and statin therapeutics that can increase overall survival in mouse
models of therapy resistance and brain metastasis. Importantly, statins are FDA-approved
therapeutics taken by patients with hypercholesterolemia and the ABL allosteric inhibitor
ABLO0O1 is currently in phase III clinical trials making our findings clinically relevant and
suggest that these inhibitors might be effective treatment options for patients who have
failed first-line therapeutics. Further, these findings are of clinical importance as we show

a strong dichotomy between current FDA-approved therapeutics, gefitinib and docetaxel,
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and ABL allosteric inhibitors in synergizing with statins. While simvastatin has been
linked to a marginal decrease in breast cancer recurrence, our findings are consistent with
clinical reports showing that statins added to first-line standard of care chemotherapy do

not extend survival in lung adenocarcinoma patients (205, 206).

A possible explanation for why the ABL allosteric inhibitors synergize well with
statins is potentially due to their ability to markedly decrease mitochondria function in
lung cancer cells without affecting glycolysis. This alteration causes the mitochondria to
become primed towards cell death and, as shown in Figure 12, low doses of ABL001 and
simvastatin in combination decreased mitochondria function. This finding suggests that
mitochondrial sensitization to ABL0O01 enhances the organelle’s response to statin
therapy, however further work is needed to address this, such as also testing to see if

gefitinib or docetaxel in combination with simvastatin could impair organelle function.

Statins have also been shown to enhance mitochondrial priming. Statin-mediated
inhibition of the MVA pathway impairs synthesis of coenzyme Q and ubiquinol-
cytochrome ¢ reductase, critical components of the ETC (229-232). Previous reports
showed that statins can enhance mitochondrial priming and sensitize cancer cells to
mitochondrial-mediated apoptosis, such as in the case of leukemia cells with oncogenic
BCL-2 mutations (233). It is possible that the ABL kinases could also be impacting stability
of complexes within the ETC, but future studies are needed to address this question. This

point is described in more detail in the Future Directions section.
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Additionally, we found that the synergistic interaction between ABL allosteric
inhibitors and statins appears to be mediated by inhibition of protein prenylation and is
independent of decreased cholesterol (Figure 27). Specifically, metabolic rescue of the
geranylgeranylation pathway was capable of rescuing cell survival in lung cancer cells co-
treated with ABL allosteric inhibitors and statins to an extent equivalent to mevalonate.
Protein geranylgeranylation is required for a vast array of cellular processes such as
protein and vesicular trafficking, and cell proliferation (227). Multiple geranylgeranylated
proteins might be targeted by combination therapy and future studies are needed to assess
whether decreased protein geranylgeranylation of specific targets mediates the striking

decrease in lung cancer cell survival.

Notably, our work outlines a dichotomous function of ABL allosteric versus ATP-
site inhibitors on regulating mitochondria function. This difference is most likely due to
the different conformation the kinases undergo upon inhibitor binding. The ATP-site
competitive inhibitors force the kinases into an open conformation while the allosteric
inhibitors induce a closed conformation (241). The open conformation leaves SH3-SH2
domains available to interact with downstream protein targets while the closed
conformation prevents these protein-protein interactions. This phenomenon was
described in a recent publication from our lab that showed that ABL allosteric inhibitors,
but not ABL ATP-competitive inhibitors, disrupt the interaction between ABL2 and the

HSF1 transcription factor (100). This finding suggests that protein-protein interactions
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dependent on distinct ABL protein conformations are specifically disrupted by the
binding of the allosteric inhibitors to the myristoyl domain in the C-lobe in the kinase
domain of the ABL kinases. In a similar manner, only the ABL allosteric inhibitors are
capable of impairing mitochondria function in a manner equivalent to genetic inhibition
of the ABL kinases, whereas the ATP-competitive inhibitors fail to impair mitochondrial

function.
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Figure 27. Summary of ABL allosteric inhibitor and statin therapeutics combination
therapy. Model diagram summarizing the signaling pathways modulated by
combination therapy.

We made the unexpected discovery that ABL kinases regulate mitochondria

function, but we also wanted to know what other metabolic targets may be regulated by

ABL. In this regard, we performed unbiased RNA sequencing analysis and found that
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ABL inhibition altered expression of a multitude of proteins with one of the most
statistically significant downregulated targets being SLC7A11. We found that both
pharmacologic and genetic inhibition decreases SLC7A11 mRNA and protein expression
across breast, lung, and glioma cancer cell types. These findings are novel as
overexpression of SLC7A11 enhances cancer cell survival by producing glutathione to
neutralize ROS and to detoxify cancer cells from chemotherapeutic compounds.
Simultaneously, SLC7A11 exports glutamate into the tumor microenvironment, which
can become cytotoxic to surrounding cells allowing for tumor expansion. Breast, lung,
and glioma patients with overexpression of SLC7A11 have decreased overall survival
making these findings clinically relevant as treatment with ABL allosteric inhibitors may
help extend patient lifespan. Further, decreased glutamate secretion from cancer cells
following ABL inhibition should dampen the cognitive side effects caused by primary

and secondary brain tumors, such as seizures and epileptic episodes.

4.2 Current limitations

A consideration of these studies that should be acknowledged is the impact of
statins and ABL allosteric inhibitors combination treatment on CYP3A4 activity. A
subset of statins, such as simvastatin, are metabolized by CYP3A4, whereas other statins,
such as fluvastatin, are non-CYP3A4 substrates (276). Adverse side effects can be caused
by administration of statin CYP3A4 substrates in a multidrug treatment regimen if

combined with CYP3A4 inhibitors leading to adverse accumulation of statin levels in the
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body (276, 277). The impact of ABL allosteric inhibitors on CYP3A4 activity has not been
tested, but to combat potential off-target effects in our model we chose to treat mice at
low doses of simvastatin and ABL001 and monitored mice for changes in body weight,
activity, eating habits, or digestive changes. Of note, we did not observe alterations in
any parameter due to pharmacologic treatment, but further understanding of potential
drug interactions should be considered prior to prolonged treatment or clinical trial
study with advisement to lower drug dosage or switch to fluvastatin if side effects do
occur.

Further, another limitation of these studies were the mouse models used to study
metastasis. The athymic nude mice used in these studies lack a thymus and full
immunogenic profile. Thus, how the treatment strategy outlined in our studies could
interact with the immune system in promoting or impairing tumor metastasis is limited.
To our knowledge, there are no good models to brain metastasis or therapy resistance in
a syngeneic or genetic mouse model. However, in the future, pilot studies should be
performed in an immunocompetent genetic or syngeneic mouse line to understand the

impact the immune system may have on treatment response.

