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Abstract: MYC can be considered to be one of the most pressing and important targets for the development of novel anti-cancer
therapies. This is due to its frequent dysregulation in tumors and due to the wide-ranging impact this dysregulation has on gene
expression and cellular behavior. As a result, there have been numerous attempts to target MYC over the last few decades, both
directly and indirectly, with mixed results. This article reviews the biology of MYC in the context of cancers and drug development. It
discusses strategies aimed at targeting MYC directly, including those aimed at reducing its expression and blocking its function. In
addition, the impact of MYC dysregulation on cellular biology is outlined, and how understanding this can underpin the development
of approaches aimed at molecules and pathways regulated by MYC. In particular, the review focuses on the role that MYC plays in the
regulation of metabolism, and the therapeutic avenues offered by inhibiting the metabolic pathways that are essential for the survival
of MY C-transformed cells.
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Introduction

Cancer results from alterations in critical regulatory genes (called oncogenes) that typically control cell proliferation,
differentiation, and survival. The first human oncogene identified was RAS, which has been implicated in the pathogen-
esis of approximately 20% of all human malignancies, including 50% of colon and 25% of lung carcinoma. The RAS
oncogene is not present in normal cells; rather, it is generated in tumor cells as a consequence of point-mutations
resulting in single amino acid substitutions during the development of cancer. These mutations have the effect of making
the RAS protein constitutively active and able to transduce mitogenic signals from a variety of growth factor receptors.’
Another example of an oncogene is the SRC gene, which encodes for a tyrosine kinase. Dysregulation of SRC is
implicated in the development of approximately 50% of human cancers, including neuroblastoma, small-cell lung, colon
and breast carcinoma, and rhabdomyosarcoma.” SRC acts to phosphorylate specific tyrosine residues in other tyrosine
kinases, thereby regulating several pathways involved in cell growth survival and invasion.

The oncoprotein MYC (also known as ¢c-MYC) is transcription factor that regulates the expression of thousands of
genes involved in multiple cellular processes.’ The start of MYC’s discovery began in 1911 from studies by Peyton Rous
on the importance of retroviruses in cancer. He demonstrated that chicken sarcomas and leukemia could be transmitted
between individuals through the use of cell-free filtrates that also remove bacteria (Berkefeld filters).* This finding
established that cancers could be transmitted by a virus (in this case the Rous sarcoma virus), a finding which was
confirmed in many different animal tumors over the following 50 years. In the 1960s and 1970s, a number of different
retroviruses were isolated from avian neoplasms, including the avian myelocytomatosis virus MC29. The name given to
the genetic element responsible for the neoplastic transformation was v-myc from viral myelocytomatosis.’ Later, a gene
homologue of v-myc in uninfected mammalian cells was found and called c-myc, with the human MYC gene finally being
cloned and characterized in 1982.%7
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MYC is vital for normal development, with its loss being lethal to the developing embryo beyond day 10 due to
abnormalities in organogenesis and tissue growth.® In addition, it is also vital for the normal functioning of many adult
tissues with conditional deletion of MYC in fibroblasts, keratinocytes and B cells blocking cell-cycle progression from GO
to S phase upon stimulation.”'® As a result, its expression is tightly regulated under physiological conditions, with
dysregulation leading to aberrant cell-cycle progression and carcinogenesis.'' !> MYC along with L-MYC and N-MYC
comprise the family of MYC transcription factors. The three variants share 40% sequence homology and display very
similar functions, albeit with different patterns of expression.'*'> Although L-MYC and N-MYC are implicated in the
development of cancer, it is c-MYC that is the most commonly affected variant in human malignancies, being
dysregulated in up to 70% of cancers.'®'” In light of this, this is the one that we will focus on in this review.

MYC is an important transcription factor as it controls the expression of 2000—4000 genes, representing 10—15% of
the genome as a “master regulator” of multiple cellular processes including proliferation, differentiation, cell cycle,
metabolism, and apoptosis.'®'® Increased expression of MYC is required for many cells to proliferate, as it acts as
a switch to initiate the wide range of molecular programs required to support cell division.?’ One of the most intriguing
aspects of MYC biology is that a cell can have “too much of a good thing” in terms of MYC, with overexpression
promoting apoptosis in normal cells. As excess MYC is oncogenic, this pro-apoptotic tendency invariably needs to be
accompanied by secondary mutations in the apoptosis machinery during tumorigenesisfor example, in DNA-damage
response pathways or B-cell lymphoma 2 (BCL2) family members, to allow the nascent cancer cells to survive.”!

