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Asparagine, oh, gentle friend
Your presence, vital till the end
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Essential, yet often overlooked by few.

In cancer, you play a role
MYC and ASNS, a binding soul
But cutting you out, may not be right

Essential for growth, without a fight

Asparagine, a friend in need
Amino acid, for life to feed
So, let us not forget your worth
A building block, for all life on earth.
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Sankalp Srivastava
THE ESSENTIAL ROLE OF THE NON-ESSENTIAL AMINO ACID ASPARAGINE

IN LYMPHOID MALIGNANCIES

Cancer cells display increased metabolic demands to support their proliferation and
biosynthetic needs. It has been extensively shown in cancers, that amino acids have
functions beyond the role of mRNA translation. The breadth of functions makes amino
acid restriction an effective strategy for cancer therapy; hence an important line of research
involves targeting amino acid acquisition and metabolism therapeutically. Currently,
asparagine depletion via L-Asparaginase in acute lymphoblastic leukemia (ALL) remains

the only clinically approved therapy to date.

In the first project, we showed that ALL cells are auxotrophic for asparagine and rely on
exogenous sources for this non-essential amino acid. However, sensitivity to L-
Asparaginase therapy is mitigated by the expression of the enzyme asparagine synthetase
(ASNS), involved in de novo asparagine biosynthesis. We showed that this adaptive
response requires two essential steps; demethylation of the ASNS promoter and
recruitment of activating transcription factor 4 (ATF4) to the promoter to drive ASNS

transcription.

Our follow-up study in ALL cells showed that asparagine bioavailability (through de novo

biosynthesis or exogenous sources) is essential to maintain the expression of the critical

oncogene c-MYC. c-MYC is a potent transcription factor and is dysregulated in over 60%

viii



of cancers, including hematopoietic malignancies. We showed that this regulation by
asparagine is primarily at the translation level and c-MYC expression is rescued only when
exogenous asparagine is available or when cells can undertake de novo biosynthesis. At
the biochemical level, asparagine depletion also causes an induction of ATF4 mediated
stress response and suppression of global translation mediated by decreased mammalian
target of rapamycin complex 1 (mTORCI) activity. However, we found that neither
inhibition of the stress response or rescuing global translation rescued ¢c-MYC protein
expression. We also extended this observation to c-MYC-driven lymphomas using cell
lines and orthotopic in vivo models. We showed that genetic inhibition of ASNS or
pharmacological inhibition of asparagine production can significantly limit c-MY C protein

and tumor growth when environmental asparagine is limiting.

Overall, our work shows an essential role for asparagine in lymphoid cancers and has

expanded on the usage of L-Asparaginase to resistant leukemias and lymphomas.

Ji Zhang, Ph.D., Chair

X. Charlie Dong, Ph.D.

Amber L. Mosley, Ph.D.

Ronald C. Wek, Ph.D.
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CHAPTER 1: INTRODUCTION

1.1 Acute lymphoblastic leukemia: Presentation and treatment

Acute lymphoblastic leukemia (ALL) is the most common cancer seen in pediatric and
young adult populations, representing a fifth of the cases presented in the clinic annually
(>3000 new cases in the US) (1). This is a cancer which primarily affects the immature
lymphoblasts of both the B and T cell lineage, cells which eventually develop to form the
adaptive immune response system. ALL causes a buildup of immature and non-functional
immune cells in the system, leading to cytopenias. The initial presentation of the disease
includes general symptoms like persistent weakness and fatigue, shortness of breath (due
to anemia), recurring infections, bruises, and frequent bleeding (due to leucopenia and
thrombocytopenia). Clinical detection of ALL involves a peripheral blood smear (to detect
the presence of immature blood cells) and a physical exam (to detect enlarged lymph
nodes). More conclusive tests often require bone marrow biopsies to determine the blast
infiltration (> 25% blast cells) followed by immunophenotyping and cytogenetics (to detect

the leukemia subtype) (2).

Treatment for ALL is usually divided into three distinct phases as listed in Table 1.1 (3).

Table 1.1: Treatment stages of ALL

Phase Objective Drugs used
Remission/ This is a short and intensive phase | Vincristine, L-asparaginase,
Induction with an aim to achieve complete | glucocorticoids (prednisone/

initial remission and restoration of | dexamethasone),
normal hematopoiesis within 4-6 | cyclophosphamide,

weeks.




methotrexate, anthracyclines

(daunorubicin/ doxorubicin)

Consolidation/ | This phase aims to build on the | 6-mercaptopurine,

Intensification | induction therapy to eradicate | methotrexate, L-

residual leukemic blast cells and | asparaginase, glucocorticoids
prevent relapse from drug resistant
clones. This phase lasts for several
months and can include a second
round of intense chemotherapy

called delayed intensification.

Maintenance | This phase aims to stabilize the | 6-mercaptopurine,
remission and has low drug intensity. | methotrexate, vincristine,

It typically lasts from 2-3 years. glucocorticoids

ALL in children can often metastasize to the central nervous system and detection of
leukemic cells in the cerebrospinal fluid are treated by intrathecal chemotherapy. Besides
the standard drugs (listed in Table 1), specialized drugs may be included in the treatment
based on specific subtypes and oncogenic drivers (tyrosine kinase inhibitors for BCR-ABL

B-ALL).

One of the critical drugs used in the treatment for ALL is L-asparaginase (ASNase) and is
typically incorporated in the remission/ induction and consolidation/ intensification phase
of treatment. Initial studies by Kidd J. G. (4) in early 1950s showed that injection of guinea
pig serum caused regression in animal models of lymphoma. The anti-neoplastic
component in guinea pig serum was eventually identified to be ASNase by Broome J. D.
in the early 1960s (5). These studies eventually paved the way for incorporation of the drug

into multiple clinical trials which showed significantly improved clinical outcomes in the



treatment arm including ASNase. Findings from some of the key follow up studies are
listed below in Table 1.2.

Table 1.2: Selected clinical trials incorporating L-asparaginase

Study Age | Phase Features and key findings
CCG <16 | Induction Showed 93% complete remission (758/815)
101/143 (6) when L-asparaginase was used in combination

with vincristine and prednisone, compared to
86% (429/499) when only vincristine and
prednisone were used.

DFCI 77- | <20 | Consolidation | Showed a disease-free survival of 72% (26/36)

01 (7) when L-asparaginase was added to vincristine,
prednisone, and doxorubicin, compared to a
47% (17/36) in the treatment arm without L-

asparaginase.

POG 8704 | <21 | Induction and | This study showed a 4-year continuous
(8) consolidation | complete remission of 71% in the treatment arm

including L-asparaginase versus 58% in control

arm.
H,0 NH.*
O o)
? OH » © OH
NH, NH, L-Asparaginase OH NH,
Asparagine Aspartate

Fig. 1.1: Mode of action of L-asparaginase. The drug is primarily administered through

intramuscular or intravenous injections and degrades circulating asparagine to aspartate.



ASNase is a bacterial derived enzyme, and its primary mode of action is to breakdown the
circulating asparagine (Fig. 1.1). Traditional formulation of the drug used a native form of
the protein isolated from E. coli. This version of the drug had a short half-life and high
immunogenicity. These pitfalls were subsequently addressed by attaching a polyethylene
glycol group to the drug (9). However, development of activity- neutralizing, anti-ASNase
antibodies remains a major mode of clinical resistance. This is circumvented by switching

to an Erwinia-derived ASNase.

Treatment of ALL is one of the few success stories in cancer with an overall cure rate of
85% (relapse free survival). However, survival following relapse is extremely poor and
is determined by several prognostic factors that include cytogenetics of tumor, timing of
relapse (early vs late), site of relapse (marrow vs extramedullary), immunophenotype (T
vs B), minimal residual disease and response to re-induction therapy (10). Treatment
options in these cases are often limited to hematopoietic stem cell transplantation, CAR-T

cell and other investigational therapies (including targeted immunotherapy) (11).



1.2 Cancer metabolism and the importance of asparagine

Cancer cells show an elevated need for nutrients to support their proliferation and
biosynthetic needs. It has been shown in both rapidly proliferating cells and cancer cells
that amino acids account for a majority of the biomass (12). It is also increasingly evident
from the literature that amino acids have functions beyond the role of mRNA translation.
These additional functions include role for amino acids as alternate sources of fuel,
anaplerosis and biosynthesis, redox balance, epigenetic modifications, immune modulation
and signaling (13-18). The increased dependence of cancers on amino acids has been
the source of considerable research and numerous therapies targeting the acquisition
and metabolism have been proposed and are under investigation. However, asparagine
depletion via ASNase in ALL, remains to date the only clinically approved therapy

targeting amino acid availability (19).

Asparagine is synthesized from an aspartate backbone with glutamine contributing an

amide group and mediated by the enzyme asparagine synthetase (ASNS) (Fig. 1.2).

Glutamine Glutamate
o 0]
© (0]
o > on
OH NH, Asparagine NH, NH,

Synthetase

A tat
spartate (ASNS)

Asparagine

Fig. 1.2: Asparagine biosynthesis pathway. ASNS catalyzes the biosynthesis of asparagine

from aspartate with glutamine acting as the nitrogen donor.



Asparagine being a non-essential amino acid (NEAA) also means that the human body
can synthesize it using the ubiquitously expressed ASNS. Leukemic blast cells have
very low expression of ASNS, making them auxotrophic for asparagine. This finding
explains the susceptibility of ALL to ASNase therapy. Correspondingly, expression of
ASNS in leukemic cells is a primary mode of resistance to ASNase and has been shown
in both cell culture and patient samples (20-22). Our own results show that ASNS is
necessary and sufficient for cell growth and survival during asparagine depletion in
ALL (Refer to Chapter 2, Fig. 2.1). This has also been shown in solid tumor models,
some of which will be discussed later in this section. Of note, while most NEAAs can
be catabolized to form various metabolic intermediates, asparagine biosynthesis is a
‘metabolic dead-end’, making it difficult to appreciate its role in tumor metabolism.
This idea is further compounded by the fact that almost all other cancers highly express
ASNS to the extent that they do not rely on exogenous asparagine supplementation to
maintain growth. Conversely glutamine is the most abundant amino acid in both plasma
and cell culture medium (0.5mM and 4-6mM) and was originally used as a surrogate
for studying nutrient limitation in cancer. Cancer cells rely on glutamine to maintain
anaplerosis of the Krebs cycle and for the synthesis of nucleotides and other NEAAs
including asparagine (23). Glutamine withdrawal has been shown to be detrimental in
numerous cancers in vitro causing apoptosis. This observation was corroborated by
Zhang J. and colleagues (24) in a c-MYC-driven SF188 glioma cells. A key finding in
this study was that asparagine supplementation rescued these cells from glutamine
depletion induced apoptosis, without rescuing any of the Krebs cycle intermediates or

other NEAAs. This suggests that asparagine is one of the critical end products of



glutamine metabolism. In another seminal work, Pavlova N., and colleagues (25)
showed that asparagine supplementation, in the context of glutamine starvation, could
also restore proliferation in a breast cancer cell lines by upregulating the translation of
the enzyme involved in glutamine biosynthesis glutamine synthetase (GLUL). Both
studies share the common theme of glutamine limitation which activates the amino acid
response (AAR) pathway mediated by the protein kinase designated General control
nonderepressible 2 (GCN2). GCN2 is activated in response to uncharged tRNAs and is
also a negative regulator of translation. Activated GCN2 phosphorylates the a subunit
of eukaryotic initiation factor 2 (elF2a), which is important for delivery of initiator
tRNA to ribosomes during the initiation phase of protein synthesis. Phosphorylation of
elF2a causes a decrease in global translation, accompanied by preferential translation
of activating transcription factor 4 (ATF4), a major effector of this pathway (26). In
fact, ATF4 is a key effector of different stress pathways that converge on elF2a
phosphorylation, and it enhances transcription of several genes that are involved in both
cellular adaptation and cell death (27, 28). ATF4 enhances transcription of several
genes involved in NEAA synthesis and transport including ASNS, suggesting the
importance of this gene in adaptation to stress. The importance of this stress pathway
was highlighted by Ye J. and colleagues (29) who showed that 4TF4 knockdown in
cancer cells (fibrosarcoma and colorectal carcinoma cell lines) caused increased cell
death. However, this phenotype was rescued by exogenous supplementation of
asparagine bioavailability. While ATF4 upregulates transcription of several genes
involved in NEAA synthesis and transport, only ASNS expression or exogenous

asparagine supplementation was found to rescue the cell death phenotype. In another



elegant work in a prostate cancer model, Linares J.F. and colleagues (30) showed that
cancer associated fibroblasts co-opt the AAR pathway to generate asparagine for use
by tumor cells in a nutrient depleted conditions. Similar results were shown by Gwinn
D.M. and colleagues (31) that showed KRAS driven lung tumors activate the ATF4-
ASNS axis to support tumor growth. These results together indicate that asparagine
exerts a cytoprotective effect. The added fact that mammalian cells do not express a
functional asparaginase suggests that this is an ‘evolutionary adaptation’ to conserve
this amino acid to ensure survival in response to nutrient limitation. The exact
mechanism of this cytoprotective effect remains elusive, although Zhang J., et. al. (24)
showed that asparagine supplementation on glutamine withdrawal, suppressed the
apoptotic arm of the stress response without affecting the adaptive response genes. Of
note, addition of asparagine did not alter translation. In the follow up study, Pavlova
N., et. al. (25) showed that asparagine supplementation on glutamine withdrawal in
breast cancer cell lines, was able to rescue protein translation. Although asparagine is
involved in general protein translation, in this instance the rescue is mediated by the
translation of a specific protein GLUL. In another study, Knott S. et. al. (32) showed
that asparagine bioavailability enhanced the metastatic incidence in an in vivo breast
cancer model. The authors showed that this metastatic phenotype was due to enhanced
expression of genes involved in epithelial-mesenchymal transition in the presence of
asparagine. In a more recent study, Jiang J. et. al, (33) showed that asparagine
bioavailability regulated the post-transcriptional expression of Iron responsive element
binding protein 2 (IREB2). Our own results show that asparagine bioavailability

regulates the expression of c-MYC at the mRNA translation step (Refer to Chapter 3,



Fig. 3.3-3.4) (34). While the above studies highlight one possible way by which
asparagine potentially regulates cellular function, there are also more recent examples
in literature where asparagine has been shown to bind to proteins to alter their function.
Deng L. et. al. showed that asparagine can directly bind to Liver kinase B1 (LKB1) to
reduce its activity and phosphorylation of its downstream target AMP activated protein
kinase (AMPK) (18). In another study, Wu J., et. al. (35) showed that asparagine can
bind to a T-cell receptor, lymphocyte specific protein tyrosine kinase LCK, to enhance

its phosphorylation and activity.

While these results, highlight the importance of targeting asparagine to curtail cancer
growth, the fact remains that at present ASNase remains the only federally approved drug
to target this NEAA. Unfortunately, there are mechanisms of resistance to ASNase, two of
which have been mentioned in the preceding paragraphs; (i) antibodies to ASNase; (i1)
induction/ upregulation of ASNS in the tumor and or microenvironment; and (iii)
upregulation of scavenging pathways. Antibodies to ASNase is countered clinically by
switching to a differently sourced enzyme. With respect to ASNS, there are no clinical
grade inhibitors for the enzyme. However, there have been studies that have targeted the
components of the AAR pathway to inhibit ASNS expression. Nakamura A. and colleagues
(36) developed an inhibitor for GCN2, that blocked the downstream induction of ASNS
expression and thus sensitizing ASNase resistant cells to asparagine depletion. In the
previously mentioned study by Gwinn D.M. et. al., (31) the authors showed KRAS
transcriptionally upregulates ATF4 through an AKT dependent mechanism and using

AKT inhibitors sensitized these cancers to ASNase treatment. Another study performed



by Pathria G. and colleagues (37) identified the mitogen activated protein kinase
(MAPK) pathway through a synthetic-lethal screen and showed that a downstream
protein MNK 1 was involved in translation of ATF4 mRNA, in a RAS driven melanoma
and pancreatic cancer model. The authors showed that pharmacological inhibition of
this pathway along with ASNase suppressed tumor growth in both the models (37).
Linares J.F. et. al., (30) showed that downregulation of p62 in cancer associated
fibroblasts led to increased stability of ATF4 protein and subsequently ASNS mediated
asparagine biosynthesis to support prostate cancer growth in nutrient limiting
conditions. This highlights another key signaling node that can be targeted in cancers
to limit asparagine bioavailability. Indeed, ASNS expression itself has been shown to
be a poor prognosis marker for many solid tumors including breast, colon, head and
neck, renal and endometrial cancers (32). A key takeaway from these studies is the
importance of the GCN2-ATF4 pathway with respect to ASNS expression, a theme that

will be further explored in Chapter 2 (38).