4.3 Future Directions

This body of work identified metabolic vulnerabilities in cancer cells following
treatment with ABL kinase inhibitors, but a few key areas of research were left

unaddressed. The first question is how the ABL kinases are regulating mitochondrial
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function and structural integrity. ABL kinases have been classified to target multiple
substrates in cancer cells and a recent report uncovered ABL kinases tyrosine
phosphorylate mitochondrial creatine kinase 1 (MtCK1) leading to increased cellular
energy production through the mitochondrial phosphocreatine shuttle in HER2
amplified breast cancer cells (157). The authors showed that ABL kinases phosphorylate
MtCKT1 at Y153 and expression of a Y to F mutant (MtCK1 Y153F) caused an
approximate 30% decrease in ATP production and mitochondria function. Our findings
show that in lung cancer cells treatment with ABL allosteric inhibitors can cause a
striking 50-80% decrease in mitochondria function suggesting that the kinases could be
regulating multiple substrates in addition to MtCK1.

One possible mechanism could be that the kinases are regulating one or more
complexes of the ETC. Src family tyrosine kinases have been shown to phosphorylate
subunits of the ETC resulting in subsequent changes in ETC complex activity, and
inhibition of Src kinases results in decreased complex I activity and mitochondrial
respiration (234, 235). ABL1 has been shown to be activated downstream of oncogenic
Src (236). Among the top genes that scored from the CRISPR screen, proteins that
assemble complexes of the ETC were identified (Figure 28A).

Thus, we treated lung cancer cells with inhibitors for complexes I-IV of the ETC.
We treated cells with IC20 doses of the ETC compounds, similar to the treatment

strategy used with the statin therapeutics, but discovered that treatment with sublethal
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doses of ETC inhibitors in combination with ABL001 did not affect cell viability (Figure
28B). To confirm that the inhibitors were in fact impairing ETC function, we performed

Mitostress tests and saw depletions in mitochondrial basal respiration (Figure 28C).
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Figure 28. ABL001 in combination treatment with inhibitors of complexes I-IV of the
electron transport chain did not affect cell viability. A) ETC targets identified from the
CRISPR screen. B) Cell viability analysis for inhibitors of complexes I-IV of the electron
transport chain in combination with ABL001 for 72 hr (n=2). C) Results from Seahorse
Mitostress tests analyses showing that doses used in cell viability studies impaired ETC
function but did not impact cell survival (n=2).

These results suggest that ABL allosteric inhibitors could be impairing
mitochondrial function in part through altering ETC complex activity causing depletion
of oxygen consumption rate and ATP production. Ongoing work is being performed to
address this question, and to identify if and how ABL kinases are modulating

mitochondrial proteins. One project currently underway by other members of the lab

that has shed some light on this matter was a mass spectrometry analysis probing for
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changes in ABL2 binding partners following treatment with allosteric versus ATP-
competitive inhibitors. ABL2 was captured using pull-down assays from lysates of lung
and breast cancer cells treated with either ABL001 or Nilotinib.

Interestingly, the top depletion hit that was modified by ABL001, but not
Nilotinib, was NDUFA7, a member of complex I. Complex I is critical for processing
NADH to generate hydrogen ions to fuel the hydrogen pump and create an electrostatic
pull to bring electrons through the ETC. The flux of oxygen ions through the ETC is
related to the concentration of potential electron donors. If these bioenergetics are
impaired, the redox balance within the mitochondria shifts causing a build-up of
reactive oxygen species (278). As shown in Figure 4F,G, treatment with GNF5 and
ABLO01 caused increases in mitochondrial ROS. Thus, it is possible that the kinases
could be stabilizing complex I activity, but future studies need to be performed to
characterize the impact of the interaction between ABL2 and NDUFA?.

Another possible reason as to why statins and ABL allosteric inhibitors synergize
together is that the MVA pathway is necessary for ubiquinol production. Ubiquinol has
been shown to be necessary for tumor growth in vivo as it serves as an electron donator
to the pyrimidine pathway (279). Depletion of ubiquinol decreased tumor growth and
ETC function. Since the ABL allosteric inhibitors also impair ETC activity and transfer of
electrons through the mitochondrial membrane, together both inhibitors could be

depleting ETC activity from different angles.
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Another key outstanding question relates to which protein prenylation targets
are being modulated by ABL allosteric inhibitors and statin therapy. There are many
proteins that have been shown to be modulated by protein prenylation with the most
canonical protein family being RAS, which requires prenylation modifications to induce
malignant transformation (280). RAS proteins favor farnesylation modifications but can
also undergo geranylation if farnesylation transferases are inhibited (281). Proteins that
favor geranylation include Rho GTPases, such as Cdc42, Rac, and RhoC (281).

Our findings show that following treatment with ABLO01 and a geranylation
inhibitor, mitochondrial function is impaired, and cells undergo apoptosis (Figure 12).
To date, PubMed searches to uncover proteins that regulate mitochondrial activity
following geranylation modification do not report targets of interest. Thus, a potential
future experiment to uncover which proteins mediate this phenotype would involve a
high-throughput profiling approach using alkyne-tagged prenyl probes coupled to a
capture reagent, a technique known as ‘click” chemistry (282). The alkyne moiety will
structurally resemble the natural geranylgeraniol product allowing for high-fidelity
incorporation of the probe into cellular geranylation targets by geranyltransferase.
Proteins containing the probe will be affinity captured using a column and mass
spectrometry will be performed to identify prenylated proteins. Through mass
spectrometry analysis, protein targets can be characterized and explored further to see

which modulate mitochondria function.
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Regarding the SLC7A11 project, several outstanding questions remain: (1) what
is the effect of inducible knockdown of SLC7A11 on primary and metastatic tumor
growth across a panel of cancer cell lines, (2) will mice harboring brain metastases either
pharmacologically treated with an ABL allosteric inhibitor, or harboring shRNAs against
ABL1/ABL2, have decreased SLC7A11 expression, metastatic outgrowth, and neuronal
cell death, (3) will overexpression of SLC7A11 from a heterologous promoter in
ABL1/ABL2-knockdown lung cancer cells rescue metastatic activity, (4) what are the
transcriptional and post-transcriptional mechanisms by which the ABL kinases regulate

SLC7A11 expression.