The Mechanism and Consequences of MYC Overexpression in Cancer

When targeting MYC in cancer, it is important to understand how MYC is overexpressed or “activated” in tumors, and
the consequences of this activation. Broadly, MYC can be dysregulated by multiple mechanisms, including genetic,
epigenetic, signaling and post-translational alterations. Approximately 20-30% of cancers have a primary genetic lesion
driving MYC overexpression.”>** The commonest genetic aberration is amplification of the MYC gene that is seen in
a wide variety of solid malignancies including breast and liver cancer.”*° In contrast, in B-cell lymphomas, such as
Burkitt lymphoma or diffuse large B-cell lymphoma, chromosomal translocation brings the MYC gene under the control
of an immunoglobulin gene promoter, most commonly the immunoglobulin heavy chain loci on chromosome 14 (~85%),
but also the light chain loci on chromosomes 2 and 22 (~15%), resulting in constitutive activation of MYC in germinal
center B cells.””*® The MYC gene can also be translocated into one of the T-cell receptor loci in some cases of T-cell
acute leukemia.”’ More recently, translocations of MYC into one of the immunoglobulin genes have been found in
multiple myeloma.?® In contrast to many other oncogenes, MYC is rarely mutated. However, mutations in MYC do occur,
for example on the T58 residue resulting in a switch of threonine to alanine in the resultant MYC protein reducing its
degradation.**>" Finally, MYC expression can also be increased through the insertion of upstream enhancers by
retroviruses, recapitulating the early observations by Rous.*

While about 20-30% of cancers have genetic lesions of MYC, another 30-40% of malignancies have other forms of
MYC dysregulation resulting in overexpression of MYC protein and activation of MY C-driven pathways. An example of
this is when pathways that normally induce or stabilize MYC under physiological conditions can themselves become the
target of activating mutations in cancers (eg, Phosphoinositide 3-kinase (PI3K), Wnt, RAS-MEK-ERK, NOTCH) leading
to uncontrolled signaling that increases MYC expression.**>> A further mechanism is that alterations in the stability of
MYC mRNA or protein, or post-translational modifications of MYC protein can all affect the level and kinetics of MYC
expression. MYC protein normally has a short-half life that is tightly regulated by phosphorylation and degradation.?
For example, signaling through the RAS-MEK-ERK pathway can increase phosphorylation at the serine 62 (phospho-
S62) residue in the MYC box I (MBI) domain of the molecule increasing MYC stability.*® Cancers can also down-
regulate protein phosphatase 2A (PP2A), a phosphatase that dephosphorylates phospho-S62, which will also increase
MYC stability.>” As mentioned above, mutations in threonine 58 residue result in reduced phosphorylation at this residue
(reduced phospho-T58).>°>! Normally, phosphorylation of threonine 58 is recognized by the E3 ligase FBW7 which
ubiquitinates MYC leading to proteasomal degradation.*® Hence, mutations in T58, loss of PP2A or inactivation of
FBW7, another feature of many cancers, all result in high levels of MYC due to reduced ubiquitination and increased
stability.® Many cancers exhibit a combination of these alterations, which act together to raise and sustain MYC levels.
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The importance of these increases in MYC expression is due to MYC’s role as a transcription factor. MYC typically
exerts its impact by binding to its partner protein MY C-associated protein X (MAX) to form a heterodimer that binds to
Enhancer-boxes (E-boxes), portions of DNA with the CACGTG consensus sequence to initiate gene transcription.” *!
When bound, the MYC-MAX dimer recruits other molecules such as histone acetyltransferases that acetylate histones,
thereby increasing the accessibility of chromatin to RNA polymerases, facilitating transcription.*> MYC can also recruit
transcription factors and elongation factors, such as positive transcription elongation factor b (P-TEFb) that interact with
RNA polymerase directly to activate transcription. In addition, MYC can bind repressive factors such as MYC-
interacting-zinc finger protein 1 (MIZ1) which causes histone methylation, reducing the accessibility of chromatin to
RNA polymerases thereby blocking transcription.*'** Therefore, MYC acts both to recruit RNA polymerase directly
while simultaneously opening up chromatin to facilitate expression of a wide variety of genes. The more MYC that is
around, the more DNA binding, with more pronounced changes in transcription and gene expression.**

