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TRANSCRIPTIONAL REGULATION OF THE METABOLIC RESPONSE TO THERAPY
IN LEUKEMIA
Robert Thomas Williams, Ph.D.
The Rockefeller University 2021

Cancer cells are under constant stress due to their uncontrolled growth,
oncogenic signaling, and the metabolic insufficiencies of their microenvironments.
Under various stresses, cells activate the integrated stress response (ISR), a
transcriptional program to restore cellular homeostasis. Activating transcription factor 4
(ATF4) acts as the master transcriptional regulator of the ISR by promoting the
transcription of genes that mitigate stress or promote cell death if the stress remains
unresolved. Despite being the common mediator of various stress response and
metabolic pathways, ATF4 generates tailored transcriptional outputs to distinct cellular
stresses by cooperating with other transcriptional machinery. The precise mechanisms
by which ATF4 activates an appropriate transcriptional program in response to
metabolic stresses, however, remain unclear. In this work, we used forward genetic
screens, metabolic profiling, and biochemical approaches to identify transcriptional
regulators required for the cellular response to various metabolic stress conditions.

This work revealed that ATF4 is universally required under amino acid starvation,
but identified the transcription factor, Zinc Finger and BTB domain-containing protein 1
(ZBTB1), as a critical regulator of the response to asparagine deprivation in acute
lymphoblastic leukemia (ALL). We found that under asparagine depleted conditions
ZBTB1 enables cellular proliferation by promoting the synthesis of asparagine from
aspartate. Mechanistically, ZBTB1 binds directly to a sequence within the promoter of
asparagine synthetase (ASNS), the enzyme responsible for the synthesis of asparagine
from aspartate. Loss of ZBTB1 results in a dramatic reduction in the transcription of
ASNS, and, subsequently, a reduced capacity for cells to synthesize asparagine from
aspartate. ZBTB1 knockout T-ALLs are not only sensitive to asparagine deprivation in
vitro but are also sensitive to treatment with L-asparaginase, a chemotherapy that
reduces serum asparagine, in in vivo xenograft models of ALL.

Additionally, this work clarifies the metabolic stress induced by CPI-613, a lipoic
acid analog designed to inhibit the function of Pyruvate Dehydrogenase (PDH), the
enzyme responsible for the decarboxylation of pyruvate to acetyl-CoA. In line with the
proposed mechanism of CPI-613, genetic screens suggested a synthetic lethal
relationship between electron transport chain or TCA cycle enzymes and CPI-613.
Unexpectedly, however, glycerolipid synthesis genes were found to be essential for the
cellular response to CPI-613-induced stress. Further work revealed a substantial
incorporation of CPI-613 into glycerolipid species, a finding that correlates with
sensitivity to the drug.

Altogether, our work defines novel metabolic and transcriptional mechanisms of
the response of acute leukemias to metabolic stresses. In acute lymphoblastic
leukemia, we have identified a critical transcriptional regulator of the cellular response to
asparagine deprivation. The role of ZBTB1 in the transcriptional regulation of ASNS in
parallel with ATF4 has direct relevance to the therapeutic response of ALLs to L-



asparaginase. We have also determined a novel mechanism of action of CPI-613, a
first-in-class PDH inhibitor currently in phase lll clinical trials for acute myeloid leukemia
(AML). This work revealed the incorporation of CPI-613 into glycerolipid species which
may be relevant to toxicity of the drug. Altogether this work provides a framework for
investigating the metabolic and transcriptional mechanisms by which leukemias respond
to cellular stresses such as those induced by metabolically targeted therapies.
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CHAPTER 1. Introduction

1.1 The integrated stress response restores cellular homeostasis under various
stress conditions

Mammalian cells respond to nutrient deprivation, protein folding stress, viral infection
and redox imbalances through a conserved signaling and transcriptional pathway
known as the integrated stress response’. These stresses are detected by one of four
different kinases: PERK, GCN2, PKR and HRI. Upon activation, these kinases
phosphorylate a serine residue on the eukaryotic translation initiation factor, elF2. The
elF2 complex is composed of three subunits (a, B, and y), guanosine 5’-triphosphate.
(GTP), and a methionine tRNA molecule. This complex, called the ternary complex,
facilitates the initiation of translation by coupling the hydrolysis of the GTP to the binding
of the methionine tRNA to the ribosome. Phosphorylation of EIF2 by PERK, GCN2,
PKR or HRI prevents recycling of GDP to GTP within the ternary complex by the
guanine nucleotide exchange factor, EIF2B, preventing the initiation of translation.

Phosphorylation of serine-51 of the a subunit of elF2 results in a global suppression of
protein translation through both the inability of EIF2 to initiate translation and through
the direct inhibition of elF2B by phosphorylated elF2 (elF2-P). Interestingly, a subset of
MRNAs remains efficiently translated after elF2 phosphorylation. The mechanism by
which these select mMRNAs are translated during the integrated stress response was
originally described in yeast for the gene, GCN4, which remains translated during the
integrated stress response?. Both GCN4 and its mammalian counterpart, activating
transcription factor 4 (ATF4), contain upstream open reading frames (UORFs) that
normally inhibit translation at their coding reading frame?. Under the integrated stress
response, ribosomes scan past the uORFs, due to a lower abundance of ternary
complexes, and translation initiates at their coding ORFs.

Upon translation under the ISR, ATF4 directs a transcriptional program to restore
cellular homeostasis and survival®®~7. Among its many transcriptional targets, ATF4
upregulates metabolic enzymes, amino acid transporters and other cytoprotective
genes. ATF4 dimerizes with a number of different transcription factors to direct
differential gene regulation depending on the heterodimerization partner8. Dimerization
with C/EBP homologous protein (CHOP), for example, prevents ATF4-mediated
activation of Asparagine Synthetase (ASNS) and promotes cell death under prolonged
or significant ER stress®. Likewise, dimerization of ATF4 with ATF3 promotes
transcription of Phorbol-12-Myristate-13-Acetate-Induced Protein 1 (PMAIP1) and
activates the intrinsic apoptosis pathway'°. Further diversity in transcriptional output is
thought to be controlled by the degree of ATF4 expression, which is controlled
transcriptionally, translationally and post-translationally. Altogether these mechanisms
yield a degree of complexity to address the range of stresses that initially activate the
ISR.



In addition to activating genes to address the initiating stress, ATF4 activates the
transcription of genes responsible for the termination of the ISR. Growth Arrest And
DNA-Damage-Inducible 34 (GADD34), a regulatory subunit of the protein phosphatase
1 (PP1) complex, is upregulated to dephosphorylate elF2 as a negative feedback
mechanism'!. Furthermore, ATF4-induced activation of Tribbles Pseudokinase 3
(TRIBS3) inhibits the transcriptional upregulation of CCAAT/Enhancer-Binding Protein
Homologous Protein (CHOP) and ASNS in a negative feedback manner'2. Ultimately, if
the ISR is maintained due to an inability of the ATF4 transcriptional program to alleviate
stress and restore homeostasis, apoptosis is triggered.

Interestingly, whereas in yeast the integrated stress response is activated by a single
elF2a kinase, GCN2p, mammalian cells have at least four elF2a kinases. Each of these
kinases are activated by distinct stress signals but our current understanding is that
these signals converge upon a single gene, ATF4, to coordinate the transcriptional
stress response. The diversity of stress inputs converging on a single transcriptional
output is surprising as multiple transcriptional regulators could be used to address each
unique cellular stress. Future work may reveal additional transcriptional regulators of the
integrated stress response that cooperate with ATF4 to manage the far-ranging cellular
stresses from unfolded protein accumulation to hypoxia that induce the stress pathway.

1.1.1 The amino acid stress response enables cell adaptation to nutrient
deprivation

In cancer, the tumor microenvironment induces several cellular stresses that are
addressed by the integrated stress response including hypoxia, nutrient deprivation
and/or oxidative stress. Cancer cells may also face intrinsic stresses due to the
activation and expression of oncogenes or inactivation of tumor suppressor genes, both
of which may activate the integrated stress response. Both N-Myc and C-Myc, for
example, have been shown to activate the unfolded protein response (UPR) and ATF4
through PERK activation3. Indeed, it has recently been shown that Myc co-opts ATF4
activity through activation of GCN2 in order to maintain an enhanced rate of translation
in lymphoma'4. Interestingly, ablation of ATF4 significantly delayed the development of
these models of lymphomas, suggesting a critical role of ATF4 in Myc-driven
tumorigenesis.

Under nutrient deprivation, there is an increase in the level of deacetylated transfer
RNAs (tRNAs) due to the lack of amino acids present for tRNA synthetase enzymes to
catalyze tRNA aminoacylation reactions. Eukaryotic translation Initiation Factor 2 Alpha
Kinase 4 (EIF2AK4), also known as GCN2, is directly activated by the accumulation of
deacetylated histidine tRNAs to which it may bind'®>'6. GCN2 phosphorylates the a
subunit of elF2, which leads to the translational upregulation of ATF4. Among its diverse
transcriptional targets, ATF4 activates a number of amino acid synthesis and transport
proteins. Under nutrient deprivation, ATF4 binds to amino acid response elements
(AARES) or nutrient-sensing response elements (NSREs) within the promoters of target
genes to promote transcription'”. In addition to activating the expression of amino acid
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synthesis and uptake genes, ATF4 promotes the expression of genes involved in
autophagy to increase the removal of unfolded proteins and damaged organelles'®. In
promoting autophagy, ATF4 further restores amino acid abundance to alleviate nutrient
stress.

integrated stress response

stress ATF4 ggl/%[_)H serine synthesis
\A /» ATE4 SLC7A11 cysteine uptake
— .
ATF4 - idi
ATF4 SLC1A5 amino acid import
— o
\» ATF4 ASNS asparagine synthesis

Figure 1.1. Metabolic genes regulated by ATF4, the effector of the integrated
stress response

Schematic depicting the various metabolic genes known to be directly regulated by
ATF4 with adjacent unknown factors that may specifically assist in the regulation of
these genes.

While much has been learned about the role of ATF4 in the response to nutrient
deprivation, there remains much to be defined. The mechanisms by which ATF4
restores homeostasis under conditions of specific amino acid deprivation, for example,
remain unclear. When cells are deprived of serine, for example, the optimal strategy for
a cell would be to upregulate serine transporters and serine synthesis enzymes,
phosphoserine aminotransferase 1 (PSAT1) and D-3-phosphoglycerate dehydrogenase
(PHGDH). Instead, it seems ATF4 coordinates the upregulation of an entire network of
amino acid transporters and enzymes in a non-specific manner under select amino acid
deprivation. Whether this finding is true in all amino acid deprivation conditions or
whether transcription becomes focused in later stages of nutrient deprivation to
efficiently resolve nutrient stress remains unclear.

Furthermore, the transcriptional mediators of the integrated stress response must
extend beyond ATF4 as less than half of the genes upregulated in cells upon ER or
nutrient stress are direct regulatory targets of ATF41°. Further investigations into the
mediators of the integrated stress response will identify the mechanisms by which cells
respond to various cellular stresses. In the context of cancer, such work may reveal
transcription factors required for cancers to overcome hypoxia, nutrient limitation and
oxidative stress within the tumor microenvironment, or reveal factors required to support
oncogenic transcriptional programs, such as that of Myc.



1.2 Cancer cells reprogram their metabolism to support proliferation and survival
in nutrient deplete microenvironments

It has become clear that in the course of cancer development, cancer cells reprogram
their metabolism to suit the needs of unrestrained proliferation. Otto Warburg first
described the observation that cancer cells reprogram their metabolism toward
glycolysis, even in the presence of oxygen, a process termed “aerobic glycolysis?°.
More recent work defines this energetically unfavorable switch to glycolysis a product of
an increased reliance on glycolytic intermediates for various biosynthetic pathways to
support cellular growth?!. Deregulation of cellular energetics is an emerging hallmark of
cancer mediated by the oncogenic factors responsible for other core cancer
hallmarks?223. Furthermore, a number of oncogenes present across a variety of cancers
have been implicated in the regulation of metabolic pathways?+.

Acute leukemias have significantly altered metabolism secondary to oncogenic
transformation. ALLs, for example, show increased Myc expression due to translocation
events that place the gene downstream of the T-cell receptor or immunoglobulin gene
promoters2S. Myc is also regulated downstream of NOTCH1, which is activated in 60%
of T-ALLs?%27, Increased Myc expression leads to the upregulation of glycolysis,
glutaminolysis and mitochondrial biogenesis, among other metabolic processes.
Furthermore, mutations in the RAS-MAPK pathway, as well as, loss of function
mutations in PTEN, the negative regulator of the PISK-AKT pathway are commonly
seen in ALL resulting in enhanced glycolysis and mitochondrial metabolism?282°.
Likewise, AMLs have increased mitochondrial mass and activity resulting in an
increased rate of oxygen consumption as compared to their normal hematopoietic stem
cell counterparts®. Additionally, in line with Otto Warburg’s findings, AMLs exhibit
increased rates of glycolysis at diagnosis with high levels of glycolysis predicting
improved outcomes?'.

The significantly altered metabolism of cancer, and specifically acute leukemias, has led
to the design of therapies targeting metabolic liabilities subsequent to oncogenic
transformation. Induction chemotherapy for acute lymphoblastic leukemia, for example,
uses L-asparaginase, a bacterial enzyme that depletes serum asparagine, to target the
asparagine auxotrophy observed in the disease. Furthermore, L-asparaginase has seen
efficacy in acute myeloid leukemia, though this relies upon the off-target depletion of
glutamine by this enzyme?®2. Likewise, mutations in isocitrate dehydrogenase 1 and 2
occur in 20% of AMLs resulting in the generation of an oncogenic metabolite, 2-
hydroxyglutarate (2-HG)3334. 2-HG has been shown to directly impact alpha-
ketoglutarate-dependent dioxygenase activity resulting in alterations in DNA and histone
methylation, and, ultimately, altering differentiation3>-37. Mutant IDH inhibitors have been
developed and approved for the treatment of IDH-mutant AML383°, Given the recent
identification of a number of nutrient dependencies in cancer, these may be the first of
many examples of the therapeutic targeting of metabolism in leukemia, and cancer
more broadly*°.



Additional metabolic pathways have been proposed as potential therapeutic targets in
acute leukemia and cancer. In AML, dihydro-orotate dehydrogenase (DHODH), an
enzyme required for de-novo pyrimidine synthesis, was identified as a target whose
inhibition led to AML cell differentiation*'. Recent work to target mitochondrial activity
through targeting mitochondrial translation or protease activity has seen positive results
in AML3%.42_ Furthermore, a clinical grade electron transport chain inhibitor,
IACS010759, is currently in phase | clinical trial for AML“3. Finally, most AML patients
have been shown to have absent arginosuccinate synthetase-1 (ASS1) expression.
This enzyme is responsible for the production of argininosuccinate from citrulline and
aspartate. This observation suggested a dependency on extracellular arginine in AMLs,
which is currently being tested through the use of a pegylated arginine deiminase in a
similar manner to L-asparaginase+4°.

Interestingly, it has even been shown that deletion of the pyruvate kinase isoform
(PKM2) or lactate dehydrogenase A (LDHA) significantly extends the latency of acute
myeloid leukemia development in BCR-ABL and MLL-AF9 mouse models of the
disease?®. Importantly, loss of these metabolic enzymes did not alter normal
hematopoiesis as quickly as leukemic cell growth suggesting that there may be a
therapeutic window wherein leukemic cells have a dependency on these enzymes.
Altogether, these results suggest that targeting the altered metabolism of cancer may
be a viable therapeutic strategy, and, as such, a thorough understanding of the cellular
response to such metabolic therapies will inform sensitivity and resistance to these
therapies.

1.3 L-Asparaginase targets the amino acid stress response in the treatment of
acute lymphoblastic leukemia

The asparagine dependency of certain blood cancers was fortuitously discovered by
John Kidd and his colleagues in 1953. While testing animal sera as a source of
complement for the treatment of lymphomas, Kidd and colleagues found that serum of
guinea pigs, but not that of other animals, caused a strong regression of engrafted
mouse lymphomas*’. Eight years later, JD Broome identified the component of guinea
pig serum responsible for tumor regression as asparaginase, an enzyme that effectively
depletes serum asparagine*8. Although earlier studies established the requirement for
L-asparagine supplementation for the growth of these lymphomas, the discovery of L-
asparaginase was the first conclusive demonstration of a tumor metabolic
requirement*?. Initial attempts to exploit this dependency in patients involved the use of
guinea pig serum until the isolation of an E. coli L-asparaginase, which accelerated the
clinical use of the strategy®%®'. As a monotherapy, L-asparaginase has been shown to
cause tumor regression in 20-60% of ALL patients and is a critical component of
induction chemotherapy for ALL52-54,

Unlike leukemias, most human cell types can synthesize asparagine from aspartate
through an ATP dependent reaction catalyzed by asparagine synthetase (ASNS)%°.
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Consistent with this, normal cells can survive asparagine depletion by upregulating
ASNS transcription and de novo asparagine synthesis. ASNS transcription is mediated
by the integrated stress response (ISR). Under asparagine deprivation, the ISR is
activated and ATF4 is expressed to coordinate the upregulation of several nutrient
transporters and enzymes, such as ASNS, providing essential nutrients required for
survival under nutrient deprivation. The role of asparagine in leukemia cells is likely
limited to its proteogenic use in translation as ribosome profiling studies have shown
that asparagine limitation halts translation at asparagine residues®-58. Indeed, reduction
of serum asparagine with L-asparaginase potently restricts global protein synthesis and
induces apoptosis in ALL cells>8-°. Recent work, however, has also highlighted a
function of asparagine as an amino acid exchange factor potentially coordinating both
protein and nucleotide synthesis®’.

Building upon the success of L-asparaginase for the treatment of blood cancers, there is
growing interest in its use for the treatment of solid tumors. Early clinical trials of L-
asparaginase across neoplastic diseases found a partial response in melanoma and
lymphoma patients®3. Additionally, hepatocellular carcinomas, gastric and pancreatic
cancers with low expression of ASNS exhibit sensitivity to L-asparaginase®2-64. Finally,
asparagine availability strongly regulates metastatic potential as L-asparaginase
treatment reduces the epithelial-to-mesenchymal transition, invasiveness and
metastatic progression®. It should be noted that administration of L-asparaginase may
also result in significant depletion of serum glutamine levels at higher doses®667.
However, in cells expressing low levels of ASNS, the asparaginase activity, and not the
glutaminase activity of L-asparaginase, is sufficient to induce cell death®. To overcome
this challenge, L-asparaginases have been engineered with negligible off-target
glutaminase activity, which may reduce these toxic side-effects associated with
therapy®°.