Another way to circumvent ASNS status in cancers is to target the substrates of the
reaction rather than the enzyme itself. It was shown by various groups that blocking the
electron transport chain (ETC) in cancers leads to an inhibition of aspartate production
(39, 40). Upcoming publications including ours have used ETC inhibitors to deplete
intracellular aspartate pools, in a variety of solid tumors and leukemias, and thus
sensitize them to ASNase treatment (Refer to Chapter 3, Fig. 3.6) (34, 41, 42). Another
potential mechanism of resistance described in literature includes upregulation of

scavenging pathways. Autophagy is one of the most well studied scavenging pathways
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and serves to maintain metabolic homeostasis through degradation of excess/ unfolded
proteins and damaged organelles and is generally thought to be cytoprotective (43).
Previous studies showed that ASNase treatment induced protective autophagy in both
leukemias and solid tumors and using autophagic inhibitors enhanced the anti-cancer
activity of ASNase (44-46). While it was originally believed that autophagy induction
rescued intracellular asparagine levels, a recent study in an ALL model argued that the
primary function of autophagy is to scavenge reactive oxygen species (46). Of note, the
authors showed that even though autophagy was induced in these ALL cells there was
no change in intracellular levels of asparagine suggesting that autophagy may not
appreciably restore amino acid levels in ALL cells (46). Protein degradation through
proteasome represents another possible mechanism to recycle amino acids. Hinze L. et.
al. identified that proteasome mediated degradation is an important source of
intracellular asparagine when exogenous asparagine is limiting (47). The authors
showed that inhibition of Glycogen synthase kinase 3 (GSK3) activity sensitized ALL
cell lines that were previously resistant to ASNase inhibition, suggesting proteasomal
degradation is an important route to maintain intracellular asparagine levels (47).
Another recent study in prostate cancers showed that cancer cells can upregulate
expression of a glutamate-aspartate transporter SLCIA3 in response to ASNase

treatment (48).

Another important node of nutrient regulation is the mammalian target of rapamycin

complex 1 (mTORCI). mTORCI is a multi-subunit protein kinase and that integrates

nutrient availability with cell growth (49). mTORCI has been previously shown to be
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activated in response to the availability of several amino acids including leucine,
arginine, and glutamine (50-52). When amino acid sufficiency is detected, mTORCI1
enhances protein synthesis by two key events: (i) phosphorylation of p70S6 kinase 1
(S6K1) which subsequently phosphorylates and activates several key proteins involved
in translation, including S6 ribosomal protein and the eukaryotic initiation factor 4B
(elF4B), and (i1) phosphorylation of elF4E binding protein (4EBP) to allow its
inhibitory dissociation from eukaryotic initiation factor 4E (eIF4E) (53). One of the key
early works showed an indirect activation of mTORC1 by asparagine. Krall A. et. al.
(54) showed that cells use asparagine as an exchange factor to take up the amino acids’
serine and arginine from the extracellular environment which in turn activate mTORCI1.
More recently, Meng D. and colleagues (55) identified that asparagine signals to
mTORCI1 through ADP ribosylation factor 1 (ARF1). Of note, the ‘sensor’ for
asparagine is yet to be identified. In another study, Krall A. et. al. (41) also showed that
asparagine rescues mitochondrial stress triggered by electron transport chain inhibition,
in part by signaling to mTOR. In ALL, we have shown that asparagine availability

regulates mTORCI activity (Refer to Chapter 3, Fig. 3.3) (34).
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1.3 MYC and translational control

c-MYC is a protooncogene which has been shown to be critical for hematopoiesis and
hematological malignancies (56). Indeed, the oncogenic capability of c-MYC is not
limited to hematological malignancies and c-MYC has been shown to be dysregulated
in over 60% of cancers (57). One of the primary reasons for this observation is c-MYC
lies downstream of many key signaling pathways that often accumulate gain of function
mutations. For example, a majority of T-ALL are driven by activating Notch pathway
mutations. It was shown that c-MYC is a direct downstream target of Notchl in T-ALL
and drives leukemogenesis (58, 59) (Fig. 1.3). c-MYC itself is a transcription factor
and along with its binding partner Max binds to consensus sites known as E-boxes to
drive transcription of its target genes. Studies have shown that c-MYC can drive
transcription of 10-15% of the genes in the genome (60). This has led some researchers
to suggest that c-MYC is a general transcription factor that drives/ amplifies
transcription based on the chromatin remodeling. However, some of the results can be
explained at least in part by c-MYC abundance. Cells with high levels of c-MYC (MYC

overexpression) drive transcription of genes even with low-affinity consensus sites

(61).

c-MYC drives transcription of several genes that are involved in metabolic rewiring,
including genes that are involved in glucose uptake and glycolysis, glutamine uptake
and glutaminolysis, lipogenesis, pentose phosphate pathway and de novo nucleotide
synthesis (62-68) (Fig. 1.3). Of note, asparagine is a key product of glutamine

metabolism and the fact that MYC upregulates glutamine metabolism suggests a
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possible axis between c-MYC and asparagine. While increased glutamine metabolism
is more commonly associated with c-MYC induced metabolic change, MYC has also
been shown to regulate the serine/ glycine biosynthesis pathway in response to nutrient

limitation.
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Fig. 1.3: Mechanism of c-MYC mediated oncogenesis c-MYC transcription can be activated
by genetic lesions or mutations in upstream oncogenic pathways. MYC protein is a potent

transcription factor upregulating expression of many key genes.

Sun L. et. al. (69) showed that in a nutrient deprivation model of hepatocellular
carcinoma, MYC induced expression of enzymes involved in the serine biosynthesis
pathway. These contribute to nucleotide biosynthesis and reactive oxygen species
scavenging and the authors showed that both activities were critical to rescue tumor
survival upon nutrient limitation (69). Genes encoding enzymes involved in the serine
biosynthesis pathway are also suggested to be transcriptional targets of ATF4 (70). This
is supported by another observation that ATF4 and c-MYC can share common binding

targets in promoters (71). MYC has also been shown to increase uptake of essential
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amino acids (EAA) through transactivation at the promoters of the transporter genes
(72). Interestingly, the authors showed an antagonistic association between c-MYC and
the GCN2-ATF4 pathway whereby genetic depletion of the EAA transporters caused

activation of the stress pathway leading to decreased translation of c-MYC mRNA (72).

While there have been numerous studies describing the role of c-MYC transcriptomic
targets, the role of c-MYC in translation regulation is generally underappreciated. c-
MYC directly increase expression of several components of the protein translation
machinery and is a key element of MYC induced oncogenesis (73). ¢c-MYC
dramatically increase transcription of ribosomal and transfer RNAs by mediating
activity of RNA polymerases I and III, including the assembly of multiple proteins
involved in these transcriptional and RNA processing machineries (74-76). This aspect
of c-MYC driven tumorigenesis is also highlighted by the fact that c-MYC induction
leads to a robust activation of the stress response and inhibition of this response leads

to apoptosis (71).

c-MYC driven translational control also relies heavily on the step of translation
initiation. Recognition and binding to the 5’-cap is the first step in cap-dependent
translation. This step involves the binding of the eukaryotic initiation factor 4F complex
(elF4F) to the 5’-cap structure of the mRNA. The elF4F complex comprises a scaffold
protein elF4G, cap binding eIF4E and the ATP-dependent RNA helicase elF4A, all of
which are active transcriptional targets of c-MYC (77, 78). The role of eI[F4A becomes

especially critical in translation of mRNAs that have a long, unstructured 5’
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untranslated regions (UTRs) that can have an inhibitory effect on the scanning process.
Some of the genes that are thought to be controlled this way are ¢c-MYC, ornithine
decarboxylase (ODC), cyclin D1 (CCND1) and B-cell lymphoma 2 (BCL?2) which play
important roles in cancers (79). It was shown that inhibition of eI[F4A by a compound
silvestrol, inhibited the translation of ¢c-MYC and similar mRNAs with unstructured 5’
UTRs (79). These studies suggest a distinct feedforward loop where MYC enhances
expression of the el[F4 complex which in turn increases translation of c-MYC mRNA.
An additional level of complexity involves mTORCI1 complex which is known to
enhance the function of elF4F. During on nutritional sufficiency, mTORCI hyper-
phosphorylates 4EBP1 which decrease its association with elF4E allowing its
association with elF4G (80). Another direct target of mTORC1, S6K1 phosphorylates
eukaryotic inititation factor 4B (eIF4B) which enhances elF4A activity (81). Therefore,
mTORCI inhibitors could potentially target MYC translation and it has been shown in
a mouse embryonic fibroblast (MEF) model that mTORC inhibitors do cause a shift in
association of MYC mRNA from heavier polysomes to the lighter fractions, indicative
of repressed translation (82). However, later studies using more potent inhibitors of
mTORC found no impact on MYC translation (83). Our own experiments with
asparagine restriction in ALL cells showed decreased mTORCI1 activity, but inhibition
of mTORC activity showed only a minimal inhibition on MYC protein levels (34)

(Refer to Chapter 3, Fig. 3.3).

16



CHAPTER 2: PROMOTER DEMETHYLATION OF THE ASPARAGINE
SYNTHETASE GENE IS REQUIRED FOR ATF4-DEPENDENT ADAPTATION
TO ASPARAGINE DEPLETION

2.1 Introduction

Regulation of the acquisition and utilization of amino acids is important for supporting
tumor cell growth and survival (84, 85). Along this line, asparagine, a nonessential
amino acid (NEAA), is critical to support protein synthesis during tumor progression
when environmental nutrients become limiting due to pathophysiological alterations
(29, 31, 32, 86). The effect of asparagine on protein synthesis is at least partially
attributed to its role as a counter ion to import essential amino acids (EAAs) (54).
Unlike the other 19 proteinogenic amino acids, asparagine is unable to be catabolized
in mammalian cells due to the lack of functional asparaginase during evolution (86).
Thus, understanding the uptake and de novo biosynthesis of asparagine has been the

focus for adaptive mechanisms to nutrient deficiencies in cancer.

The rate limiting step of de novo biosynthesis of asparagine is regulated by asparagine
synthetase (ASNS) (87). It is generally thought that the expression of ASNS is low in
acute lymphoblastic leukemia (ALL) cells, rendering ALL patients sensitive to the
treatment of L-asparaginase (ASNase). ASNase is a purified bacterial enzyme that is
administrated by intramuscular injection or intravenous infusion and functions through
depleting circulating asparagine (19, 88, 89). In ALL cells, a reciprocal correlation
between ASNS expression and sensitivity to ASNase treatment was reported (90, 91),

suggesting a role of de novo asparagine biosynthesis in mitigating the nutrient stress
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caused by depletion of exogenous asparagine. Cells expressing low amounts of ASNS
can adapt to ASNase treatment through transcriptional induction of ASNS (36). This
process requires an activation of general control nonderepressible 2 (GCN2) and the

ensuing adaptive amino acid response.

In the amino acid response, GCN2 is activated by uncharged tRNA during amino acid
starvation (92, 93). In turn, GCN2 phosphorylates the o subunit of eukaryotic
translation initiation factor 2 (eIF2a) at serine-51, sharply reducing delivery of initiator
tRNAs to ribosomes, which culminates in lower global translation (94). Coincidently,
phosphorylation of elF2a promotes translation of certain stress-responsive mRNAs via
ribosome bypass of inhibitory uORFs (95-97). An important translationally induced
gene is ATF4, which activates a transcriptional program that governs of genes involved
in amino acid biosynthesis, reduction of oxidative stress and induction of autophagy,
which mediate metabolic adaptation (98, 99). ASNS is a direct transcriptional target of
ATF4 (100). However, ATF4 can also be activated by other stresses through different
elF2a kinase (101). For example, during endoplasmic reticulum (ER) stress, ATF4 is
activated via the elF2a kinase PERK, which can culminate in expression of CCAAT-
enhancer-binding protein homologous protein (CHOP) and apoptosis (102, 103). It is
still uncertain how cell fate decisions are made when both adaptive and apoptotic genes
are transcriptionally activated by ATF4, but the duration and amplitude of the stress

response are thought to be contributing factors (27).

Here we show, that despite the fact that ATF4 is required for the induction of ASNS in
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ALL cells following asparagine depletion, activation of ATF4 through amino acid
response pathway was not sufficient to drive transcription of ASNS. Indeed, DNA
hypomethylation in the CpG island at the promoter region of ASNS is a prerequisite
for ATF4 recruitment and trans-activation. In contrast, DNA hypermethylation at
ASNS promoter restricts the accessibility of ATF4 to chromatin, leading to failure of
induction of ASNS and inability to synthesize asparagine de novo when exogenous
asparagine is deprived. Furthermore, lack of intracellular asparagine leads to CHOP
accumulation and CHOP-dependent apoptosis in an ATF4-independent manner. Using
ALL lines as a model, our results provide a comprehensive understanding of the
transcriptional regulation of ASNS in tumor cells that inherit distinct chromatin
modification status at a specific gene promoter to dictate cell fate decision. These
findings will help to facilitate treatment strategies involving ASNase in ALL patients
and may accelerate development of therapeutics to better target asparagine biosynthesis

1n cancer.
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2.2 Material and methods

2.2.1 Cell culture

All human T-ALL and B-ALL cell lines were cultured at 37°C in 5% CO2 in a lymphocyte
culturing medium (LCM). The base of LCM is a 1:1 ratio mixture of DMEM and IMDM.
For practical reason and quality control purpose, we can consistently generate LCM in lab
through supplementing high glucose DMEM (11965092, Thermo Fisher Scientific) with:
0.14 mM L-alanine, 0.17 mM L-proline, 5.3 x 10 mM biotin, 9.59 x 10° mM vitamin
B12 and 9.8 x 10 mM sodium selenite, 10 mM HEPES, and 55 uM B-mercaptoethanol,
100 Units/mL penicillin/streptomycin, 2 mM L-glutamine, 10% FBS and 0.1 mM L-
asparagine. Mouse embryonic fibroblasts (MEFs) were cultured in DMEM (11965092,
Thermo Fisher Scientific) supplemented with 10% FBS, 100 Units/mL
penicillin/streptomycin, additional 2 mM L-glutamine, a mixture of nonessential amino
acids containing 0.1 mM of glycine, L-alanine, L-asparagine, L-aspartic acid, L-glutamic
acid, L-proline and L-serine respectively (11140050, Thermo Fisher Scientific), and 55
uM B-mercaptoethanol. For cell growth experiments, cell viability and numbers were
recorded in triplicates using the Vi-CellXR cell viability analyzer (Beckman Coulter). A
list of cell lines used is provided below in Table 2.1.

Table 2.1: List of cell lines used in Chapter 2

Human cell lines | Source RRID # Comments
DND-41 Hui Feng, CVCL 2022 T-ALL isolated from 13y
Boston University old male
Jurkat ATCC CVCL 0065 T-ALL isolated 14y old
male
HPB-ALL Hui Feng, CVCL 1820 T-ALL isolated from 14y
Boston University old male
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KOPT-K1 CVCL_4965 T-ALL isolated from 6y

old male
RS4;11 ATCC CVCL 0093 B-ALL isolated from
32y old female
RS4;11/R Generated in Experimentally derived
house by culturing RS4;11 cells

in low asparagine media
followed by asparagine
deficient media

Nalm-6 Dr. Ross Levine, CVCL 0092 B-ALL isolated from

Memorial Sloan 19y old male

Kettering Cancer

Center

697 DSMZ CVCL 0079 B-ALL isolated from
19y old male

Reh ATCC CVCL 1650 B-ALL isolated from
32y old female

Mouse embryonic | Generated in Generated from 12.5-

fibroblasts house 14.5-day old mouse
embryos

2.2.2 Asparagine deprivation experiments

Asparagine-free LCM was made with high glucose DMEM as described above, except for
using 10% dialyzed FBS and not adding L-asparagine. Leukemic cells were collected by
centrifugation, and excess media was removed by aspiration. Cell pellets were washed once
with asparagine-free LCM and pelleted again by centrifugation. Cell pellets were
resuspended in asparagine-free LCM. MEFs were rinsed with PBS solution once, and then

cultured with the DMEM above mentioned with the exclusion of L-asparagine.
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2.2.3 Puromycin labelling assay

Cells were cultured in the presence or absence of asparagine for 24 hours. Puromycin (90
uM) was added to the cultured cells for 10 minutes before protein harvest. Puromycin-
incorporated polypeptides were resolved by Bis-Tris gel and detected by immunoblotting
with an anti-Puromycin antibody. The rate of global protein synthesis was defined by the
ratio between anti-Puromycin signal and anti-p-actin signal per sample using Image J

software.