As previously stated, the fact that MYC binds and regulates approximately 10—-15% of the genome, means that its
upregulation has a profound impact on the transcriptional state of the cell. MYC regulates virtually all of the pathways
regarded as “hallmarks of cancer”, including growth, metabolism, apoptosis, stemness, immune evasion and migration, to
the point where MYC dysregulation itself has been referred to as a hallmark of cancer in its own right.'> MYC drives
cellular proliferation by activation of cyclin/CDK expression including CDK4, cyclins D, E and inhibition of cell cycle
checl<p0ints.45‘46 MYC induction of cyclin-dependent kinases (CDKs) CDK4/6-cyclinD and CDK2-cyclinE promotes
retinoblastoma (Rb) hyperphosphorylation, enabling the release of the transcription factor E2F from Rb promoting
S-phase entry.*>*” In addition to driving cells into cycle, MYC also promotes many of the processes needed by cells to
grow and divide, including nucleotide and protein synthesis, ribosome biogenesis and the metabolic reprogramming
required to facilitate these changes.*® For example, MYC recruits RNA polymerase I to activate synthesis of ribosomal
RNA, regulates RNA polymerase II-dependent transcription of messenger RNA and ribosomal protein genes, and
activates synthesis of 5S ribosomal RNA and transfer RNA through RNA polymerase IIL.*° In addition to activating
components of the ribosome, MYC regulates translation initiation factors, such as eIF4E, eIF4A and eIF4G.>%>' MYC
also induces mTOR-dependent phosphorylation and inhibition of eukaryotic translation initiation factor 4E (eIF4E) and
binding protein (4E-BP), a repressor of elF4E, to facilitate cap-dependent mRNA translation.

Extensive metabolic rewiring must occur in order for cells to acquire sufficient nutrients to support cell growth and to deal
with the redox challenges that arise from anabolic metabolism.>*> MYC directly regulates many of the genes involved in
glucose metabolism including glucose transporter 1 (GLUT1), hexokinase 2 (HK2), phosphofructokinase (PFKM), enolase
(ENOI), and lactate dehydrogenase (LDHA).** By regulating these genes, MYC contributes directly to the Warburg effect
(aerobic glycolysis) — the ability of highly proliferating cells to convert glucose to lactate even in the presence of oxygen.”” In
particular, MYC activation of the RNA-binding proteins heterogeneous nuclear ribonucleoproteins (hnRNPs) Al and A2, and
polypyrimidine tract-binding protein, was shown to regulate the alternative splicing of pyruvate kinase (PKM) to promote the
expression of PKM2 directly contributing to the Warburg effect.”* MYC also plays an important role in mitochondrial
biogenesis by inducing nuclear-encoded mitochondrial genes. Moreover, MYC has been shown to bind to the promoters of
genes encoding proteins involved in mitochondrial function, including those involved in the synthesis of acetyl-CoA, which in
turn enables increases in histone acetylation and fatty acid biosynthesis in proliferating cells.’® Finally, MYC overexpression is
involved in the expression of genes necessary for nucleotide and amino acid metabolism, regulating many of the enzymes
involved in glutamine metabolism and the de novo serine synthesis pathway.?*>>’

MYC can also modulate cellular differentiation depending on the cell context and stage of development. Down-
regulation of MYC expression is associated with maturation of B cells into non-proliferative, terminally differentiated
plasma cells.’®>? In line with this, MYC overexpression blocks differentiation into various cell types, such as keratinocytes
in vitro and in vivo.®*®' MYC can also promote differentiation of the stem cell compartmentfor example, by promoting the
exit of hematopoietic stem cells from the stem cell niche and by initiating the terminal differentiation of human epidermal
stem cells.®>%* A further aspect of MYC biology is its ability to sensitize cells to different apoptotic stimuli rather than
directly inducing apoptosis by itself. Among the main mechanisms adopted by MYC to induce apoptosis are the disruption
of the equilibrium between pro-apoptotic BH3-only protein and anti-apoptotic proteins BCL-2 and BCL-X, and the
activation of the ARF-MDM2-p53 axis during tumorigenesis.®**® The ability of MYC to drive both programmed cell
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death and proliferation in a well-balanced way is a safeguarding mechanism to prevent uncontrolled growth and tumor
onset.