As a clinical therapy for ALL, L-asparaginase represents the most successful
exploitation of a metabolic sensitivity of a cancer type for therapy. The mechanisms by
which ALLs develop resistance to L-asparaginase, however, are debated (Figure 1.2).
Given the role of the integrated stress response in governing the restoration of cellular
homeostasis under nutrient deprivation, it is likely that ATF4 is critical to the
development of resistance to L-asparaginase, but the precise mechanisms of resistance
remain unexplored. Furthermore, it has not been determined whether additional factors
are required for ATF4-mediated upregulation of genes required specifically under
asparagine deprivation. Studying both resistance to the therapy, and determinants of
sensitivity to L-asparaginase have implications for the clinical success of the drug both
within ALL and in other cancer types in the future.
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Figure 1.2 L-asparaginase degrades asparagine inducing cell death in ASNS-
deficient ALLs

1.4 Toxic lipid incorporation as a potential therapeutic approach in acute myeloid
leukemia

Cancer cells rely upon fatty acid synthesis to generate membrane phospholipids
required for continued cellular growth and division. Fatty acids (FAs) are synthesized
from cytoplasmic acetyl-CoA, which can be produced from glutamine, glucose or
acetate’®”1. This process provides “non-essential” fatty acids, those that can be
synthesized by mammalian cells, whereas lipid uptake is required to provide very long-
chain and poly-unsaturated fatty acids, or “essential” fatty acids, which come from the
diet.

Normal, non-neoplastic tissues rely almost entirely upon circulating dietary fat for their
free fatty acid requirements, and show absent or limited fatty acid synthase (FASN)
activity’2. FA synthesis is generally restricted to adipose tissue, the liver and the breast,
however, increased fatty acid synthesis through the activities of FASN, acetyl-CoA
carboxylase (ACACA) and stearoyl-CoA desaturase 1 (SCD1) has been observed
across nearly all types of cancers’374. Indeed, analogous to Warburg’s discovery of
aerobic glycolysis, Grace Medes identified a significant contribution of heavy labeled
glucose to lipogenesis within tumor tissue’®. Importantly, this phenomenon occurs
irrespective of the availability of circulating lipids that could be taken up by these
lipogenic cells.



While the precise benefits of enhanced lipid synthesis within tumors remain unclear, it
has been demonstrated that excessive fatty acid synthesis within cancer cells increases
the proportion of saturated or monounsaturated fatty acids protecting cells from
oxidative damage and ferroptosis associated with an abundance of poly-unsaturated
fatty acids’®. Indeed, the enrichment of saturated lipid species has also been shown to
protect cells from chemotherapeutics, such as daunorubicin or BRAF inhibition in
melanoma’’. While these lipogenic tumors rely upon increased rates of fatty acid
synthesis, they also rely upon increased uptake of fatty acids through the cell surface
receptor CD36787°,

Leukemic cells primarily grow within the bone marrow, a lipid rich microenvironment.
Adipocytes represent a large proportion of the cells within human bone marrow and
their number increases with age®. In co-culture experiments, AML blasts induce
lipolysis within adipocytes to increase free fatty acid availability®!. Fatty acids are
imported into AML cells by the cell surface transporter CD36, and subsequent fatty acid
oxidation (FAO) by AML cells can generate over twice as much ATP as the oxidation of
an equimolar amount of glucose®?. Free fatty acids can serve both as a source of acetyl-
CoA for anaplerosis of the TCA cycle and as lipid biomass for future cellular divisions.
The abundance of adipocytes within the bone marrow and evidence that leukemic cells
can influence their activity for their benefit has been confirmed in mouse models of
leukemia where higher rates of relapse after chemotherapy are seen in obese mice.
Indeed, mice fed a high-fat diet show enhanced outgrowth of acute myeloid
leukemias®384, Altogether, this evidence suggests that AMLs, and potentially leukemias
in general, are lipogenic tumors that not only upregulate fatty acid synthesis, but also
rely upon uptake of exogenous fatty acids.

Targeting the lipogenic phenotype in AML has been successful in vitro, however, there
has been difficulty in translating these findings in vivo. Inhibition of fatty acid synthase
(FASN) and steroyl CoA desaturase 1 (SCD1) can promote apoptosis in AML among
other cancers®86, Furthermore, FAO inhibitors, such as etomoxir, ranolazine,
perhexiline, or ST1326, similarly induce apoptosis or inhibit proliferation in AML87-8%, A
novel FAQ inhibitor derived from the avocado fruit, avocatin B, for example, directly
inhibits the proliferation of AML cells grown in vitro. Co-culture of AML cells with
adipocytes facilitates resistance to inhibition of beta oxidation through a metabolic
switch to glycolysis. Interestingly, numerous reports suggest that a combination of FAO
inhibition and chemotherapy, even in adipocyte co-culture experiments, can overcome
therapy resistance and the metabolic switch to glycolysis. Whether sensitivity of these
drugs relate to beta oxidation for metabolic purposes, or to the balance of saturated and
unsaturated lipids within membranes remains to be determined. Altogether, however,
these results suggest that targeting various aspects of lipid metabolism within rapidly
growing and dividing AML cells may be worthwhile therapeutically®®°'. Indeed,
disruption of cholesterol biosynthesis through the inhibition of HMG CoA reductase with
simvastatin has been shown to impact the proliferation of AML cells, in vivo®2.



Whether for the purposes of beta oxidation or lipid biomass accumulation, extracellular
lipid uptake may represent a potential therapeutic intervention point for acute myeloid
leukemia and other cancers. Rapidly proliferating mammalian cells need a continuous
supply of polyunsaturated fatty acids thus requiring constant lipid uptake®. As such,
manipulation of this lipogenic phenotype through the delivery of xenobiotic lipid species
with toxic payloads that are activated by beta oxidation or upon lipid incorporation may
represent a tactic with a viable therapeutic window.

Previous studies have identified xenobiotic species that incorporate into lipids in a
manner dependent on the presence of a carboxylic acid (Figure 1.3)°49. Ibuprofen and
the entire profen drug family, for example, have been shown to incorporate into lipid
triacylglycerols®6-97, Xenobiotic carboxylic acids are modified by acyl-CoA synthetase
enzymes (ACSLs) which replace the carboxylic acid with a CoA ester in order to
activate the xenobiotic for manipulation by acyl transferase enzymes. The fibrates, a
class of drugs used for the treatment of hypertriglyceridemia and hypercholesterolemia,
incorporate into lipid species in the same fashion. Physiologically, the fibrates activate
peroxisome proliferator-activated receptor alpha (PPAR-A) leading to increased fatty
acid uptake, conversion to fatty acyl-CoA, and enhanced peroxisomal and mitochondrial
beta-oxidation within the liver®®-19, Furthermore, fibrates increase the removal of low-
density lipoproteins (LDLs) and decrease triglyceride-rich lipoproteins within the plasma.

While the fibrates are effective at lowering circulating lipid levels in a generally non-toxic
manner, it may be possible to design xenobiotic carboxylic acids that produce cellular
toxicity within target tissues. The precise mechanism by which existing xenobiotic
carboxylic acids cause toxicity, however, is unclear. Through their lipid incorporation,
xenobiotic carboxylic acids may inhibit mitochondrial beta oxidation and lipid
metabolism through the sequestration of coenzyme A and carnitine, or through the
direct inhibition of enzymes'91-103, Indeed, protonated species may pass from the
intermembrane space to the mitochondrial matrix to, in effect, reverse the mitochondrial
membrane potential and inhibit both oxidative phosphorylation and beta oxidation.
Second, xenobiotic carboxylic acids may be metabolized to acyl-CoA and subsequently
transacylate glutathione to generate acyl-glutathione adducts, thereby reducing free
glutathione available for the reduction of oxidative species leading to oxidative stress
and subsequent cell death'%4. Finally, carboxylic acids can be used to transacylate
proteins, though the implications of such protein-carboxylic acid conjugates remain
poorly understood'05.106,
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Figure 1.3 Incorporation of xenobiotic carboxylic acids

Schematic depicting the pathway and enzymes involved in the synthesis of glycerolipids
with a generalized carboxylic acid depicted to demonstrate the incorporation of
xenobiotic carboxylic acids.

Regardless of their precise mechanism of action, xenobiotic carboxylic acids have been
shown to disturb mitochondrial membrane potential and cause mitochondrial damage.
Such mitochondrial damage underlies the hepatotoxicity observed with non-steroidal
anti-inflammatory drugs (NSAIDs) which are similarly conjugated to lipids and cause
mitochondrial uncoupling resulting in mitochondrial dysfunction and cellular death97-109,
Given the increased reliance of leukemias upon mitochondrial oxidative phosphorylation
and beta oxidation, a rationally designed toxic carboxylic acid species capable of lipid
incorporation and direct mitochondrial inhibition should be explored as a novel
therapeutic approach in leukemia.
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1.5 Overview and Significance of findings

We have investigated the transcriptional machinery required for the proliferation of cells
under various metabolic stresses. Our work has pinpointed a number of known
transcriptional regulators important for cell growth in certain nutrient deprivation and
metabolic stress conditions. Additionally, this work provides a framework for identifying
novel transcriptional regulators of cellular stress response pathways. As a proof-of-
principle, here, we identified a transcription factor, Zinc Finger and BTB Domain
Containing 1 (ZBTB1), that is required for the growth of T-ALLs under asparagine
deprivation. We have shown that ZBTB1 directly binds to the promoter of ASNS to
regulate its transcription. Upon loss of ZBTB1, cells have diminished transcription of
ASNS, and, as a result, cannot synthesize sufficient asparagine for proliferation in the
absence of the amino acid. We found that ZBTB1 knockout sensitized therapy resistant
T-ALLs to treatment with L-asparaginase, a bacterial enzyme that depletes serum
asparagine, in vitro and in vivo. This work further defines the transcriptional regulation of
ASNS, a gene critical for resistance to L-asparaginase. Furthermore, this work
investigates the mechanism of action of a compound, CPI-613, currently in clinical trials
for the treatment of acute myeloid leukemia and pancreatic cancer. While CPI-613 was
designed as a lipoic acid analog capable of inhibiting TCA cycle enzyme complexes, our
work reveals that CPI-613 is incorporated into lipid species and that its toxicity may
instead relate to its presence within triacylglycerol species. This work defines the
precise mechanism of an investigational new drug and suggests a novel therapeutic
strategy to target the reliance upon exogenous lipid uptake for cancer growth and
resistance to chemotherapy.
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CHAPTER 2. Transcriptional determinants of cellular proliferation under various
metabolic stress conditions

2.1 CRISPR-based genetic screens identify transcription machinery essential for
proliferation under metabolic stress

In order to investigate the transcriptional regulators required for the cellular response to
various metabolic insults, | designed and generated a CRISPR-Cas9 library composed
of 20,051 single guide RNAs (sgRNAs) targeting 2,509 genes involved in transcription. |
hypothesized that | could use this library to identify transcriptional regulators that are
required for cellular proliferation under particular metabolic and nutrient stresses (Figure
2.1). Guides targeting ATF4, for example, should sensitize cells to most, if not all, of the
cellular stresses that activate the integrated stress response given ATF4’s central role in
directing the transcriptional program under the ISR. In order to identify transcriptional
regulators required for proliferation under metabolic stresses, | performed negative
selection, loss-of-function genetic screens under lipotoxic conditions, chemical inhibition
of the electron transport chain, and amino acid deprivation.
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Figure 2.1 CRISPR-based screen for transcriptional regulators of metabolic stress
response
Schematic depicting pooled transcription focused CRISPR screens.
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2.1.1 Sterol regulatory element-binding protein 1 is required for proliferation in
excess saturated fatty acid conditions

Previous work in our laboratory used a saturated fatty acid, palmitate, in order to identify
regulators of glycerolipid synthesis''0. High concentrations of palmitate induce
lipotoxicity through the imbalance of saturated and unsaturated fatty acids which inhibits
cellular proliferation through a number of mechanisms including mitochondrial
dysfunction and increased reactive oxygen species production which ultimately
contribute to apoptosis'''-112, Increased rigidity of the endoplasmic reticulum’s
membrane also occurs subsequent to saturated fatty acid overload leading to the
activation of PERK and stimulation of the integrated stress response’'3.114, Palmitate
toxicity permits negative selection genetic screening to identify genes involved in both
the resistance and sensitivity of cells to saturated fatty acid overload. | used palmitate to
identify transcriptional regulators of the response of cells to toxic doses of this saturated
fatty acid. | hypothesized that this genetic screen would identify important regulators of
fatty acid metabolism and, perhaps, regulators of the ISR induced by ER stress.

This screen revealed that Sterol Regulatory Element Binding Transcription Factor 1
(SREBF1) was required for the survival of cells under palmitate treatment (Figure 2.2).
The sterol regulatory element-binding proteins (SREBPs) are a family of helix-loop-helix
leucine zipper transcription factors. The SREBF1 gene encodes two isoform, SREBP1a
and SREBP1c, whereas the SREBF2 gene encodes SREBP2. Upon migration from the
ER to the golgi, SREBPs are proteolytically activated by SREBP cleavage activating
protein (SCAP) and translocate to the nucleus. SREBPs bind to sterol regulatory
elements (SREs) within the promoter of genes to regulate transcription®116_ |t has
previously been shown that a critical role of SREBP is to coordinate fatty acid synthesis
with desaturation in order to maintain a balance of saturated and unsaturated fatty acids
within the cell. Knockdown of SREBP results in a loss of desaturation while saturated
fatty acid synthesis is maintained. Simply providing monounsaturated fatty acids could
rescue the effects of SREBP knockdown within cells'!”.

This genetic screen did not identify ATF4 or other members of the integrated stress
response as required for the proliferation of cells under ER stress driven by saturated
fatty acid overload suggesting this may not be a predominant mechanism of toxicity
within this cell line. The identification of SREBF1, however, served as proof-of-principle
that this genetic screening approach could identify transcriptional regulators pertinent to
a specific cellular stress.
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Figure 2.2. CRISPR-based screen for transcriptional regulators of glycerolipid
synthesis

(Left) Gene scores for untreated versus palmitate (12.5uM) treated Jurkat cells. Most
genes scored similarly under untreated or treated conditions.

(Right) Median differential score for top 10 genes in either the positive or negative
direction.

2.1.2 KANSL1 is required for the cellular response to electron transport chain
inhibition

The mechanisms by which cells detect, sense and respond to mitochondrial- stress
remain poorly understood. It has been established that mitochondrial dysfunction
activates the integrated stress response, and ATF4 activates a transcriptional program
to restore homeostasis''8. Until recently, however, it was unclear which of the four
elF2a kinases was responsible for the initiation of the integrated stress response under
mitochondrial stress. Two groups independently identified heme-regulated inhibitor
(HRI) as the elF2a kinase that senses mitochondrial stress through interactions with
DELE1'19.120_ Upon mitochondrial stress, the protease, Overlapping Activity With M-AAA
Protease (OMA1), is activated and cleaves DAP3 Binding Cell Death Enhancer 1
(DELE1), a protein associated with the inner mitochondrial membrane. Upon cleavage,
DELE1 moves to the cytosol to activate HRI and stimulate the integrated stress
response. To explore the induction of mitochondrial stress and determine whether any
particular transcriptional regulator was required for cellular proliferation under electron
transport chain inhibition, we performed a transcription-focused genetic screen under
chemical inhibition of complex | and Ill using piericidin and antimycin, respectively
(Figure 2.3).
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Figure 2.3 CRISPR-based screen for transcriptional regulators of the cellular
response to electron transport chain inhibition

(Left) Gene scores for untreated versus antimycin (top) or piericidin (bottom) treated
Jurkat cells. Most genes scored similarly under untreated or treated conditions.
(Right) Median differential score for top 10 genes in either the positive or negative
direction.

Interestingly, ATF4 was not essential under piericidin or antimycin treatment, suggesting
that the mitochondrial stress faced under ETC inhibition is distinct from that of other
mitochondrial stresses, such as mitochondrial translation inhibition or loss of
mitochondrial membrane potential. Future screens to under such stresses may vyield
transcriptional regulators under the integrated stress response as induced by
mitochondrial stress.

Interestingly, KAT8 regulatory NSL complex subunit 1 (KANSL1) was required for
proliferation under both piericidin and antimycin treatment. This gene is a member of a
nuclear histone acetyltransferase complex known as the MOF (males absent on the
first) complex. KANSL1 and the MOF complex were recently described to enrich in the
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mitochondria to regulate mitochondrial gene expression. MOF knockout was shown to
result in respiratory defects consistent with our findings that KANSL1 and the MOF
complex may be essential under ETC inhibition'?1.

2.1.3 An outer mitochondrial membrane ubiquitin ligase is essential for
proliferation in the absence of conditionally essential amino acids

Essential amino acids, as opposed to non-essential amino acids, are those which
cannot be synthesized by mammalian cells. As such, essential amino acids must come
from exogenous sources. Conditionally essential amino acids are those which can be
synthesized, but under certain stress conditions synthesis of these amino acids alone is
insufficient for survival. Arginine, for example, may be synthesized from glutamine,
however, in catabolic states arginine may be limiting and thus uptake from exogeneous
sources is necessary'?2, Similarly, tyrosine can be synthesized from phenylalanine by
the enzyme phenylalanine hydroxylase, which is absent in the inherited disorder known
as phenylketonuria (PKU). In PKU, phenylalanine accumulates within the blood and
tyrosine becomes an essential amino acid. Jurkat cells lack the ability to grow in the
absence of tyrosine and arginine due to their lack of expression of these synthesis
enzymes, however, the amount of each amino acid present within media is sufficient for
cell growth. As such, | performed a transcription-focused CRISPR-based genetic screen
in Jurkat cells grown in media lacking one of these amino acids (Figure 2.4).
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Figure 2.4 CRISPR-based screen for transcriptional regulators of the cellular
response to non-essential amino acid deprivation

(Left) Gene scores for Jurkat cells grown in complete versus -arginine (top) or -tyrosine
(bottom) media. Most genes scored similarly under both conditions.

(Right) Median differential score for top 10 genes in either the positive or negative
direction.