2.2.4 Mass spectrum analysis of metabolite asparagine

Ten million cells were collected by centrifugation. The supernatant was aspirated, and the
pellets were washed thoroughly once with ice cold 1 x HBSS (14025092, Life
Technology). Cellular metabolite was extracted with 80% methanol on ice. Supernatant
was collected and dried with SpeedVac (SPD111V, Thermo Fisher Scientific) connected
to Refrigerated Vapor Trap (RVT5105, Thermo Fisher Scientific) at room temperature.
Dried samples were resuspended in 80:20 acetonitrile: water and analyzed using a Thermo
Q-Exactive mass spectrometer coupled to a Vanquish Horizon UHPLC. Metabolites were
separated on a 150 x 2.1 mm SeQuant PEEK HPLC Column with ZIC-pHILIC (5 pm)
polymeric beads (Millipore Sigma). Samples were run with a gradient of solvent A (95%
acetonitrile, 5% water) and solvent B (10mM NH4Ac, pH= 5.5) as follows: 0 min, 5% B;
2 min, 5% B; 18 min, 60% B; 19 min 90% B; 24 min, 90% B; 25.5 min 5% B. Data were
collected on a full scan positive mode. Settings for the ion source were: 12 aux gas flow
rate, 40 sheath gas flow rate, 1 sweep gas flow rate, 3.5 kV spray voltage, 340 °C capillary

temperature and 250 °C heater temperature. Asparagine was identified based on exact M/z
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and retention time of an asparagine chemical standard. Data were analyzed with Maven
(104, 105), and normalized to internal standard of '*Ca,'N,-Asparagine (1pmole/sample)

and then packed cell volume of each sample.

2.2.5 tRNA charging measurements

We adopted an assay to measure the percentage of asparagine-charged tRNA based on
literature (106). In brief, total cellular RNA was extracted with TRIzol (15596026, Life
Technologies). 2 microgram of RNA was incubated with 12.5 mM NalO4 or 12.5 mM
NaCl (as a non-oxidization control) in acidic buffer (sodium acetate buffer, pH=4.5) in
dark and then quenched with 0.3 M glucose. Each sample was spiked with 1 pl of 7.3 ng/ul
yeast phenylalanine tRNA (R4018, Sigma) and then subjected to desalination through
MicroSpin G-25 column (27532501, GE Healthcare). Desalted RNA was precipitated with
cold ethanol and then subjected to deacylation in 50 mM Tris-HCI (pH=9.0). 200~400 ng
tRNA  was used to ligate with a  5’-adenylated  adaptor  (5'-
/5tApp/ TGGAATTCTCGGGTGCCAAGG/3ddC/-3") using T4 RNA ligase 2 truncated
KQ (MO0373S, New England BiolLabs). Then, a single strand oligo (5°-
GCCTTGGCACCCGAGAATTCCA-3’) complementary to the adaptor was used to
generated cDNA by SuperScript RT IV First-Strand Synthesis System (18091050, Life
Technologies). cDNA was diluted and then subjected to quantitative PCR to detect amino
acid-specific tRNA with the corresponding primer pairs. Results were normalized to yeast
phenylalanine first, uncharged tRNA fraction was calculated by subtracting the charged

fraction (NalO4 treated) from total (NaCl treated).
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2.2.6 Molecular cloning and virus production

Mouse ASNS cDNA was ordered from Dharmacon and then cloned into the LeGO-1G2
vector backbone (Addgene, #27341). Guide RNAs were designed using Feng Zhang lab’s
CRISPR design resource: (http://crispor.tefor.net/) and cloned into pLentiCRISPRv2-Puro
vector (Addgene, Cat. # 98290) (107). Calcium phosphate method was used to produce
lentivirus (108). We used pMD2.G (Addgene, Cat# 12259) and psPAX2 (Addgene, Cat#

12260) as packaging plasmids.

2.2.7 Western Blotting

Protein was extracted by using 1x RIPA buffer solution (diluted from 10x RIPA lysis
buffer, Millipore, Cat. # 20-188) with protease inhibitors (Thermo Scientific, Cat. #
1860932) and phosphatase inhibitors (Thermo Scientific, Cat. # 78428). Total proteins of
equal amount (20 png) were separated on NuPAGE Bis-Tris gels (Invitrogen, Cat. #
NP0322BOX) and then transferred to Nitrocellulose membranes (Bio-Rad, Cat. #
1620115). Membranes were blocked in 5% milk and then incubated with corresponding
primary antibodies overnight at 4 °C. Membranes were washed with 1xTris Buffered Saline
with Tween 20 (TBST) (diluted from 20x TBST, Santa Cruz Biotechnology, Cat. #
362311) and then incubated with horseradish peroxidase (HRP) conjugated secondary
antibody (1:5000 dilution). Membranes were washed with 1x TBST and subjected to
Chemiluminescent Western ECL detection. We used Pierce ECL Western Blotting
Substrate (Thermo Scientific, Cat. # 32106) for detecting a-tubulin and -actin signals, and
SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific, Cat. #

34578) for detecting other protein signals. The blots were stripped with Restore Western
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Blot stripping Buffer (Thermo Scientific, Cat. # 21059), washed with 1XTBST, and then

re-probed with appropriate primary antibodies for signal detection. A list of primary

antibodies used in this study are provided in a Table 2.2.

Table 2.2: List of antibodies used in Chapter 2

Antibody Source Catalog #
Rabbit polyclonal ASNS Proteintech 14681-1-AP
ATF4 (109) Ron Wek (in-house)

Rabbit monoclonal ATF4 (D4B&) Cell Signaling Technology | #11815
Anti-puromycin (12D10) EMD Millipore MABE343
Rabbit monoclonal p-GCN2-T899 | Abcam Ab75836
(EPR2320Y)

Rabbit polyclonal GCN2 Cell Signaling Technology | #3302
Rabbit polyclonal Caspase-3 Cell Signaling Technology | #9662
Mouse monoclonal B-actin (AC-74) | Sigma-Aldrich A2228
Mouse monoclonal a-tubulin Sigma-Aldrich T9026
(DM1A)

Mouse monoclonal HSP90 o/ Santa Cruz Biotechnology | Sc-13119
Mouse IgG HRP linked Sigma-Aldrich NA931V
Rabbit IgG HRP linked Sigma-Aldrich NA934V

2.2.8 mRNA quantification and q-PCR

Cells were collected 24 hours post starvation. Total RNA was then isolated with TRIzol
(15596026, Life Technologies) according to the manufacturer’s instructions. 500 pg total
RNA was processed for cDNA synthesis with random hexamer primers, using EasyScript
Plus RTase from the EasyScript Plus cDNA Synthesis Kit (Lambda Biotech, Cat. # G235).
The cDNA was then subjected to q-PCR amplification with designed primers for human

ASNS, CHOP, and 18S rRNA. A list of primers used is provided in Table 2.3.
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Table 2.3: List of oligos used in Chapter 2

Oligos Sequence
Human ASNS 5> GACATGCTGTGCTTTGTGGAA 3°
5> GCCCCTCTCCGAGTGAAGTC 3’
Human CHOP 5’TCAAACCTCATGGGTTCTCC 3’
5> GTGTCATCCAACGTGGTCAG ¥’
Human Sestrin2 5 GACATGCTGTGCTTTGTGGAA 3’
5 GCCCCTCTCCGAGTGAAGTC &
Human 18s rRNA 5> CTGGATACCGCAGCTAGGAA 3°

5> GAATTTCACCTCTAGCGGCG 3’

Yeast phenylalanine tRNA | 5> GCGGAYTTAGCTCAGTTGGGAGAG 3’

5> GAGAATTCCATGGTGCGAAYTCTGTGG 3°
Human asparagine tRNA 5> GTCTCTGTGGCGCAATCGGT 3°

5> GAGAATTCCATGGCGTCCCTGG 3°

Guide RNA 1 for human 5> CACCGTTGTCATAGAGGGCGTGCAG 3’

ASNS 5> AAACCTGCACGCCCTCTATGACAAC 3°
Guide RNA 2 for human 5" CACCGCACGCCCTCTATGACAATG 3°
ASNS 5" AAACCATTGTCATAGAGGGCGTGC 3°
Guide RNA for control 5> CACCGTGAACCGCATCGAGCTGAA 3°

5> AAACTTCAGCTCGATGCGGTTCAC 3°
Guide RNA 1 for human 5> CACCGGATTTGAAGGAGTTCGACT 3’

ATF4 5> AAACAGTCGAACTCCTTCAAATCC 3°
Guide RNA 2 for human 5> CACCGAATTGGGTTCACCGTCTGGG 3°
ATF4 5" AAACCCCAGACGGTGAACCCAATTC 3°

2.2.9 RNA sequencing and Gene set enrichment analysis
We used STAR 2.4 to align the RNA-Seq samples to the reference genome (hgl9) and
count the number of reads mapping to each gene in the ensemble GRCh37 gene model.

Differential expression between the different groups was performed using DESeq 1.22.1.
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Gene set enrichment analysis (110) is applied in weighted mode against the gene sets
collection in MSigDB (v5.1). Gene set with size over 5000 genes or smaller than 10 genes
are excluded for further analysis. Each gene set is permuted 1000 times to calculate p-value
and FDR wvalues. Heatmap was generated with Multi Experiment Viewer

(http://mev.tm4.org/#/welcome) with gene/row adjustment by root mean square.

2.2.10 Bisulfate sequencing

Genomic DNA was isolated from 10 million cells using the Blood & Cell culture DNA
Midi Kit (Qiagen, cat. # 13343) following the manufacturer’s instructions. Genomic DNA
was isolated from fresh cultured suspension cells using Blood &Cell Culture DNA Midi
Kit (Qiagen, Cat. # 13343), and then subjected to CT conversion using EZ DNA
Methylation Kit (Zymo Research, Cat. # D5001) following the manufacturers’ instructions.
Genomic DNA was amplified from the CT converted samples with primers specific for the
CpG island of human ASNS and then cloned into pGEM-T Easy vector (Promega, Cat. #

A1360). T7 primers were used for the following sanger sequencing.

2.2.11 Chromatin immunoprecipitation assay

2.5 x 107 cells were resuspended in 25 mL PBS solution and fixed with 1% formaldehyde
(final concentration) on a platform rocker at room temperature for 10 minutes. 1.4 mL of
2.5 M glycine was added and incubated for another 5 minutes on platform rocker to quench
the crosslinking reaction. Cells were washed and lysed in 2 mL cell lysis buffer A solution
(20 mM Tris-HCI pH=8.0, 85 mM KCl, and 0.5% NP-40) and incubated on ice for 10

minutes. Nuclei was pelleted by centrifugation at 1,350 g for 5 minutes at 4 °C. The nuclei
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were then resuspended in 750 pL lysis buffer B solution (50 mM Tris-HCI pH=8.0, 10 mM
EDTA, 1% SDS, plus protease inhibitor cocktail) and sonicated until majority of DNA
fragments were between 200 and 500 base pairs in size. The sonicated materials were then
centrifuged at 20,000 g for 10 minutes at 4°C to collect supernatant. 10% of the supernatant
(75 pL) was used as input and 300 pL supernatant was used for each immunoprecipitation
(IP) reaction. The 300 pL supernatant sample was diluted 5-fold by adding 1.2 ml IP
dilution buffer solution (1.25% Triton X-100, 187.5 mM NaCl, 20 mM Tris-HCI pH=8.0,
plus protease inhibitor cocktail), and incubated overnight at 4°C by rotating with the 30 uL.
protein G Dynabeads (Life Technologies cat#10-004-D) pre-incubated with ATF4
antibody (Cell Signaling cat #11815) or normal rabbit IgG control. The beads were washed
consecutively with 1 mL Low-salt wash buffer solution (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris-HCI pH 8.0, and 150 mM NaCl, twice), High-salt wash buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.0, 500 mM NacCl,
once), LiCl wash buffer solution (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1
mM EDTA, 10 mM Tris-HCI pH 8.0, once) and TE wash buffer solution (50mM NacCl, 10
mM Tris pH 8.0, 1 mM EDTA) once and incubated with 125 puL elution buffer solution
(1% SDS/0.1 M sodium bicarbonate) for 15min on thermomixer at 1000 RPM and 65 °C.
Supernatant was collected by magnet separation from the beads. 5 uL 5M NaCl was added
to each elute and incubated at 65 °C overnight. 30 uL of input samples were incubated with
95 uL elution buffer and 5 uL. 5SM NaCl was used for reverse crosslinking. 2 pl of RNase
A (0.5 mg/mL) was added to each IP and input sample for 30 minutes incubation at 37 °C.
2 uL of proteinase K (20 mg/mL) was then added to each sample and incubated for 2 hours

at 55 °C. PCR Purification Kit (Qiagen) was used to recover DNA from each sample in 40

28



uL EB buffer. 10uL DNA was used for g-PCR amplification to determine enrichment of

regions of ASNS promoter.

2.2.12 Apoptosis assessment experiment

Cells were washed twice with cold PBS solution and then resuspended in Annexin V
binding buffer solution (10 mM HEPES pH=7.4, 150 mM NaCl, and 2.5 mM CaCl) at
density of 5 x 106 cells/mL. 5 uL FITC-Annexin V (Biolegend, Cat. # 640905) and 0.1 pg
propidium iodide solution (Thermo Fisher Scientific) was added into 100 pL cell
suspension for 15 minutes incubation at room temperature (25 °C) in dark. 400 pL Annexin
V binding buffer solution (10 mM HEPES pH 7.4, 150 mM NacCl, and 2.5 mM CaCl,) was

then added into each tube followed by flow cytometry analysis on FL1 and FL3 channels.
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2.3 Results

2.3.1: Expression of ASNS dictates the cellular response to asparagine depletion

We identified a dynamic expression pattern of ASNS protein cross a panel of human B-
and T-ALL cell lines (Fig. 2.1.A). Increased amounts of ASNS protein largely correlated
with the ability of ALL cells to grow in the absence of exogenous asparagine (Fig. 2.1.B).
RS4;11 and DND-41 cells barely expressed ASNS protein and were most sensitive to
asparagine depletion-induced growth inhibition and cell death (Fig. 2.1.B and 2.1.C). The
other ALL lines had no survival defect in asparagine-free medium (Data not shown) despite
various degrees of growth rate retention (Fig. 2.1.B). To determine whether the expression
of ASNS protein is sufficient to support cell growth in the absence of exogenous
asparagine, ASNS cDNA was stably expressed in RS4;11 and DND-41 cells through
lentiviral vector-mediated transduction. We found that restoring the expression of ASNS
in these cells led to a rescue of cell proliferation during asparagine depletion (Fig. 2.1.D
and 2.1.E). Conversely, CRISPR-mediated deletion of ASNS gene from Nalm-6 cell
induced cell death only when exogenous asparagine was deprived (Fig. 2.1.F and 2.1.G).
These findings support the central role of differential regulation of ASNS expression in

sensitivity of ALL cells to asparagine depletion.
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replete or -depleted medium for 16 hours. Protein extracts were subjected to immunoblotting with
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ASNS antibody. Viability was determined by trypan blue staining on day 4. The data in B-E are

presented as mean + S.D. of triplicates
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2.3.2 Asparagine is required for tRNA charging and protein synthesis

To determine whether the level of ASNS expression correlates with asparagine
biosynthesis, we performed quantitative liquid chromatography mass spectrometry (LC-
MS) to measure intracellular asparagine. We chose Nalm-6 cell as an example of cells
expressing ASNS and RS4;11 cell as an example of ones that barely express ASNS.
Asparagine became nearly undetectable in RS4;11 cells following asparagine depletion
(Figure 2A). By comparison, in Nalm-6 cells deprived of asparagine in the medium, there
was about 20% of the intracellular asparagine levels compared to those cells supplemented
with asparagine (Fig. 2.2.A). Furthermore, expressing exogenous ASNS in RS4;11 cells
restored 50% intracellular asparagine during asparagine depletion when compared to
asparagine-replete condition (Fig. 2.2.B). We next addressed the levels of aminoacylated
tRNA™" which would be adversely affected by severe asparagine depletion. Using a
covalently linked tRNAA" charging assay (106), we found that the fraction of uncharged
tRNA™" was appreciable in RS4;11 cells cultured with asparagine supplement, which was
sharply increased upon deprivation for asparagine (Fig. 2.2.C). By comparison, there was
minimal detectable uncharged tRNA**" in Nalm-6 cells independent of asparagine addition
to the medium. Consistent with these changes in tRNA”" charging, global protein
synthesis rate was significantly reduced in RS4;11 cells, but not in Nalm-6 cells, following
asparagine depletion (Fig. 2.2.D). These results indicate that there is a threshold of
asparagine levels in cells that can adversely affect aminoacylation of tRNA”", which

culminates in lowered global protein synthesis.
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culture for 10 min before protein harvest. Immunoblot analysis was performed with an anti-
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is presented as signal intensity of the anti-puromycin blot normalized to the anti-B-actin blot
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(bottom). The results in 4 and C are presented as mean + S.D. of triplicates. The p values
in 4 and C were calculated using Student’s two-tailed paired ¢ test. *, p < 0.05; *** p <0.001; ns,

not significant.