A further important aspect of the role of MYC in cancer is its role on the tumor microenvironment. It has long been
recognized that tumorigenesis is not only affected by events altering the biology of tumor cells themselves, but is also
impacted upon by the microenvironment in which they reside. This tumor microenvironment comprises a variety of cell
types including immune cells, endothelial cells, stromal cells and fibroblasts in addition to the tumor cells themselves. All
of these types of cells are involved in various tumor-promoting processes, such as immune response evasion, angiogen-
esis, metabolic changes, invasion and metastasis. Several studies demonstrate that MYC impacts on the tumor micro-
environment through the effects on both innate and adaptive immune effector cells. Specifically, MYC promotes the
expression of immunosuppressive factors and inhibits the expression of immune activation regulators.®” MYC expression
in cancer cells can influence host endothelial cells by up-regulating vascular endothelial growth factor (VEGF) and
hypoxia-inducible factor 1-alpha (HIF-1a), two critical elements involved in promoting tumor growth.” MYC also plays
a critical role in immune evasion, the mechanism through which cancer cells avoid host immune surveillance mechan-
isms, by a variety of mechanisms. For example, increased expression of MYC limits the host immune response by
upregulating multiple immune checkpoints, such as programmed death-ligand 1 (PD-L1) and CD47.%>:°*7° In addition to
inhibiting immune responses, MYC expression has been shown to help tumor cells evade detection by suppressing the
expression of major histocompatibility complex class 1 molecules, something that has been observed in several cancers
including neuroblastoma, melanoma and lymphoma.”'”® Furthermore, as well as these direct effects on immune-cell
interactions, MYC has also been demonstrated to regulate the immune microenvironment through its impact on
metabolism. The voracious appetite of cancer cells for glucose and other nutrients means that the microenvironment
within tumors can become glucose/nutrient depleted, affecting the metabolism of tumor-infiltrating lymphocytes to
impede functional immune responses.*

MYC as a Therapeutic Target

Decades of research have provided a good understanding of the mechanisms that regulate MYC expression and the
impact that MYC has on numerous cellular processes. Therefore, this offers us two main ways to target MY C-driven
cancers: to target MYC directly with the aim of reducing its expression or blocking its function, or to target the one or
more of the many mechanisms by which MYC promotes tumorigenesis. Despite the critical role of MYC in cancer,
targeting it has proven to be challenging. One reason is that MYC is a transcription factor that functions through protein—
protein and DNA—protein interactions rather than an enzyme, making it intrinsically more difficult to “inhibit”. This is
compounded by the fact that MYC has a disordered structure with no fixed 3-dimensional conformation on which to base
the development of conventional small-molecule inhibitors.”* Furthermore, MYC is necessary for the growth and
function of normal cells, resulting in concerns about “on-target off-cancer” effects on normal tissues.”> Despite this,
numerous pre-clinical observations that inactivation of MYC is sufficient to induce cancer regression have emphasized
the importance of “oncogene addiction”, meaning that a safe and effective treatment to directly block MYC remains one
of the “holy grails” of cancer therapy.’® As a result, numerous drugs have been developed that target MYC in a variety of
ways, including aiming to reduce expression by targeting MYC transcription/mRNA translation, reducing the stability of
MYC mRNA or protein, or by blocking MY C-function by targeting its interaction with MAX (Figure 1).

Targeting MYC Expression

Targeting MYC Transcription

A widely investigated approach for targeting MYC involves blocking its transcription. One such approach involves the
use of compounds that stabilize G quadruplex (G4) motifs in the MYC promoter.”’ G-quadruplexes are so-called as they
are four-stranded DNA structures formed in guanine-rich regions of DNA.”” They can act as silencers to repress the
transcription of proximal genes, and can also act as gene activators under certain circumstances.”* The MYC promoter
contains one of these structures, and several studies have shown that small molecules can bind to and stabilize G4s to
downregulate MYC. The G4-stabilizer APTO-253 had entered clinical development, undergoing testing in acute myeloid
leukemia and high-risk myelodysplastic syndrome. However, clinical development was terminated in 2021 after it failed
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Figure | Approaches to therapeutically target MYC-driven cancers. MYC expression can be targeted directly by blocking transcription through the use of bromodomain
inhibitors or G-quadruplex stabilizers, by blocking translation through mTOR inhibition, or by promoting MYC degradation. MYC function can also be blocked by targeting
its interaction with MAX, and/or by interfering with the ability of MYC-MAX heterodimers to bind to DNA. The effects of MYC on cancer cells can also be targeted by
inhibiting genes and pathways that are essential for their proliferation and survival.

to demonstrate efficacy in a Phase 1 clinical trial.”® A second approach is to use inhibitors of bromodomain and
extraterminal domain (BET) proteins. BET proteins regulate transcription by associating with acetylated chromatin to
facilitate transcription factor recruitment. One of the members of the BET family of proteins, BRD4, has been
demonstrated to bind to the MYC promoter and regulate its transcription. BRD4 inhibitors, such as JQ1, have been
shown to downregulate MYC, blocking tumor growth in animal models of MYC-driven cancer activation.”’ Despite this,
one of the major issues with this class of drugs is that they may affect many other genes besides MYC, such as the
signaling protein ERK1, limiting their clinical utility.”’