Interestingly, cells expressing sgRNAs targeting the MARCH5 gene were incapable of
proliferating when deprived of arginine or tyrosine. Membrane Associated Ring-CH-
Type Finger 5 (MARCHD5) is a ubiquitin ligase protein that resides on the outer
mitochondrial membrane. This gene has been described to play a role in the regulation
of mitochondrial fission and fusion, as well as, mitophagy and apoptosis'?3. Similar to
the process of autophagy, mitophagy is a mechanism by which cells respond to
starvation or nutrient deprivation by recycling mitochondria to provide amino acids and
other nutrients'?4. | hypothesize that loss of MARCHS5 sensitizes cells to the deprivation
of both arginine and tyrosine due to the inability of MARCHS5 knockout cells to induce
mitophagy. Future work is needed to delineate the precise mechanisms by which
MARCHS5 induces sensitivity to these conditionally essential amino acids. Importantly,
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arginase, an enzyme designed to reduce arginine within the serum, is currently under
clinical investigation for the treatment of AML, thus insights into the cellular response to
arginine deprivation may be pertinent to sensitivity to this therapy'25126,

2.2 A CRISPR-based genetic screen identifies transcription machinery essential
for proliferation under non-essential amino acid deprivation

When depleted of individual amino acids such as serine or asparagine, human cells
upregulate the expression of several nutrient transporters and biosynthetic enzymes in
an ATF4-dependent manner to conserve amino acid pools (Figure 2.5). Among the
major targets of ATF4 are asparagine synthetase (ASNS) and serine synthesis
enzymes, phosphoglycerate dehydrogenase (PHGDH) and phosphoserine
aminotransferase (PSAT), which enable human cells to proliferate under asparagine or
serine deprivation, respectively'?”:128, Dependencies on these distinct biosynthetic
enzymes provide an opportunity to identify transcriptional machinery regulating specific
branches of ATF4-induced metabolic gene expression. We therefore performed
negative selection genetic screens to identify genes whose loss would inhibit the fitness
of human cells upon serine or asparagine depletion (Figure 2.7). Additionally, for our
screens, we used a T-cell acute lymphoblastic leukemia cell line, Jurkat, because of its
ability to grow in the absence of serine and asparagine (Figure 2.6). Comparing
essentialities under different amino acid deprivation conditions should reveal
transcriptional processes unique to distinct ATF4 targets and identify novel
transcriptional programs.
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Figure 2.5. ATF4 upregulates the transcription of nutrient import and synthesis
genes

Relative mRNA levels of indicated genes in parental Jurkat cells grown in complete
(gray), serine-free (blue), cystine-free (green) or asparagine-free (red) media for eight
hours (mean = SD, n=8). Statistics: two-tailed unpaired t-test. “*P<0.05, ***P<0.01,
****P<0.001.
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Figure 2.6. Jurkat T-ALL cells can grow in the absence of serine or asparagine
Fold change in cell number (logz) of parental Jurkat cells after growth in media with
indicated serine (left) or asparagine (right) concentrations for 5 days (mean + SD, n=3).
Statistics: two-tailed unpaired t-test. **P<0.05, ***P <0.01, ****P <0.001.
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2.2.1 ATF4 is universally required for cellular proliferation under amino acid
deprivation

Among the genes universally essential in the absence of asparagine or serine was
ATF4, confirming its general role in the adaptive response to amino acid deprivation
(Figure 2.7). Our screens also identified factors that have been previously reported to
be selectively essential under particular amino acid deprivations. For example, the
histone H3 methyltransferase G9A (also known as EHMT2) was selectively required for
cellular proliferation under serine, but not asparagine deprivation (Figure 2.7). EHMT2
has previously been shown to catalyze the mono and dimethylation of H3K9 and to
regulate serine-glycine biosynthesis'?°. Similarly, another gene required under serine
deprivation, SF3B1, regulates PHGDH splicing and serine synthesis'30:131 (Figure 2.7).
Relatedly, serine/arginine-rich splicing factor 1 (SRSF1), which contains over 20 serine
residues predominantly within its C-terminus, was essential for cellular proliferation
under serine deprivation. These data suggested that non-essential amino acid
dependencies can be utilized to discover transcriptional machinery regulating essential
biosynthetic pathways.
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Figure 2.7. CRISPR-based screen under asparagine or serine deprivation

(Top) Schematic depicting pooled CRISPR screens under asparagine or serine
deprivation using a transcription-focused sgRNA library.

(Bottom left) Gene scores for complete (x-axis) versus serine deprivation (y-axis) and
top 10 transcriptional genes differentially required under serine deprivation.

(Bottom right) Gene scores for complete (x-axis) versus asparagine deprivation (y-axis)
and top 10 transcriptional genes differentially required under asparagine deprivation.
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2.2.2 ZBTB1 is required for cellular proliferation in asparagine depleted
conditions

Remarkably, under asparagine deprivation, Zinc Finger and BTB Domain Containing 1
(ZBTB1) was the highest scoring gene with 7 out of 8 sgRNAs being differentially
depleted under asparagine, but not serine deprivation (Figure 2.8). ZBTB1 is a
transcription factor with a described role in T-cell differentiation that has not previously
been associated with the response to asparagine deprivation or with a role in cellular
metabolism132-134, To validate the results of our screen, we used the CRISPR-Cas9
system to generate two clonal knockouts of ZBTB1, in which ZBTB1 protein was
undetectable (Figure 2.9). While loss of ZBTB1 did not impact proliferation under
standard culture conditions, ZBTB1 knockout cells were highly sensitive to asparagine
deprivation and to treatment with L-asparaginase, a drug that depletes serum
asparagine levels. Notably, overexpression of an sgRNA resistant ZBTB1 cDNA
completely rescued both phenotypes, confirming the results of our genetic screens.
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Figure 2.8. Guide RNAs targeting ZBTB1 are depleted under asparagine
deprivation conditions

(Left) Changes in the abundance of individual ZBTB1 sgRNAs in complete media
(black) or in the absence (gray) of asparagine (top) or serine (bottom).

(Right) Differential scores of genes required specifically under asparagine deprivation
relative to serine deprivation. ZBTB1 is highlighted in blue.
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Figure 2.9. ZBTB1 enables proliferation under asparagine deprivation

(Left) Immunoblot analysis of parental, ZBTB1 knockout, and rescued ZBTB1 knockout
Jurkat cells (top). B-actin was used as a loading control.

(Right) Fold change in cell number (logz2) of parental (black), ZBTB1 knockout (blue),
and rescued ZBTB1 knockout (gray) Jurkat cells after growth in media with indicated
asparagine concentrations for 5 days (mean + SD, n=3).

We next asked whether ZBTB1 was involved in the cellular response to deprivation of
other amino acids in addition to asparagine in a role similar to ATF4. To test this
possibility, we generated clonal knockouts of ATF4 (Figure 2.10). Interestingly unlike
ATF4 knock out cells, which cannot grow in the absence of asparagine, serine,
glutamine or cysteine, ZBTB1 knock out cells were only sensitive to asparagine
depletion (Figure 2.11).
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Figure 2.10. Generation and validation of ATF4 knockout cells
Immunoblot analysis of parental, ATF4 knockout, and ATF4 knockout expressing ATF4
cDNA Jurkat cells, as indicated. GAPDH was used as a loading control.
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Figure 2.11. ZBTB1 cells are sensitive to asparagine, but not serine or cystine
deprivation

(Top) Fold change in cell number (logz) of parental, ATF4 knockout, and rescued ATF4
knockout Jurkat cells after growth in complete media (black) or media with indicated
asparagine, serine or cysteine concentrations (gray) for 5 days (mean + SD, n=3).
(Bottom) Fold change in cell number (logz2) of parental, ZBTB1 knockout, and rescued
ZBTB1 knockout Jurkat cells after growth in complete media (black) or media with
indicated asparagine, serine or cysteine concentrations (gray) for 5 days (mean + SD,
n=3). Statistics: two-tailed unpaired t-test. **P <0.05, ***P<0.01, ****P <0.001.

Furthermore, overexpression of ATF4 did not rescue the sensitivity of ZBTB1 knockout
cells (Figure 2.12), suggesting that ATF4 requires ZBTB1 to enable cell proliferation
under asparagine deprivation. In line with this finding, cell lines that do not express
ASNS under treatment with L-asparaginase remain capable of activating ATF4 (Figure
2.13).
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Figure 2.12. ATF4 is insufficient to rescue the proliferation of ZBTB1 knockout
cells under asparagine deprivation

(Left) Immunoblot analysis of parental and ZBTB1 knockout Jurkat cells expressing a
control vector or ATF4 cDNA (left). GAPDH was used as a loading control.

(Right) Fold change in cell number (logz2) of parental and ZBTB1 knockout Jurkat cells
expressing a control vector or ATF4 cDNA after treatment with indicated asparaginase
concentrations for 5 days (mean + SD, n=3).
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Figure 2.13. ATF4 expression is not sufficient to induce expression of ASNS
under L-asparaginase treatment

Immunoblot analysis of indicated cell lines treated with vehicle or L-asparaginase as
indicated. Cell lines on the left of each blot (Jurkat, SUPT1, PF382, and MOLT-4) are
resistant to treatment with L-asparaginase, whereas those on the right (ALL-SIL, RPMI-
8402, TALL-1 and HPB-ALL) are sensitive to L-asparaginase. GAPDH was used as a
loading control.

Altogether this suggests that ATF4 expression is not sufficient, though it is necessary, to
induce the expression of ASNS arguing for the role of other transcriptional mediators,
such as ZBTBH1, in the regulation of ASNS. Altogether these results indicate that ZBTB1
is specifically involved in the adaptive response to deprivation of asparagine, but not of
other amino acids.
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CHAPTER 3. ZBTB1 enables de novo asparagine synthesis and is essential for
proliferation under asparagine deprivation

3.1 ZBTB1 is required for asparagine synthesis from glutamine under asparagine
deprivation

To understand how loss of ZBTB1 impacts the cellular metabolism of Jurkat
cells, we profiled polar metabolites within ZBTB1 knockout Jurkat cells using liquid-
chromatography-mass spectrometry (LC-MS) in the presence or absence of
asparagine. While asparagine depletion caused few changes, we were able to detect
significant differences in 20 metabolites between knockout and rescued cells under
asparagine depletion (Figure 3.1, left). Of note, [U-13C]-L-glutamine uptake was similar
in ZBTB1 knockout cells and their rescued counterparts (Figure 3.3). Among the most
significantly altered metabolites were TCA cycle intermediates (malate and fumarate)
and nucleotides (ATP, GTP and CTP). Across all detected amino acids, asparagine was
the only one that decreased substantially in ZBTB1 knockout cells, exhibiting three-fold
lower levels as compared to wild type or ZBTB1 cDNA expressing cells (Figure 3.1,
right). This finding suggests that loss of ZBTB1 may decrease asparagine availability
either by reducing de novo synthesis of asparagine or decreasing its uptake from other
sources.
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Figure 3.1. ZBTB1 knockout cells have reduced asparagine levels under
asparagine deprivation
(Left) Metabolites significantly altered between ZBTB1 knockout (right) and rescued
ZBTB1 knockout (left) Jurkat cells grown in asparagine-free medium, ranked by p-value.
(Right) Differential intracellular amino acid abundances of parental (black), ZBTB1
knockout (gray), and rescued ZBTB1 knockout (blue) Jurkat cells grown in asparagine-

free medium relative to complete medium (mean = SD, n=3).

To determine whether these cells exhibit reduced asparagine synthesis, we measured
the production of asparagine from uniformly heavy carbon labeled glutamine ([U-13C]-L-
glutamine) in wild type and ZBTB1 knockout Jurkat cells (Figure 3.2, left). In the
presence of asparagine, Jurkat cells synthesize most of their TCA cycle metabolites,
nucleotide intermediates and aspartate from glutamine, but they do not synthesize
appreciable levels of asparagine (Figure 3.2, right). In contrast, upon asparagine
depletion, oxidative metabolism of the uniformly labeled glutamine to asparagine is the
predominant route of asparagine synthesis (Figure 3.2, left). Interestingly, loss of
ZBTB1 substantially inhibited the reductive (m+3) and oxidative (m+4) labeling of
asparagine from glutamine with minimal impact on glutamine-derived aspartate,
suggesting a block in asparagine synthesis in these cells (Figure 3.2).
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Figure 3.2. Isotope tracing reveals reduced synthesis of asparagine from
glutamine with loss of ZBTB1

(Top left) Schematic depicting the metabolic routes of asparagine and orotate synthesis
from glutamine. Filled circles represent 13C atoms derived from [U-3C]-Glutamine.
(Bottom left) Abundance of asparagine derived from labeled glutamine in parental,
ZBTB1 knockout and rescued ZBTB1 knockout Jurkat cells cultured for 8 hours in
media containing [U-13C]-glutamine (2000 uM) in the absence of asparagine. Colors
indicate mass isotopomers (mean = SD, n=3).

(Right) Fraction of labeled asparagine (top), aspartate (middle), and orotate (bottom)
derived from labeled glutamine in parental, ZBTB1 knockout and rescued ZBTB1
knockout Jurkat cells cultured for 8 hours with [U-13C]-glutamine (2000 uM) in the
presence or absence of asparagine. Colors indicate mass isotopomers (mean + SD,
n=3).
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Figure 3.3. Heavy glutamine isotope uptake was equivalent in ZBTB1 knockout or
addback cells

Abundance of labeled glutamine in ZBTB1 knockout or ZBTB1 knockout cells
expressing ZBTB1 cDNA Jurkat cells cultured for 8 hours in media containing [U-13C]-
glutamine (2000 uM) in the absence of asparagine. Colors indicate mass isotopomers,
as indicated (mean + SD, n=3).

Interestingly, the relative abundance of de novo pyrimidine synthesis intermediates
(carbamoyl aspartate, dihydroorotate, orotic acid) was markedly reduced in ZBTB1
knockout cells. Indeed, heavy glutamine isotope labeling of orotate substantially
decreased in ZBTB1 knockout cells grown in the absence of asparagine. This finding is
consistent with recent evidence that pyrimidine synthesis is inhibited in amino acid
deprived cells through inhibition of Carbamoyl-Phosphate Synthetase 2, Aspartate
Transcarbamylase, And Dihydroorotase (CAD), the rate-limiting step of pyrimidine
synthesis®!.135, Lack of mMTORC1 signaling reduces phosphorylation of CAD by the
downstream target of mMTORCH1, ribosomal protein S6 kinase 1 (S6K1). Importantly, this
lack of pyrimidine synthesis is not the primary mechanism of ZBTB1 cell death under
asparagine deprivation as supplementation with uridine does not rescue the proliferation
of ZBTB1 knockout cells under asparagine deprivation (Figure 3.5).
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Figure 3.4 De novo pyrimidine synthesis is inhibited within ZBTB1 knockout cells
under asparagine deprivation

(Left) Relative abundance of indicated metabolite in wild-type, ZBTB1 knockout or
ZBTB1 knockout cells expressing ZBTB1 cDNA

(Right) Abundance of orotic acid derived from labeled glutamine in wild-type, ZBTB1
knockout and rescued ZBTB1 knockout Jurkat cells cultured for 8 hours in media
containing [U-13C]-glutamine (2000 uM) in the absence of asparagine. Colors indicate
mass isotopomers (mean + SD, n=3).
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Figure 3.5 Pyrimidine supplementation does not rescue ZBTB1 knockout cell
proliferation under asparagine deprivation

Fold change in cell number relative to untreated (log2) of parental, ZBTB1 knockout or
rescued ZBTB1 knockout Jurkat cells after treatment with indicated asparaginase
concentrations for 5 days in the presence or absence of 200uM of uridine as indicated
(mean = SD, n=3).
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Figure 3.6. ZBTB1 is an essential transcription factor for leukemic cells to
synthesize asparagine from aspartate when asparagine is limited
Schematic depicting the requirement of ZBTB1 for ATF4-mediated synthesis of
asparagine and cancer cell proliferation under asparagine deprivation

Altogether, metabolite profiling of parental and ZBTB1 knockout cells in the presence or
absence of asparagine suggests that ZBTB1 is an essential transcription factor for
leukemic cells to synthesize asparagine from aspartate when asparagine is limited
(Figure 3.6).
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CHAPTER 4. ZBTB1 associates with the ASNS promoter and regulates ASNS
transcription

4.1 ZBTB1 knockout reduces transcription of ASNS

ZBTB1 is a member of the mammalian ZBTB gene family and involved in the
transcriptional regulation of T lymphocyte development'32-134_ Interestingly, ZBTB1 is
predominantly expressed within hematopoietic tissues (Figure 4.1). Transcriptional
targets of ZBTB1, however, have not been described. Given that ZBTB1 is required for
asparagine synthesis, we reasoned that ZBTB1 might be involved in promoting the
transcription of genes relevant to asparagine metabolism. To address this, we
performed RNA-sequencing analysis and identified genes whose expression was
altered in the absence of ZBTB1. Consistent with our observation that ZBTB1 is
essential for Jurkat cells during asparagine deprivation, we found ASNS as one of the
most downregulated genes in ZBTB1 knockout cells compared to wild type cells (Figure
4.2). Under asparagine deprivation, Jurkat cells upregulate ATF4 followed by ASNS in
order to synthesize asparagine (Figure 4.3). Loss of ZBTB1, however, reduces both the
baseline and induced transcription of ASNS under asparagine deprivation, but not that
of other ATF4 target genes, as measured by RT-gPCR (Figure 4.2). In agreement with
the mRNA expression data, we observed a marked reduction in ASNS protein levels in
ZBTB1 knockout cells at baseline and following L-asparaginase treatment (Figure 4.3).
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Figure 4.1. ZBTB1 is expressed primarily within hematopoietic cells
Relative mRNA expression of ZBTB1 within indicated cell or tissue types from the
BIOGPS database.
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Figure 4.2. ZBTB1 regulates ASNS transcription

(Left) Logz fold change in transcripts per million (TPM) in ZBTB1 knockout versus
parental Jurkat cells grown in standard medium. ASNS is highlighted in red.

(Right) Relative mRNA levels of indicated genes in parental (black), ZBTB1 knockout
(gray) and rescued ZBTB1 knockout (blue) cells grown in complete or asparagine-
lacking media (mean + SD, n=3).
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Figure 4.3. Loss of ZBTB1 reduces ASNS protein levels

Immunoblot analysis of parental, ZBTB1 knockout, and rescued ZBTB1 knockout Jurkat
cells grown in the presence or absence of L-asparaginase (0.03 U/mL) for 8 hours.
GAPDH was used as a loading control.