35



2.3.3 The role of GCN2-ATF4 pathway in the induction of ASNS following asparagine
deprivation

Since ASNase treatment can induce the expression of ASNS in ALL cells in vitro (111),
we wondered whether elevated expression of ASNS following asparagine depletion can
also contribute to growth restoration in ALL cells that express low to medium levels of
ASNS, including Nalm-6, HBP-ALL and KOPT-K1 (Fig. 2.1.A and 2.1.B). GCN2 plays
an important role in the induction of ASNS following ASNase treatment by enhancing the
expression of ATF4, which induces transcription of its target genes (36, 112, 113). Indeed,
we found that phosphorylation of GCN2 at Thr-899, a measure of activation, and ATF4
protein were induced in response to asparagine depletion in Nalm-6, HPB-ALL and KOPT-
K1 cells, which coincided with an induction of ASNS protein (Fig. 2.3.A). These findings
led us to think that loss of GCN2/ATF4 signaling may explain the diminished ASNS
expression of RS4;11 and DND-41 cells and their heightened sensitivity to asparagine
depletion (Fig. 2.1.B). Of interest, we found increased amounts of ATF4 protein
accumulation following asparagine depletion in RS4;11 and DND-41 cells, whereas there
was minimal induction of ASNS protein and mRNA (Fig. 2.3.B and 2.3.C). To further
address whether there is a defect in the amino acid response pathway or ATF4-directed
gene expression, we performed RNA-seq analysis of RS4;11 cells subjected to asparagine
depletion. Using Gene Sets Enrichment Analysis (GSEA), we found that a collection of
amino acid starvation responsive genes was induced by asparagine depletion, except for
ASNS (Fig. 2.3.D). A heatmap illustrated induction patterns for a collection of ATF4 target
genes involved amino acid and protein homeostasis (Fig. 2.3.E). These results suggest that

while the GCN2/ATF4 pathway functions appropriately in the ALL cells that are sensitive
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to asparagine depletion, there is an intrinsic defect on transcriptional expression of ASNS

(Fig. 2.3.F).
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asparagine depletion. A Nalm-6, HPB-ALL, and KOPT-K1 cells were cultured in asparagine-
replete or -depleted medium for protein harvest. Immunoblot analysis was performed with
antibodies specific for phospho-GCN2 (Thr-899), GCN2, ATF4, and ASNS. Protein lysates were
collected at 8 hours for ATF4 and 24 hours for the others. B Nalm-6, RS4;11, HPB-ALL, and
DND-41 cells were cultured in asparagine-replete or -depleted medium for 24 hours. Protein lysates
were subjected to immunoblot analysis with antibodies for ATF4 and ASNS. C g-PCR analysis of
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2.3.4 DNA methylation status within the CpG island region of the ASNS promoter
dictates ATF4-dependent induction of ASNS following asparagine depletion

DNA methylation within CpG island of gene promoter is a central mechanism for gene
silencing (114). Since DNA methylation within the promotor of ASNS gene was reported
(115), we hypothesized that the chromatin structure around the promoter of ASNS gene
may restrict ATF4 accessibility to drive gene transcription in leukemic cells that are
deficient for induced ASNS expression following asparagine depletion (Fig. 2.3.F). To test
this, we performed bisulfite sequencing analyses in the CpG island region of the ASNS
promoter. Nearly all predicted CpG islands were methylated in RS4;11 cells that are
sensitive to asparagine depletion (Fig. 2.4.A, bottom). By comparison, the majority of the
predicted CpG islands were unmethylated in Nalm-6 cells, which efficiently adapts to
depletion of asparagine (Fig. 2.4.A, top). To determine the functional consequence of the
promoter methylation status on ASNS expression and the response of leukemic cells to
asparagine depletion, we established an RS4;11 line that is resistant to asparagine depletion
by subjecting the parental RS4;11 cells to rounds of culture in low levels of asparagine in
the medium, followed by culturing in the absence of asparagine supplement (Fig. 2.4.B).
The resulting resistant cells, designated RS4;11/R, displayed the ability to proliferate in
asparagine-free medium (Fig. 2.4.C). Consistently, we observed restoration of ASNS
expression at both protein and mRNA levels (Fig. 2.4D and 2.4.E). Results from bisulfite
sequencing showed that a significant portion of the DNA in RS4;11/R cells were now
unmethylated at nearly all predicted CpG island in the promoter region of ASNS (Fig.

2.4.F). These results suggest that the DNA methylation status of the ASNS promoter is an
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important reason for the differences in ASNS expression and the cell sensitivity to

asparagine depletion.
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Fig. 2.4: Promoter hypermethylation restricts ATF4-dependent induction of ASNS following
asparagine depletion. A Bisulfite sequencing analyses revealed that the ASNS promoter is
hypermethylated in RS4;11 cells. As a control, the same region is hypomethylated in Nalm-6 cells.
Each dot represents a predicted CpG site. Each line represents one sequencing result from a bulk
population of cells. B RS4;11 cells were maintained in medium containing low levels of exogenous
asparagine (20 pm, 20% of complete LCM) for 4 weeks. The resulting cells were then plated on

1% methylcellulose prepared in asparagine-free LCM for another 4 weeks to establish the
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RS4;11/R line, which was maintained in asparagine-deficient LCM. C Growth curve of RS4;11
and RS4;11/R cells cultured in in asparagine-replete or -depleted medium for 4 days. Results are
presented as mean = S.D. of triplicates from a representative experiment. D RS4;11 and RS4;11/R
cells were cultured in asparagine-replete or -depleted medium for 24 hours. Protein lysates were
analyzed by immunoblot with antibodies specific for p-GCN2 (Thr-899), GCN2, ATF4, and ASNS.
E RS4;11 and RS4;11/R cells were cultured under the same condition as in D. RNA was extracted
and subjected to q-PCR analysis. The result is normalized to 18S rRNA as an internal control.
Results are presented as mean + S.D. of triplicates from a representative experiment. F Bisulfite

sequencing results of the ASNS promoter from a bulk population of RS4;11/R cells.

Next, we addressed whether the methylation status at the ASNS promoter dictates ATF4
recruitment in the ALL cells in response to asparagine depletion. We performed chromatin-
immunoprecipitation (ChIP) assay with an ATF4 antibody followed by promoter specific
PCR amplification. ATF4 occupancy at ASNS promoter was blocked in RS4;11 cells
independent of the presence or absence of asparagine in the medium (Fig. 2.4.G, left).
However, ATF4 occupancy was restored in RS4;11/R cells even in asparagine-replete
condition, and ATF4 binding was further enhanced when exogenous asparagine was
deprived (Fig. 2.4.G, left). As a control, there was induced recruitment of ATF4 to the
promoter region of another target gene, SESN2 (Fig. 2.3.E), following asparagine depletion
in both the RS4;11 and RS4;11/R cells (Fig. 2.4.G, right). Of importance, ATF4 was still
required for ASNS expression in RS4;11/R cells. CRISPR was used to selectively delete
the ATF4 gene, leading to abolishment of ASNS expression independent of the availability
of asparagine in the medium (Fig. 2.4.H). Of interest, re-addition of asparagine to

RS4;11/R cells for 8 days did not significantly alter ASNS expression (Fig. 2.4.1),
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suggesting the involvement of additional regulatory mechanisms to control the expression

of ASNS when the cells are fully adapted to culturing conditions without any exogenous

asparagine.
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Fig. 2.4 contd.: Promoter hypermethylation restricts ATF4-dependent induction of ASNS
following asparagine depletion. G RS4;11 and RS4;11/R cells were cultured in asparagine-replete
or -depleted medium for 24 hours. ChIP assay was performed using an ATF4-specific antibody or
an isotype IgG control antibody. Promoter-specific g-PCR amplification was done with primer
pairs specific for the promoter region of ASNS (left) or SESN2 (right). Results were normalized to
total input DNA prior to antibody enrichment. Data are presented as mean + S.D. of triplicates from
a representative experiment. The p values were calculated using Student’s two-tailed paired t test
(**,p<0.01; *** p<0.001; ns, not significant). H RS4;11/R cells stably expressing control guide

RNA (sgCtrl) or ATF4-specific guide RNA were cultured in asparagine-replete or -depleted

42



medium for 24 hours. Protein lysates were analyzed by immunoblot analyses for ATF4 and ASNS.
I RS4;11/R cells were cultured in medium containing exogenous asparagine for 8 days. Protein
extractions were collected at Day 0, 4 and 8 and subjected to Western Blotting for ASNS and ATF4
proteins. Protein extraction from the RS4;11 cells deprived of asparagine for 1 day was used as a
control. J RNA from the RS4;11/R cells were collected at Day 0, 4 and 8 in I and subjected to g-

PCR quantification of ASNS. RNA from the RS4;11 cells was used as a control.
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2.3.5 Asparagine deficiency leads to CHOP-dependent apoptosis

ASNase treatment in mice induces profound amino acid starvation response in normal
tissues with upregulation of many known ATF4 target genes, including ASNS and CHOP
(116). Our results suggest that DNA hypermethylation at the promoter region of ASNS gene
specifically blocked ATF4-dependent adaptation to asparagine depletion through
inhibiting transcription of ASNS gene, while promoting ATF4-dependent induction of
apoptotic genes to dictate cell fate decision. Since CHOP is also a direct transcriptional
target of ATF4 (103), which plays a critical role in programmed cell death during ER/UPR
stress (117, 118), we sought to determine whether CHOP was induced in ALL lines that
were unable to induce ASNS expression due to the promoter hypermethylation. We found
that CHOP mRNA and protein were induced by asparagine depletion in RS4;11 and DND-
41 cells, but not in Nalm-6 and HPB-ALL cells (Fig. 2.5.A and 2.5.B). Induction of CHOP
was accompanied by increased caspase-3 cleavage, a marker of apoptosis (Fig. 2.5.A).
Furthermore, Q-VD, a pan-caspase inhibitor, blocked apoptosis in the RS4;11 and DND-
41 cells following asparagine depletion (Fig. 2.5.C), supporting the idea that caspase
activity facilitates the cell death. To determine whether CHOP is critical for apoptosis in
response to asparagine depletion, we used CRISPR to delete the CHOP gene in the RS4;11
cells. Loss of CHOP gene enhanced the ALL-cell survival following asparagine depletion
(Fig. 2.5.D and 2.5.E). We conclude that induction of CHOP expression is critical for

apoptosis induced in ALL cells subjected to asparagine depletion.
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Fig. 2.5: Asparagine deficiency leads to CHOP-dependent apoptosis. A Nalm-6, RS4;11, HPB-
ALL, and DND-41 cells were cultured in asparagine-replete or -depleted medium for 48 hours.
Protein lysates were subjected to immunoblot analyses for CHOP and Caspase-3. Arrows indicate
the cleaved active forms of Caspase-3. B The leukemic cells in A were cultured under the same
condition as in A for 24 h. RNAs were extracted for q-PCR analyses of CHOP normalized to /8S
rRNA. C RS4;11 and DND-41 cells were cultured in asparagine-replete or -depleted medium or
asparagine-depleted medium containing 20 um Q-VD for 4 days. Apoptosis was quantified by
Annexin V and propidium iodide staining followed by flow cytometry analyses. Results are
presented as one representative of three independent experiments. D RS4;11 cells stably expressing
a Ctrl guide RNA or CHOP guide RNA were subjected to asparagine depletion for 24 h. Protein
lysates were analyzed by immunoblot for CHOP. E Cells from (D) were cultured in asparagine-
replete or -depleted medium for 96 hours. The cell death percentage was quantified by trypan blue
staining. Results are presented as mean + S.D. of triplicates. The p value was calculated using

Student’s two-tailed paired t test. (¥*, p < 0.01).
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2.3.6 CHOP induction under asparagine deficiency is ATF4-independent

Since CHOP is a well-defined ER stress response gene and a target of ATF4, we next
sought to determine whether ATF4 is required for CHOP induction following asparagine
depletion. Whereas deletion of 4TF4 by CRISPR in Nalm-6 cells ablated induced ASNS
expression in response to asparagine depletion, there was a more robust induction of CHOP
mRNA and protein expression with loss of ATF4 (Fig. 2.6.A and 2.6.B). The induction of
CHOP was accompanied by growth/survival defect in ATF4-deficient Nalm-6 cells
following asparagine depletion (Fig. 2.6.C). Furthermore, MEFs deleted for ATF4 did not
express ASNS, which correlated with strong induction of CHOP following asparagine
depletion (Fig. 2.6.D and 2.6.E). These findings suggest that CHOP is an important trigger
for apoptosis in ALL cells that are unable to adapt to asparagine depletion. Of importance,

induced CHOP expression can occur independent of ATF4.
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from a representative experiment. D and E WT or Atf4—/— MEFs were cultured in asparagine-
replete (Com) or -depleted (-Asn) medium for 24 hours. Protein lysates were analyzed by
immunoblot for ASNS and CHOP. RNAs were subjected to q-PCR analysis for CHOP, and the

results are presented as mean + S.D. of triplicates from a representative experiment.
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2.4 Discussion

In this study, we found that a critical molecular feature dictating the ability of ALL
cells to induce the expression of ASNS is the DNA methylation status at the promoter
region of ASNS. As a result, the ability to induce the expression of ASNS is critical in
driving resistance to asparagine depletion. When ASNS promoter is hypo-methylated,
transcription of ASNS is induced by ATF4 through a GCN2-dependent adaptive amino
acid response. However, when ASNS promoter is hyper-methylated, ATF4 is not able
to be recruited to the cis-regulatory element for transactivation (Fig. 2.4.G). In addition,
we provided an example of hierarchy between methylation status of gene promoter and
key transcription factor. Using both standard ALL cell line (Nalm-6) and an
experimentally derived asparagine-insensitive ALL line (RS4;11/R), we showed that
hypomethylation at ASNS promoter is necessary, but not sufficient, to drive
transcription of ASNS without ATF4 in ALL cells (Fig. 2.6.A and 2.4.H). Recently,
DNA methylation at the promoter region of ASNS was found as a feature of TLX1
positive T-ALL patient samples, which correlates with better prognosis (119). To
further elucidate the genetic components that dictate the promoter methylation status in

ALL cells may provide better management of ALL patients in the future.

Because perturbing amino acid metabolism has been proposed to be a potential strategy
to treat cancer (120), it is critical to understand how tumor cells make decision between
adaptation versus cell death during metabolic stress. The fact that ALL cells respond
differentially to asparagine depletion provides us a compelling example to interrogate

this question. Particularly, both adaptive and apoptotic responses can be induced by
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ATF4 during amino acid starvation (27). Whether this relies on selective expression of
ATF4 target genes or involves ATF4-independent mechanism is still unclear. Here, we
showed that CHOP was induced only in ALL cells that are unable to turn on the
expression of ASNS following asparagine depletion to trigger apoptosis (Fig. 2.5.A-
2.5.E). Of interest, the induction of CHOP did not require the presence of ATF4 but
correlated with lack of intracellular asparagine (Figure 2.6.A-2.6.E). It was shown that
ATF6 may compensate for the loss of ATF4 to drive CHOP transcription during
ER/UPR stress (121). Whether amino acid starvation shares a similar machinery or
employs a different context-specific molecular component to drive the induction of
CHOP warrants further investigation. Therefore, we propose a model that promoter
hypermethylation of ASNS prevents ATF4-dependent adaptation through blocking the
transcription of ASNS, which consequently leads to an ATF4-independent induction of

CHOP and apoptosis through intracellular depletion of asparagine (Fig. 2.7).