Targeting MYC mRNA Translation

Another approach to interfere with MYC protein expression is to block its translation. There has been some interest in
targeting MYC mRNA directly through the use of anti-oligonucleotides and short interfering and short hairpin RNAs,
albeit with limited clinical success to date. Other strategies have focused on blocking translation directly, by inhibiting
the mammalian target of rapamycin (mTOR) pathway to block 5’ cap-dependent and internal ribosome entry site (IRES)-
dependent translation of MYC RNA.”*%% Despite, the fact that multiple mTOR inhibitors are already approved for
clinical use, they suffer from the same limitations as BRD4 inhibitors, in that MYC is only one of their targets, making it
difficult to quantify whether any effect is specific to MYC.*

Targeting Regulators of MYC Protein Stability
As discussed above, the expression of MYC is short-lived and tightly regulated by a complex interaction of ubiquitina-
tion and phosphorylation. However, this does offer potential therapeutic opportunities to increase MYC degradation to
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nullify its effects. MYC is ubiquitinated by a number of E3 ligases, with FBW7 and S-Phase kinase-associated protein 2
(Skp2) being the most characterized. Therefore, one approach would be to trigger proteasomal degradation of MY Cfor
example, by the use of oridonin, a natural plant diterpenoid, which induces FBW7-mediated MYC breakdown.®'-*
Conversely, a similar effect could be achieved by inhibiting de-ubiquitinases that help stabilize MYC, such as USP28,
with triazolo-pyrimidine derivatives.®® A further strategy, more specific to N-MYC, is to target Aurora-A kinase, as it can
complex with N-MYC to allow it to escape from proteasomal degradation.®® While the first-in-class Aurora-A inhibitor,
MLN8054, was withdrawn from clinical testing due to side effects, the second generation compound, alisertib, continues
to be evaluated in clinical trials for a number of different cancers.”* A further area of potential development is the use of
specific protein degraders or proteolysis-targeting chimeras (PROTACSs). These are based upon on cereblon-mediated
protein degradation, originally discovered as being the molecular target of immunomodulatory drugs used for myeloma,
such as thalidomide and pomalidomide.®** While these may provide a new way to directly target MYC for proteasomal
degradation, it is not yet clear whether the challenges that have plagued the development of direct MYC inhibitors will
also be a factor with these so-called “degraders”.

Targeting MYC-MAX Interaction to Block MYC Function

As MYC exerts most of its functional effects by forming a heterodimer with MAX, this interaction has been targeted for
drug development. A variety of approaches have been tried, including blocking the interaction between MYC and MAX,
stabilizing MAX-MAX heterodimers to reduce the available MAX pool, or to block the ability of the MYC-MAX
heterodimer to bind to DNA.* While a number of molecules have been developed to target these interactions, the “lead”
compound is omoMYC. OmoMYC is a peptide that mimics the basic helix-loop-helix leucine zipper (b HLHLZ) domain
of C-MYC, but with mutations that alter its dimerization properties.®> This altered binding both promotes binding to
MYC leading to the formation of omoMYC-MYC heterodimers that sequester MYC away from MAX leading to the
down-regulation of MYC target genes.”> Other examples of agents that interfere with MYC function are the MAX-MAX
stabilizer KI-MS2, MYC-MAX complex disruptors MYCi361 and MYCi975, and the MYC-MAX DNA binding
inhibitor ME47.%* Despite all of this research interest, omoMYC remains the only agent to have begun clinical testing.