4.2 ChIP-sequencing reveals enrichment of ZBTB1 within the promoter of ASNS

To investigate the genomic localization of ZBTB1, we next performed comprehensive
genome-wide mapping of ZBTB1 and ATF4 through chromatin immunoprecipitation
with massively parallel DNA sequencing (ChlP-seq) in ZBTB1 knockout Jurkat cells
expressing an N-terminal Flag-tagged ZBTB1 cDNA or a control Flag-GFP. The Flag-
tagged ZBTB1 localized to the nucleus and rescued the proliferation of ZBTB1
knockout cells upon asparagine deprivation, indicating that the tagged protein
recapitulates the function of the endogenous protein (Figure 4.4).
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Figure 4.4. Flag-tagged ZBTB1 localizes to the nucleus and rescues ZBTB1 KO
cell sensitivity asparagine deprivation

(Left top) Immunoblot analysis of parental, ZBTB1 knockout, and ZBTB1 knockout
expressing ZBTB1 or N-FLAG ZBTB1 cDNA Jurkat cells, as indicated. Actin was used
as a loading control. (Left bottom) Fold change in cell number (logz) of indicated Jurkat
cells after growth in media with indicated L-asparaginase concentrations for 5 days
(mean = SD, n=3).

(Right) Immunofluorescent microscopy images of HelLa cells expressing Flag-ZBTB1
cDNA after growth in 50 uM or 2mM glutamine, as indicated. Cells were stained with
DAPI (top), an anti-FLAG antibody and anti-mouse secondary antibody (middle), and
the two images were overlaid (bottom).

ZBTB1 peaks exhibited a distinctly promoter and intronic distribution similar to that of
ATF4 (Figure 4.5). Consistent with previous ChIP-seq studies, ATF4 enriched in the
promoters of many metabolic genes involved in the response to nutrient stress
including PHGDH, PSAT and SLC1A5 (Figure 4.6)'36. In agreement with the mRNA
expression data, ZBTB1 enriched in the promoter of ASNS, but not in the promoters
of other key ATF4 target genes that regulate asparagine metabolism (Figure 4.5 and
4.6). Notably, ZBTB1 knockout cells exhibit increased ATF4 enrichment at the ASNS
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promoter, underlying the increased amino acid deprivation stress observed in these
cells due to loss of asparagine synthesis (Figure 4.5).
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Figure 4.5. ZBTB1 associates with the ASNS promoter

(Left top) Schematic depicting ChlP-sequencing performed in FLAG-GFP versus FLAG-
ZBTB1 expressing ZBTB1 knockout cells grown in complete (+N) or asparagine-lacking
media (-N). Antibodies used for immunoprecipitation are indicated.

(Left bottom) The proportion of ZBTB1, ATF4 and ZBTB1-ATF4 associated peaks
overlapping with specified chromatin features.

(Right) ChiP-Seq tracks near the ASNS promoter for indicated antibodies (right) in the
indicated genotype (top two tracks Flag-GFP or bottom two tracks FLAG-ZBTB1) in the
presence (+N) or absence (-N) of asparagine.
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Figure 4.6. ZBTB1 does not enrich within the promoter of other ATF4-regulated
metabolic genes
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ChIP-Seq tracks near the indicated gene promoter for indicated antibodies (right) in
FLAG-ZBTB1 expressing ZBTB1 KO Jurkat cells in the presence (+N) or absence (-N)
of asparagine.

Visualization of ZBTB1 peaks in the presence or absence of asparagine revealed a
high degree of similarity, and 593 high confidence peaks were defined as peaks
present in both conditions (Figure 4.7). Interestingly, a portion of these ZBTB1 peaks
overlap with ATF4 peaks (115 out of 593), suggesting that ZBTB1-associated gene
promoters may also be regulated by ATF4 (Figure 4.7). Among these peaks
overlapping between ATF4 and ZBTB1, the ASNS peak is one of the most
significantly enriched for both transcription factors relative to their respective controls
(Figure 4.7). Similarly, gene ontology analysis of genes having both ZBTB1 and ATF4
peaks revealed a strong enrichment for asparagine synthesis gene sets (Figure 4.7).
Altogether, these findings indicate that ZBTB1 associates with the ASNS promoter
and is required for ATF4 to promote ASNS transcription.
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Figure 4.7. A number of genes are regulated by both ATF4 and ZBTB1

(Left) FLAG-ZBTB1 ChIP-Seq signal from normalized bigwig files quantified over all
ZBTB1 peaks identified in either the presence (+N) or absence (-N) of asparagine. The
row corresponding to the peak in the ASNS promoter is labeled with red text (left).
(Middle) Scatter plot of p-values of the peaks overlapping between ATF4 and ZBTB1.
ASNS is highlighted in red.

(Right) Venn diagram depicting the number of ZBTB1, ATF4 and overlapping ZBTB1-
ATF4 peaks genome-wide (top). Significantly enriched gene ontologies for peaks that
overlap in ZBTB1 and ATF4 (bottom).

36



Table 4.1. Top 40 genes enriched for Flag-ZBTB1 as compared to Flag-GFP

ranked by p-value

Gene p-adj
TGFA 9.57E-150
ANO2 1.31E-108
ATP11A 4.27E-84
BRD9 5.35E-58
BAHCCA1 4.72E-56
LOC441666 2.95E-52
RUNXA1 3.37E-46
ADAP1 1.81E-43
PLXND1 2.04E-42
PIK3CB 1.72E-41
SNAPC3 5.48E-40
ADARB2 8.00E-39
LOC100506688 1.33E-36
BBS2 9.18E-36
VPS37C 2.76E-35
TFDP2 1.36E-30
WTAP 2.81E-30
MIR5093 4.44E-30
FAM20C 1.93E-29
MIR4436A 2.88E-28
TDRD12 3.63E-27
MYCBP2 4.35E-27
FAM156A 1.37E-26
GUCA2A 6.01E-26
CWH43 1.57E-25
STRBP 3.01E-25
CKAP4 3.49E-25
WNT10A 1.03E-24
GP5 6.34E-24
SKiI 2.41E-23
NCF1C 4.87E-23
KIF17 1.51E-22
ASNS 3.40E-22
MANSC1 8.86E-22
ZNF341 1.44E-21
TNRC18 1.86E-21
ECEL1 2.12E-21
NCOA3 5.56E-21
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Previous studies have characterized the role of the N terminal BTB (broad complex,
tramtrack, and bric-a-brac) and ubiquitin-binding zinc-finger 4 (UBZ4) domains in the
autosumoylation and targeting of ZBTB1 to sites of DNA damage3”:138, Mutation of
known sumoylation sites or deletion of the UBZ4 domain, however, did not affect the
ability of ZBTB1 to rescue the proliferation of ZBTB1 knockout Jurkat cells under
asparagine deprivation (Figure 4.8), suggesting that these sites are not essential for
regulating ASNS expression.
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Figure 4.8. Known functional domains of ZBTB1 are not essential for ZBTB1’s
role under asparagine deprivation

Fold change in cell number (logz) of parental or ZBTB1 knockout Jurkat cells expressing
indicated cDNAs after treated with asparaginase (0.25 U/mL, gray) or left untreated
(black) for 4 days (mean + SD, n=3).

Given that BTB domains typically facilitate protein-protein interactions, we hypothesize
that ZBTB1 might interact with ATF4 or other transcription factors to promote
transcription3. In order to test this hypothesis, we overexpressed Flag-tagged ZBTB1
protein Jurkat cells and performed an anti-FLAG immunoprecipitation on nuclear
extracts from cells treated with asparaginase or vehicle. Immunoblotting confirmed
enrichment of both the Flag-tagged ZBTB1 protein, as well as wild-type ZBTB1 protein
suggesting that the protein may homodimerize. ATF4 did not co-precipitate with ZBTB1
suggesting that these proteins do not directly interact (Figure 4.9).
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Figure 4.9 IP of Flag-ZBTB1 reveals dimerization of ZBTB1

Nuclear extracts from Flag-tagged ZBTB1 overexpressing Jurkat cells were subject to
IP using an anti-Flag antibody and analyzed by western blotting. Lanes represent
total input protein, 3X-FLAG elution and total elution with denaturing SDS from cells
treated with L-asparaginase or vehicle. Antibodies for western blotting are indicated
on the right.

In order to determine whether other proteins might interact with ZBTB1, we performed
mass spectrometry on these same immunoprecipitations. Of note, peptides matching to
ZBTB1 were enriched in these samples (Table 4.2). IP-MS did not reveal any other
protein significantly enriched within these samples that might suggest a direct
interaction with ZBTB1. Importantly, these experiments were not performed on cells in
which proteins had been cross-linked prior to immunoprecipitation, so it remains
possible that lower affinity interactions may exist that do not withstand sample
processing.
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Table 4.2 IP-MS of Flag-ZBTB1 shows no clear ZBTB1 interaction partners
Nuclear extracts from Flag-tagged ZBTB1 overexpressing Jurkat cells were subject to
immunoprecipitation-mass spectrometry using an anti-Flag antibody.
Immunoprecipitated proteins are listed with percentage of protein covered and total
peptide-spectral matches (PSMs).

Gene Coverage PSMs
ZBTBA1 41.65 49
DROSHA 2.55 5
UTP15 9.85 5
SCAF4 5.41 5
TWF2 18.50 4
SLC25A10 13.94 4
GTF3C2 4.94 4
KEAPA1 6.25 4
ICAM5 8.86 3
CBLN1 5.00 3
MTRR 4.49 3
PPP6R1 3.29 3
PSMC2 4.85 3

Finally, to determine whether ZBTB1 is phosphorylated to activate its positive
transcriptional regulation of ASNS, we analyzed our mass spectrometry data to
identify serine residues that were phosphorylated or lysine sumoylation events that
occurred specifically under L-asparaginase treatment. Given the low coverage of
ZBTB1 by mass spectrometry, we only identified two serine residues (S304 and
S411) that were phosphorylated in a differential manner and did not observe
condition-dependent sumoylation of ZBTB1. The lack of context-specific sumoylation
agreed with mutational studies in which the deletion of sumoylated lysine residues did
not alter the ability of ZBTB1 cDNA to rescue the proliferation of ZBTB1 knockout
cells in asparagine deplete conditions (Figure 4.8). In order to determine whether the
phosphorylation of S304 and S411 under asparagine depletion was essential for
ZBTB1’s ability to rescue proliferation under asparagine depletion, we specifically
mutated each serine residue to an alanine preventing phosphorylation of the residue.
Both the S304A and S411A ZBTB1 mutant cDNAs were capable of rescuing ZBTB1
knockout cell proliferation under asparaginase treatment suggesting that
phosphorylation of these residues is not required for ZBTB1’s positive regulation of
ASNS (Figure 4.9). ZBTB1 knockout cells expressing either ZBTB1 S304A or S411A
were capable of proliferating under L-asparaginase treatment and showed increased
expression of ASNS relative to cells expressing vector control (Figure 4.9).
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Figure 4.10 Phosphorylation of ZBTB1 serine residues 304 and 411 is not
essential for ZBTB1’s positive regulation of ASNS

(Left) Fold change in cell number relative to untreated control (logz2) of wild-type or
ZBTB1 knockout Jurkat cells expressing indicated cDNAs after treatment with
asparaginase (0.25 U/mL, blue) or left untreated (gray) for 4 days (mean + SD, n=3).
(Right) Immunoblot analysis of wild-type or ZBTB1 knockout Jurkat cells expressing
indicated ZBTB1 cDNA. GAPDH was used as a loading control.

4.3 ZBTB1 directly binds to a sequence within the ASNS promoter to enhance
transcription

We next asked whether ZBTB1 directly binds to DNA at a specific DNA motif'37. Motif
enrichment for ATF4 identified the previously described “TGATGHAA” binding motif,
the canonical nutrient sensing response element (NSRE) within the ASNS
promoter'”. Similar analysis of ZBTB1 peaks genome-wide revealed a seven-
nucleotide motif associated with ZBTB1 peaks, “ARCCRCA”, which is also the
RUNX1/2/3 binding motif (Figure 4.11)'40. The ASNS promoter contains four instances
of this motif near the ZBTB1 peak, including one motif directly under the region of
highest read density, downstream of the canonical NSRE, where ATF4 binds (Figure
4.11). In order to determine whether ZBTB1 directly binds to this motif within the ASNS
promoter, we performed an electrophoretic mobility shift assay and validated that a
purified zing finger fragment of ZBTB1 binds to this segment of the ASNS promoter
(Figure 4.11 and 4.12). Importantly, a fluorescent probe in which the four ZBTB1 motifs
were mutated did not show an electrophoretic mobility shift, suggesting specific binding
of ZBTB1 protein to the identified motif within this region of the ASNS promoter (Figure
4.11).
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Figure 4.11. ZBTB1 directly binds to a motif present in the ASNS promoter
(Left) Motifs enriched near ATF4 and ZBTB1 peaks.

(Middle) Schematic depicting ATF4 and ZBTB1 motifs present within the promoter of
ASNS.

(Right) Electrophoretic mobility shift gel of parental (WT) and mutant ASNS promoter
probes with the indicated concentration of recombinant ZBTB1 protein. Stars indicate

probe shifts.

Recombinant ZBTB1

Figure 4.12. Recombinant ZBTB1 expressed in bacteria
SDS-PAGE of recombinant zinc-finger domain of ZBTB1 expressed in bacteria. Whole
cell lysate (WCL), anti-His beads, wash, and elution samples are indicated. Expected

purified protein is indicated (arrow).

Of note, though RUNX1 and ZBTB1 share binding motifs, RUNX1 transcript levels are
unaffected by ZBTB1 loss and overexpression of RUNX1 does not rescue the
proliferation of ZBTB1 knockout cells under asparagine deprivation (Figure 4.13).
These transcription factors are thus unlikely to have overlapping functions in
regulating ASNS transcription.
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Figure 4.13. RUNX1 expression does not rescue ZBTB1 knockout sensitivity to
asparagine deprivation

Fold change in cell number (logz) of parental or ZBTB1 knockout Jurkat cells expressing
vector or RUNX1 cDNA after treatment with L-asparaginase (0.03U/mL) or left
untreated for 5 days (mean + SD, n=3, left). RUNX1 transcripts per million (TPM) in
parental or ZBTB1 knockout Jurkat cells.

In line with the role of ZBTB1 in ASNS regulation, overexpression of ASNS is sufficient
to rescue the sensitivity of ZBTB1 knockout cells to asparagine deprivation, similar to
that of asparaginase sensitive cell lines (Figure 4.14 and 4.15)'41. Interestingly, forced
overexpression of ATF4 is not sufficient to induce ASNS expression or impact GCN2
signaling in ZBTB1 knockout cells, suggesting that ATF4 likely requires ZBTB1 for
maximal ASNS expression (Figure 4.16). Together, these data indicate that the direct
transcriptional regulation of ASNS by ZBTB1 enables cells to proliferate upon
asparagine deprivation.
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Figure 4.14. ASNS expression is sufficient to rescue the sensitivity of ZBTB1

knockout cells to asparagine deprivation
(Top) Immunoblot analysis of parental and ZBTB1 knockout Jurkat cells overexpressing

a vector or ASNS cDNA. GAPDH was used as a loading control. (Bottom) Fold change
in cell number (logz2) of parental (black) and ZBTB1 knockout (blue) Jurkat cells
expressing a control vector or ASNS cDNA (gray) after treatment with indicated
asparaginase concentrations for 5 days (mean + SD, n=3).
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Figure 4.15. ASNS expression is sufficient to rescue the sensitivity of asparagine
auxotrophic ALL cell lines

(Top) Fold change in cell number (logz) of indicated cell lines expressing a control
vector or ASNS cDNA after treatment with vehicle (black) or asparaginase (grey) for 6
days (mean = SD, n=3).

(Bottom) Immunoblot analysis of indicated cells expressing vector or ASNS cDNA, as
indicated. GAPDH was used as a loading control.
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Figure 4.16. ATF4 expression is insufficient to rescue the expression of ASNS in
ZBTB1 knockout cells

(Left) Immunoblot analysis of parental and ZBTB1 knockout Jurkat cells grown in HPLM
left untreated or treated with L-asparaginase and expressing vector or ATF4 cDNA, as
indicated. Actin was used as a loading control.

(Right) Immunoblot analysis of parental, ZBTB1 knockout and ZBTB1 knockout
expressing ZBTB1 cDNA Jurkat cells grown in HPLM treated with L-asparaginase, as
indicated. GAPDH was used as a loading control.
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ZBTB1 binding sites on the ASNS promoter overlap with active chromatin marks
histone H3 lysine 27 acetylation (H3K27ac) and H3 lysine 4 trimethylation (H3K27ac
and H3K4me3) (Figure 4.5). Furthermore, Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-Seq) experiments showed minimal impact on the
accessibility of chromatin near the ASNS promoter in ZBTB1 knockout cells, suggesting
that ZBTB1 may act downstream of the establishment of transcriptionally permissive
chromatin (Figure 4.17).
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Figure 4.17. ATAC-Seq reveals minimal changes to chromatin accessibility at the
ASNS promoter in the absence of ZBTB1

ATAC-Seq tracks near the promoter of ASNS in parental, ZBTB1 knockout, and ZBTB1
knockout expressing ZBTB1 cDNA Jurkat cells in the presence (+N) or absence (-N) of
asparagine, as indicated.
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CHAPTER 5. ZBTBA1 is required for L-asparaginase resistance of T-ALLs in vivo

5.1 ZBTB1 knockout sensitizes T and B-ALLs to L-asparaginase in vitro

L-asparaginase, which selectively depletes asparagine from serum, is a clinical
therapy that inhibits the growth of asparagine-dependent leukemia cells*”:53. Despite the
high survival rate of patients treated with chemotherapeutic agents, about 20% of
children and more than 50% of adults with ALL relapse or do not respond to this
therapy. Given the role of ZBTB1 in regulating ASNS expression and the response of
ZBTB1 knockout cells to asparagine deprivation, we reasoned that loss of ZBTB1 may
sensitize asparaginase-resistant cancer cells to L-asparaginase treatment in vivo. To
address this, we first determined whether the function of ZBTB1 in regulating ASNS is
restricted to leukemias or generalizable to other cancer types. Interestingly, loss of
ZBTB1 caused L-asparaginase sensitivity in T-ALLs (CUTTL-1, Jurkat, SUPT-1) and, to
a lesser extent, B-ALLs (REH, NALM®6), but not to other cancer types such as AML
(MOLM-13 or SKM-1), breast (MDA-MB-231) or lung (A549) cancer cell lines (Figure
5.1, top). Consistent with this, baseline ASNS expression decreases upon loss of
ZBTB1 in T-ALLs, but not in other cell types (Figure 5.1, bottom).
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Figure 5.1. Loss of ZBTB1 sensitizes T-ALLs and B-ALLs to L-asparaginase

(Top) Fold change in cell number of sgControl (gray) versus sgZBTB1 (blue) expressing
cell lines treated with L-asparaginase (0.03 U/mL) relative to untreated (mean = SD,
n=3).