Asparagine has emerged recently as a critical NEAA to support tumor cell
growth/survival in a variety of settings, where nutrient limitation becomes a barrier for
further tumor progression (30-32, 86, 122). Thus, to understand the acquisition and
utilization of asparagine in tumor cells becomes an important topic. Like other NEAAs,
asparagine acquisition can be achieved through direct uptake from environment via cell
surface transporter or de novo biosynthesis inside cell. However, the preferential route
of asparagine acquisition is context dependent. For example, in breast tumors, loss-of-
function of de novo biosynthesis through genetic inhibition of ASNS significantly

reduces the incidence of lung metastasis without perturbing tumor growth at primary
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Fig. 2.7: Proposed model of cell fate decisions following asparagine depletion. Asparagine
depletion induces ATF4 through a GCN2-dependent amino acid response. When
the ASNS promoter is hypomethylated, ATF4 is recruited to the promoter region to induce
gene expression. As a result, increased expression of ASNS drives de novo biosynthesis of
asparagine to support cell survival and growth (left). When the ASNS promoter is
hypermethylated, ATF4 recruitment is blocked. Consequently, failure to induce ASNS
expression leads to intracellular deficiency, which triggers CHOP induction and apoptosis in

an ATF4-independent manner (right).

sites (32), suggesting that limitation of exogenous asparagine in lung or the process of
metastasis can create dependency on de novo biosynthesis during tumor progression.
In addition, KRAS mutant non-small-cell lung cancer (NSCLC) cells upregulate ASNS
to support cell survival and protein synthesis through ATF4 regulation, suggesting a
direct connection between oncogenic signaling and the adaptive amino acid response

pathway (31). Furthermore, stroma cells in tumor environment can engage ATF4-

51



dependent ASNS induction and asparagine biosynthesis to feed tumor cell asparagine
during glutamine limitation (30). Thus, to elucidate the molecular mechanism that
governs the expression of ASNS is essential for understanding tumor cell adaptation to

nutrient limitation during tumor progression.

On the other hand, ASNase has activity only in ALL and certain cases of T/NK cell
lymphoma, suggesting that their route of asparagine acquisition is different from other
cancers (88). It is thought that ALL cells inherit intrinsic properties to limit their
capacity to synthesize asparagine de novo. However, despite their overall sensitivity to
asparagine depletion, we found that differential expression of ASNS following
asparagine depletion is central to dictate adaptive or apoptotic response in ALL cells.
Although GCN2/ATF4 pathway plays an important role in the induction of ASNS
following asparagine depletion, it is not sufficient to drive ASNS expression unless the
promoter region of ASNS is hypomethylated. Together, our results elucidate a
comprehensive program involving adaptive amino acid response and chromatin-
modification component to regulate ASNS expression and de novo asparagine
biosynthesis. Failure of this process switches cells from programmed adaptation to
programmed cell death following deprivation of exogenous asparagine, which can
broadly affect therapeutic intervention that aim at targeting asparagine bioavailability

1n cancer.
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CHAPTER 3: ASPARAGINE BIOAVAILABILITY REGULATES THE
TRANSLATION OF MYC ONCOGENE

3.1 Introduction

Transformation-associated metabolic rewiring creates vulnerability in treating cancer
through metabolic perturbation (123-125). The unique dependencies on a specific
nutrient or metabolite for tumor progression are dictated by key factors, including tissue
of origin, genetic lesions, vasculature supply of nutrients, dietary patterns, and therapy.
L-asparaginase (ASNase) is one such therapy that functions via depleting circulating
asparagine, which acute lymphoblastic leukemia (ALL) cells depend on for growth and
survival (126). Although asparagine is a nonessential amino acid, it is believed that
ALL cells do not express asparagine synthetase (ASNS), the enzyme required for its de
novo biosynthesis, making ALL cells reliant on exogenous asparagine (19). However,
recent work suggests that ALL cells can induce the expression of ASNS through a
general controlled nonderepressible 2 (GCN2)-dependent amino acid sensing pathway
following ASNase treatment (Chapter 2) (36). As a result, elevated expression of ASNS
drives de novo biosynthesis of asparagine and confers resistance to ASNase treatment

at least in vitro.

Since asparagine has not been found to be able to be catabolized in mammalian cells
(86), the anti-leukemia effect of its depletion is largely due to an interruption of protein
synthesis. However, recent work suggests that in addition to its role as a precursor for
protein synthesis, asparagine can regulate cancer-associated signaling pathways (127),

including the mammalian target of rapamycin complex I (mTORC1) (54, 55), AMP-
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activated protein kinase (AMPK) (18), receptor tyrosine kinases (RTKs) (37) and
lymphocyte-specific protein tyrosine kinase (LCK) (35). These results indicate that the
observed anti-tumor effect of ASNase in these preclinical models may also be attributed
to the role of asparagine in regulating cellular signaling in both cancer cells and immune

cells.

c-MYC is a key transcription factor with a well-documented role in hematopoiesis and
hematopoietic malignancies (56, 128). The important role of c-MYC in cancers is
attributed to its ability to activate the transcription of 10% of genes in the genome and
to the ability of c-MYC to be activated by many upstream oncogenic pathways (129).
In normal cells, c-MYC protein levels are tightly regulated; however, in cancer cells
mutations in the upstream or downstream signaling cascade or the cis-regulatory
elements of c-MYC can lead to aberrant high expression, which drives transformation
and tumor progression (57, 130). Targeting the transcription of c¢-MYC by
bromodomain and extra terminal protein (BET) inhibitors has shown promise pre-
clinical responses in hematopoietic cancer (131). However, it was reported that
resistance to BET inhibitors can occur at least in the setting of acute myeloid leukemia
(AML) due to the transcriptional plasticity of ¢c-MYC expression through the cis-

regulatory elements of c-MYC locus (132).

Here, using asparagine auxotrophic ALL cells as a model, we discovered that

asparagine depletion acutely suppresses the expression of ¢-MYC protein without

altering the expression of its mRNA. This reduction of c-MYC protein expression is
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not due to enhanced protein degradation or due to activation of the GCN2 pathway that
is known to suppress translation initiation. In addition, we determined that genetic or
pharmacological inhibition of asparagine biosynthesis can render lymphoid cancer
cells, that express high levels of ASNS, sensitive to ASNase treatment both in vitro and
in vivo. Our results identify a regulatory role of asparagine in oncogenic c-MYC
signaling in lymphoid cancer through a post-transcriptional mechanism and highlight

the potential to restrict asparagine bioavailability in treating c-MYC-driven cancers.
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3.2 Material and methods

3.2.1 Cell culture

All cell lines used in this study were grown at 37 °C in a humidified atmosphere containing
5% COaz. Leukemic cell lines were cultured in our in-house lymphocyte culture medium
(LCM) using a high-glucose DMEM as a basal media (11965092, Thermo Fisher
Scientific). Preparation of LCM was done as described previously (Chapter 2.2 Materials
and methods) (38), and the standard concentration of asparagine in the LCM is 0.1 mM. A

list of all the cell lines used and disease type is provided in Table 3.1.

Table 3.1: List of cell lines used in Chapter 3

Human cell | Source RRID # Comments
lines
DND-41 Hui Feng, CVCL 2022 | T-ALL isolated from 13y old
Boston University male
Jurkat ATCC CVCL 0065 | T-ALL isolated from 14y old
male
CCREF- CVCL _0207 | T-ALL isolated from 3y old
CEM female
P12 CVCL 1630 | T-ALL isolated from 7y old male
Ichikawa
HPB-ALL | Hui Feng, CVCL 1820 | T-ALL isolated from 14y old
Boston University male
KOPT-K1 CVCL 4965 | T-ALL isolated from 6y old male
RS4;11 ATCC CVCL 0093 | B-ALL isolated from 32y old
female
Nalm-6 Dr. Ross Levine, | CVCL 0092 | B-ALL isolated from 19y old
Memorial Sloan male
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Kettering Cancer
Center
697 DSMZ CVCL 0079 | B-ALL isolated from 19y old
male
Reh ATCC CVCL 1650 | B-ALL isolated from 32y old
female

3.2.2 Asparagine and serum deprivation experiments

Leukemic cells were collected by centrifugation at room temperature. The excess media
was aspirated, and cell pellets were washed with and subsequently resuspended in the
appropriate media. For asparagine deficient LCM, the asparagine supplement was removed
and dialyzed FBS was used. For serum deprivation experiments, LCM was prepared

without the serum supplement and dialyzed FBS was added at the indicated concentrations.

3.2.3 Cell growth and viability assays

Cell number and viability were measured by using the Vi-Cell XR cell viability analyzer
(Beckman Coulter). Cell counting was performed in biological triplicates. To calculate
population doublings, cell counts were normalized to day 0 followed by logarithmic

transformation to base 2.

3.2.4 Western Blotting

Protein was extracted using a 1x RIPA buffer solution (EMD Millipore, Cat. # 20-188)
supplemented with Halt protease inhibitor (Thermo Scientific, Cat. # 87786) and Halt
phosphatase inhibitor (Thermo Scientific, Cat. # 78420). Quantification of protein extract

was done using Bradford’s reagent (Bio-Rad, Cat. # 5000002) as described in the
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manufacturer’s protocol and equal amount of total protein was loaded for western blotting.
Proteins were separated by electrophoresis using 4-12% Bis-Tris gels (Invitrogen, Cat. #
NP0322BOX) in MOPS buftfer solution (Invitrogen, Cat. # NP001) and proteins were then
transferred to nitrocellulose membranes (Bio-Rad, Cat. # 1620115). BI°king was done
using 5% milk (Difco, Cat. # 232100) and membranes were incubated with primary
antibodies overnight at 4°C followed by 1h incubation with horseradish peroxidase-
conjugated secondary antibody. All intermediate washing steps were done in tris buffered
saline buffer supplemented with 0.05% tween-20 (TBST) (Santa Cruz Biotechnology, Cat.
# 362311). Signal detection was done using SuperSignal West Pico PLUS
Chemiluminescent Substrate (Thermo Scientific, Cat. # 34578). To detect multiple
different proteins, membranes were stripped with Restore Western Blot stripping buffer
(Thermo Scientific, Cat. # 21059) according to manufacturer’s instructions and analyzed
with another primary antibody. A list of antibodies used in this study is provided in Table
3.2.

Table 3.2: List of antibodies used in Chapter 3

Antibody Source Catalog #
Mouse monoclonal c-MYC (9E10) | Santa Cruz Biotechnology | Sc-40
Rabbit monoclonal c-MYC Cell Signaling Technology | #5605
(D84C12)

Rabbit polyclonal ASNS* Proteintech 14681-1-AP
Mouse monoclonal B-actin (AC-74) | Sigma-Aldrich A2228
Mouse monoclonal a-tubulin Sigma-Aldrich T9026
(DM1A)

Mouse monoclonal HSP90 o/f Santa Cruz Biotechnology | Sc-13119
Rabbit monoclonal ATF4 (D4B8) Cell Signaling Technology | #11815
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Mouse monoclonal FBXW?7 EMD Millipore MABSI1118
(9D8.1)

Rabbit monoclonal p-S6K-T389 Cell Signaling Technology | #2708
(108D2)

Rabbit monoclonal S6K (49D7) Cell Signaling Technology | #9234
Rabbit polyclonal p-mTOR-S2448 | Cell Signaling Technology | #2971
Rabbit monoclonal mTOR (7C10) Cell Signaling Technology | #2983
Rabbit polyclonal p-4EBP1-S65 Cell Signaling Technology | #9451
Rabbit polyclonal 4EBP1 Cell Signaling Technology | #9452
Anti-puromycin (12D10) EMD Millipore MABE343
Rabbit monoclonal HA-Tag Cell Signaling Technology | #3724
(C29F4)

Rabbit polyclonal Caspase-3 Cell Signaling Technology | #9662
Rabbit monoclonal PARP (46D11) | Cell Signaling Technology | #9532
Rabbit IgG HRP linked Sigma-Aldrich NA934V
Mouse IgG HRP linked Sigma-Aldrich NA931V
Rabbit monoclonal c-MYC (Y69) * | Ventana Medical Systems | 790-4628
(used in immunohistochemistry)

Rabbit monoclonal Ki67 (SP6) * Thermo Fisher RM-9106-S

(used in immunohistochemistry)

3.2.5 mRNA quantification and q-PCR

Total RNA was isolated with TRIzol reagent (Life Technologies, Cat. # 15596026) as per
manufacturer’s instructions. Equal amount of total RNA (500-1000 ng) was then used for
cDNA synthesis using PRIMA gMax first strand synthesis kit (MIDSCI, Cat. # PR2110).
The synthesized ¢cDNAs were then used for q-PCR using designated primers using
BullsEye EvaGreen q-PCR master mix (MIDSCI, Cat # BEQPCR) and run on QuantStudio

3 (Applied biosystems, Cat. # A28137). A list of primers used is included in Table 3.3.
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Table 3.3: List of oligos used in Chapter 3

Oligos

Sequence

Human c-MYC

5" TGTGGAAAAGAGGCAGGCT 3’
5’ TGTGAGGAGGTTTGCTGTGG 3’

Human Sestrin2

5> GACATGCTGTGCTTTGTGGAA 3°
5> GCCCCTCTCCGAGTGAAGTC 3’

Human ATF4

S’TCAAACCTCATGGGTTCTCC 3’
5> GTGTCATCCAACGTGGTCAG 3’

Human 18s rRNA

5 CTGGATACCGCAGCTAGGAA 3°
5" GAATTTCACCTCTAGCGGCG 3’

Firefly luciferase

5" CCAGGGATTTCAGTCGATGT 3’
5> AATCTCACGCAGGCAGTTCT 3°

Yeast phenylalanine

tRNA

5> GCGGAYTTAGCTCAGTTGGGAGAG 3’
5" GAGAATTCCATGGTGCGAAYTCTGTGG 3’

Human asparagine

tRNA

5> GTCTCTGTGGCGCAATCGGT 3°
5> GAGAATTCCATGGCGTCCCTGG 3°

Human glutamine tRNA

5" GGTTCCATGGTGTAATGGTNAGCACTCTG 3’
5" GAGAATTCCATGGAGGTTCCACCGAGAT 3’

Human valine tRNA

5> GTTTCCGTAGTGTAGTGGTTATCACGTTCG 3°
5> GAGAATTCCATGGTGTTTCCGCCC 3°

Guide RNA 1 for human
ASNS

5" CACCGCACGCCCTCTATGACAATG 3°
5> AAACCATTGTCATAGAGGGCGTGC 3’

Guide RNA 2 for human
ASNS

5> CACCGCACGCCCTCTATGACAATG ¥’
5" AAACCATTGTCATAGAGGGCGTGC 3°

Guide RNA scramble

control

5" CACCGTGAACCGCATCGAGCTGAA 3’
5> AAACTTCAGCTCGATGCGGTTCAC 3°

Short hairpin for mouse

ASNS

5> CTGGGATCACCTCAGTCAAGAA 3°

Short hairpin scramble

control

5> CAGGAATTATAATGCTTATCTA 3°
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3.2.6 Cloning and virus production

Mouse ASNS cDNA was ordered from Dharmacon and then cloned into the LeGO-1G2
vector backbone (Addgene, #27341). Guide RNAs were designed using Feng Zhang
lab’s CRISPR design resource: (http://crispor.tefor.net/) and cloned into
pLentiCRISPRv2-Puro vector (Addgene, Cat. # 98290) for transduction into targeted
cells (133). Human MYC cDNA, ordered from Open Biosystems, was cloned using
EcoRI and Notl enzymes into a lentiviral vector that is optimized for expression in
leukemia cells (134). Virus production was done in 293T cells using the calcium
phosphate method. We used pMD2.G (Addgene, Cat# 12259) and psPAX2 (Addgene,
Cat# 12260) as packaging plasmids. The design of the shRNAs targeting mouse ASNS

was previously described (135).