To address questions 1-3, cancer cells should be injected intracardially and
intracranially to measure metastatic and primary tumor growth. Specifically, intracranial
injections will be beneficial as SLC7A11 expression is known to effect neuronal cell death
thus measuring the number of neurons in the tumor microenvironment can serve as a
surrogate measure for tumor-derived glutamate secretion due to glutamate neuronal cell
excitotoxicity. Brain slices from tumor bearing mice will be analyzed and
immunofluorescence staining with NeuN+, a neuronal antibody, followed by co-staining
with TUNEL will assay the number of apoptotic nuclei. Further, changes in neuronal
hyper-excitability and seizures can be performed through video monitoring and use of an
electroencephalogram (283). Additionally, for questions 1 and 3, whole body flux

following intracardiac injection should be examined as well.
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To evaluate the transcriptional and post-transcriptional mechanisms by which the
ABL kinases control SLC7A11 expression, analysis of transcription factor regulation of
SLC7A11 expression by NRF2, TAZ, or other transcription factors/coactivators can be
examined. Additionally, post-transcriptional regulation through EGFR or CD44 as well as
proteasomal degradation can be examined. shRNA mediated knockdown for
transcriptional or post-transcriptional regulators can be employed to see which
phenocopy ABL kinase inhibition. A caveat to this approach is that ABL can modulate
SLC7A11 expression at multiple levels thus by knocking down one target of interest may
not fully recapitulate the phenotype of ABL kinase knockdown. Further, overexpression
plasmids for each protein can also be used to see which might restore protein stability in

ABL deplete cells.
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Appendix A: Table 1. ABL kinase inhibitors
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Clinical

Name Alternative = Inhibitor ey Telfaraiges Tria?ls in Regulatory
Name Type Solid Status
Tumors
Yes
Non-small
cell lung
cancer:
NCT0101107
5;
NCT0040846
0
ABLL, greast
ancer:
ABL2, NCT0019318 | FDA
BCR-
ABLI 0; approved
CSF 11,2 NCTO0033872 | for CML,
Imatini | Gleevec/ST | ATP-site, DDR1 § (284) 8; Ph+ ALL,
b 157 Type Il DDRZI NCT0008715 | MDS/MPD,
KIT ’ 2 ASM,
N Q’OZ, . . HES/CEL,
PDGER Gastrointesti | DFSP, GIST
1 nal tumors:
NCT0115185
2;
NCT0086711
3
Melanoma:
NCT0042451
5;
NCT0047047
0
ABL1, Yes
ABL2, Non-small
BCR- cell lung
ATP- ABL1, cancer: FDA
. Sprycel/ .
Dasatin competiti | BLK, NCTO0085840 | approved
. BMS- (284-286)
ib 354805 ve, Type | BTK, 3; for CML,
I CSK, NCT0082644 | Ph+ ALL
CSRIR, 9;
DDR1, NCT0199998
DDR2, 5
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Nilotini
b

/AMN107

ATP-site,
Type II

ABLL,
ABL2,
BCR-
ABLI,
CSFIR,
DDRI,
DDR?,
KIT,
NQO2,
PDGFR

(284)

99

Breast
Cancer:
NCT0081753
1,NCT009243
52,
NCT0076752
0,
NCT0041081
3

Gastrointesti
nal tumors:
NCT0056875
0;
NCT0164327
8;NCT005041
53

Melanoma:
NCT0059703
8;NCT004366
05

Yes

Breast
Cancer:
NCT0420590
3

Gastrointesti
nal tumors:
NCT0097661
2;
NCT0047132
8

Melanoma:
NCT0139512

FDA
approved
for CML



Bosutin
ib

Ponatin
ib

Bosulif/SKI
-606

Iclusing/A
P24534

ATP-
competiti
ve, Type
I

ATP-site,
Type Il

ABL1,
ABL2,
BCR-
ABL1,
CAMK
2G,
CDK?2,
HCK,
LYN,
MAPK
K1,
MAPK

(287-289)

MAPK
KK2,
SRC

ABL1,
ABL2,
BCR-
ABL1,
BLK,
CSFR1,
DDR1,
DDR2,
EPHRs,
FGFR1,

(290-293)

100

1;
NCT0078877
5;
NCT0109951
4

Yes
Non-small
cell lung
cancer:
NCT0302331
9

Breast
Cancer:
NCT0079354
6;
NCT0031925
4;
NCT0088000
9;
NCT0385490
3;
NCT0095994
6;
NCT0075983
7

Advanced
Solid
Tumors:
NCT0329760
6;
NCT0100193
6

Yes
Non-small
cell lung
cancer:
NCT0176174
NCTO0370468
8;
NCT0193533
6;

FDA

approved
for CML,
Ph+ CML

FDA
approved
for CML,
Ph+ ALL



Axitinib

Inlyta/AGO
13736

ATP-
competiti
ve, Type
I

BCR-
ABL1
(T315I),
KIT,
PDGFR
VEGFR
1,
VEGFR
2,
VEGFR
3

101

(294)

NCT0181373
4;
NCT0181373
4;

Breast
Cancer:
NCT0387852
4;
NCT0459143
1

Gastrointesti
nal tumors:
NCT0187466
5

Yes
Non-small
cell lung
cancer:
NCT0347256
0;
NCT0009409
4;
NCT0009409
4

Breast
Cancer:
NCT0007602
4;

Gastrointesti
nal tumors:
NCT0070025
8

FDA
approved
for Renal
Cell
Carcinoma



Vandeta | Caprelsa/Z
nib D-6474

ATP-
competiti
ve, Type
I

ABLL,
EGFR,
RET,
VEGFR

102

(295)

Renal Cell
Carcinoma:
NCT0249375
1;
NCT0067839
2;
NCT0092081
6;
NCT0257981
1

Yes
Non-small
cell lung
cancer:
NCT0158662
4;
NCT0075371
4;
NCT0182306
8

Breast

Cancer: FDA
NCT0193433 | approved
5; for
NCT0048184 | Advanced
5; Medullary
NCT0049448 | Thyroid

1 Cancer

Gastrointesti
nal tumors:
NCT0201506
5

Thyroid
Cancer:
NCT0187678
4;
NCT0149631
3;



GNF2,
GNF5

ABL001

DAS-6-
2-2-6-
CRBN

BOS-6-
2-2-6-
CRBN

GMB-
475

Asciminib

Allosteric

Allosteric

PROTAC

PROTAC

PROTAC

ABL1
ABL2
BCR-
ABL1

ABL1
ABL2
BCR-
ABL1

BCR-
ABL1

BCR-
ABL1

BCR-
ABL1

7

7

7

7
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(178)

(179)

(186)

(186)

(185)

No

Yes-
Advanced

solid tumors:

NCT0449203
3;
NCT0329278
3

Not FDA
approved

Phase III
Clinical
Trials in
CML

Preclinical
Studies
Only

Preclinical
Studies
Only

Preclinical
Studies
only



Appendix B: Table 2. ICso calculations for cell lines

Cell Line Drug Calculated IC50
GNF5 10 mM
ABLO001 7.5 mM
Getfitinib 15 nM
Docetaxel 1nM
PC9 Nilotinib 2 mM
Simvastatin 4 mM
Fluvastatin 2 mM
FTI-277 50 mM
GGTI-298 20 mM
GNF5 10 mM
ABLO001 7.5 mM
Gefitinib 200 nM
Docetaxel 1nM
PC9 GR4 Nilotinib 2 mM
Simvastatin 4 mM
Fluvastatin 2mM
FTI-277 50 mM
GGTI-298 20 mM
GNF5 15 mM
ABL001 15 mM
Docetaxel 0.5nM
Nilotinib 2 mM
H460 Simvastatin 12 mM
Fluvastatin 4 mM
FT1-277 15 mM
GGTI-298 15 mM
GNF5 15 mM
ABLO001 15 mM
H358 Docetaxel 1nM
Simvastatin 12 mM
Fluvastatin 4 mM
GNF5 10 mM
ABLO001 7.5 mM
Gefitinib 15 nM
PCY BrM3 Docetaxel 1nM
Simvastatin 4 mM
Fluvastatin 2 mM
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Appendix C: Table 3. Top CRISPR targets

Ranked list of top genes with negative TS values.

Rank Gene TS Score
1 NPC1 -1.84352
2 PNPLA6 -1.50963
3 ADSL -1.30126
4 DEGS1 -1.29665
5 GATM -1.21614
6 NDUFA11 | -1.18712
7 SE3A1 -1.18088
8 PI4KB -1.1646
9 ATIC -1.15819
10 RRM2 -1.13772
11 GNPTAB | -1.07218
12 TXNRD1 -1.06214
13 HMGCR -1.03835
14 THEM4 -1.02617
15 RPS8 -1.00065
16 SMC3 -0.9992
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17 NR5A1 -0.9767

18 CYB5D2 -0.93303
19 SDR42E1 -0.89395
20 U2AF1 -0.8927

21 PAICS -0.8788

22 BRD8 -0.87308
23 SDHC -0.85023
24 SLC22A8 | -0.84398
25 PGD -0.8284

26 TYMS -0.81976
27 PPP2CA -0.80331
28 HNF4G -0.80308
29 SLC11A2 | -0.79828
30 MTMR6 -0.79513
31 SF3B3 -0.79188
32 PPP6C -0.79169
33 TRPM?7 -0.78332
34 ME2 -0.76729
35 ATP6V1D | -0.76334
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36 NR4A3 -0.76038
37 GRIN2D -0.74322
38 SOD1 -0.73139
39 HSD17B10 | -0.72504
40 CTDSPL2 | -0.72345
41 KCNS3 -0.71274
42 ADSS -0.70165
43 CA8 -0.69377
44 PGM5 -0.69266
45 ATP5B -0.68843
46 SF3B5 -0.68287
47 SLC2A1 -0.67894
48 GOT1 -0.67637
49 ATP6VI1A | -0.67425
50 SDHA -0.67347
51 ATP5A1 -0.67188
52 GFPT1 -0.67188
53 CRYZ -0.67118
54 ATP2B1 -0.6689
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55 ATP6VI1C1 | -0.66354
56 TSTA3 -0.66158
57 AKR1A1 -0.66089
58 COX17 -0.65998
59 ACBD5 -0.6591
60 FUTS8 -0.65846
61 usr39 -0.65534
62 NPC2 -0.65316
63 TAP1 -0.65218
64 ARGI1 -0.65155
65 RPL37 -0.64123
66 ELOVL1 -0.641
67 KCNH?7 -0.63862
68 DLG1 -0.63414
69 LIPA -0.63039
70 SLC24A4 | -0.62865
71 RPA2 -0.62652
72 PRDX2 -0.6252
73 COX15 -0.62464
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74 NAGLU -0.62091
75 SLC27A2 | -0.61923
76 ALDHI1L2 | -0.61917
77 PDE1B -0.61497
78 TRPV5 -0.61253
79 UQCRC2 | -0.61236
80 DUSP10 -0.61078
81 DUSP27 -0.61028
82 HCN2 -0.60553
83 SLC6A7 -0.60229
84 ATP6V1B2 | -0.60104
85 AHCY -0.59912
86 CYP4F2 -0.59303
87 TPK1 -0.58798
88 ACE2 -0.58658
89 PKD2 -0.58013
90 CYP4F22 -0.57831
91 SLC26A2 | -0.57731
92 CDC25B -0.57694
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93 ATP5D -0.57218
94 CHRND -0.56864
95 CERS1 -0.5675

96 LIPE -0.5632

97 CAD -0.56241
98 PNLIPRP3 | -0.56103
99 PIP5K1A | -0.56091
100 TRPC1 -0.55949

Appendix D: Lipid droplet and fatty acid depletion data

A DMSO GNF5 B DMSO

10%
FBS

10%
Delipidized
Serum

mm DMSO
. GNF5
ABLOO1
Gefitinib
= Docetaxel

Fold Change in Cell Survival

Gefitinib

GNF5 C

Docetaxel

A) PC9 cells cultured in complete media with 10% FBS or 10% delipidized serum
were treated with GNF5 for 3 hours. Cells were washed in PBS and then stained
with BODIPY following instruction manual. Following staining, cells were
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washed with PBS and PFA fixed for image analysis. Treatment with GNF5
increased intracellular lipid droplet accumulation in the presence of 10% FBS
whereas cells cultured in lipid deplete media had no lipid accumulation
indicating lipid store were entering from the external environment.

B) Treatment with GNF5, Gefitinib, and Docetaxel indicated that only GNF5 caused
lipid accumulation.

C) Quantification of lipid droplet count per 100 units of area shows cells treated
with GNF5 had a greater lipid droplet accumulation.

D) Culturing PC9 cells in lipid deplete medium in the presence of inhibitors evoked

cell death only following treatment with ABL allosteric inhibitors.

Appendix E: Table 4. List of Primers

Primer
Source Oligo Sequence
(Application)
GAPDH-F TGTGGGCATCAATGGATTT
Sigma
(RT-gPCR) GG
GAPDH-R ACACCATGTATTCCGGGTC
Sigma
(RT-gPCR) AAT
BBC3-F (RT- GACCTCAACGCACAGTAC
Sigma
qPCR) GAG
BBC3-R (RT- AGGAGTCCCATGATGAGA
Sigma
qPCR) TTGT
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BCL2L1-F GAGCTGGTGGTTGACTTTC
Sigma
(RT-gPCR) TC
BCL2L1-R TCCATCTCCGATTCAGTCC
Sigma
(RT-gPCR) CT
BCL2-F (RT-
Sigma GGTGGGGTCATGTGTGTGG
qPCR)
BCL2-R (RT- CGGTTCAGGTACTCAGTCA
Sigma
qPCR) TCC

All primers were purchased through Sigma, and applications for each primer set

are listed in parentheses.