(Bottom) Immunoblot analysis of indicated cell lines expressing sgControl versus
sgZBTB1. GAPDH was used as a loading control.
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Given the use of L-asparaginase for the treatment of B-ALL, we further investigated
whether an alternative gene might play a similar role as ZBTB1 in T-ALL in the
regulation of ASNS. We performed an equivalent CRISPR/Cas-9 epigenetic screen in
two B-ALL cell lines, NALM-6 and REH, in order to identify genes required for the
proliferation of these cell lines under asparagine deprivation (Figure 5.2). As expected,
knock out of ATF4 sensitized both B-ALL cell lines to treatment with L-asparaginase.
Similarly, though not to the extent as in T-ALL cell lines, ZBTB1 knockout sensitized
NALM-6 and REH cells to treatment with L-asparaginase. Interestingly, another gene,
ZMIZ1, was required for the proliferation of both B-ALL cell lines under asparagine
deprivation. This gene was not required for the proliferation of T-ALL cells under
asparagine deprivation suggesting a B-cell lineage specificity of this gene, however like
ZBTB1, it is important to T-cell differentiation. ZMIZ1 has been described as a
transcriptional activator involved in activating a subset of NOTCH1 target genes,
including c-Myc'42. Furthermore, ZMIZ1-ABL1 translocations have been observed in
ALLs and are transformative in experimental models of ALL'43,
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Figure 5.2. CRISPR-based in B-ALL cell lines under L-asparaginase treatment
Gene scores in WT NALM-6 (left) or WT REH (right) cells grown in complete versus
asparagine deficient media. Media was depleted of asparagine through the use of L-
asparaginase (0.25 U/mL). ZBTB1, ATF4 and ZMIZ1, the top hits of the screens, are
highlighted.

5.2 ZBTB1 knockout T-ALLs are sensitized to L-asparaginase in vivo

To translate our findings to an in vivo model, we engrafted NOD-SCID gamma (NSG)
mice with clonal ZBTB1 knockout Jurkat cells or cDNA rescued counterparts and tested
the efficacy of L-asparaginase treatment in these mice. Consistent with previous work,
L-asparaginase significantly decreased serum asparagine levels, without impacting the
levels of abundant amino acids such as glutamine, when measured after 24 hours
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(Figure 5.3, right)'44. The treatment was well-tolerated as indicated by animal weights
remaining unchanged during the experiment (Figure 5.3, left)145.146,
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Figure 5.3. L-asparaginase depletes serum asparagine and is well tolerated in
NSG mice

(Left) Weight of mice with the indicated engrafted cells and treatment at the indicated
day normalized to their initial weight (mean + SD, n=7).

(Right) Relative abundance of indicated metabolites in the serum of mice treated with L-
asparaginase (1000 U/kg, gray) or left untreated (black).

Mice engrafted with ZBTB1 knockout or rescued Jurkat cells had a median survival of
48 days and 49 days, respectively. While L-asparaginase treatment only marginally
extended median survival of mice with rescued ZBTB knockout cells (52 days), mice
engrafted with ZBTB1 knockout cells had lower tumor burden and had a significant
increase in median survival (62 days) (Figure 5.4, right).
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Figure 5.4. Loss of ZBTB1 sensitizes therapy resistant Jurkat cells to L-
asparaginase in vivo

(Left) Photon flux detected by In Vivo Imaging System for Jurkat cell lines engrafted into
NSG mice normalized to initial photon flux.

(Middle) Kaplan-Meier survival curve of NSG mice engrafted with ZBTB1 knockout
versus rescued ZBTB1 knockout Jurkat cells and treated with vehicle or asparaginase
(1000 U/kg, twice per week).

(Right) Box and whisker plots of survival data.
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Similarly, mice engrafted with another L-asparaginase resistant cell line, CUTLL1, that
lacked ZBTB1 survived a median of 32 days when treated with L-asparaginase as
compared to a median of 27 days when left untreated. Collectively, these findings
suggest that loss of ZBTB1 sensitizes T-ALL cell lines to L-asparaginase in vivo and
that ZBTB1 may be an amenable therapeutic target for the treatment of L-asparaginase
non-responsive T-ALLs (Figure 5.5).
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Figure 5.5. Loss of ZBTB1 sensitizes therapy resistant CUTLL1 cells to L-
asparaginase in vivo

(Left) Photon flux detected by In Vivo Imaging System for CUTLL1 cell lines engrafted
into NSG mice normalized to initial photon flux.

(Middle) Kaplan-Meier survival curve of NSG mice engrafted with ZBTB1 knockout
versus vector-control CUTLL1 cells and treated with vehicle or asparaginase (1000
U/kg, twice per week).

(Right) Box and whisker plots of survival data.
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CHAPTER 6. Toxic incorporation of lipid analogs as a therapeutic strategy in
acute leukemia

6.1 CPI-613 is a lipoic acid analog designed to inhibit TCA cycle enzyme
complexes

Cancer cells utilize carbon sources, such as glutamine and glucose, to generate
biosynthetic intermediates through the TCA cycle for cellular growth and division'#’. The
TCA cycle also generates intermediates that act as important signaling and epigenetic
regulatory molecules including, in the case of IDH-mutant cancers, oncogenic molecules
such as 2-hydroxyglutarate. As such, efforts have been made to design anti-cancer
therapies that target the TCA cycle. One such therapy, CPI-613, is a rationally designed
lipoic acid analog currently under clinical trial investigation for the treatment of AML and
pancreatic cancer'#®149, Lipoic acid is an essential co-factor for multiple enzyme
complexes within mammalian cells, including two within the TCA cycle: pyruvate
dehydrogenase (PDH) and a-ketoglutarate/2-oxoglutarate dehydrogenase (OGDH)
(Figure 6.1). In PDH, lipoic acid is a cofactor for the oxidative decarboxylation of pyruvate
to acetyl-CoA linking glycolysis with the TCA cycle. Similarly, within OGDH, lipoic acid is
a cofactor for the oxidative decarboxylation of a-ketoglutarate/2-oxoglutarate to succinyl-
CoA.

glucose

\

| glycolysis
pyruvate

lPDH F—— CPI-613

acetyl-CoA

Lipoic Acid citrate
o) &/ ™.
oxaloacetate cis-aconitate
OH
S—S / \
malate isocitrate
CPI-613
s ¢ fumarate a-ketoglutarate «——— glutamate
\ CPI-613 — OGDH/
succinate
Uccmyl—CoA glutamine

Figure 6.1 CPI-613 is a lipoic acid analog designed to inhibit PDH and OGDH
among other enzyme complexes

Schematic depicting the structures of lipoic acid and CPI-613 (left) and its proposed
molecular targets (right)

Unlike most cofactors, lipoic acid is covalently attached to enzymes and can act as both
an electron hydrogen carrier and as an acyl carrier. Indeed, within both the PDH and

OGDH reactions lipoic acid is reduced and subsequently carries an acyl group to assist
in the catalysis of each respective reaction'°. Given the presence of two benzene rings,
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CPI1-613 is unable to act as an electron hydrogen carrier or an acyl carrier in such
reactions. As such, CPI-613 is thought to still covalently attach to enzymes through the
conserved carboxylic acid functional group, but it will not participate as a cofactor
rendering CPI1-613-containing enzymes non-functional.

Given that CPI1-613 might inhibit PDH and OGDH, we performed polar metabolite
profiling in MOLM-13 AML cells to determine whether the products or substrates of
these reactions are reduced or accumulated upon CPI-613 treatment, respectively.
Polar profiling revealed a broad and marked increase in a range of metabolites. Of note,
pyruvate was increased with CPI-613 treated cells, however, levels of a-ketoglutarate/2-
oxoglutarate were not significantly altered by CPI-613 treatment. While acetyl-CoA was
not directly detected in this experiment, downstream metabolites, such as isocitrate and
cis-aconitate, were decreased upon CPI-613 treatment, though only the decrease in cis-
aconitate was statistically significant. Likewise, succinyl-CoA was not directly detected,
however, succinate levels were unchanged with CPI-613 treatment. Altogether, these
results suggested that CPI-613 might inhibit the production of acetyl-CoA from pyruvate
by PDH, but it is unlikely to inhibit the production of succinyl-CoA from a-
ketoglutarate/2-oxoglutarate by OGDH in MOLM-13 cells.
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Figure 6.2 Polar metabolite profiling reveals marked changes under CPI-613
treatment

(Left) Fold change in significantly altered metabolites (log2) in wild-type MOLM-13 cells
treated with CPI-613 (100uM) relative to vehicle.

(Right) Volcano plot of statistical significance (-logio p-value) and fold change in
metabolites (logz) in wild-type MOLM-13 cells treated with CP1-613 (100uM) relative to
vehicle.

In order to further test the hypothesis that CPI-613 inhibits PDH and does not inhibit
OGDH activity, we performed polar metabolite profiling of CPI-613 treated cells grown in
the presence of uniformly heavy carbon labelled ([U-13C]) glucose or [U-13C]-L-
glutamine. Heavy glucose tracing can quantify the relative amount of acetyl-CoA
generated by PDH from glucose-derived pyruvate by its incorporation into citrate or cis-
aconitate (Figure 6.3). Similarly, heavy glutamine tracing can quantify the relative
amount of succinyl-CoA generated by OGDH from glutamine-derived a-ketoglutarate/2-
oxoglutarate (Figure 6.4). This revealed a minimal impact of CPI-613 on the labeling of
metabolites downstream of both PDH and OGDH (Figure 6.3 and 6.4) suggesting that
CPI-613’s primary mechanism of action may not be direct inhibition of these enzymes.
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Figure 6.3 Heavy glucose isotope tracing suggests a limited reduction in PDH
activity under CPI-613 treatment

(Left) Schematic depicting the labeling of indicated metabolites from [U-13C]-glucose
(Right) Relative and fractional abundance of pyruvate and aconitate isotopes in CPI-613
(100uM) or vehicle treated MOLM-13 cells.
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Figure 6.4 Heavy glutamine isotope tracing suggests no reduction in OGDH
activity under CPI-613 treatment

(Left) Schematic depicting the labeling of indicated metabolites from [U-13C]-glutamine
(Right) Relative and fractional abundance of a-ketoglutarate/2-oxoglutarate and
succinate isotopes in CPI-613 (100uM) or vehicle treated MOLM-13 cells.

Altogether, metabolite profiling in CPI-613 treated cells did not suggest robust inhibition
of PDH or OGDH in MOLM-13 cells. As such, the precise mechanism of action of CPI-
613 remained unclear and as its simple structure suggested that it may have more than
a few protein targets’s'.
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6.2 CRISPR-based screen identifies metabolic genes required for proliferation
under CPI-613 treatment

In order to explore alternative mechanisms of CPI-613-induced toxicity in MOLM-13
cells, we performed a negative selection CRISPR/Cas9-based genetic screen to identify
metabolic genes whose loss would sensitize cells to treatment with CP1-613 (Figure
6.5).

%& ‘\ 000
%%
MOLM-13cells . .-”" Metabolism
OCI-AML2cells . focused sgRNA
. N library
Initial gDNA sample v (25 000 sgRNASs)

\4
Untreated CPI-613
(100uM)

,~14PD

Final gDNA sample
. v
i-> Comparison of sgRNA abundance
using deep sequencing

Figure 6.5 CRISPR-based screen in AML cells treated with CPI-613
Schematic depicting a metabolism-focused CRISPR screen to identify genes required for
AML cell proliferation under CPI-613 treatment

Interestingly, knockout of PDHA, PDHB and OGDH, the proposed direct targets of CPI-
613, were essential for the proliferation of MOLM-13 cells under CPI1-613 treatment
(Figure 6.6). Additionally, a number of genes encoding subunits of various complexes of
the electron transport chain were also required for proliferation in CPI-613 treated cells.
The essentiality of these genes under CPI-613 treatment are consistent with the TCA
cycle being the primary target of the drug.
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Figure 6.6 CRISPR-based screen in AML cells identifies genes essential for
survival under CPI-613 treatment in MOLM-13 cells

(Left) Gene scores for vehicle versus CPI1-613 treated MOLM-13 cells. Most genes
scored similarly under untreated or treated conditions.

(Right) Median differential score for top 11 or 19 genes in the positive or negative
direction, respectively.

Genes are highlighted as belonging to the TCA cycle (green), lipid metabolism (blue),
electron transport chain (red), and one-carbon metabolism (gray).

Unexpectedly, however, the strongest hits in the genetic screen are involved in lipid
metabolism (Figure 6.6). Knockout of Acyl-CoA Synthetase Long Chain Family Member
4 (ACSL4) or 1-Acylglycerol-3-Phosphate O-Acyltransferase 1 (AGPAT1), genes
involved in the activation and incorporation of free fatty acids into glycerolipid species,
sensitized MOLM-13 cells to treatment with CPI-613. On the other hand, knockout of 1-
Acylglycerol-3-Phosphate O-Acyltransferase 6 (AGPAT6), Calcineurin Like EF-Hand
Protein 1 (CHP1), genes involved in the incorporation of the first fatty acid onto glycerol-
3-phosphate, reduced the sensitivity of MOLM-13 cells to CPI-613. In addition to these
most significant hits, the enzyme responsible for long-chain saturated fatty acid
synthesis, Fatty Acid Synthase (FASN), was detrimental to cells under CPI-613
treatment as knockout of FASN reduced the sensitivity of cells to the drug. Conversely,
knockout of the second step of mitochondrial fatty acid beta oxidation, Enoyl-CoA
Hydratase Short Chain 1 (ECHS1), sensitized cells to CPI-613. Altogether these hits
revealed a critical reliance on lipid metabolism in cells treated with CPI-613, and
suggested that cells require beta oxidation, rather than synthesis of fatty acids under
drug treatment.

In order to investigate the role of these lipid metabolism genes under CPI-613
treatment, we generated two clonal CHP1 knockout MOLM-13 cells in which CHP1
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protein was undetectable by immunoblotting (Figure 6.7). Consistent with the genetic
screen, CHP1 knockout cells were resistant to doses of CPI-613 that resulted in cell
death in wild-type cells. Importantly, overexpression of CHP1 within these CHP1
knockout cells restored their sensitivity to CPI-613. These data confirmed the findings of
our genetic screen and implicate glycerolipid synthesis as an important mediator of
sensitivity to CP1-613.
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Figure 6.7 Loss of CHP1 renders cells resistant to CPI-613 treatment

(Left) Immunoblot analysis of parental, CHP1 knockout, or CHP1 cDNA expressing
CHP1 knockout MOLM13 cells. GAPDH was used as a loading control.

(Right) Fold change in cell number relative to vehicle control (logz2) of parental, CHP1
knockout, or CHP1 cDNA-expressing CHP1 knockout MOLM13 cells after treatment
with indicated concentration of CPI-613 for 5 days (mean = SD, n=3).

Previous work in our laboratory identified CHP1 as an important regulator of glycerolipid
synthesis within the endoplasmic reticulum''9. This work revealed that CHP1 promotes
the incorporation of fatty acids through a direct interaction with AGPAT6/GPAT4, which
catalyzes the initial step of glycerolipid synthesis. To begin to understand how loss of
CHP1 confers resistance to CPI-613, we examined the effects of CPI-613 on lipid
metabolism (Figure 6.8). In wild-type cells, CPI-613 caused significant changes in a
broad range of lipid species classes. Interestingly, CHP1 KO cells appear to have less
dramatic changes in most lipid species classes with the exception of triglycerides, the
synthesis of which has previously shown to be diminished in CHP1 KO cells.
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Figure 6.8 CPI-613 induces a variety of changes in lipid species

Fold change relative to respective untreated controls (logz2) of indicated lipid classes
significantly altered between parental (left), CHP1 knockout (middle), or CHP1 cDNA-
expressing CHP1 knockout (right) MOLM13 cells grown in 100uM of CPI-613. Lipid
classes are ranked by the fold change of treated versus untreated parental cells. LPI =
lysophosphatidylinositol; PG = phosphatidylglycerol; LPE =
lysophosphatidylethanolamine ; Cer = Ceramides; Hex1Cer = Simple Gic series; TG =
triglyceride; PE = phosphatidylethanolamine; PC = phosphatidylcholine; LPS =
lysophosphatidylserine; AcCa = Acyl Carnitine

Notably, CPI-613 induced a dramatic reduction in acyl carnitine species. This effect was
not as dramatic in CHP1 KO cells, whereas certain acyl carnitine species were
unchanged in the presence of CPI-613 (Figure 6.9). Decreased acyl carnitines is
typically a sign of reduced beta oxidation, and is often seen in CPT-I deficiency or with
etomoxir treatment'93.152_ This finding is in agreement with the requirement for ECHS1
under CPI-613 treatment in our genetic screen. Interestingly, CPI-613 itself has been
shown to be beta-oxidized to CPI-2850, a compound containing six rather than eight
carbons ahead of the carboxylic acid group on CPI-613.
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Figure 6.9 Acyl carnitines are dramatically reduced in cells treated with CPI-613
Fold change relative to respective untreated controls (logz2) of indicated lipid classes
significantly altered between parental (left), CHP1 knockout (middle), or CHP1 cDNA-
expressing CHP1 knockout (right) MOLM13 cells grown in 100uM of CPI-613. Lipid
classes are ranked by the fold change of treated versus untreated parental cells.