Targeting the Consequences of MYC Dysregulation

An alternative approach to develop new treatments for MYC-driven cancers is to target the pathways activated by the
expression of this oncogene. Given that MYC regulates 10-15% of the genome there should be a myriad number of
potential targets that could be exploited. One concept that has received a great deal of attention is that of synthetic
lethality. In the context of aberrant MYC expression, the hypothesis is that overexpression of MYC reprograms the cells
in such a way that they become dependent on certain genes, proteins or pathways for their continued survival.
Identification of such targets would then highlight particular molecules for further investigation and ultimately potential
clinical testing. This approach potentially offers a couple of advantages. Firstly, the specific dependence of these targets
on MYC overexpression should theoretically create a “therapeutic window” for an agent that preferentially kills the
cancer cells while sparing normal tissue. Secondly, some novel synthetic lethal targets may already have a clinically
approved inhibitor, or at least may be more “druggable” than MYC itself. As with targeting MYC directly, this approach
also has the potential to be applied across a range of cancers where MYC is implicated.

Putative targets for a synthetic-lethal interaction with MYC can identified in two main ways.’® Firstly, the multitude
of existing descriptions regarding the role of MYC in cancer-cell biology can be used as the basis for hypothesis-driven
investigation of the impact of targeting these pathways. Secondly, a synthetic-lethal screening approach could be used to
analyze the impact of a wider variety of targetsfor example, by RNA interference (RNAi) or by pharmacological
treatment. These approaches have already identified several potential synthetic-lethal “hits”. One study employing the
RNA library approach in fibroblasts modified to over-express MYC uncovered 40 such targets, including the chromatin
regulator CECR2, known to play a role in breast cancer metastasis.*>*’ Similarly, an siRNA screen performed in U20S

1.%8 Given observations

cells revealed that MYC overexpression rendered cells dependent upon the kinase ARKS/NUAK
that oncogenic levels of MYC can promote apoptosis, targeting apoptotic pathways has also been a natural avenue for

investigation. This can be achieved by either activating pro-apoptotic pathways such as death receptor 5 (DRS5), or by
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inhibiting anti-apoptotic molecules such as Myeloid leukemia 1 (MCL-1).*>°° Another family of molecules that have
been repeatedly identified as synthetic-lethal candidates, also perhaps unsurprisingly given MYC'’s role in driving cells
into cycle, are the cyclin-dependent kinases (CDKs). Inhibition of CDKI, a small protein essential for progression
through mitosis, has been demonstrated to block progression of MY C-driven lymphomas in murine models.”’ Two other
members of the CDK family, CDK7 and CDK9, which modulate RNA transcription by phosphorylation of the
C-terminal domain of RNA polymerase II, have also been identified as targets in MYC-driven cancers. CDK9 activity
has been demonstrated to be critical for the survival of MYC overexpressing hepatocellular cells with a CDK9 inhibitor,
AZ5576, now in clinical trials.”®* Inhibition of CDK7 was shown to disrupt the transcription of amplified N-MYC in
neuroblastoma cells, resulting in downregulation of this onco-protein, suppression of N-MYC-driven gene expression,
and tumor regression in a neuroblastoma murine model.”*** Many other synthetic lethal targets have been identified

including SUMO-activating enzyme and PIM1 kinase.”>*°

Targeting Metabolism in MYC-Driven Cancers

Of particular interest to our laboratories is the potential of tackling MYC-driven cancers by targeting metabolism. As
discussed above, uncontrolled expression of MYC drives cells to enter the cell cycle and proliferate, whilst also
activating the anabolic and energy producing pathways required to support the necessary cell growth and division.
MYC is well known to regulate the expression of multiple metabolic pathways including glycolysis, glutaminolysis,
nucleotide biosynthesis and one-carbon metabolism. Therefore, dysregulated MYC expression increases metabolic
demand for nutrients that may not be met in the tumor microenvironment. In addition to restricting cell growth through
reduction in anabolic processes, insufficient nutrient supply can trigger tumor suppressive responses. For example,
withdrawal of glutamine from MY C-overexpressing primary cells triggers apoptosis, indicating that oncogenic transfor-
mation could confer vulnerabilities to the inhibition of glutamine metabolism pathways.””*® This observation promoted
the idea that targeting glutaminase (GLS), the aminohydrolase that converts glutamine to glutamate, may be an attractive
cancer therapeutic approach for MYC-driven cancers.”"'°° However, compounds inhibiting GLS1 (eg, BPTES, CB-839)
have demonstrated limited therapeutic potential, primarily due to the activity of several other enzymes that can convert
glutamine to glutamate.'®" Our recent work has demonstrated that it is the elevated demand for energy to fuel MYC-
induced biosynthesis that renders cells dependent on glutamine and the tricarboxylic acid (TCA) cycle to maintain
viability.'% Accordingly, inhibition of oxoglutarate dehydrogenase (OGDH), the TCA cycle enzyme that converts a-
ketoglutarate to succinyl-coA, induced tumor suppression in MYC-driven lymphoma in mice.'® These studies demon-
strate the importance of targeting non-redundant enzymes in metabolic pathways to reduce the metabolic plasticity that
often confounds metabolic cancer therapies.