3.2.7 Mass spectrum analysis of metabolites

10-15 x10° cells were collected and washed once in 1x HBSS. Extraction was done
using an 80% methanol solvent containing an internal spike-in standard '*Ca,'"N»-
asparagine. Dried samples were resuspended in 80:20 acetonitrile: water and analyzed
using a Thermo Q-Exactive mass spectrometer coupled to a Vanquish Horizon UHPLC.
Metabolites were separated on a 150 x 2.1 mm SeQuant PEEK HPLC Column with
ZIC-pHILIC (5 pm) polymeric beads (Millipore Sigma). Samples were run with a
gradient of solvent A (95% acetonitrile, 5% water) and solvent B (10mM NH4Ac, pH=
5.5) as follows: 0 min, 5% B; 2 min, 5% B; 18 min, 60% B; 19 min 90% B; 24 min,
90% B; 25.5 min 5% B. Data were collected on a full scan positive mode. Settings for

the ion source were: 12 aux gas flow rate, 40 sheath gas flow rate, 1 sweep gas flow
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rate, 3.5 kV spray voltage, 34 °C capillary temperature and 250 °C heater temperature.
Asparagine was identified based on the exact M/z and retention time of an asparagine
chemical standard. Data were analyzed with Maven (104, 105), and normalized to the

internal standard of and then the total cell number of each sample.

3.2.8 Polysome profiling

DND-41 cells were cultured for 6 hours with or without asparagine. Cycloheximide
was added to each culture dish at a final concentration of 50 pg/ml for 10 min before
harvesting. Cells were rinsed with ice-cold PBS solution containing 50 pg/ml
cycloheximide and then lysed with 500 ul of cold lysis solution (20 mM Tris-HCI (pH
7.5), 100 mM NaCl, 10 mM MgCI2, 0.4% NP-40, and 50 pg/ml cycloheximide),
followed by centrifugation at 13,000 rpm for 10 min at 4 °C. Cell lysates were then
applied to the top of 10-50% sucrose gradients and subjected to ultracentrifugation in
a Beckman SW41Ti rotor at 40,000 rpm for 2 hours at 4 °C. Following centrifugation,
the fractions were collected using a piston gradient fractionator (BioComp) coupled
with a Gilson fraction collector and stored in TRIzol LS reagent. Whole cell lysate
polysome profiles were generated using a 254 nm UV monitor with Data Quest

Software as described previously (136).

3.2.9 Mouse experiments
Mouse experiments were performed in compliance with IU’s animal care and use
protocols (#20026). A Eu-MYC mouse was crossed with a Arf heterozygous mouse

(Arf*") to generate primary lymphoma cells (137). 2x10° primary lymphoma cells were
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injected by tail-vein into secondary female recipients (C57BL/6J, 8-10 weeks of age).
This generated a secondary, synchronized model of the disease with physically palpable
lymph nodes (around day 10). For ASNS knockdown experiments, knockdown
efficiency was confirmed prior to injection. Mice received shCtrl or shASNS lymphoma
cells were randomly grouped into treated and untreated groups. Pegylated-ASNase
(PEG) (2.5 IU/g body weight) was injected intra-peritoneally on day 10 and mice were
euthanized on day 13. For the survival experiment, PEG was administered on days 7,
19, and 31 post-transplantation. For pharmacological inhibition of aspartate production,
phenformin (150 mg/kg/day) was administered through oral gavage starting on day 6.
PEG was injected intra-peritoneally at day 10. Mice were euthanized on day 13. For
survival experiment, we used 8 animals for each group, and for tumor index analysis

we used at least 3 animals for each group to ensure enough power of the statistics.

3.2.10 Immunohistochemistry

Tissues of appropriate sizes were cut and fixed in 4% paraformaldehyde overnight and
then transferred to 70% ethanol. Tissue embedding, sectioning, and staining were done
at the IU Histology Core. Slides were stained with hematoxylin and eosin (HE) as well
as antibodies against c-MYC (Y69, Ventana Medical Systems, 790-4628), Ki67 (SP-6,
Thermo  Fisher RM-9106-S) and ASNS (14681-1-AP, Protein Tech).
Immunohistochemically (IHC) stained tissue sections were scanned using the Aperio
ScanScope CS whole slide scanner at x40 magnification. The scanned images were
analyzed using QuPath, an open-source comprehensive digital pathology image

analysis software. The full detail information of QuPath software is available
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at (https://qupath.github.io) (138). After importing the images, the batch analysis was
applied across all IHC slides to obtain the following parameter: total cell count, c-MYC
positive (nuclear staining with intensity threshold of 0.1) cell count, c-MYC negative

cell count and the percentage of c-MYC positive cells.

3.2.11 RNA-seq and gene set enrichment analysis

The RNA-seq results were previously reported (GSE135420) (38). In this study,
RS4;11 cells were grown with or without asparagine for 16 hours. Total RNA was
isolated from these cells using TRIzol reagent. RNA-seq was done at the IU Center for
Medical Genomics. The reads were mapped using STAR aligner (v2.4) to the reference
genome (hg19). The reads were normalized, and differential expression was calculated
using DESeq package (v1.22.1) in R. Gene set enrichment analysis was done using

weighted mode against the gene set collection in MSigDB (v5.1).

3.2.12 tRNA charging measurements

tRNA charging was done as previously described (Chapter 2.2 Materials and methods)
(38). DND-41 cells were grown as indicated and total RNA isolated using TRIzol
reagent. Equal amounts of RNA were treated with 50 mM NalO4 (oxidation) and 50
mM NaCl (control). These were purified in Microspin G-25 columns (GE Healthcare,
Cat. # 27-5325-01) followed by de-acylation step in 50 mM Tris-HCI (pH 9.0). RNA
was  precipitated and subsequently ligated to the adaptor (5° -

/5tApp/ TGGAATTCTCGGGTGCCAAGG/3ddC/-3’) followed by first strand
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synthesis using SuperScript RT IV (Thermo Fisher, Cat# 18091050). Relative tRNA

charging was measured using tRNA specific primers (listed in Table 3.3).
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3.3 Results

3.3.1 Levels of ASNS dictate c-MYC protein expression in ALL cells

ALL cells express variable levels of ASNS and c-MYC protein (Fig. 3.1.A). In Chapter
2, we showed that DND-41 and RS4;11 cells do not express ASNS and thus completely
rely on exogenous asparagine for growth and survival. The inability to express ASNS
in these ALL cells is due to DNA hypermethylation at the promoter region of the ASNS
gene (38). In contrast, all other ALL lines used here do not have DNA hypermethylation
at the promoter region of the ASNS gene, and thus express high levels of ASNS or can
induce the expression of ASNS through the GCN2 pathway following asparagine
depletion (36, 38, 139). We determined that c-MYC protein became barely detectable
in DND-41 and RS4;11 cells following 16 hours of asparagine withdrawal (Fig. 3.1.B).
In contrast, under the same condition, c-MYC protein expression did not change
significantly in Jurkat cells that express high levels of ASNS or in HPB-ALL, Nalm-6
and Reh cells that induce the expression of ASNS to higher levels following asparagine
withdrawal. (Fig. 3.1.B). We confirmed that the expression of ASNS protein correlated
with their mRNA levels under both asparagine-replete and -depleted conditions (Fig.
3.1.C). Consistently, DND-41 and RS4;11 cells underwent growth inhibition and cell
death, whereas the other four ALL lines grew normally or showed partial growth

inhibition when exogenous asparagine was removed (Fig. 3.1.D).
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Fig. 3.1: Asparagine starvation suppress c-MYC protein expression in ALL cells
expressing low levels of ASNS. A Levels of c-MYC and ASNS protein in ALL cell lines were
measured by western blot analysis. T-ALL lines: CCRF-CEM, P12 Ichikawa, HPB-ALL,
KOPT-1, Jurkat, DND-41; B-ALL lines: Nalm-6, 697, RS4;11, Reh. B ¢c-MYC and ASNS
proteins were measured by western blot analysis in DND-41, Jurkat, RS4;11, Reh, HPB-ALL,
and Nalm-6 cells following asparagine withdrawal from the culture media for 16 hours. C g-
PCR analysis of ASNS mRNA in DND-41, RS4;11, HPB-ALL, Nalm-6, Jurkat and Reh cells
following 16 hours of asparagine starvation (**p <0.005; ****p<0.0001). D DND-41,
RS;411, HPB-ALL, Nalm-6, Jurkat, and Reh cells were grown with or without exogenous
asparagine for 3 days. Population doublings at day 3 were recorded (****p <(0.0001). Results
in panel C and D were presented as mean + standard derivation (SD). p values were determined

by using Student’s two-tailed unpaired t-test.

Analysis of published RNA-seq results in RS4;11 cells (38) showed significant
downregulation of c-MYC target genes following asparagine depletion (Fig. 3.1.E). To
determine whether the expression of ASNS was sufficient to sustain c-MYC protein

expression, we overexpressed ASNS cDNA in DND-41 and RS4;11 cells. We found
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that ASNS overexpression was sufficient to sustain ¢c-MYC protein expression
following asparagine depletion (Fig. 3.1.F), which correlated with restoration of cell
proliferation (Fig. 3.1.G). To determine whether the expression of ASNS is a necessary
component, we used CRISPR to delete the ASNS gene from Jurkat cells. We determined
that deletion of the ASNS gene led to a dramatic reduction of c-MYC protein following
16 hour asparagine withdrawal (Fig. 3.1.H), which correlated with an inhibition of cell
proliferation (Fig. 3.1.I). Taken together, these results suggest that ASNS is both
necessary and sufficient to sustain the expression of ¢c-MYC protein following

asparagine withdrawal from the culture media.
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Fig. 3.1 contd.: Asparagine starvation suppress c-MYC protein expression in ALL cells
expressing low levels of ASNS. E GSEA of RS4;11 cells following asparagine depletion
shows a significant downregulation of c-MYC target genes. F Western blot measurements of
c-MYC and ASNS proteins in DND-41 and RS4;11 cells expressing control or ASNS cDNA.

Cells were grown 16 hours in asparagine-replete or -deficient media. G DND-41 and RS4;11
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cells expressing control or ASNS cDNA were grown in asparagine-replete or -deficient media
for 3 days. Population doublings at day 3 were recorded (****p <0.0001). H Western blot
measurements of c-MYC and ASNS proteins in control and ASNS-deleted Jurkat cells grown
for 16 hours in asparagine-replete or -deficient media. I Control and ASNS-deleted Jurkat cells
in panel G were grown in asparagine-replete or -deficient media for 6 days. Cell numbers were
recorded every other day. p values were calculated at day 6 (**p <0.005; ****p <(0.0001).
Results in panel G and I were presented as mean + standard derivation (SD). p values were

determined by using Student’s two-tailed unpaired t-test.
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3.3.2 Expression of ¢c-MYC protein is regulated by asparagine in ALL cells

To determine the kinetics of c-MY C protein expression following asparagine depletion,
we performed a time-course experiment. Levels of c-MYC protein was sharply reduced
4-6 hours following asparagine depletion in DND-41, RS4;11 and Jurkat cells lacking
the ASNS gene (Fig. 3.2.A). To determine whether this phenotype of c-MYC expression
is specific to asparagine depletion, we treated DND-41 cells with four other chemo-
agents whose mode of function do not involve asparagine depletion in the presence of
exogenous asparagine. These agents included vincristine and methotrexate; two
standard drugs used in ALL patients. We found that none of the four chemo-agents
reduced the expression of c-MYC protein to the same extent as asparagine depletion
does, although each of these drugs profoundly inhibited cell proliferation and survival

(Fig. 3.2.B and 3.2.C).
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Fig. 3.2: Expression of c-MYC protein is regulated by asparagine in ALL cells. A Upper
panel: MYC in DND-41 and RS4;11 cells were cultured in asparagine-deficient media for up
to 16 hours, as indicated. Protein lysates were prepared and analyzed by Western blot to
measure c-MYC and B-actin. Lower panel: Western blot analysis of c-MYC in two ASNS-
deleted Jurkat clones cultured in asparagine-deficient media with protein collected at indicated

time points followed by Western blot analysis to measure c-MYC and HSP90. B Western blot
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analysis of c-MYC and PARP in DND-41 cells treated with vincristine (25 nM), methotrexate
(40 nM), etoposide (600 nM), or idarubicin (50 nM) for 18 hours in asparagine-replete media.
DND-41 cells were cultured in asparagine-deficient media for 18 hours as a control. C DND-
41 cells were treated as described in panel B, and population doublings were recorded on day

3 (*¥*** p<0.0001). p values were determined by using Student’s two-tailed unpaired t-test.

The effect of asparagine depletion on c-MYC expression is reversible, as the re-addition
of asparagine for 6 hours following a 16 hour asparagine pre-starvation was sufficient
to restore c-MY C protein expression in a concentration-dependent manner of the amino
acid (Fig. 3.2.D). To determine whether the downregulation of c-MYC protein is a
consequence of cell death triggered by asparagine starvation, we treated DND-41 and
RS4;11 cells with a pan-caspase inhibitor (Q-VD) in the absence of exogenous
asparagine. We found that Q-VD treatment did not rescue the expression of c-MYC
protein (Fig. 3.2.E) even though Q-VD can suppress Caspase-3 activation, PARP
cleavage, and cell death (Fig. 3.2.E and 3.2.F). Similarly, growth factor deprivation
triggered by fetal bovine serum (FBS) starvation inhibited cell proliferation while
having no effect on the expression of c-MYC protein in DND-41 cells (Fig. 3.2.G and
3.2.H). Therefore, lowered c-MYC protein expression is specific to asparagine
depletion and is not merely a consequence of growth inhibition or cell death triggered

by asparagine starvation.
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Fig. 3.2 contd.: Expression of c-MYC protein is regulated by asparagine in ALL cells. D
DND-41 cells were cultured in asparagine-deficient media for 18 hours, followed by asparagine
re-supplementation at the indicated concentrations for 6 hours. Lysates were prepared and
analyzed by western blot to measure the indicated proteins. E DND-41 and RS4;11 cells were
cultured in the asparagine-deficient media with or without pan-caspase inhibitor Q-VD (20
uM) for 18 hours. MYC, Caspase-3, and PARP protein levels were measured by western blot
analysis. F DND-41 and RS4;11 cells were cultured in the asparagine-deficient media with or
without pan-caspase inhibitor Q-VD (20 uM) for 3 days. Cell viability was determined by
Trypan Blue staining (* p<0.05; ** p<0.01; *** p<0.001) G Western blot analysis of MYC in
DND-41 cells cultured at the indicated concentrations of dialyzed FBS in the presence of
asparagine for 18 hours. Asparagine depletion was used as a control. H DND-41 cells were
treated as described in panel F, and population doublings were calculated on day 3. Results in
panel F and G were presented as mean + standard derivation (SD). p values were determined

by using Student’s two-tailed unpaired t-test. (**** p<0.0001).
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3.3.3 Asparagine starvation regulates c-MYC expression post-transcriptionally

To decipher the molecular mechanism by which asparagine starvation reduces c-MYC
protein expression, we performed quantitative PCR (q-PCR) analysis. Asparagine
starvation for 6 hours did not alter the expression of c-MYC mRNA even though it is
sufficient to induce the expression of SESN2, encoding Sestrin 2, a response marker to
amino acid starvation (Fig. 3.3.A). Furthermore, the reduction of MYC protein is evident
at two hours post asparagine withdrawal (Fig. 3.3.B). Thus, we concluded that asparagine
starvation reduces c-MYC protein expression independent of transcription and mRNA

decay mechanisms.