6.3 CPI-613 is incorporated into glycerolipid species

Given the role of CHP1 and AGPAT® in the incorporation of fatty acids into lipid
species, we hypothesized that CPI1-613 itself might be activated for incorporation into
lipid species given the presence of a carboxylic acid in its structure. Lipid profiling in
wild-type MOLM-13 cells revealed a striking abundance of lipid species containing CPI-
613 as an acyl-chain (Figure 6.10 and Figure 6.11). Amongst these lipid species were
19 phospholipids and 88 triglyceride species containing CPI-613 including seven
triglyceride species in which two molecules of CPI-613 were incorporated as acyl
chains.
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Figure 6.10 CPI-613 is incorporated into phospholipid species

Abundance of indicated lipid species relative to wild-type (logz) in wild-type, CHP1 KO
and CHP1 expressing CHP1 KO MOLM-13 cells. CPI-613 is defined as “22:8+2S”
within each lipid species. Pl = phosphatidylinositol; PG = phosphatidylglycerol ; PE =
phosphatidylethanolamine ; PC = phosphatidylcholine; ChE = cholesterol ester.
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Figure 6.11 CPI-613 is incorporated into triglyceride species

Volcano plot of fold change (logz2) versus statistical significance (-log1o p-value) of
triglycerides present in CHP1 KO cells relative to WT cells (left) or CHP1 expressing
CHP1 KO cells (right). Triglycerides containing CPI-613 are colored red, whereas
normal triglyceride species are colored gray.

Importantly, incorporation of CPI-613 into lipid species was dependent on the presence

of CHP1 as CHP1 knockout cells showed a striking reduction in CPI-613 lipid
incorporation. This finding correlates with the insensitivity of CHP1 knockout cells to
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CPI-613 treatment. Whether the incorporation of CPI-613 into phospholipids or
triglycerides is directly related to the toxicity of the drug, however, remained unclear.
Further evidence that incorporation of CPI-613 into triglycerides is toxic to cells comes
from the observation that loss of DGAT1, the enzyme responsible for the final step of
triglyceride synthesis, was protective for MOLM-13 cells treated with CPI-613 in the
genetic screen. Altogether this suggests that the CPI-613-containing triglycerides may
represent the toxic species within cells as prevention of CPI-613-triglyceride formation is
equally protective as prevention of CPI-613-phospholipid formation.

6.4 CRISPR-based genetic screens reveal electron transport chain and beta
oxidation activities are required under CPI-613 treatment across cell types

Genetic screening data from the cancer dependency map (DepMap) reveals that
MOLM-13 is within a subset of AML cell lines that show enhanced proliferation upon
loss of CHP1 and AGPAT®6 (Figure 6.12). Indeed, a recent study classified this subset
of cell lines as a “lipid sensitive” subtype of AML. Given the unique lipid metabolism of
MOLM-13, we sought to determine whether genetic screening with CPI-613 would yield
similar results in an AML cell line, OCI-AML2, as well as, a pancreatic cell line, MiA-
PaCa-2. Notably, these cell lines do not appear to benefit from loss of CHP1 in the
DepMap.

NB4

. MOLM13

MV411

GPAT4 Gene Effect

- T T T T ]
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Figure 6.12 A subset of AML cell lines thrive in the absence of CHP1 or GPAT4
Gene effect scores from the DepMap for AGPAT6/GPAT4 and CHP1 across cell lines.
AML “lipid sensitive” cell lines are highlighted in red, and an insensitive cell line, OCI-
AML2, is highlighted in blue.

Across all three cell lines, knockout of electron transport chain complex subunits,
ECHS1, or citrate synthase (CS) were among the top hits that sensitized cells to
treatment with CP1-613 suggesting these genes may be required for cellular proliferation
under CPI-613 regardless of cell type (Table 6.1). Interestingly, knockout of PDHA and
PDHB were only sensitizing hits within AML cell lines. Within MiA-PaCa-2 cells,
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monocarboxylate transporter 1 (MCT1) was important for resistance to CPI-613, a gene
that was not important for resistance within either AML cell line. Altogether, these
results suggest that electron transport chain activity and the activity of citrate synthase
are generalized requirements under CPI-613, however, many genes are differentially
essential depending on cell type.

Table 6.1 Genes essential for survival under CPI-613 treatment in MOLM-13, OCI-
AML2 and MiA-PaCa-2 cells

Overlap of the top 100 genes required for proliferation under CPI-613 treatment in each
cell line.

Genes essential for proliferation
under CPI-613 treatment
NDUFA6
NDUFAS3
NDUFA10
ECHS1
ACAD9
ALGS8
NDUFA1
CS
NDUFA2
NDUFV1
TSCH
MECR
NDUFA11
NDUFCA1
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Figure 6.13 CRISPR-based screen in AML cells identifies genes essential for
survival under CPI-613 treatment in OCI-AML2 cells

(Left) Gene scores for vehicle versus CPI1-613 treated OCI-AML2 cells. Most genes
scored similarly under untreated or treated conditions.

(Right) Median differential score for top 29 genes negative selected in the screen.
Genes are highlighted as belonging to the TCA cycle (green), lipid metabolism (blue),
and the electron transport chain (red).

Interestingly, loss of CHP1 was also protective for MiA-PaCa-2 cells under CPI-613
treatment, and, instead of AGPATS, loss of a closely related gene, AGPAT9, was also
protective suggesting a similar mechanism of action may exist within MiA-PaCa-2 cells
as in MOLM-13 cells (Figure 6.14). OCI-AML2, however, displayed a limited number of
lipid genes that sensitized cells to CPI-613 suggesting incorporation of the drug into lipid
species may not be the predominant mechanism of action within this cell line (Figure
6.13).
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Figure 6.14 CRISPR-based screen in AML cells identifies genes essential for
survival under CPI-613 treatment in MiA-PaCa-2 cells

(Left) Gene scores for vehicle versus CPI-613 treated MiA-PaCa-2 cells. Most genes
scored similarly under untreated or treated conditions.

Genes are highlighted as belonging to the TCA cycle (green), lipid metabolism (blue),
and the electron transport chain (red).

To determine whether the incorporation of CPI-613 into glycerolipid species was a

generalizable finding, we performed lipid profiling on the OCI-AML2 given the general
lack of lipid genes in our genetic screen of this cell line. Surprisingly, OCI-AML2 cells
displayed a similar degree of incorporation of CPI-613 into lipid species (Figure 6.15).
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Figure 6.15 Lipidomics in OCI-AML2 cells reveals incorporation of CPI-613 into
glycerolipids

Total ion count (logo) of indicated CPI-613-containing lipid species in wild-type OCI-
AML2 cells grown in 100uM of CPI-613.

Altogether, these findings suggested two possibilities: first, certain cell lines are more
dependent on specific glycerolipid synthesis genes where others exhibit redundancy, or
second, that CPI-613-containing lipid species are differentially toxic to cell lines. Further
work will be required to define the precise mechanism by which CPI-613-containing
triglycerides are toxic to cells.
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CHAPTER 7. Discussion

Cancer cells are under constant stress due to the requirements of constant proliferation.
Within the tumor microenvironment they are often faced with oxidative stress, hypoxia
and a poor supply of nutrients. Furthermore, their rapid and continuous cell growth and
division make protein, nucleotide and lipid synthesis a constant requirement. To
address these demands, cancer cells rely upon cellular stress pathways. The
mTOR/AMPK pathway, for example, responds to the nutrient and energy status of the
cell to control metabolic pathways. Likewise, nuclear erythroid 2-related factor 2 (NRF2)
and Kelch-like ECH-associated protein 1 (KEAP1) monitor levels of oxidative stress
within the cell to produce an antioxidant transcriptional program in response to
increased reactive oxygen species. Finally, hypoxia-inducible factor 1 (HIF1a)
coordinates the transcription of genes in response to hypoxia. Importantly, each of
these pathways have been implicated in oncogenesis and enhancement of their
activities has been shown to promote tumor survival.

Analogous, to these stress response pathways, the integrated stress response (ISR)
mediates a transcriptional program under certain cellular stresses. Canonically, the ISR
is activated upon ER stress, amino acid starvation, viral infection and heme deprivation,
however, hypoxia, glucose deprivation, and oxidative stress have also been shown to
activate the ISR. Thus, the ISR acts alongside mTOR/AMPK, HIF1a, NRF2 pathways to
promote cellular homeostasis and also plays an important role in tumor survival.

The ISR ultimately leads to the upregulation of activating transcription factor 4 (ATF4), a
transcription factor that promotes a cytoprotective and homeostatic gene expression
program. ATF4, like NRF2 and HIF1a, addresses cellular stresses through the direct
transcriptional regulation of target genes. These target genes include metabolic
enzymes and transporters for the restoration of nutrient homeostasis, or genes involved
in the unfolded protein response to address unfolded protein stress within the
endoplasmic reticulum. Interestingly, while NRF2 and HIF1a are activated by a specific
cellular stress and promote gene expression, ATF4 is activated by a wide range of
cellular stresses and coordinates transcriptional programs to address each uniquely.
The ability to address such diverse stresses implies either complex activities of ATF4 or
the contribution of additional transcriptional factors to each unique cellular stress.

Cancer cells are particularly prone to nutrient stress as their growth requires a constant
supply of glucose, nucleotides, amino acids and lipids. Indeed, altered cellular
metabolism was one of the earliest findings in tumor tissues with the observation and
description of the Warburg effect. Recently it has been appreciated that numerous
oncogenic mutations co-opt cellular stress pathways to drive the anabolic metabolism
required for cell growth and proliferation. The transcriptional regulation of such
metabolic pathways has been explored with a number of important oncogenes shown to
directly influence metabolic gene regulation. There is, perhaps, no better example of the
transcriptional regulation of metabolic pathways than that of Myc. Oncogenic expression
of Myc drives nucleotide synthesis, glycolysis, glutaminolysis, mitochondrial replication,
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and lipid accumulation'®3-157, Myc responds to the metabolic state of the cell through
feedback received from mTORC1 and HIF1A signaling and alters its genetic regulation
in a context-dependent manner.

Direct oncogenic mutations to ATF4 have not been observed, however, the central role
of ATF4 in promoting nutrient acquisition is relied upon by numerous transformative
oncogenes'%8-160, Myc and BRAF, for example, have been shown to co-opt ATF4 gene
regulation to provide anabolic support for continued cellular proliferation4161,
Furthermore, KRAS controls asparagine synthesis and amino acid abundance through
ATF4 activity'®2. While much has been described about the regulation of metabolic
genes by ATF4, transcriptional regulators that cooperate with ATF4 under specific
nutrient deprivation or metabolic stress conditions have not been thoroughly defined.

Here, we provide a proof-of-concept approach to identify transcriptional factors that are
required for cellular proliferation under various metabolic stresses. Using CRISPR/Cas9
forward genetic screens, we hypothesized that we could discover transcriptional
regulators that are important for cellular stress response pathways analogous to ATF4,
NRF2, and HIF1a. We validated this approach by identifying SREBF1 as essential for
cellular proliferation under saturated fatty acid stress and lipotoxicity. The sterol
regulatory element binding proteins (SREBPSs) play a broad role in the regulation of lipid
metabolism through the direct regulation of enzymes that catalyze lipid and cholesterol
synthesis'®3. Under lipotoxicity, SREBF1 bind to sterol regulatory elements within the
promoters of genes to coordinate a transcriptional program to restore lipid
homeostasis''3. This approach also identified KANSL1, a member of the MOF acetyl
transferase complex, as essential for proliferation under electron transport chain
inhibition. The MOF complex has previously been implicated in the regulation of
mitochondrial transcription and respiration'?'. Finally, screening cells under amino acid
deprivation revealed a universal role of ATF4 under these conditions. These findings
suggested that our forward genetic screening approach was capable of identifying
genes known to play a role in the transcriptional response to certain metabolic stresses.

In addition to identifying transcriptional regulators know to play a role in stress response
pathways, we also identified novel factors essential under amino acid deprivation
conditions. Under deprivation of conditionally essential amino acids, for example, we
found that MARCHS5, a mitochondrial E3 ubiquitin ligase, was required for proliferation.
This gene has been described to play a role in mitochondrial fission and quality control,
however, its role in cell survival under essential amino acid deprivation remains
unclear'?3. Altogether, our approach provides a methodology to identify transcriptional
regulators that regulate the cellular response to specific nutrient or metabolic stresses.

Unexpectedly, we identified ZBTB1, in addition to ATF4, as an essential transcription
factor for cellular proliferation under asparagine deprivation in ALL cell lines. Our work
revealed that ZBTB1 is required for the induction of ASNS upon asparagine
depletion'®2, Our work suggests that ATF4 requires ZBTB1 for the induction of ASNS
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expression upon asparagine deprivation as ZBTB1 knockout cells express ATF4 under
asparagine depletion but do not upregulate ASNS (Figure 7.1). While we have
confirmed that ZBTB1 binds directly to a sequence within the promoter of ASNS, the
precise mechanism by which ZBTB1 promotes the transcription of ASNS is still not
clear. Loss of ZBTB1 did not alter the accessibility of chromatin, nor did it reduce
histone marks associated with active gene expression at the ASNS promotor. Given the
partial rescue of ZBTB1 knockout cells by ATF4 overexpression, we believe that these
transcription factors act in parallel to regulate ASNS. While dimerization partners of
ATF4 have been described, our work did not identify a direct interaction between ATF4
and ZBTB1'64, Future biochemical studies will be necessary to determine the precise
mechanisms by which ATF4 and ZBTB1 promote ASNS transcription.

ZBTB1 was previously independently described by two groups to play a role in the
differentiation of T, B and NK cells'32-134, Siggs et al. identified a mouse with an
absence of CD3+ T cells, and a general deficiency in the differentiation of the lymphoid
lineage'33. Similarly, Punwani et al. found a transgenic mouse with absent T cells and
defective B and NK cells. Both groups mapped observed phenotypes to the ZBTB1
genomic locus, and targeted knockout of ZBTB1 recapitulated their findings.
Interestingly, our work suggests that ZBTB1 is required for ASNS expression in T-ALLs,
but it is not required for ASNS expression in other cell types. This finding may relate to
the importance of ZBTB1 in the differentiation of T cells specifically. Further work to
define the transcription targets of ZBTB1 critical for hematopoiesis may yield more
insight into its role in hematopoiesis and may reveal a link between asparagine
abundance and T cell differentiation.

Early functional studies suggested that ZBTB1 is involved in the suppression of cCAMP
response elements (CREs) through its zinc finger and BTB domains'. ZBTB1 has
more recently been described to play a role in translesion DNA synthesis through a
ubiquitin-binding UBZ4 domain'3’. Through an association with KAP-1, ZBTB1 mediates
the relaxation of chromatin after DNA damage thereby promoting recruitment of RAD18
prior to translesion repair. While ZBTB1 had previously been demonstrated to suppress
gene expression, our work suggests it may also promote gene expression, depending
on the target. The precise mechanisms by which it promotes or suppresses gene
expression are unclear.

The transcriptional regulation of ASNS by ATF4 and ZBTB1 under asparagine
deprivation is particularly relevant to a metabolic therapy used to treat ALL. L-
asparaginase, a bacterial enzyme that degrades asparagine, exploits the dependency
on asparagine for proliferation that has been observed in ALL. While the precise cause
for the asparagine dependencies of leukemias is not been fully understood, it is thought
to primarily involve reduced or complete loss of ASNS expression in ALL. Protein levels
of ASNS have been shown to strongly correlate with the response to L-asparaginase,
and there is a strong positive correlation between ASNS enzyme activity and L-
asparaginase resistance’®6. Likewise, a study of 60 human cancer cell lines from the
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National Cancer Institute revealed that ASNS cDNA levels negatively correlate with
sensitivity to L-asparaginase — a correlation that was even stronger among leukemic cell
lines'®’. Finally, a competitive growth assay with 554 barcoded cell lines revealed that
cell lines with high ASNS expression outcompete those with low expression under
asparagine depletion®?. Indeed, in our work, overexpression of ASNS in cell lines that
do not express ASNS is sufficient to rescue their proliferation under asparagine
deprivation or L-asparaginase treatment. Taken together, these findings suggest that
ASNS is the primary cell autonomous determinant of L-asparaginase sensitivity in
leukemia, though alternative means of acquiring asparagine have been described®8,

Importantly, we have shown that T-ALL cell lines that are resistant to L-asparaginase
can be sensitized to this therapy and asparagine depletion through loss of ZBTB1. This
finding held true in vivo where loss of ZBTB1 improved the survival of mice treated with
L-asparaginase when engrafted with T-ALL cell line xenografts. The establishment of
ZBTB1 as an important factor in the response of T-ALLs to L-asparaginase is an
important contribution to our understanding of resistance to this therapy. Furthermore,
the role of ZBTB1 in directly regulating ASNS further argues that this gene is the
predominant determinant of resistance to L-asparaginase.

The transcriptional regulation of ASNS by ATF4 has been well described, and the
resistance to L-asparaginase must depend upon the expression and activity of ATF416°,
Our work suggests this resistance must also depend upon the presence and positive
regulation of ASNS by ZBTB1 in T-ALLs. Conversely, the asparagine auxotrophy
observed in ALLs suggests that ASNS expression is absent in ALLs or within the
hematopoietic progenitors from which they arise. The reasons for absent or reduced
expression of ASNS in ALLs have not yet been defined. Alternatively, loss of ASNS
expression may be beneficial in order to maintain higher levels of aspartate, a growth
limiting metabolite for some tumors from which asparagine is synthesized'”%-172, The
ASNS promoter has been shown to be regulated by methylation of specific histone
marks that associated with active or inactive transcription, however the factors required
to place such methylation marks have not been described. Similarly, ALL cell lines with
low baseline ASNS expression exhibit hypermethylation of CpG islands within the
ASNS promoter 173174 A recent study found that T-ALLs exhibit lower levels of ASNS
due to hypermethylation of the ASNS promoter, a finding that is associated with better
outcomes with asparaginase therapy'”>. Factors responsible for DNA methylation of the
ASNS promoter are also unclear. Further work is required to define the totality of
transcriptional regulators and mechanisms by which ASNS expression is controlled
across different ALLs and through therapy (Figure 7.2).