Appendix F: Table 5. List of Antibodies and Source

Information

ABL1 (8E9) Millipore Sigma gllggl;%o_' 9920996
ABL2 (6D5) Abnova Eg?g?g%z_@gggg
Cleaved PARP Cell Signaling iaBtf 1%66:;59' 4I;§ID:

Total PARP Cell Signaling iaBtf 695593;—3, 4RRID:
beta-Actin (8H10D10) Cell Signaling ;igl(g, AB_ 2242334
Phospho-CrkL (Tyr207) Cell Signaling 3181L; RRID:AB_331068
Cleaved Caspase-3 Cell Signaling iaBt_i 3?461611é ;{ RID:
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Cat# 9668,

Caspase-3 Cell Signaling RRID:AB_2069870
Cytochrome C Cell Signaling Elitli)lziglf_oé637071
beta-Catenin Cell Signaling Elaztlgislaol111z7855
Ki67 Cell Signaling Elitlég:i?z7977o3
HMGCR Millipore Elitlf)éfs_zlz 3/203328
CRKL (C-20) Santa Cruz 5c-319; RRID:AB_631320
beta-Tubulin (D2N5G) Cell Signaling ;51{11113533_279871 2
GAPDH (6C5) Santa Cruz f;ﬁ%zaz;g_&%m
Lamin B1 (D9V6H) Cell Signaling ;313313513_2737428
RAPI SantaCruz | eet0ns
HDJ2 Thermo Fisher | ot o onts:
TdTomato Kerafest 12?{%?2%%23752803
SLC7A11 Cell Signaling RRID:AB_2800296

Goat anti-Mouse IgG (H+L) Cross-
Adsorbed Secondary Antibody,
Alexa Fluor 488

Thermo Fisher

Cat# A-11001,
RRID:AB_2534069

Goat anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary
Antibody, Alexa Fluor 633

Thermo Fisher

Cat# A-21070,
RRID:AB_2535731

Goat anti-Rat IgG (H+L) Cross-
Adsorbed Secondary Antibody,
Alexa Fluor 568

Thermo Fisher

Cat# A-11077,
RRID:AB_141874

Peroxidase AffiniPure Goat Anti- Jackson 115-035-003;
Mouse IgG (H+L) Immunoresearch RRID:AB_10015289
Peroxidase AffiniPure Goat Anti- Jackson

115-035-144
Rabbit IgG (H+L) Immunoresearch

H1029;
Anti-polyHistidine Sigma 029;

RRID:AB_260015
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sc-2025;

Normal Mouse IgG Santa Cruz RRID:AB. 737182
Rabbit Anti-Mouse IgG (Light Chain Cell Sienalin 58802S;

Specific) (D3V2A) shating RRID:AB_2799549
Goat Anti-Rat IgG, HRP-linked Cell Signaling 70775;

RRID:AB_10694715

Appendix G: Materials and Methods

G.1: Cell lines and Cell Culture

PC9 parental cells were a gift from Dr. Joan Massagué (Memorial Sloan-Kettering
Cancer Center, New York, NY, USA) (296). PC9-GR4 (gefitinib-resistant) cells were a gift
from Dr. Passi Janne (Dana-Farber Cancer Institute, Boston, MA, USA) (297). Large cell
carcinoma (LCC) H460 cells were provided by Dr. Fernando Lecanda (University of
Navarra, Pamplona, Spain) (298). PC9-BrM3, HCC4006-BrM, and H1975-BrM3 cell lines
were derived in the Pendergast laboratory by serial intracardiac injection as previously
described (192). Human NSCLC cell lines H358, HCC4006, HCC827 and H1975 were
purchased from ATCC. MDA-MB-231 parental, 1833, BrM2A and 4175 cell lines were a
gift from Dr. Joan Massagué (Memorial Sloan-Kettering Cancer Center, New York, NY,
USA). Parental and derivative cell line pairs were subjected to short tandem repeat (STR)
profiling through the Duke University DNA Analysis Facility Human cell line
authentication (CLA) service to confirm their authenticity. Lung cancer cells were
maintained in RPMI 1640 (Life Technologies) supplemented with 10% tetracycline-

screened fetal bovine serum (FBS, Hyclone), 10 mM HEPES, 1 mM sodium pyruvate,
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and 0.2% glucose. H293T cells used for transfection and virus production were
purchased from ATCC and were maintained in DMEM (Life Technologies) with 10%
FBS (Corning). All cultures were maintained at 37°C in humidified air containing 5%
CO2.

For experiments assessing effects of pharmacologic inhibitors in vitro (GNE-5,
ABLO001, Gefitinib, Docetaxel, Simvastatin, Fluvastatin, FTI-277, GGTI-298), drugs were
dissolved in DMSO and the final concentration of DMSO in culture media did not
exceed 0.1% v/v. Cholesterol was solubilized in 40% (2-hydroxypropyl)- B-cyclodextrin
at room temperature, sterile filtered (0.45uM) and stored at -20 °C. MVA was resolved
with 0.1M NaOH, followed by neutralizing with 0.1M HCL/1IM HEPES. The ABL
allosteric inhibitors GNF-5 and ABL001 were synthesized by the Duke University Small
Molecule Synthesis Facility and validated by LC-MS and 1H-NMR, as well as cell-based
assays. The following drugs used for in vitro analysis were purchased from: Cayman:
Simvastatin (10010344); Sigma: Gefitinib (SML1657), Fluvastatin (SML0038),
Mevalonolactone (M4667), Cholesterol (C3045), Geranylgeranyl pyrophosphate (G6025),
Farensyl pyrophosphate (F6892); Tocris: FT1-277 (2407) and GGTI-298 (2430); LC

Laboratories: Docetaxel (D-1000).