We have also recently demonstrated that inhibition of another metabolic pathway regulated by MYC, the serine
synthesis pathway, is able to induce apoptosis in Burkitt lymphoma cells and to block cancer progression in the Eu-Myc
murine model of B-cell lymphoma. Notably, while inhibition of phosphoglycerate dehydrogenase (PHGDH), the first and
rate-limiting enzyme in this pathway, inhibited the proliferation of normal B cells resulting in attenuation of germinal
center formation, PHGDH blockade did not induce apoptosis in these cells. In contrast, inhibition of PHGDH did induce
apoptosis in MY C-transformed germinal center B cells, providing further evidence that the metabolic demands placed on
cells by uncontrolled MYC expression could open a therapeutic window.>® Furthermore, other work has also identified
a closely related metabolic enzyme, serine hydroxymethyltransferase 2 (SHMT2), which catalyzes the conversion of
serine to glycine, as a metabolic vulnerability in Burkitt lymphoma.'®?

This approach may also provide therapeutic opportunities in malignancies without genomic aberrations of MYC. One
such example is chronic lymphocytic leukemia (CLL), where lesions of MYC are rare. However, CLL cells do retain
features of mature B-cells, including an ability to signal through the B-cell receptor (BCR) signaling pathway and enter the
cell cycle in “proliferation centers” in lymph nodes. Whilst basal expression of MYC is low in CLL cells, it can be induced
by BCR-activation in vitro, with increased expression of MYC being observed in these proliferation centers.'®* We have
also observed that inhibition of BCR-signaling or use of the BET inhibitor, JQI1, are able to block the upregulation of
glycolysis induced by MYC, with inhibitors of BCR-signaling able to act synergistically with glycolytic inhibitors such as
2-deoxyglucose.'” A number of reports have investigated the potential of inhibiting MYC targets LDHA and
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monocarboxylate transporter 1 (MCT1), which are involved in the production and export of lactate, respectively.
Overexpression of MYC and LDHA has been shown to correlate with stage and tumor size and predict for a poor
prognosis in pancreatic cancer, with inhibition of LDHA blocking tumor growth and metastasis.'’® The LDH inhibitor,
galloflavin, has been shown to slow the proliferation of Burkitt lymphoma cells due to a reduction in the NAD+:NADH
ratio, which in turn results in decreased levels of sirtuin-1 and MYC.""’ Inhibition of MCT1 has been demonstrated to lead
to accumulation of intracellular lactate in Eu-Myc B cells, which results in disruption of glycolysis and tumor growth, along
with a reduction in glutathione levels, increased hydrogen peroxide and cell death.'® A further report identified that the
glycolytic inhibitor 3-bromopyruvate efficiently kills human cancer cells with high levels of MYC, while sparing cells with
low levels of this oncoprotein.'®® Interestingly, this differential effect was due to MYC’s upregulation of MCT1 and MCT2,
which enable the uptake of 3-bromopyruvate by the cancer cells.'” This suggests that while high levels of MYC promote
lactate generation and export to maintain glycolytic flux and redox balance, the increased expression of monocarboxylate
transporters sensitizes cells to metabolic inhibitors that are trafficked by these molecules.