Indeed, the discovery of ZBTB1’s role in activating ASNS expression, even in T-cell
lineage alone, suggests our understanding of ASNS transcriptional regulation is
incomplete. More broadly, the role of ZBTB1 in parallel with ATF4 mediated regulation
of ASNS argues for the presence of similar transcriptional regulators in other ATF4
target genes. While serine deprivation genetic screening did not reveal any clear
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regulators of the serine deprivation other than ATF4, it remains possible that factors
analogous to ZBTB1 regulate the expression of serine synthesis genes. Future work
employing the approach detailed herein may elucidate transcriptional regulators that
assist ATF4 in the transcriptional regulation of stress response genes.
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Figure 7.1. ZBTB1 controls the expression of ASNS under asparagine deprivation
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Figure 7.2 Transcriptional regulation of the ASNS promoter
Schematic depicting the transcriptional regulators of the ASNS promoter. NSRE =
nutrient sensing response element, TATA = TATA box, ZBE = ZBTB1 binding element

Finally, our work provides rationale for a therapeutic approach targeting the increased
lipid uptake and synthesis observed in various cancers. Here, we have identified the
unexpected incorporation of CPI-613, a first-in-class lipoic acid analog, into glycerolipid
species, a finding that correlates with toxicity of the drug. This observation led to the
hypothesis that compounds structurally similar to CPI-613 could be designed for uptake
and incorporation into lipid species to induce cellular toxicity through numerous
mechanisms such as ER stress, lipotoxicity or inhibition of lipid metabolism pathways
such as FAO or lipid synthesis. While a number of compounds have been rationally
designed to target enzymatic processes, such as etomoxir for the inhibition of FAO, we
hypothesize that compounds containing carboxylic acids for lipid incorporation may be
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designed to deliver toxic payloads upon lipid incorporation. Such compounds could
influence membrane fluidity by disrupting the balance of saturated and unsaturated
lipids or sensitize cells to oxidative stress and ferroptosis through the propagation of
peroxides.

While CPI-613 is thought to directly inhibit the TCA cycle enzyme complexes PDH and
OGDH, here we have identified its primary incorporation into glycerolipid species. Our
work did not reveal a significant accumulation of the substrates of PDH or OGDH nor a
depletion of their metabolic products. Instead, a genetic screen in an AML cell line
revealed a striking role of lipid metabolism genes in the sensitivity or resistance of cells
to CPI-613. Further work to delineate the role of lipid metabolism in CPI-613 treatment
revealed that the drug is incorporated into glycerolipid species, including phospholipids
and triglyceride species, across multiple different cell lines and cell types. Importantly,
this phenomenon appears to be the primary mechanism by which CPI-613 induces
cellular toxicity as genetic knockout of genes required for this process are protective
against the drug in vitro.

While we have yet to define the precise mechanism of toxicity associated with the
incorporation of CPI-613 into lipids, these findings suggested a therapeutic strategy to
exploit the lipogenic phenotype of certain cancers. Analogous to the incorporation of
CPI-613 into lipid species, a class of drugs known as fibrates are integrated into lipid
species. Previous work attempting to repurpose existing drugs for the treatment of AML
even identified a combination of bezafibrate and medroxyprogesterone acetate (MPA)
as a potent anti-AML treatment in vitro, suggesting this may be a viable therapeutic
approach®°,

Among other targets within lipid metabolism pathways, compounds that have previously
been shown to be activated by CoA and incorporate into lipid species inhibit
FAQ101.102176,177 ' Ftomoxir, for example, is activated by CoA to etomoxiryl-CoA, which
irreversibly inhibits CPT1 to inhibit beta-oxidation. A similar compound, C75, has been
shown to reversibly inhibit CPT1 in additional to its primary mechanism of inhibiting
FASN. Indeed, our work revealed a striking depletion of acyl-carnitine species within
CPI-613 treated cells, a finding observed upon treatment with other beta oxidation
inhibitors. Furthermore, CPI1-613 is known to be beta oxidized to CPI-2850, a compound
with two less carbons after one cycle of beta oxidation. While we were able to detect
CPI-2850, we were unable to detect further beta oxidations possibly suggesting that
CPI-2850 is not further beta oxidized and may inhibit that process. Whether CP1-613’s
toxicity is associated with direct inhibition of lipid enzyme targets or through an
undefined lipotoxic mechanism remains to be determine. The therapeutic strategy
proposed here, however, may facilitate the development of compounds that alter lipid
metabolism to selectively target the lipogenic phenotype observed in cancer. In AML, for
example, such compounds may prevent the metabolic switch to FAO observed with
chemotherapeutic resistance and relapse'’8. Notably, compounds targeting FA
metabolism have not seen much success in clinical trials due to significant toxicities™.
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Whether our findings related to CPI-613’s involvement in lipid metabolism are relevant
in vivo remains to be determined, however, early phase clinical trials with the compound
suggest it is safe and efficacious — a distinction from other lipid-targeting drugs
previously tested in cancer.
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CHAPTER 8. Future directions and perspectives
8.1 Alternative mechanisms of asparagine acquisition in ALL

While ASNS seems to be the primary cell autonomous mechanism of asparagine
production, whether ASNS expression is the sole determinant of L-asparaginase
resistance is debated. Conflicting results have been concluded when correlating ASNS
expression to L-asparaginase sensitivity in ALLs'7®-82, For example, a study of clinical
ALL samples found no correlation between baseline ASNS expression and response to
L-asparaginase in vitro'8. This discrepancy may be explained by alternative cellular
sources of asparagine from catabolic protein degradation. Indeed, a proteasomal
degradation and recycling pathway may provide sufficient asparagine to leukemias cells
under asparaginase treatment. Inhibition of WNT leads to proteasomal degradation of
proteins providing asparagine to leukemia cells. Activation of Wnt, then, sensitizes
leukemic cells to L-asparaginase'68.

Other cell types in the bone marrow environment may also provide asparagine to
leukemia cells under asparaginase treatment. For example, bone marrow-derived
mesenchymal cells express high levels of ASNS and its expression has been shown to
correlate with both the synthesis and secretion of asparagine by these cells'84.185,
Furthermore, ALL cells secrete insulin-like growth factor (IGF)-binding protein 7
(IGFBP7) when co-cultured with bone marrow stromal cells to stimulate ASNS
expression and asparagine secretion'8. Adipocytes may also provide anaplerotic
substrates to leukemic cells and counteract the effects of L-asparaginase'®”.
Furthermore, in AML, monocytes and macrophages have been shown to prevent the
activity of L-asparaginase through the production of a lysosomal cysteine protease,
cathepsin B'88, Altogether these studies implicate potential resistance mechanisms for
L-asparaginase therapy that extend beyond cell-autonomous synthesis of asparagine
through ASNS activity. Indeed, in our work absence of ASNS expression secondary to
loss of ZBTB1 slowed tumor growth under asparaginase treatment but was not
sufficient to eliminate tumor burden. While a combination of ASNS inhibition and L-
asparaginase treatment has been proposed to improve the efficacy of asparaginase,
further work is needed to delineate mechanisms by which ASNS depleted ALLs survive
asparaginase therapy to optimize such combinational therapies'4°.

8.2 Tumor and tissue-specific transcriptional regulators of the amino acid stress
response

Interestingly, the metabolic role of ZBTB1 in regulating ASNS appears to be restricted to
T-cell leukemias, suggesting that there may be tumor or tissue-specific transcriptional
programs involved in the regulation of the amino acid stress response pathway. Given
that ZBTB1 is required for the transcription of ASNS in T cells, perhaps other
transcription factors are required for this same role in different tissue types. Given the
prospect of using L-asparaginase for the treatment of melanoma and pancreatic cancer,
discovery of an analogous transcription factor that is essential for the transcription of
ASNS in these cell types may be an important finding®4.
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The essential role of ZBTB1 in the ATF4-driven transcription of ASNS suggests that
there may be similar factors required for the regulation of other ATF4 target genes.
Given recent interest in the use of serine deprivation for the treatment of various
cancers, studies to identify transcription factors required for the ATF4-driven
transcription of serine synthesis enzymes are warranted'®. While our work did not
identify any serine synthesis transcriptional regulators, our work provides a framework
identify transcription factors and study the transcriptional regulation of other metabolic
genes that are activated by ATF4.

Finally, targeting ZBTB1 with small molecules may provide an opportunity to specifically
inhibit the transcriptional response to L-asparaginase treatment in therapy resistant
leukemic cells. Due to the tissue specific function of ZBTB1, such an approach may
mitigate toxicities associated with concomitant targeting of amino acid response
pathway and L-asparaginase’#®1%, Likewise, targeting of other factors required for the
ATF4-mediated transcriptional response to various cellular stresses may be a viable
therapeutic strategy.

8.3 Asparagine availability may play a role in normal lymphoid hematopoiesis

Investigations into the role of ZBTB1 in hematopoiesis and lymphocyte development
have suggested that ZBTB1-deficient lymphoid-primed progenitors develop into myeloid
rather than lymphoid cell types'3*. ZBTB1 expression is upregulated in lymphoid
progenitors but downregulated during myeloid differentiation suggesting that ZBTB1
suppresses a myeloid gene expression program. Related to its role in DNA repair,
ZBTB1 knockout progenitors exhibit increased sensitivity to DNA replication stress due
to an inadequate S-phase checkpoint and, as a result, show increased p53-induced
apoptosis'¥'. Interestingly, Bcl2 overexpression or p53 knockout restored development
of ZBTB1 deficient lymphoid cells, though T cell differentiation eventually stalled at a
later stage. Altogether these findings suggest that ZBTB1’s role in lymphoid
development may relate to its ability to prevent DNA damage in early lymphoid
progenitors.

ChIP-sequencing results from our work may yield further insight into the direct
transcriptional targets of ZBTB1 that influence normal hematopoiesis, particularly the
later stages of T-cell development. For example, ZBTB1 enriches in the promoter of
poly [ADP-ribose] polymerase 1 (PARP1), an enzyme responsible for the detection and
response to DNA damage'®?. Furthermore, ZBTB1 enriches near the promoter of
TRIM28, also known as KAP-1, which it has previously been shown to interact with in
promoting chromatin relaxation in the DNA repair response. While it remains unclear
whether ZBTB1 positively or negatively regulates PARP1 and KAP-1, changes in the
transcription of these genes likely relates to ZBTB1’s role in the DNA damage response.
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Other than genes associated with DNA repair, a number of genes known to be involved
in normal hematopoiesis showed enrichment of ZBTB1 within their promoters
suggesting that ZBTB1’s role in lymphoid development may extend beyond its role in
the DNA damage response. ZBTB1 enriches within the enhancer region of RUNX1, and
within the promoter regions of LMO1, LMO2, TAL1, and IKZF2 among a number of
other poorly described transcription factors. Each of these transcription factors are
critical for normal hematopoiesis'®. TAL1 associates with LMO1, LMO2, and LDB1 to
specify hematopoiesis during development’®4. RUNX1 is required for activation and
repression of hematopoietic gene programs and it is often dysregulated in acute
myeloid leukemia’®51%. The identical DNA binding motifs of RUNX1 and ZBTB1 further
supports the hypothesis that these genes may overlap in the regulation of genes
involved in hematopoiesis. Finally, IKZF2, a member of the lkaros transcription factor
family, is involved in the development of lymphocytes'®”. Further work into the role of
ZBTB1 in regulating these genes, and potentially other genes, in facilitating the normal
differentiation of lymphocytes will be needed.

Given the direct regulation of ASNS by ZBTB1, we hypothesize that ZBTB1 might
maintain asparagine abundance as a requirement for proper lymphoid development.
Perhaps asparagine plays a major role in the differentiation of lymphoid progenitors,
and in the absence of ZBTB1 these progenitors lack sufficient asparagine for
differentiation. There is precedent for the involvement of a single amino acid in
regulating normal differentiation wherein a serine auxotrophy was identified within
epidermal stem cells, and serine supplementation was sufficient to prevent malignant
transformation of these stem cells'®8. Future studies to explore whether restoration of
lymphoid development in ZBTB1 knockout cells or mice is possible through the
supplementation of asparagine may yield insight into the role of asparagine and ASNS
regulation by ZBTB1 in lymphoid development.

Finally, it will be important to determine whether any signaling pathway directs ZBTB1 to
mediate the transcription of ASNS. In our study, ChIP-sequencing suggested that
ZBTB1 was present at the ASNS promoter regardless of asparagine presence,
however, these studies were performed in cells overexpressing ZBTB1 protein.
Perhaps, ZBTB1 enriches in the promoter of ASNS in a nutrient-dependent manner.
Similarly, our studies exploring interaction partners with ZBTB1 did not yield any high
affinity interacting proteins other than ZBTB1 itself. These experiments could be
repeated under protein cross-linking conditions to identify transient or low-affinity
interaction partners, if any exist. Information about upstream activation or direct
interaction partners of ZBTB1 may yield important insights into the biology of ZBTB1
and its role both in asparagine metabolism and lymphoid hematopoiesis.

8.4 Toxic lipid species as a novel anti-cancer therapeutic approach

Finally, our work highlights the potential for carboxylic acid-containing small molecules
to be incorporated into lipid species to cause toxicity to cancer cells. Such a therapeutic
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approach remains, to our knowledge, untested, though compounds have been
demonstrated to incorporate into lipid species following CoA activation. Cancer cells rely
upon uptake and direct synthesis of fatty acids’3. This increased reliance upon fatty acid
metabolism may be exploitable to target rapidly growing cancer cells through the
delivery of toxic lipid species. CPI-613, a lipoic acid analog, represents one such small
molecule incorporated into lipids through a carboxylic acid functional group. The precise
mechanism underlying the toxicity of CPI-613-containing lipid species remains unclear,
however, prevention of CPI-613 incorporation into lipid species by genetic means
prevents drug toxicity. Future work to decipher the precise mechanism of toxicity
associated with CPI-613-laden triglycerides will be critical. While CPI-613’s clinical
success remains to be determined, future work to rationally design carboxylic acids
capable of lipid incorporation and cellular toxicity may yield therapeutic small molecules.

In addition to their primary role in the structure of biological membranes, lipids act as
signaling molecules that can alter cellular migration and immune regulation among other
cellular processes. Future work will be necessary to define the role of CPI-613 in
cellular signaling, and whether the drugs incorporation into lipids influences interactions
between cancer cells and the immune system. Given the foreign nature of CPI-613, it is
possible that CPI-613 produces a novel antigen or foreign membrane structure
detectable by the immune system.
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CHAPTER 9. Materials and Methods
9.1 Experimental Design

This study was designed to investigate transcriptional regulators of the amino acid
response pathway in leukemia. To address this we (i) performed forward genetic
screens to identify transcription-related genes that are required for cellular proliferation
under various amino acid deprivation conditions, (ii) validated the universal role of ATF4
in enabling cellular proliferation under amino acid deprivation conditions and the role of
ZBTB1 in permitting proliferation specifically under asparagine deprivation, (iii) identified
genomic regions to which ZBTB1 enriches by ChlP-sequencing and elucidated ZBTB1’s
direct regulation of asparagine synthetase (ASNS), and (iv) determined that loss of
ZBTB1 sensitizes therapy-resistant T-cell acute lymphoblastic leukemia cell lines to L-
asparaginase in vivo.

9.2 Compounds, Cell lines and Constructs

Antibodies to ZBTB1 (26287-1-AP) and ASNS (14681-1-AP) were from Proteintech, to
ATF4 (11815S), elF2a (5324S), p-elF2a (3597S) were from Cell Signaling Technology,
to GAPDH (GTX627408) and Actin (GTX109639) were from Genetex, to H3K27ac
(39133) and H3K4me3 (39159) were from Active Motif, to FLAG (F1804) was from
Sigma, and anti-mouse Alexa Fluor 568 secondary antibody (A10037) was from Thermo
Fisher Scientific. Secondary antibodies, IR-Dye680LT-conjugated Donkey anti-mouse
IgG and IR-Dye800CW-conjugated Donkey anti-rabbit IgG, were from LI-COR
Biosciences.

Polybrene, Puromycin, Asparagine, PhosSTOP, BL21 Rosetta Cells and Fetal Bovine
Serum were from Sigma. Dialyzed Fetal Bovine Serum, RPMI-1640, Trypsin, Penicillin-
Streptomycin, L-Glutamine were from Gibco. Blasticidin was from Invivogen. HPLC
Grade Water, HPLC Grade Methanol and Pierce BCA Protein Assay Kit were from
Thermo Fisher. [U-13C5]-glutamine and heavy labeled amino acid internal standards
were from Cambridge Isotopes. Phusion High Fidelity PCR Master Mix with HF Buffer,
BsmBl, T4 DNA Ligase, BamHI and Notl were from New England Biolabs. X-
tremeGENE 9 DNA Transfection Reagent and Protease Inhibitor was frome Roche.
Fibronectin was from Corning. Asparaginase was from Biovendor. SYBR Green PCR
Master Mix was from Applied Biosystems. Normal Donkey Serum was from Jackson
ImmunoResearch. Serine was from Acros Organics. Cystine was from Alfa Aesar.
Luciferin was from Biovision. RPMI without Amino Acids was from US Biologicals. IPTG
was from Research Products International. Cell Titer Glo Luimenscent Cell Viability
Assay was from Promega. DNeasy Blood & Tissue Kit, QlAprep Spin Miniprep Kit and
RNeasy Mini Kit were from Qiagen. NEBNext Ultra RNA Library Prep Kit was from
lllumina. Superscript Il RT Kit and Prolong Gold antifade mounting media were from
Invitrogen.
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Cell lines (Jurkat, HeLa, HEK293T, CUTLL1, SUPT1, REH, NALM6, MOLM-13, SKM-1,
MDA-MB-231, A549, RPMI-8402, and ALL-SIL) were purchased from ATCC. Cell lines
were verified to be free of mycoplasma contamination and the identities of all were
authenticated by STR profiling.

9.3 Cell Culture Conditions

All cell lines were cultured in RPMI medium containing 2 mM glutamine (Gibco), 10%
fetal bovine serum (Sigma), penicillin and streptomycin (Gibco), unless noted otherwise.
For experiments performed in human plasma-like medium (HPLM), cells were cultured
in HPLM containing penicillin and streptomycin'®®. For proliferation assays under
asparagine depletion and for tracing experiments, RPMI without amino acids (US
Biologicals- R9010-01) was supplemented with individual amino acids at RPMI
concentrations. For tracing experiments, [U-13C]-Glutamine (CIL, CLM-1822-H) was
used. All cells were maintained at 37C and 5% CO2.

9.4 Cell Proliferation assays

Cell lines were cultured in 96-well plates at 1,000 cells per well in triplicate in a final
volume of 0.2 ml RPMI-1640 media (Corning) under the conditions described in each
experiment. A separate group of 3 wells was also plated for each cell line as an initial
time point of untreated cells for normalization. After 5 days of growth, 40 ul of Cell Titer
Glo reagent (Promega) was added to each well, mixed briefly, and luminescence was
read using a SpectraMax M3 plate reader (Molecular Devices). For each well, the fold
change in luminescence was calculated as the final luminescence of cells relative to the
initial luminescence and reported on a logz scale and reported as the number of
population doublings. In certain figures, fold change in luminescence is calculated
relative to untreated cells. Cell culture images were taken using a Primovert microscope
(Zeiss).