G.2: Intracardiac injections

All animal experiments were conducted in accordance with protocols approved

by the Duke University Division of Laboratory Animal Resources Institutional Animal
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Care and Use Committee (IACUC). Cells were stably transduced with pFU-luciferase-
Tomato (pFuLT) DNA prior to injection to allow for bioluminescent imaging (BLI) in
vivo. We used 8-12-week-old age-matched female athymic nu/nu mice for all studies
(Jackson Laboratory). Mice were anesthetized with 5% isoflurane prior to injections. For
all studies, 4x105 lung cancer cells suspended in 100 uL PBS were injected into the left
cardiac ventricle with a 30-gauge needle. Animals were monitored until full recovery
from anesthesia and were subsequently imaged weekly to both confirm proper
anatomical injection and to monitor for progression of disease burden using an IVIS XR
bioluminescent imager. The ABL allosteric inhibitor ABL001 (Asciminib) was used for in
vivo inhibition of the ABL kinases in tumor-bearing mice and was prepared as a
suspension in sterile 0.5% methylcellulose/0.5% Tween-80 as described previously
(Wylie et al., 2017). Mice were treated with either vehicle control or 100 mg/kg/qd
ABLO001 via oral gavage once per day. ABLO01 was synthesized by the Duke University
Small Molecule Synthesis Facility and validated by LC-MS and 1TH-NMR. Simvastatin
was purchased from Toronto Research Chemicals (cat. S485000) and dissolved in
aqueous 2% dimethylsulfoxide (DMSO), 30% polyethylene glycol 400 (PEG 400), and 5%
Tween 80. Mice were treated with either vehicle control or 10 mg/kg/qd simvastatin. To
account for potential interactions between the two drugs and solvents, mice were treated
each morning with either simvastatin or vehicle control, and two hours later with either

ABLO01 or vehicle control via oral gavage. The presence of brain metastases was
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confirmed through in vivo BLI followed by isolation of brains for OCT or paraffin

sectioning. Living Image software was used for analysis of BLI data.

G.3: Subcutaneous Flank Xenografts

Mice were injected subcutaneously with 1e6 PC9 GR4 cells resuspended in
growth factor reduced Matrigel matrix in the back right flank. Mice were stratified into
treatment groups once the tumors reached an average of 50 mm3. The animals were
drug treated for a total of 3 weeks and tumor volume was measured weekly by a caliper.
At the end of the study, mice were euthanized, and tumors were extracted for image

collection.

G.4: Seahorse measurements

Basal and maximal oxygen consumption rate and ATP production were
measured using a Mito Stress test Kit and a Glycolytic Rate Kit was used to measure
basal and compensatory glycolysis. Both kits used a XF96 Extracellular Flux Analyzer
(Seahorse Bioscience) to measure changes according to manufacturer’s instructions.
Cells were plated in XF96 plates at 10,000 cells per well on Day 0. Cells were treated on
Day 1 with IC50 doses of GNF5, ABL001, gefitinib, docetaxel, and vehicle control. For
rescue experiments, cells were treated with 2.5 uM ABL001, 1 uM simvastatin, 500 uM
MVA, 5 uM GGTI-298, 12.5 uM FTI-277. On the day of the Seahorse run, media was
aspirated and replaced with XF Assay Medium (Seahorse Bioscience) supplemented
with 10 mM glucose, 1 mM pyruvate, and 2 mM glutamine supplemented with
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corresponding drug or vehicle. The plate was incubated in a non-CO2 incubator at 370C
for 1hr to equilibrate. OCR measurements, taken every 6min, were collected at baseline
and after the sequential addition of oligomycin 1 uM (final concentration), FCCP 0.5 uM,
and rotenone 0.75 pM + antimycin A 1.5 uM. Data was normalized to total nuclei count

per well.

G.5: Mitosox staining

MitoSOX was purchased from Thermofisher (cat. M36008). 100,000 cells were
plated in six-well plates and treated with vehicle or IC50 doses of indicated drugs for
24hr. Cells were stained with 5 uM MitoSOX resuspended in serum-free RPMI
containing associated drug concentration in the dark for 10 mins in a 370C 5% CO2
incubator. Cells were washed once with PBS and trypsinized followed by another wash
in PBS and resuspended in 500 puL of PBS. The samples were analyzed using flow
cytometer BD FACS Canto II. Gating strategy was defined using untreated/unstained

cells. Analysis of flow cytometry data was performed with FlowJo v10.

G.7: MitoTracker staining

MitoTracker Red CMXRos was purchased from Thermofisher (cat. M7512).
100,000 cells were plated in six-well plates and treated with vehicle or IC50 doses of
GNF5. Cells were stained with 100 nM MitoTracker resuspended in serum-free RPMI
containing associated drug concentration in the dark for 30 mins in a 370C 5% CO2
incubator. Cells were washed once with PBS and trypsinized followed by another wash
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in PBS and resuspended in 500 puL of PBS. The samples were analyzed using flow
cytometer BD FACS Canto II. Gating strategy was defined using untreated/unstained

cells. Analysis of flow cytometry data was performed with Flow]Jo v10.

G.8: Pooled CRISPR screen

PC9 cells were seeded into 12, six-well plates at 0.25e6 cells/well. A separate plate
was also prepared for no puromycin and puromycin controls of non-transduced cells.
Cells were transduced at a MOI of 0.2. 24 hours after viral transduction, cells were
replated into puromycin-containing media. A sample was collected at 48 hours of
puromycin exposure to confirm library coverage in the transduced population.
Transduced cells were expanded in puromycin for a total of 10 days prior to drug
introduction, at which point the transduced cell population was split into vehicle
(DMSO) and GNF5 treatment conditions and maintained for up to two weeks. Cells
were treated with 2 puM GNF5 which corresponded to 20-30% loss in cell viability
following a 3-day dose response assay. Cells were counted, replated, and drug
replenished every day. At any given point during the screen, each replicate was
represented by a minimum of 12E6 cells, sufficient to provide 1000x coverage of the
library (~1000 cells per unique sgRNA). Samples of 25E6 cells were collected upon
screen initiation, termination, and at weekly intervals. Following completion of the
screens, DNA was extracted (DNeasy Blood & Tissue Kit, QIAGEN) and prepared for

sequencing as previously described (299)

119



G.9: CRISPR screen analysis

Deep sequencing was performed on an Illumina Nextseq platform (75 bp, paired-
ended) to identify differences in library composition. All sequencing was performed by
the Duke University genome sequencing facility. Barcoded reads were mapped to the
guide RNA library using bcSeq (Lin et al., 2018) to obtain the counts for each guide
RNA. Determinations of genetic essentiality and drug sensitization/resistance were
made by evaluating differential guide compositions between the initial population and
subsequent drug-treated and vehicle-treated cells populations. Briefly, the fractional
representation (FR) for the guide reads within a sample was normalized to the total
reads attributed to that sample. A direct comparison between two samples was
represented by the quotient of the respective FRs in the log2 scale, which we term the
depletion metric (DM). The guide-level DMs for each gene were then collapsed to gene-
level scores by taking the average of the top three most depleted constructs resulting in a
biased analysis focused on depleted genes. Genes represented by fewer than 5 guides
per condition were excluded from analysis. In the 2,322-gene library, 7 genes
(representing 0.3% of the total library) were excluded. Genetic essentiality was
calculated by considering the depletion/enrichment of the vehicle treated (DSMO)
population over time (DMSO final / DSMO initial). Drug sensitization/resistance was
calculated by considering the depletion/enrichment of the drug-treated population

relative to the vehicle-treated population (Drug final / DMSO final). All
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depletion/enrichment effects are reported as log2 ratios. All analyses were conducted
using the R statistical environment (https://www .r-project.org/) along with extension
packages from the comprehensive R archive network (CRAN; https://cran.r-project.org/)
and the Bioconductor project (Gentleman et al., 2004). The analyses were carried out
with adherence to the principles of reproducible analysis using the knitr package (Xie,
2016) for generation of dynamic reports and gitlab for source code management. The
code for replicating the statistical analysis was made accessible through a public source
code repository: https://gitlab.oit.duke.edu/dcibioinformatics/pubs/pendergast-crispr-
barcode.