To determine whether asparagine starvation can enhance c-MY C protein degradation (Fig.
3.3.C, route 1), we treated DND-41 and RS4;11 cells with MG-132, a proteasome inhibitor.
We found that MG-132 treatment dramatically increased the c-MYC protein expression in
the presence of asparagine (Fig. 3.3.D, lane 1 vs 3 & 5 vs 7); however, MG-132 could
barely sustain the basal expression of c-MY C when exogenous asparagine is removed (Fig.
3.3.D, lane 1 vs 4 & 5 vs 8). To directly measure the stability of c-MYC protein, we treated
cultured DND-41 cells in asparagine-replete or -depleted medium for 180 minutes with
cycloheximide (CHX), an inhibitor of protein synthesis. We did not observe accelerated c-
MY C protein clearance under asparagine-depleted condition (Fig. 3.3.E). To quantify the
rate of c-MYC protein turnover, we pre-starved DND-41 cells of asparagine for 3 hours
and then performed the CHX treatment for 120 minutes. We found that even 3-hour of

asparagine pre-starvation did not significantly enhance the rate of c-MYC protein turnover
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(Fig 3.3.F and 3.3.G). These results suggest that asparagine starvation does not trigger c-

MY C protein depletion through appreciable enhanced protein degradation.
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Fig. 3.3: Asparagine regulates c-MYC protein expression post-transcriptionally. A Levels of

MYC mRNA were measured by g-PCR in DND-41 cells cultured in asparagine-replete or -deficient

media for 6 hours. Result was presented as mean + standard derivation (SD). Differences in



expression was calculated using Student’s two-tailed unpaired t-test. (ns: not significant; **
p<0.01). B Levels of MYC and HSP90 were measured in DND-41 cells cultured in asparagine-
deficient media for 6 hours. Protein extractions were collected at indicated time points and analyzed
by western blot. C Schematic model detailing the three possible routes asparagine may regulate the
expression of MYC protein post-transcriptionally. (1) Asparagine suppresses c-MYC protein
degradation by proteasome; (2) Asparagine activates mTORC1 to stimulate ¢c-MYC mRNA
translation; (3) Asparagine depletion activates GCN2 and induces elF2a phosphorylation-
dependent inhibition of c-MYC mRNA translation. D DND-41 and RS4;11 cells were cultured in
asparagine-replete or -deficient media for 6 hours with or without a proteasomal inhibitor MG-132
(1 uM). c-MYC protein was measured by western blot analysis. E DND-41 cells cultured in
asparagine-replete or -deficient media, followed by treatment with cycloheximide (2 pg/mL)
starting at Omin for the indicated time points. Equal amounts of protein lysates were analyzed by
western blot to measure c-MYC protein, with stable HSP90 included as a loading control. F DND-
41 cells were cultured in complete medium (+Asn) or asparagine-deficient medium (-Asn) for 3
hours. Cycloheximide (2 ug/mL) was then added for the indicated period of time. c-MYC protein
was measured by western blot analysis. Two biological replicates were showOn as both short and
long exposure for c-MYC. G The log, (c-MYC intensity/B-actin intensity) was plotted against the
time course. The result is an average of the two replicates. The linear regression equation was

shown at the bottom.

The two well-documented pathways connecting amino acid starvation to translation control
involve mTORC1 and GCN2 (140). Indeed, asparagine positively regulates mTORCI
activation through multiple mechanisms (54, 55); while activation of GCN2 by essential
amino acid starvation has been suggested to be able to suppress the translation of c-MYC

mRNA (72). We found that asparagine starvation lowers ribosomal protein S6 kinase
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(S6K) phosphorylation at threonine 389 and induces the expression of ATF4 in DND-41
and RS4;11 cells, indicating simultaneous inhibition of mMTORCI1 and activation of GCN2,
respectively (Fig. 3.3.H). This regulatory effect on both these pathways is mitigated by
overexpression of 4ASNS cDNA in these cell lines (Fig. 3.3.H). To determine whether
asparagine starvation suppress c-MYC mRNA translation through mTORCI inhibition
(Fig. 3.3.C, route 2), we treated DND-41 cells with rapamycin or Torin 1, two different
mTORCI inhibitors, in the presence of asparagine. We found that both rapamycin and
Torin 1 modestly reduced the expression of c-MYC protein (Fig. 3.3.1), similar to a prior
report (82). Consistently, rapamycin or Torin 1 treatment modestly reduced the expression
of c-MYC protein when asparagine is re-supplemented to DND-41 cells pre-starved 16
hours for asparagine (Fig. 3.3.J). To determine whether the activation of the GCN2
pathway inhibits the translation of c-MYC mRNA (Fig. 3.3.C, route 3), we treated DND-
41 and RS4;11 cells with GCN2iB or ISRIB. The former is a direct inhibitor of the kinase
activity of GCN2 (36), while the latter thwarts appropriate translation control by
phosphorylated elF2a, a central downstream effector of the GCN2 pathway (141, 142). As
expected, both GCN2iB and ISRIB inhibited the ATF4 accumulation and restored the
global protein synthesis rate as measured by a puromycin incorporation assay (Fig. 3.3.K).
However, neither of the compounds targeting the GCN2 pathway restored c-MYC protein
expression (Fig. 3.3.K). Given that GCN2 pathway can negatively regulate mTORCI
activation (143-145), we found that both GCN2iB and ISRIB restored S6K
phosphorylation at threonine 389 following asparagine depletion in both DND-41 and
RS4;11 cells (Fig. 3.3.K). Taken together, these results suggest that the suppression of the

c-MYC protein expression by asparagine starvation is neither a consequence of GCN2
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activation nor a result of global inhibition of protein synthesis. mTORCI activity may only

modestly contribute to the c-MYC expression.
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Fig. 3.3 contd.: Asparagine regulates c-MYC protein expression post-transcriptionally. H

DND-41 and RS4;11 cells expressing control or ASNS cDNA were cultured in asparagine-replete

or -deficient media for 6 hours. c-MYC, ASNS, ATF4 and p-S6K(T389) were measured by western

blot analysis. I DND-41 cells were cultured at the indicated conditions for 6 hours. MYC and p-

S6K(T389) were measured by western blot analysis. J DND-41 cells were cultured in asparagine-

deficient media for 16 hours followed by asparagine re-supplementation in the presence of mTOR

inhibitors rapamycin (100nM) and Torinl (100nM) for 6 hours. MYC, p-mTOR(S2448), p-

S6K(T389) and p-4EBP1(S65) were measured by western blot analysis. K DND-41 and RS4;11

cells were cultured in asparagine-deficient media for 6 hours in the presence of ISRIB (250 nM) or
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GCN2iB (1.5 uM). Puromycin (90 uM) was added 10 min before protein harvest. c-MYC, ATF4,
p-S6K(T389) and puromycin-incorporated polypeptides were detected by western blot analysis.
Global protein synthesis rates were analyzed by quantifying the intensity of individual lanes in the

puromycin blot relative to the loading control using the ImagelJ software.
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3.3.4 Asparagine starvation regulates the translation of c-MYC mRNA

mRNA translation is carried out by ribosomes, and the rate correlates directly with the
number of translating ribosomes associated with a specific mRNA. To measure the
translation of c-MYC mRNA, we performed a sucrose gradient analysis of lysates prepared
from DND-41 cells cultured with or without asparagine or without asparagine in the
presence of a GCN2 inhibitor (GCN2iB). Asparagine starvation triggered a reduction in
heavy polysomes in the gradient concomitant with increased monosomes, consistent with
a reduction in the initiation phase of global translation (Fig. 3.4.A). The reduction of
polysome to monosome ratio (P/M) (Fig. 3.4.A) is consistent with an accumulation of
uncharged asparaginyl-tRNA (Fig. 3.4.B), and the results from puromycin incorporation
assay that indicated suppressed global protein synthesis during asparagine starvation (Fig.
3.3.K). Furthermore, GCN2iB treatment restored the P/M ratio, indicating a restoration of

global protein synthesis during asparagine starvation (Fig. 3.4.A & Fig. 3.3.K).
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Fig. 3.4: Asparagine regulates the translation of c-MYC mRNA. A DND-41 cells were cultured
for 6 hours in asparagine-replete (blue), -deficient medium (orange) or -deficient medium with

GCN2iB (1.5 uM, green), and lysates were prepared and separated by sucrose gradient
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centrifugation. Gradient fractions were monitored by absorbance at 245 nm and monosomes and
polysomes are indicated. The ratio between polysome and monosome was listed in the table. The
result is from one of the representative profiles of each condition. B DND-41 cells were grown in
asparagine-depleted media for 6 hours. Uncharged tRNA for asparagine (Asn), glutamine (Gln),
and valine (Val) was measured as described in the methods. The results were normalized to 0 hours
as relative levels. p values were determined by using Student’s two-tailed unpaired t-test. (****

p<0.0001).

We isolated the RNA from gradient fractions to quantify the distribution of c-MYC mRNA.
We found that c-MYC mRNA was reduced in heavy fractions (fraction 12, 13) following
asparagine depletion (Fig. 3.4.C). ATF4, which is known to be preferentially translated
during amino acid starvation through GCN2 signaling (95), showed an opposite profile,
with more ATF4 mRNA being associated with the heavy fractions (fraction 9, 10, 11)
following asparagine withdrawal (Fig. 3.4.D). Importantly, GCN2iB treatment reversed
these changes caused by asparagine starvation (Fig. 3.4.C and 3.4.D). We included results
from two housekeeping genes, a-tubulin and GAPDH, showing that asparagine starvation
also reduced their mRNA distribution in the heavy polysome fractions even though the
overall mMRNA distribution of these two genes in the polysome fractions is lower compared

to MYC mRNA in the asparagine-replete condition (Fig. 3.4.E & 3.4.F).

mRNA translation can be regulated through untranslated regions (UTRs) that flank the
coding sequences. For c-MYC mRNA, both 5’- and 3’-UTRs have been implicated to play
a role in its translation control (146, 147). To determine whether the UTRs of c-MYC play

arole in regulating its mRNA translation following asparagine depletion, we introduced an
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exogenous c-MYC cDNA with only the coding sequence that included the HA tag on the
c-terminus into the DND-41 cells. We found that the expression of the exogenous c-MYC
protein was lowered with asparagine depletion to a similar extent as the endogenous c-
MYC protein (Fig. 3d). Collectively, these results suggest that the regulation of c-MYC
mRNA translation by asparagine does not occur through mechanisms involving the c-MYC
UTRs.
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Fig. 3.4 contd.: Asparagine regulates the translation of c-MYC mRNA. C Levels of c-
MYC mRNAs in each individual sucrose gradient fraction were measured by q-PCR. For each
fraction, results were normalized to a spiked luciferase mRNA control and plotted as a percentage
of the total mRNA. D Levels of ATF4 mRNA in each individual sucrose gradient fraction were
quantified in a similar way as panel C. E and F Distribution of a-tubulin and GAPDH mRNAs in
individual sucrose gradient fractions were measured by q-PCR. For each fraction, results were

normalized to a spiked luciferase mRNA control and plotted as a percentage of the total mRNA.
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Statistical significance was estimated using two-way ANOVA using the recommended Sidak
method for multiple comparisons. (**p <0.01; ***p <0.001; ****p <0.0001) G Lentiviral vector
expressing control or c-MYC cDNA with HA tag on the c-terminus without endogenous UTRs were
introduced into DND-41 cells. Cells were cultured in asparagine-replete or -deficient media for 6
hours. c-MYC protein was measured by western blot analyses using c-MYC antibody and anti-HA

antibody. ASNS protein was undetectable and Jurkat cells were used as a positive control.
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3.3.5 Asparagine depletion suppresses c-MYC expression and tumor growth in a
¢-MYC-driven lymphoma model

ASNase has been shown to be effective in treating ALL due to the lack of expression of
ASNS in ALL cells. To determine whether the expression of ASNS can cause
refractoriness to ASNase treatment in other lymphoid malignancies, we employed a well-
known mouse model of B-cell lymphoma, driven by a translocated c-MYC gene under an
immunoglobin heavy chain enhancer (148). We used shRNA to suppress the expression of
ASNS in B-cell lymphoma, prior to secondary transplantation. We found that c-MYC
protein became undetectable following asparagine withdrawal only if ASNS is suppressed
by shRNA (Fig. 3.5.A). Following a single dose of pegylated-L-asparaginase (PEG), a
clinically used stable form of ASNase, there was a dramatic reduction in the size of the
spleen and lymph nodes only when ASNS is suppressed by shRNA (Fig. 3.5.B, 3.5.C and

3.5.D).
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Fig. 3.5: RNAI inhibition of ASNS suppresses tumor growth and c-MYC expression following
L-asparaginase treatment in a c-MYC-driven B-cell lymphoma model. A Primary Ep-Myc
lymphoma cells were transduced with control or ASNS shRNA and sorted by GFP. The cells were
cultured for 6 hours in asparagine-replete or -deficient media. ASNS and ¢c-MYC protein was
measured by western blot analysis. B Images of representative spleen and lymph nodes from mice
transplanted with control (shCtrl) or ASNS knockdown (shASNS) lymphoma cells. PEG was given
at day 10 post-transplantation and tissues was collected 3 days post PEG treatment. C Spleen
weight of the mice treated in panel B. Data was plotted using a box-and-whisker plot. The boxes

extend from 25th or 75th percentile, and whiskers extend from the minimal to maximal value.
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Analysis was done using two-way ANOVA. (*p<0.5; **p<0.01). D Immunohistochemistry

staining of ASNS was shown as 10x (top panel) and 40x (bottom panel).

Immunohistochemistry staining of corresponding lymphoid tissues showed a dramatic
reduction in both proliferation (Ki67 stain) and ¢c-MYC protein levels (Fig. 3.5.E and
3.5.F). Furthermore, PEG treatment only modestly extended survival of mice transplanted
with control shRNA-infected lymphoma cells (Fig. 3.5.G, solid black line). By
comparison, mice transplanted with lymphoma cells containing ASNS shRNA survived
significantly longer following the PEG treatment (Fig. 3.5.G, solid red line). Without PEG
treatment, mice transplanted with lymphoma cells containing control shRNA or ASNS
shRNA showed a similar survival rate (Fig. 3.5.G, dashed black and red lines), indicating
the exogenous asparagine in the tumor environment is sufficient to drive lymphoma
progression. Finally, analysis of published gene expression profiling data from primary B-
ALL patient samples treated with ASNase in vitro (111) revealed a trend of higher c-MYC
activities in samples having higher ASNS expression following ASNase treatment (Fig.
3.5.H). These in vivo tumor experiments and patient sample analysis validate our findings
in cell lines and show that manipulating ASNS activity in vivo can suppress c-MY C protein

expression and have a therapeutic impact when circulating asparagine is limiting.
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Fig. 3.5 contd.: RNAI inhibition of ASNS suppresses tumor growth and c-MYC expression
following L-asparaginase treatment in a c-MYC-driven B-cell lymphoma model.
E Immunohistochemistry of lymphoma tissue isolated from mice treated as panel B. Top panel
shows staining for Ki67, middle panel is stained for hematoxylin and eosin and the bottom panel is
stained for c-MYC. F Lymph node tissues from the mice treated in panel D were stained with c-
MYC antibody. A representative heatmap image of each condition was shown as a whole section
scan. MYC positive cells were shown in red, and the percentage of positivity was shown next to
the images. G Long-term survival of mice transplanted with shCtrl or shASNS lymphoma cells
(n=238 for each group). Blue arrows at the top indicate administration of PEG at 2.5 [U/g body
weight at day 5, 19, 33. p values were calculated by using the Mantel-Cox test. H Nine B-ALL
patient samples (GSE4071) were grouped as ASNS high (ASNS H) versus ASNS low (ASNS L)
expression post L-asparaginase treatment in vitro. c-MYC target gene activity was assessed by

using single sample gene set enrichment analysis.