9.5 Generation of Knockout or cDNA Overexpression Cell Lines

sgRNAs (indicated below) were ligated into BsmBIl-linearized lentiCRISPR-v2 with T4
ligase (NEB). Lentiviral vectors expressing sgRNAs were transfected into HEK293T
cells with lentiviral packaging vectors CMV VSV-G and Delta-VPR using XtremeGene 9
transfection reagent (Roche). Similarly, for overexpression, gBlocks (IDT) containing the
cDNA of interest were cloned into pMXS linearized with BamHI and Notl by Gibson
Assembly (NEB). cDNA retroviral vectors with indicated cDNAs were transfected into
HEK293T cells with retroviral packaging plasmids Gag-pol and CMV VSV-G. After 24
hours, media was aspirated and replaced by fresh media. The virus-containing
supernatant was collected 48 hours after transfection and filtered using a 0.45 mm filter
to eliminate cells. Cells to be transduced were plated in 6-well tissue culture plates and
infected in media containing virus and 8 mg/ml of polybrene. Cells were spin infected by
centrifugation at 1,100g for 1.5 hr. After transduction, media was changed and cells
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were selected with puromycin (for sgRNA lentiviral vector) or blasticidin (for
overexpression retroviral vectors). Clonal knockout cells were generated from a single
cell isolated by serial dilution of selected cells into a 96-well plate. Single cell clones
were grown for two weeks, and the resultant knockout clones were expanded. Clones
were validated for loss of the relevant protein by immunoblotting.

sgZBTB1_6F5’-caccGCTGAAGGACATAGCTGCTG-3’ sgRNA cloning
sgZBTB1_6F5-aaacCAGCAGCTATGTCCTTCAGC-3’ sgRNA cloning
sgATF4_2F caccgTCTCTTAGATGATTACCTGG sgRNA cloning
sgATF4_2R aaacCCAGGTAATCATCTAAGAGAc sgRNA cloning

9.6 Immunoblotting

Cells were collected by centrifugation at 600 g for 5 min. Cell pellets were washed twice
with ice-cold PBS prior to lysis in cold RIPA lysis buffer (20 mM Tris-Cl pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate)
supplemented with protease inhibitors and phosphatase inhibitors (Roche). After
sonication of each cell lysate and centrifugation at 20,000 g for 15 min at 4C,
supernatants were collected and protein concentration was determined using the Pierce
BCA Protein Assay Kit (Thermo Scientific) with bovine serum albumin as a protein
standard. Samples were then resolved on 8% or 12% SDS-PAGE gels and analyzed by
immunoblotting. Blots were developed using the Li-Cor Odyssey CLx infrared imaging
system.

9.7 Mouse Studies

All animal studies and procedures were conducted according to a protocol approved by
the Institutional Animal Care and Use Committee (IACUC) at the Rockefeller University.
Animals were housed in ventilated caging in a specific pathogen free animal facility.
Animals were maintained on a standard light-dark cycle with food and water ad libitum.
Xenograft tumors were initiated into NOD/SCID male littermates approximately 6-8
weeks in age by injecting 1 million GFP+, luciferase+ cells in 100 uL of PBS through the
tail vein2°°, Tumor burden was measured weekly with an In Vivo Imaging System (IVIS)
by injecting 50 uL of d-luciferin (30 mg/mL, BioVision) retro-orbitally. Mice were weighed
weekly, and sacrificed after 20% weight loss, or if showing signs of significant distress
or loss of limb or motor function. Mice were treated with L-asparaginase (1000 U/kg)
twice weekly. Whole blood (100uL) was collected by submandibular vein bleed, and
centrifuged at 5009 for 5 min at 4C to yield a serum supernatant. Serum was analyzed
by LC-MS, as described.

9.8 Immunofluorescence

For immunofluorescence assays, 300,000 cells were seeded onto coverslips previously
coated with fibronectin. After 12 hours, cells were fixed for 15 minutes at room
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temperature with 4% paraformaldehyde in PBS. After three PBS washes, cells were
permeabilized with cold methanol for 10 minutes at -20C. Cells were washed an
additional three times, blocked with 5% normal donkey serum, and incubated with the
indicated primary antibody diluted 1:500 in blocking solution for one hour. Cells were
washed three times with PBS and incubated with a donkey anti-mouse secondary Alexa
Fluor 568 antibody for one hour. Cells were washed three times with PBS, and
incubated with a 200 nM solution of DAPI in the dark. Cells were washed three final
times, and the coverslip was mounted onto slides with Prolong Gold antifade mounting
media (Invitrogen). Images were taken on a Revolve fluorescent microscope (Echo
Laboratories).

9.9 Metabolite Profiling and Isotope Tracing

Each indicated cell line was cultured in triplicate in 6-well plates and grown for 8 hours
in media with or without asparagine. For glutamine tracing experiment, cells were grown
in media lacking glutamine supplemented with [U-13C]-glutamine at 2000 uM. Cells
were washed three times with 1 mL of cold 0.9% NaCl, and polar metabolites were
extracted in 1 mL of cold 80% methanol containing internal standards (MSK-A2-1.2,
Cambridge Isotope Laboratories, Inc.). After 10 min extraction by vortexing, samples
were centrifuged for 10 min at 10,000 xg at 4°C and samples were nitrogen-dried before
storage at -80C until analysis by LCMS. Analysis was conducted on a QExactive
benchtop orbitrap mass spectrometer equipped with an lon Max source and a HESI II
probe, which was coupled to a Dionex UltiMate 3000 UPLC system (Thermo Fisher
Scientific, San Jose, CA). External mass calibration was performed using the standard
calibration mixture every 7 days.

Dried polar samples were resuspended in 100 yL water and 2 pL were injected into a
ZIC-pHILIC 150 x 2.1 mm (5 ym patrticle size) column (EMD Millipore).
Chromatographic separation was achieved using the following conditions: Buffer A was
20 mM ammonium carbonate, 0.1% ammonium hydroxide; buffer B was acetonitrile.
The column oven and autosampler tray were held at 25°C and 4°C, respectively. The
chromatographic gradient was run at a flow rate of 0.150 mL/min as follows: 0—20 min.:
linear gradient from 80% to 20% B; 20—20.5 min.: linear gradient from 20% to 80% B;
20.5-28 min.: hold at 80% B. The mass spectrometer was operated in full-scan, polarity
switching mode with the spray voltage set to 3.0 kV, the heated capillary held at 275°C,
and the HESI probe held at 350°C. The sheath gas flow was set to 40 units, the
auxiliary gas flow was set to 15 units, and the sweep gas flow was set to 1 unit. The MS
data acquisition was performed in a range of 70—1000 m/z, with the resolution set at
70,000, the AGC target at 10e6, and the maximum injection time at 20 msec. Relative
quantitation of polar metabolites was performed with XCalibur QuanBrowser 2.2
(Thermo Fisher Scientific) using a 5 ppm mass tolerance and referencing an in-house
library of chemical standards. Metabolite levels were normalized by cell counting for
each condition.
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9.10 Lipid Metabolite Profiling

Each indicated cell line was cultured in triplicate in 6-well plates and grown for the
indicated amount of time in RPMI media containing the indicated concentration of drug
or vehicle control. Cells were washed two times with 1 mL of cold 0.9% NaCl, and non-
polar metabolites were extracted by the addition of 240 L of cold 100% methanol,
followed by 800 pL of cold methyl tert-butyl ether. After 10 minute extraction by
vortexing, an additional 200 pL of cold water was added to each sample. After an
additional minute of vortexing, samples were centrifuged for 10 minutes at 16,000 xg at
4°C. The lipid-containing phase (top) and the polar phase (bottom) were collected
separately, and samples were nitrogen-dried before storage at -80C until analysis by
LCMS.

9.11 RNA Extraction, Reverse Transcription, Real-time PCR and RNA-Sequencing

RNA was extracted from Jurkat cells using the Qiagen RNeasy mini kit according to the
manufacturer’s instructions. 1 ug of RNA was reverse transcribed using the Superscript
Il Reverse Transcriptase kit (Invitrogen) according to the manufacturer’s instructions.
Quantitative real-time PCR (qPCR) was performed using SYBR green master mix and
GAPDH was used as a control. The primer sequences were:

GAPDH forward  5-TTGGTATCGTGGAAGGACTC-3° gPCR
GAPDH reverse 5-ACAGTCTTCTGGGTGGCAGT-3° qPCR
ATF4 forward 5-GGGACAGATTGGATGTTGGAGA-3’ gPCR
ATF4 reverse 5-ACCCAACAGGGCATCCAAGT-3* qgPCR
PHGDH forward  5-CTGCGGAAAGTGCTCATCAGT-3' gPCR
PHGDH reverse = 5-TGGCAGAGCGAACAATAAGGC-3" gPCR
PSAT1 forward 5-TGCCGCACTCAGTGTTGTTAG-3° gPCR
PSAT1 reverse 5-GCAATTCCCGCACAAGATTCT-3* gPCR
SLC1A5 forward  5-GAGCTGCTTATCCGCTTCTTC-3° ¢gPCR
SLC1A5reverse  5-GGGGCGTACCACATGATCC-3’ gqPCR
DDIT3 forward 5-GGAAACAGAGTGGTCATTCCC-3' gPCR
DDIT3 reverse 5-CTGCTTGAGCCGTTCATTCTC-3° qPCR

RNA library preparations and sequencing reactions were conducted at GENEWIZ, LLC.
(South Plainfield, NJ, USA). RNA samples received were quantified using Qubit 2.0
Fluorometer (Life Technologies, Carlsbad, CA, USA) and RNA integrity was checked
using Agilent TapeStation 4200 (Agilent Technologies, Palo Alto, CA, USA).

RNA sequencing libraries were prepared using the NEBNext Ultra RNA Library Prep Kit
for lllumina using manufacturer’s instructions (NEB, Ipswich, MA, USA). The
sequencing libraries were clustered on a single lane of a flowcell. After clustering, the
flowcell was loaded on the lllumina HiSeq instrument (4000 or equivalent) according to
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manufacturer’s instructions. The samples were sequenced using a 2x150bp Paired End
(PE) configuration. Raw sequence data (.bcl files) generated from lllumina HiSeq was
converted into fastq files and de-multiplexed using lllumina's bcl2fastq 2.17 software.

9.12 CRISPR-Cas9 Genetic Screen

The epigenetic-focused sgRNA library was designed and the screen performed as
previously described (Wang, 2014). Oligonucleotides containing sgRNA sequences
were synthesized by Agilent and amplified by PCR and cloned into lentiCRISPR-v2.
Briefly, amplicons were inserted into lentiCRISPR-v2, linearized by BsmBI digestion, by
Gibson Assembly (NEB). Gibson Assembly products were then transformed into E. coli
10G SUPREME electrocompetent cells (Lucigen). This plasmid pool was used to
generate lentivirus-containing supernatants. The titer of lentiviral supernatants was
determined by infecting targets cells at several amounts of virus in the presence of
polybrene (4 ug/ml), counting the number of drug resistant infected cells after 3 days of
selection. 40 million target cells were infected at an MOI of ~0.5 and selected with
puromycin (4 ug/ml) 72 hours after infection. An initial pool of 30 million cells was
harvested for genomic DNA extraction. The remaining cells were cultured for 14
doublings under specified amino acid deprivation conditions, after which cells were
harvested for genomic DNA extraction. sgRNA inserts were PCR amplified, purified and
sequenced on a HiSeq 2500 (lllumina) (primer sequences provided below). Sequencing
reads were mapped and the abundance of each sgRNA was tallied. Gene score is
defined as the median log2 fold change in the abundance between the initial and final
population of all sgRNAs targeting that gene. Full result of the screen can be found in
the supplementary data. The differential gene score is the difference between the
untreated and amino acid deprivation condition gene scores.

9.13 Chromatin Immunoprecipitation Sequencing

ChIP analysis was performed as described previously. Briefly, cells were cross-linked
with 1% paraformaldehyde for 10 minutes at 37C. Cross-linking was quenched with 125
mM glycine. Cells were pelleted and flash-frozen in liquid nitrogen. Nuclei were isolated
and sonicated using a Covaris sonicator. Protein A/G beads were added to 2-4 ug of
appropriate antibodies and bound at room temperature for 1.5 hours. Samples were
immunoprecipitated with appropriate protein A/G-antibody complexes overnight at 4C.
Immunoprecipitates were collected and washed twice each with low salt, high salt, and
lithium chloride wash buffers. DNA was eluted, reverse-crosslinked and treated with
RNAse and proteinase K before being isolated with a PCR purification kit (Zymogen).
DNA was analyzed by quantitative real-time PCR on a QuantStudio 6 Flex Real Time
PCR system using SYBR green PCR Master Mix (Applied Biosystems).

ChIP-sequencing samples were sequenced using the lllumina NextSeq 500. ChIP-seq

reads are aligned using Rsubread's align method and predicted fragment lengths
calculated by the ChIPQC package 2°1.202. Normalised, fragment extended signal
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bigWigs are created using the rtracklayer package. Peak calls are made in HOMER
software 2% and their peak summits used in MEME-ChIP software for known and
denovo motif discovery. Read counts in peaks are calculated using the featureCounts
method in the Rsubread library 202, Differential ChlP-seq signal is identified using the
binomTest from the edgeR package 2°4. High confidence ZBTB1 binding events were
derived from the intersection of differential ChIP-seq of ZBTB flag samples over their
condition matched GFP flag samples (padj < 0.05). Consensus ATF4 peaks are defined
as peaks occurring in at least one condition of ATF4 ChlP-seq. Annotation of genomic
regions to genes, biological functions and pathways is performed using the ChlPseeker
package 2%. Meta-peak plot are produced using the soGGi package and ChIP-seq
signal heatmaps using the Deeptools and profileplyr software 206207,

9.14 Assay for Transposase-Accessible Chromatin using sequencing

ATAC-seq was performed as previously described?%8. Wild-type, ZBTB1 KO or ZBTB1
KO expressing ZBTB1 cDNA cells were treated in the presence or absence of
asparagine for 24 hours. Nuclear extracts were prepared from 100,000 cells for each
cell line and condition, and incubated with 2.5 ul of transposase (lllumina) in a 50 ul
reaction for 30 min at 37 °C. Transposase-fragmented DNA was purified, and the library
was amplified by PCR. The library was subjected to high-throughput sequencing using
the HiSeq 2000 platform (lllumina). ATAC-seq reads were normalized and displayed as
read counts per million mapped reads.

9.15 Protein Expression and Purification

The zinc-finger domains of ZBTB1 were N-terminally tagged with a 6X-histidine tag and
cloned into a pET vector (Novagen). BL21 Rosetta cells were transformed with the
ZBTB1-pET vector and a colony was grown overnight in ampicillin and chloramphenicol
at 37C. The overnight culture was scaled to 1L and grown to an Aesoo of 0.6 before the
addition of 0.5mM IPTG and transfer to 16C for growth for 16 hours. Cells were
harvested by centrifugation and pellets were lysed with lysis buffer (50 mM Tris-HCI pH
8.0, 300 mM NaCl, 10 mM Imidazole, 1 mM b-mercaptoethanol) containing protease
inhibitor. Cells were sonicated and insoluble material was removed by centrifugation.
Lysate was loaded onto Ni-NTA resin (Qiagen) and washed twice with wash buffer
(50mM Tris-HCI pH 8.0, 300 mM NaCl, 20 mM Imidazole). Protein was eluted with wash
buffer containing 250 mM Imidazole, and purity was analyzed by SDS-PAGE.

9.16 Electrophoretic Mobility Shift Assay

IRDye 700 and competitor oligonucleotides were purchased from Integrated DNA
Technologies (IDT). Oligonucleotide sequences are provided in below. EMSA assays
were performed according to Odyssey instructions. Briefly, oligonucleotides were diluted
in TE to a final concentration of 20 pmol/uL, and 100 pmol of F and R primers were
annealed by heating to 100C and left to slowly cool back to room temperature.
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Annealed oligos were diluted 1:200 for a working stock solution. Binding reactions
contained 10X binding buffer, poly dI-dC, 25 mM DTT, 2.5% Tween 20, relevant
oligonucleotides and purified ZBTB1 zinc-finger domain protein. Reactions were
performed at room temperature for 30 minutes prior to electrophoresis through a 6%
TBE gel (Novex). Gels were imaged using the Odyssey CLx.

ASNS-IRDye700-F 5’-
GGGTGGAGGATGCGGTCTTCAGCCTGGCACCCGGCAGACGCGGTTCGCGGGCG
CCTGCTGATGCTGCGGCTCCTGCGGTAGGGAGGGCG-3

ASNS-IRDye700-R 5’-
CGCCCTCCCTACCGCAGGAGCCGCAGCATCAGCAGGCGCCCGCGAACCGCaGTCT
GCCGGGTGCCAGGCTGAAGACCGCATCCTCCACCC-3

ASNS-Competitor-F 5’-
GGGTGGAGGATGCGGTCTTCAGCCTGGCACCCGGCAGACGCGGTTCGCGGGCG
CCTGCTGATGCTGCGGCTCCTGCGGTAGGGAGGGCG-3

ASNS-Competitor-R 5’-
CGCCCTCCCTACCGCAGGAGCCGCAGCATCAGCAGGCGCCCGCGAACCGCaGTCT
GCCGGGTGCCAGGCTGAAGACCGCATCCTCCACCC-3

ASNS-Mutant-Competitor-F 5’-
GGGTGGAGGATTCCCTCTTCAGCCTGGCACCCGGCAGACTCCCTTCGCGGGCGC
CTGCTGATGCTTCCCCTCCTTCCCTAGGGAGGGCG-3’

ASNS-Mutant-Competitor-R 5’-
CGCCCTCCCTAGGGAAGGAGGGGAAGCATCAGCAGGCGCCCGCGAAGGGAGTCT
GCCGGGTGCCAGGCTGAAGAGGGAATCCTCCACCC-3° EMSA

9.17 Statistical Analysis

Statistical analyses were performed on GraphPad Prism 8 or with appropriate
computational tools. Error bars represent standard deviation from independent samples
or experiments. Sample means, P values, and sample sizes are indicated in text or
figure legends. P < 0.05 was the threshold for statistical significance, and the specific
statistical test used is indicated in each figure legend.
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