Because many metabolic genes are known to be essential to cellular viability
(Hart et al., 2015), determining the effect of cell-essential genetic loss on apoptosis is
difficult. To this point, a subset of essential metabolic genes will have lost representation
in our screen before the 10-day puromycin selection period is over; our screen does not
capture the effect of these genes (which represent a trivial fraction of our library) on
apoptosis. The remaining cell-essential genes are captured by the screen. Since our
analysis normalizes the effect of gene knockout + drug treatment to gene knockout
alone, the interpretation of these genes does not require additional correction, except

that they necessarily suffer from reduced resolution.
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G.10: Immunoblotting procedures

Cells were lysed in RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 1% sodium deoxycholate and 0.1% SDS) containing protease-
phosphatase inhibitor cocktail (Cell Signaling). Cell suspensions were rotated at 4C for
15 minutes followed by microcentrifugation to remove cell debris, and protein
concentration was quantified using the DC Protein Assay (BioRad). Equal amounts of
protein were separated by SDS/PAGE and transferred onto nitrocellulose membranes
using the Transblot Turbo Transfer system (Bio-Rad). Membranes were incubated with
primary antibody overnight at 40C, followed by 3 washes in 1xXTBST and incubation
with corresponding secondary antibody for 1 hr at room temperature. Blots were
developed using SuperSignal West PLUS Chemiluminescent Substrate developing
solution (Invitrogen) and imaged using either film or a ChemiDoc XRS+ imager (Bio-
Rad). The following antibodies used for immunoblot analysis were purchased from: Cell
Signaling: Phospho-CrkL (Tyr207) (3181L), beta-Tubulin (D2N5G) (15115S), cleaved
PARP (5625), total PARP (9542), cleaved caspase 3 (9661), total caspase 3 (9668),
cytochrome C (11940), beta-Catenin (8480); Thermofisher: HDJ2 (MA5-12748); Millipore
Sigma: ABL1 (8E9) (MAB1130), ABL2 (6D5) (H00000027-M03); Santa Cruz: RAP1 (sc-
398755), CRKL (C-20) (sc-319), GAPDH (6C5) (sc-32233); Jackson Immunoresearch:
Peroxidase AffiniPure Goat Anti-Mouse IgG (H+L) (115-035-003), Peroxidase AffiniPure

Goat Anti-Rabbit IgG (H+L) (115-035-144).
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G.11: Real-time quantitative PCR

RNA was isolated from subconfluent monolayers of cancer cells using the
RNeasy RNA isolation kit (QIAGEN), and cDNA synthesis was performed using
oligo(dT) primers and M-MLYV reverse transcriptase (Invitrogen). RT-qPCR was
performed in triplicate wells using iTaq Universal SYBR Green Supermix (Bio-Rad).
Primers used in this study were purchased from Sigma Aldrich. Analysis of real-time
data was collected using a Bio-Rad CFX384 machine and CFX Maestro software.
Expression levels of each gene were normalized to GAPDH control housekeeping genes
using the ddCT algorithm. Primers sequences used: BBC3 Fwd
(GACCTCAACGCACAGTACGAG), BBC3 Rev (AGGAGTCCCATGATGAGATTGT),
Bcl2 Fwd (GGTGGGGTCATGTGTGTGG), Bel2 Rev
(CGGTTCAGGTACTCAGTCATCC), Bcl2L1 Fwd (GAGCTGGTGGTTGACTTTCTC),

Bcl2L1 Rev (TCCATCTCCGATTCAGTCCCT).

G.12: DNA plasmids

Sequences for shRNAs targeting the ABL kinases were as follows: scrambled
shRNA (GGTGTATGGGCTACTATAGAA); ABL1 shRNA
(GGTGTATGAGCTGCTAGAGAA); ABL2 shRNA (CCTTATCTCACCCACTCTGAA).
Stable non-inducible shRNAs against non-target control (NTC), HMGCR, and SLC7A11
in the pLKO.1 vector were from the Sigma Mission TRC1 Lentiviral shRNA library and

were obtained through the Duke Functional Genomics Shared Resource Facility. The
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pLVX-Tet-On vector and pLVX-TP-3F-TAZ4SA (S66A, S89A, S117A and S311A)
plasmids were provided by Dr. Xaralabos Varelas (Boston University, Boston, MA,
USA). Sequences and Sigma clone identifiers for each of these shRNAs were as follows:
HMGCR shRNA 46448
(CCGGGCAGTGATAAAGGAGGCATTTCTCGAGAAATGCCTCCTTTATCACTGCTT
TTTG), HMGCR shRNA 46452
(CCGGCCTGCTGCTATAAATTGGATACTCGAGTATCCAATTTATAGCAGCAGGTT
TTTG), SLC7A11 shRNA 43124
(CCGGGCACCCTTTGACAATGATAATCTCGAGATTATCATTGTCAAAGGGTGCTT

TTTG).

G.13: Viral transduction protocol

Lentiviral shRNAs against the ABL kinases (ABL1, ABL2 and AA double
knockdown), HMGCR, and SLC7A11 were packaged in 3¢ generation lentiviral
packaging vectors (pMDL, pCMV-VSV-G, pRSV-REV). Briefly, 293T cells were
transfected with packaging DNAs and corresponding DNAs using FuGENE6 reagent
(Promega). Culture supernatants containing virus were harvested and filtered 24 hours
and 48 hours after transfection and were added to NSCLC cell cultures in the presence
of 8 ug/ml polybrene (Sigma-Aldrich). Cells were spinfected with virus at 2200 RPM for
1 hr at 370C. Stably-transduced cells expressing shRNAs cloned in the pLKO.1 backbone

were selected with puromycin (1 pg/ml) for two days.
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G.14: Immunofluorescence and confocal microscopy