A further area of interest is the impact of MYC on fatty acid metabolism. One study noted a dramatic upregulation of
intermediates of fatty acid oxidation (FAO) in a MYC-driven model of triple negative breast cancer (TNBC).'"
Pharmacologic inhibition of FAO with etomoxir blocked energy metabolism in MYC-overexpressing TNBC cells and
reduced tumor growth in MY C-driven transgenic TNBC models and patient-derived xenografts. A similar dependence on
FAO was observed in Burkitt lymphoma cells. Treatment of Burkitt lymphoma cells with ST1326, an inhibitor of
carnitine-palmitoyl transferase 1A (CPT1A), the rate-limiting enzyme for mitochondrial fatty acid import, led to reduced
availability of cytosolic acetyl-coA and blocked tumor growth.''' Interestingly, the impact of MYC on fatty acid
metabolism may be tissue dependent as other reports have highlighted the importance of fatty acid synthesis for the
progression of hepatocellular carcinoma T cell acute lymphoblastic leukemia (T-ALL), renal cell carcinoma (RCC), and
lung carcinoma.''*!'"® The metabolic pathways that are responsive to MYC dysregulation and inhibitors that have been
tested MYC-driven cancer models are summarized in Figure 2 and Table 1.
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Figure 2 Metabolic pathways responsive to MYC deregulation and their inhibitors in MYC-driven cancer models. MYC positively regulates glucose and glutamine metabolism
including other related pathways using their carbons, such as pentose phosphate pathway (PPP), serine synthesis pathway (SSP), folate cycle, tricarboxylic acid cycle (TCA),
fatty acid synthesis as well as fatty acid oxidation (FAO), pyruvate (PYR) conversion to lactate (LAC) as well as its mitochondrial oxidation; depending on the tissue and
cancer model. Other abbreviations used: acetyl coenzyme A (AcCoA), serine (SER), glutamine (GLUT), glutamate (GLU), electron transport chain (ETC), carnitine
palmitoyltransferase | (CPTI), 5-tetradecyloxy-2-furoic acid (TOFA), 6-diazo-5-oxo-L-norleucine (DON), mycophenolic acid (MPA), methotrexate (MTX), 2-deoxy-
D-glucose (2DG), 3-bromopyruvate (3-BrP).
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Table | Details Regarding the Mechanism of Action and Clinical Testing of Inhibitors of Metabolic
Pathways Regulated by MYC

Inhibitor Mechanism of Action Clinical Trials*
2-deoxyglucose Glycolysis inhibitor Phase | (Non-oncological)
3-bromopyruvate Glycolysis inhibitor (inhibits hexokinase 2 and GAPDH) | Not entered clinical testing
PH-755 Inhibitor of phosphoglycerate dehydrogenase Not entered clinical testing
Mycophenolic acid Inhibitor of Inosine monophosphate dehydrogenase Not entered clinical testing
SHINI1/2 Inhibitor of serine hydroxymethyltransferase Not entered clinical testing
Methotrexate Inhibitor of dihydrofolate reductase (predominantly) Phase |
Diazo-oxo-norleucine Glutamine antagonist Not entered clinical testing
CB-839 Inhibitor of glutaminase Phase |

UK5099 Mitochondrial pyruvate carrier inhibitor Not entered clinical testing
IACS-010759 Complex | inhibitor Phase |
Metformin Inhibitor of glycerol-3-phosphate dehydrogenase Phase 2

CPI-613 Pyruvate dehydrogenase inhibitor Phase 2
Etomoxir Inhibitor of carnitine palmitoyltransferase-| Not entered clinical testing
ST1326 Inhibitor of carnitine palmitoyltransferase-2 Not entered clinical testing
C75 Inhibitor of fatty acid synthase Phase 2

Fasnall Thiophenopyrimidine fatty acid synthase inhibitor Not entered clinical testing
TOFA Acetyl-CoA Carboxylase inhibitor Phase 4 (Non-oncological)
SR13800 Inhibitor of monocarboxylate transporter | Not entered clinical testing
Galloflavin Inhibitor of lactate dehydrogenase Not entered clinical testing

Note: *Data from clinicaltrials.gov.

Conclusion

As an oncogene product of central importance in cancer, MYC has been the subject of many studies of mechanistic and
therapeutic importance. Targeting MYC itself has proven highly challenging, but as we have described here, advances
have been made in this area with some novel agents entering clinical trials. Targeting the consequences of MYC
activation opens up many more avenues for the development of therapies for MYC-driven tumors, reflecting the
widespread effects of MYC overexpression on tumorigenesis. Interfering with the function of direct MYC target genes
is one example of this approach that has yielded promising results in various models of tumorigenesis. Furthermore,
targeting the consequences of MYC activation irrespective of target genesfor example, through interfering with metabolic
pathways that are required to support MYC-overexpressing cancer cells, is a further therapeutic option of increasing
interest. This could enable the development of rational combinations of drugs that directly interfere with MYC
expression/function with agents that target pathways regulated by this molecule. As with all studies in cancer research,
there is no single “correct” approach and it remains likely that all of these strategies will contribute to clinical
management of MYC-driven cancers going forward. An important aspect of this will be the need to design clinical
trials to correlate efficacy with molecular information regarding genetic lesions/overexpression of MYC, to optimize
future therapeutic interventions.
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