86



3.3.6 Pharmacological inhibition of aspartate production can synergize with
asparagine depletion in lymphoid cancers that express high levels of ASNS

Based on our in vitro and in vivo experiments, restriction of asparagine bioavailability can
suppress tumor growth, which correlates with suppression of c-MYC protein expression.
However, ASNase is effective only for cancer cells auxotrophic for asparagine. In addition,
there is no effective pharmacological inhibitor to block ASNS activity in cells. To address
these potential therapeutic limitations, we sought to reduce the availability of the substrates
for asparagine biosynthesis. The two key substrates for asparagine biosynthesis are
aspartate and glutamine (Fig. 3.6.A). Unlike glutamine, serum aspartate levels are
extremely low, and intracellular aspartate is primarily produced through de novo
biosynthesis (149). It was recently shown that mitochondrial respiration in cancer cells is
required for aspartate production (39, 40). Furthermore, a combination of electron transport
chain inhibitor (ETCi) and ASNase has shown a synergistic effect in suppressing tumor
growth through different mechanisms (41, 42). To determine whether ETCi can synergize
with asparagine depletion in suppressing the growth of ASNS-high Jurkat cells, we treated
the Jurkat cells with phenformin or rotenone, two complex I inhibitors, in the presence or
absence of asparagine. While both phenformin and rotenone caused growth retardation in
the asparagine-replete condition, this effect was more dramatic in the asparagine-depleted
condition (Fig. 3.6.B). This defect was partially rescued when supraphysiological levels of
aspartate was supplemented to the medium (Fig. 3.6.B). The growth defect correlated with
c-MYC protein expression (Fig. 3.6.C) and intracellular amino acid levels of asparagine

and aspartate (Fig. 3.6.D). These results suggest that targeting aspartate production to limit
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asparagine biosynthesis is an effective strategy to reduce c-MYC expression and cancer

cell growth.
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Fig. 3.6: Pharmacological inhibition of aspartate production sensitizes ASNS-high expressing
lymphoid cancers to ASNase treatment. A Schematic diagram showing biochemical pathways
involved in asparagine biosynthesis and the point of electron transport chain inhibitor (ETCi) to
limit aspartate production. B Jurkat cells were cultured in asparagine-replete or -deficient media in
the presence or absence of ETCi: rotenone (50 nM) (left panel) and phenformin (20 uM) (right
panel). Aspartate (Asp) was supplemented at 20 mM as indicated. Population doublings was
calculated at day 3. Two-way ANOVA was used to calculate significance using the recommended
Tukey method for multiple comparisons. (*p<0.5; **p<0.01; ***p<0.001 and
*Fx%D <0.0001). C Jurkat cells were cultured in asparagine-replete or -deficient media in the
presence or absence of ETCi for 16 hours. Aspartate was supplemented at 20 mM as indicated.
Levels of c-MYC protein were measured by western blot. D Intracellular levels of aspartate and
asparagine for Jurkat cells cultured for 16 hours in asparagine-replete or -deficient media, in the

presence or absence of rotenone (50 nM). Aspartate was supplemented at 20 mM as indicated.
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The application of metformin (150), an ETCi, in treating type 2 diabetic patients prompted
us to test the potential synergy of combining ETCi and ASNase to treat ASNS-high
expressing tumors in vivo. We employed our secondary mouse B-cell lymphoma model
using phenformin in combination with PEG. PEG treatment modestly reduced mouse body
weight as previously described (151), and no other apparent toxicity was observed with
phenformin or both (Data not shown). While either of the single treatment modestly
reduced the tumor burden, only the double treatment group showed the most significant
reduction in the size of spleen and lymph node tissue (Fig. 3.6.E and 3.6.F).
Histopathological staining of spleen tissue showed a reduction in the number of
proliferating cells and restoration of tissue architecture (Fig. 3.6.G). Furthermore,
phenformin plus PEG treatment in vivo achieved a significant reduction of c-MYC protein
expression than the other conditions (Fig. 3.6.H). Taken together, these results suggest that
ETCi in combination with ASNase can be used to effectively target MYC-driven
hematopoietic cancers that normally rely on de novo biosynthesis for asparagine

acquisition.
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Fig. 3.6 contd: Pharmacological inhibition of aspartate production sensitizes ASNS-high
expressing lymphoid cancers to ASNase treatment. E Representative images of spleen and
lymph nodes from mice transplanted with Ep-Myc lymphoma cells across the four treatment
groups: UT: untreated (n=4); PEG only (n=23); Phen: phenformin only (n = 3); and Phen+PEG:
(n=3). Phenformin was given at day 6 post-transplantation through oral gavage at 150 mg/kg/day
for 7 days. PEG was given at day 10 post-transplantation at 2.5 [U/kg as a single dose and tissues
was collected 3 days post PEG treatment. F Weight of spleen and lymph nodes harvested from
mice in panel E. Box-and-whisker plot was used. The boxes extend from 25th or 75th percentile,
and whiskers extend from the minimal to maximal value. Analysis was done using two-way
ANOVA. Representative comparison between spleens and one lymph node was shown. (*p <0.5;
**p <0.01; ***p<0.001 and ****p<0.0001). G Spleen tissues in panel E were stained with
hematoxylin and eosin (H&E) or Ki67. Representative images were shown in 2x and 40x for H&E
staining, and 40x for Ki67 staining. H Spleen tissues in panel G were stained with a ¢c-MYC
antibody. Representative images were shown in 40%. The heatmaps of c-MYC positive staining
were shown as whole scanned sections.
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3.4 Discussion

c-MYC is one of the most frequently dysregulated oncogenes in human cancers. MY C-
dependent metabolic rewiring has provided opportunities to perturb these metabolic
pathways as a means to selectively target c-MYC-driven cancers (125). Despite the fact
that it is well-accepted that c-MYC regulates the expression of metabolic genes to meet
the metabolic demands for tumor progression, it is still less clear whether the
availability of nutrient or metabolite can influence the activity of c-MYC-dependent
transcriptional program. In this study, we found that intracellular asparagine is required
for the sustenance of c-MYC mRNA translation and protein expression in lymphoid
cancer cells. In the absence of asparagine, the suppression of c-MYC mRNA translation
does not require the UTRs of c-MYC mRNA, is independent of the GCN2 pathway and
minimally involves mTORCI1 regulation. Furthermore, GCN2 inhibition during
asparagine starvation restores global protein synthesis and MYC mRNA distribution in
polysomes, but without restoring MYC protein levels (Fig. 21, 3a & 3b), indicating a
possible elongation stalling or lack of efficacy of ribosome at asparagine codons due to
the lack of asparaginyl-tRNA. As a result, this suppression of c-MYC mRNA translation
leads to a rapid clearance of c-MYC protein in the cells through proteasome-dependent
degradation. Since ASNase has been used in the clinics to treat pediatric ALL patients
for decades, our study highlights the possibility to target c-MYC protein post-

transcriptionally by asparagine depletion.

c-MYC is a transcriptional factor that can activate the transcription of 10% genes in the

genome, including numerous metabolic genes, to support macromolecule biosynthesis
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and cancer cells’ proliferation (152). Of interest, a recent work showed that the
expression of c-MYC in colon cancer cells is subjected to the availability of exogenous
glutamine (147), a nonessential amino acid whose uptake and utilization was initially
found to be regulated by c-MYC (65, 66, 153). In this study, the 3’-UTR of c-MYC
mRNA plays a role in sensing the adenosine-nucleotide generated from glutamine to
support the translation of c-MYC mRNA (147). Here we found that in ALL cells,
asparagine starvation suppresses the translation of c-MYC mRNA independently of the
UTRs. Our results indicate the existence of cis- or trans-acting elements across the

coding sequence of c-MYC mRNA to sense asparagine availability.

The reason that L-asparaginase is limited to ALL patients in clinics is likely due to the
low expression of ASNS in ALL cells. Here, we provided evidence that shRNA-
mediated inhibition of ASNS can significantly enhance the efficacy of ASNase in a c-
MY C-driven mouse B-cell lymphoma that typically expresses high levels of ASNS.
Furthermore, ASNase treatment can significantly reduce the expression of ¢c-MYC
protein only when ASNS is suppressed by shRNA (Fig. 4). Prior effort to target c-MYC
mRNA translation in cancer has been focused on the translation initiation complex (79),
which relies on the unique secondary structure within the 5’-UTR of ¢-MYC mRNA.
Our results suggest that targeting asparagine bioavailability may inhibit c-MYC mRNA

translation independently of the canonical regulators controlling translation initiation.

To explore the pharmacological potential of targeting asparagine biosynthesis in cancer

cells that express high levels of ASNS, we employed the ETCi that effectively inhibits
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the production of aspartate, an indispensable precursor of asparagine. Our results
suggest that ETCi can synergistically suppress the expression of c-MYC protein when
exogenous asparagine is limited in ASNS-high expressing leukemic cells. Furthermore,
combination of phenformin and L-asparaginase in vivo can synergistically reduce the
tumor burden in a c-MYC-driven mouse B-cell lymphoma model. Since metformin, a
phenformin analog, has been FDA-approved in treating type 2 diabetes (150), our
results suggest a potential to use metformin and L-asparaginase together in cancers that
are normally refractory to L-asparaginase. Further investigation is needed to determine
whether this synergy is specific for c-MYC-driven cancers due to the higher demands

of asparagine to sustain c-MYC protein expression.
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CHAPTER 4: DISCUSSION

ALL remains the most common cancer in the pediatric, adolescent, and young adult
population in the US according to the Surveillance, epidemiology, and end results program
data 2022 (https://seer.cancer.gov/data/). While the cure rates for ALL are among the
highest across all cancers, this is inversely related to the age. Another important
consideration is that the incidence of refractory disease significantly decreases the survival
across all age groups. Data shows that while the incidence and mortality continue to
decrease in developed countries, these markers are significantly increasing in under-
developed and developing countries, suggesting the great financial burden that this disease
will have (Fig. 4.1) (154). The lower incidence and death rate in low-income nations are

attributed to undetected cases.
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Fig. 4.1: Global incidence and death rates for ALL. Incidence and death rates plotted as per
100,000 individuals. Data is stratified based on socio-economic index of countries. Image taken

from Yi M. et. al.(154). (Incidence and death rates were calculated per 100,000 individuals.)
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The Zhang lab focuses on metabolic adaptation in Ilymphoid malignancies
(RO1CA244625). Asparagine is an important NEAA that becomes exogenously
limiting in response to ASNase therapy in ALL. Previous studies in clinical samples
and cell lines have shown that ASNS mRNA and protein get induced in response to
asparagine depletion thus mitigating the nutrient stress. Research in solid cancers and
mouse models of cancer have shown that asparagine has cytoprotective effects in
response to nutrient starvation, suggesting a role beyond just protein building. With this
overall theme in mind, this thesis focused on two important questions: (i) How do ALL
cells acquire resistance in response to asparagine limitation; and (ii) Does asparagine

regulate key biological processes in leukemia cells?

With respect to the first question, we showed that ALL cell lines display varied
response in proliferation in response to asparagine depletion. Some cell lines died when
asparagine was limiting, while others showed no response or had reduction in
proliferation. In subsequent experiments we established that ASNS induction is key to
survival in response to asparagine depletion and is dictated by the activation of the
GCN2-ATF4 pathway in response to uncharged tRNA", A key finding in this study
was that the ability of ATF4 to induce ASNS mRNA transcription is dictated by the
CpG methylation status of the ASNS promoter. This mechanism was shown
experimentally by growing a sensitive cell line in low asparagine media followed by
asparagine depleted media to generate one that is resistant to exogenous asparagine

depletion.
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Previous studies have shown that treatment with demethylating agents can induce
expression of ASNS in leukemia cells (115). Our experiments show only a sporadic
demethylation in the ASNS promoter and no resulting increase in ASNS protein. It is to
be noted that the drug used is a non-specific demethylating agent and while there might
have been more robust demethylation globally, there was only a minimal effect on the

ASNS promoter (Fig. 4.2).
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Fig. 4.2: 5-Azacytidine (AZA) treatment did not cause AS/NVS induction. A RS4;11 cells were treated
with 1 uM AZA in complete media and cells were harvested at indicated timepoints. Protein lysates
were run in an immunoblot to check for expression of ASNS. B Bisulfite sequence of the ASNS
promoter for RS4;11 cells treated with AZA for 6 days (bottom) compared to the untreated cells (top).

Experiment was performed by Dr. Jie Jiang.

Identifying the mechanism of hypomethylation at the ASNS promoter presents a
valuable therapeutic opportunity. Inhibiting this process would potentially expand the
treatment window with ASNase and reduce the chance of relapse. Typically, DNA
hypermethylation is regulated by DNA methyltransferases (DNMTs) and
demethylation is mediated by the ten-eleven translocation (TET) family of proteins. It

was recently shown by Bott A. J. et. al. (155) that glutamine synthetase (GLUL)
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promoter sequence in some breast cancer lines can be actively demethylated by the
DNA demethylase Tet methylcytosine dioxygenase 3 (TET3). An important finding
made by the authors showed that this hypomethylation phenotype was mediated by
MY C induced expression of Thymine DNA glycosylase (TDG), an important enzyme
in the base-excision repair pathway (155). Of note, the cell lines used in the study
showed a lesser degree of hypermethylation at the GLUL promoter compared to the
hypermethylation seen at the ASNS promoter in RS4;11 cells. Another important future
direction of this study is to identify other proteins/ transcription factors that are
involved in induction of ASNS. Using a CRISPR screen, Williams R. T., and colleagues
(156) identified another transcription factor, zinc finger and BTB domain containing
protein 1 (ZBTB1) that is crucial for ASNS induction in T-ALL. This study had two
other interesting findings; (i) ZBTB1 knockouts were only sensitive to asparagine
depletion suggesting it is not required for transcriptional induction of other ATF4
targets, (i1) ZBTB1 knockouts only induced asparagine sensitivity in T-ALL cell lines

(only minimally in B-ALL) suggesting cell specificity.

With respect to the second question, how asparagine regulates key biological processes
in leukemia cells, one key observation that led to the findings in Chapter 3 was that c-
MYC transcriptional targets were downregulated. Our observation that asparagine
regulates translation of c-MYC mRNA adds to the growing list of literature that suggest
asparagine may play a key role in signaling. As discussed previously in Chapter 1,
asparagine represents a ‘metabolic dead-end.” This implies that asparagine cannot be

converted to other metabolites that regulate cellular/ molecular processes. An example
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for this is glutamine which is converted to a-ketoglutarate which can then regulate the
function of TET enzymes. Of note, there have been recent publications demonstrating
that asparagine itself can directly bind to proteins to modulate their activity namely
LKB1 (18) and the LCK receptor (35). These findings highlight the likelihood of
asparagine modulating the activity of a candidate protein directly involved in mRNA
translation. Previous studies have shown that asparagine can regulate the expression of
other key proteins (GLUL and TWIST1) and identifying this key node could potentially

help explain these observations (25, 32).

One of the most intriguing observations from the study was the change in association
of c-MYC mRNA with the translating ribosomes, seen in the polysome profile. ATF4
mRNA reliably shifts from lighter monosomes to heavier polysomes on asparagine
withdrawal and back to lighter monosomes in response to treatment with the GCN2
pathway inhibitor. This change in ribosome association reflects the change in ATF
protein levels seen in the immunoblots. Measurement of ¢c-MYC mRNA association
with the different ribosome fractions show a profile opposite to A7F4 mRNA, wherein
there is lesser c-MYC mRNA bound to heavier polysome fractions when asparagine
becomes limiting. This observation is consistent with the reduction of MYC protein
levels seen in the immunoblots. Intriguingly, while the addition of GCN2ib restores the
association of c-MYC mRNA with the heavier ribosomal fractions, it is unable to rescue
MYC protein. A previous ribosome profiling study has shown that ASNase treatment
leads to pausing at the asparagine codon (106). While our asparagine starvation results

are presumably consistent with this observation, our results when GCN2ib is added
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could possibly indicate ribosomal stalling or ribosomal frameshift. Lack of charged
asparagine tRNAs leads to ribosomal pausing at asparagine codons and has been also
shown in the context of arginine limitation (157). c-MYC coding sequence has 5-closely
spaced asparagine codons clustered close to the start site. Stalling at these initial
asparagine codons could potentially lead to the ribosomes skipping a frame to avoid
asparagine codons. A +1 frameshift would lead to removal of the asparagine codons
but result in generation of a truncated protein. While this can be teased apart by a Ribo-
seq experiment, both of these phenomenon explain the absence of c-MYC protein and
point to a translation elongation defect. A study by Leprivier G. et. al. (158) showed
nutrient limitation can cause a block in translation elongation mediated by inhibitory
phosphorylation of eukaryotic elongation factor 2 (¢EF2). A more recent study showed
that binding of asparagine to LKB1 inhibited the activation of its downstream substrate
AMPK (18). This would imply that asparagine can potentially regulate translation at

both initiation and elongation steps.

Another key observation in this study showed that absence of both the 5* and 3 UTRs did
not have an effect on translation of c-MYC mRNA. While this experiment was done without
both UTRs, experiments still need to be performed to validate that individual UTRs do not
act independently and affect c-MYC mRNA translation. The ¢-MYC 5 UTR has been
shown to have an internal ribosome entry site that is known to facilitate cap-independent
translation (159). The 3° UTRs are primarily known to negatively regulate translation by

providing miRNA binding sites. A recent study has shown translation rescue of c-MYC
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mRNA at the 3° UTR, on glutamine starvation (147). These can be tested by designing a

reporter system with individual 3° and 5° UTRs.
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Lastly, our work has shown that ASNase can be potentially expanded to treat even highly

resistant leukemias and lymphomas, irrespective of their ASNS status (Fig. 4.3). This can

be achieved by combining ASNase with an ETC inhibitor. Our findings are built on the

fact that ETC inhibition leads to depletion of aspartate pools in the cell. When coupled with

ASNase, we have shown that this leads to a reduction in intracellular asparagine leading

to decrease in c-MYC protein levels. The ETCi used in this study was phenformin, a non-

FDA approved drug. A potential future aim in this regard would be to test this combination

therapy with the FDA approved metformin or other biguanide analogs.
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