Brains were perfused and fixed with 4% paraformaldehyde in PBS prior to
extraction. Upon extraction, brains were rotated overnight (O/N) in 4%
paraformaldehyde in PBS at 40C followed by subsequent washes in PBS the following
day. For OCT embedding, brains underwent sucrose protection in 15% sucrose in water
at 40C O/N rotation following by O/N rotation in 30% sucrose in water at 40C before
OCT embedding at -800C. OCT sections were 10 um thick. For paraffin embedding,
brains were placed into 70% ethanol prior to paraffin embedding. Paraffin embedding
was performed at the Duke University Immunohistopathology Core Facility sections
were cut at 5 um thick. OCT sections were thawed at room temperature for 15 minutes
followed by acetone fixation. Paraffin sections were deparaffinized, rehydrated, and
heat inactivated (BioCare Medical Decloaking Chamber). Both deparaffinized and OCT
sections were then washed in PBS and blocked in 3% goat serum in PBS with 0.05%
Tween-20 for one hour. Sections were incubated with primary antibodies in blocking
solution overnight at 4°C in a humidified chamber at concentrations indicated below.
Sections were then washed with PBS followed by incubation with the appropriate
secondary antibody in blocking solution for one hour at room temperature. Sections
were then washed with PBS, incubated with the nuclear stain, Hoechst33342, and
washed again with PBS before mounting using aqueous mounting media (Dako-53025).

Antibodies for immunofluorescence and IHC experiments included: cleaved caspase 3
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(Cell Signaling 9661) at 1:100 dilution, Ki67 (Cell Signaling 9449) at 1:200 dilution,
tdTomato (Kerafast EST203) at 1:100 dilution. All images were captured on an Axio
Imager D10 (Carl Zeiss) with a 20x/0.75 EC Plan-Neofluar objective lens.

Mitochondrial morphology analysis was performed by plating 75,000 H460 cells
on glass coverslips in 12-well plates. Cells were treated with IC50 doses of each drug the
following day. After 24 hours, the cells were stained with 100 nM MitoTracker Red
CMXRos (Thermofisher cat. M7512) for 30 min, fixed (formaldehyde), permeabilized
(Triton-X), stained with Hoescht 33342 and mounted. The slides were imaged using a
Zeiss 880 inverted confocal Airyscan microscope with 63x oil objective. For all
representative images in the manuscript, experiments were conducted at least twice, and
had no repeatability issues. Mitochondrial morphology was determined using the
tubeness and vesselness algorithms in Fiji. Mitochondrial fragmentation vs. connectivity
was determined by plotting length x width of several thousand mitochondrial from at

least 10 cells across at least two independent experiments.

G.15: Cell viability assay

Cells were seeded in white-walled clear bottom 96-well plates in triplicate at
3,000 cells per well. Each condition was run in triplicate wells each from three
independent experiments and measured using CellTiter-Glo reagent (Promega). Plates
were read on a Tecan Infinite M1000 Microplate Reader and results were analyzed in

GraphPad.
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G.16: Annexin V staining

Annexin V staining was performed to determine the percentage of cells
undergoing apoptosis. 100,000 cells were plated in six-well plates and treated with
vehicle, 10 uM GNF5, 1 uM Simvastatin, 0.5 uM Fluvastatin or the combination for 24hr.
Upon collection, cells were trypsinized, washed twice with PBS, resuspended in 100 pL
1X Annexin V binding buffer (BD Biosciences) containing 5 uL. Annexin V stain
conjugated to APC (allophycocyanin) (BD Biosciences). Phosphatidylserine
externalization was measured using APC-conjugated Annexin. Following a 15min
incubation at RT, the samples were analyzed using flow cytometer BD FACS Canto II.
Gating strategy was defined using untreated/unstained cells. Analysis of flow cytometry

data was performed with FlowJo v10.

G.17: Colony formation assay

Cells were seeded in 12-well plates in duplicate at 1,000 cells per well for PC9
and PC9 GR4 cell lines and 250 cells per well for H460 cells (n=2). Cells were treated
with 1 uM ABL001, 100 nM Simvastatin, or combination for 1 week. Cells were then
tixed with methanol and stained with crystal violet. Images were taken using an Epson
scanner. 1 mL of 10% acetic acid was added per well and a plate reader was used to

measure absorbance at 590 nm.
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G.18: Intracellular glutathione assay

0.5e6 cells harboring shRNAs against target genes were plated in 6-well dishes
on Day 0 and harvested on Day 1. Cells were resuspended in PBS and a 15 uL aliquot
was taken to count cells in automated cell counter. Glutathione levels were then
measured followed the instructions in BioVision’s Colorimetric Glutathione Kit (Cat.

K261). Results were normalized to cell counts.

G.19: Extracellular glutamate assay

3,000 cells harboring shRNAs against target genes were plated in 96-well white
walled dishes. Cells were plated in triplicate for technical replicate. 1 uL of media was
taken from the cells and diluted with 45 uL of PBS. Extracellular glutamate levels were
assayed following Promega’s Glutamate Glo kit (Cat. J7021). The cells from which the

media was taken were used for Cell Titer Glo analysis to normalize glutamate counts.

G.20: Neuronal cell culture

Rat cortical neurons, panned to remove astrocytes, were cultured 7 days in vitro
(DIV?) to allow for neurons to polarize. On DIV7, half of the media was removed and
replaced with either fresh media, 5 uM glutamate, or tumor conditioned media from
PC9 cells harboring shRNAs against ABL1/ABL2 (shAA) or control shRNA (shSCR), or
PC9 cells cultured with sulfasalazine (SAS), an xCT inhibitor. PC9 cells were cultured in

matching neurobasal media. Neurons were cultured for 18 hours in tumor conditioned
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medium and then stained with a Live/Dead kit from Molecular Probes, and dead cells

were counted using Image] software.

G.21: H202 treatments

75,000 cells were plated in 6-well dishes. Cells were treated with 200 uM H202
for 6 hours. Cells were washed with PBS and lysates were harvested for western blot

analysis.

Appendix H: Statistical Analysis

Statistical analyses were performed using GraphPad Prism 7 and GraphPad Prism 9
software. Mouse numbers per group were determined through statistical power
calculations where 10 mice per group allows for 90% power, at the unadjusted 0.05 two-
sided level, to detect inter-group differences of 50% and assuming intra-group
differences of 25%. For Kaplan-Meier survival curves, p values were calculated using
log-rank (Mantel-Cox) testing. P values below an adjusted p<0.017 were deemed
significant accounting for 3 pairwise comparisons. Statistical analysis of tumor flux was
evaluated by ANOVA followed by Fisher post hoc testing to calculate p values and
those less than 0.05 were quantified as statistically significant. For comparisons between
mouse groups of unequal size, the mean value and SEM were used to allow for

statistical analysis by ANOVA. Bar graph data represent averages + SEM.
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