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MYC and tumor metabolism: chicken and egg
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Abstract

Transcription factors of the MYC family are deregulated in the
majority of all human cancers. Oncogenic levels of MYC reprogram
cellular metabolism, a hallmark of cancer development, to sustain
the high rate of proliferation of cancer cells. Conversely, cells need
to modulate MYC function according to the availability of nutrients,
in order to avoid a metabolic collapse. Here, we review recent
evidence that the multiple interactions of MYC with cell metabo-
lism are mutual and review mechanisms that control MYC levels
and function in response to metabolic stress situations. The main
hypothesis we put forward is that regulation of MYC levels is an
integral part of the adaptation of cells to nutrient deprivation. Since
such mechanisms would be particularly relevant in tumor cells, we
propose that—in contrast to growth factor-dependent controls—
they are not disrupted during tumorigenesis and that maintaining
flexibility of expression is integral to MYC’s oncogenic function.

Keywords cancer; metabolic reprogramming; MYC; oncogene; RNAPII
DOI 10.15252/embj.201796438 | Received 3 January 2017 | Revised 16
September 2017 | Accepted 28 September 2017 | Published online 10
November 2017

The EMBO Journal (2017) 36: 3409-3420

Introduction

MYC proteins form a small family of closely related oncoproteins,
three of which (MYC, N-MYC, L-MYC) have been implicated in the
genesis of multiple human tumors (Dang, 2012; Kress et al, 2015).
Their expression is tightly controlled by growth factor-dependent
signals in normal cells and is deregulated and enhanced via multiple
mechanisms in tumor cells. A large body of evidence demonstrates
unequivocally that enhanced MYC expression is a major driving
force of tumorigenesis and that both MYC-driven tumors and
tumors driven by other oncogenes, for example, by mutant RAS,
continuously depend on elevated MYC levels for growth (Felsher &
Bishop, 1999; Shachaf et al, 2004; Soucek et al, 2008; Annibali et al,
2014). Not surprisingly, many biochemical properties appear to be
identical among all three proteins, and we will therefore focus on
the founding member of the family, MYC, in this review.

For a long time, MYC proteins were considered to be gene-specific
transcription factors. This view has been challenged by recent work
demonstrating that MYC proteins bind to virtually all active promot-
ers and many enhancers. Consistently, in some situations MYC

proteins globally regulate transcription by RNA polymerase II
(RNAPII) and also by RNA polymerases I and III (Wolf et al, 2015).
Exactly whether MYC proteins are oncogenic since they regulate—a
large number of—specific target genes or whether they have unique
biochemical functions during expression of all genes (e.g., during
the release of RNAPII from a promoter-proximal pause position into
active elongation) is therefore intensely debated (Dang, 2012; Kress
et al, 2015; Wolf et al, 2015). In this review, we will leave this
debate aside and use a relaxed definition of a target gene of MYC as
any gene for which relative mRNA levels change in a given experi-
mental situation when MYC levels are altered.

Deregulated expression of MYC promotes proliferation and
growth of cells and alters intermediary metabolism to match the
enhanced demand for anabolic metabolites (Morrish et al, 2009; van
Riggelen et al, 2010; Dang, 2013; Cunningham et al, 2014). This
“metabolic reprogramming” is observed both in tissue culture and in
transgenic models, in which MYC is expressed from constitutive
promoters to mimic the release from its growth factor-dependent
control mechanisms (Yuneva et al, 2012; Shroff et al, 2015). In this
review, we describe downstream effects of MYC highlighting the
ability of this oncogene to globally rewire cellular metabolism.
Notably, effects on cellular metabolism depend both on oncogene
activity and on the tissue of tumor origin and on interaction with
microenvironment components (Yuneva et al, 2012; Davidson et al,
2016; Mayers and Vander Heiden, 2017). Metabolic changes induced
by deregulated MYC can therefore vary among different tumor types.

As consequence of metabolic changes, deregulated MYC expres-
sion can induce metabolic stress: For example, enhanced expression
of MYC causes a decrease in cellular ATP levels and activate AMP-
activated kinase (AMPK) (Liu et al, 2012a; von Eyss et al, 2015).
MYC-induced metabolic stress sensitizes cells toward apoptosis, in
part since AMPK phosphorylates p53 and activates its mitochondrial
pro-apoptotic functions (Nieminen et al, 2007, 2013). Similarly, loss
of mechanisms that restrain MYC activity following hypoxia can
result in MYC-driven apoptosis (Brunelle et al, 2004). As conse-
quence, cells expressing deregulated MYC can be dependent on a
continuous and high supply of nutrients. For example, MYC-driven
tumor cells are dependent on a constant supply of glutamine and
glutamine deprivation or inhibition of glutaminase can selectively
kill cells with enhanced levels of MYC (Yuneva et al, 2007; Wise
et al, 2008; Qing et al, 2012; Nieminen et al, 2013; Wiese et al,
2015). This phenomenon has been termed “glutamine addiction”
and provides the rational basis for exploring the therapeutic value
of glutaminase inhibitors for MYC-driven tumors. Similarly, rat
fibroblast cells overexpressing MYC undergo apoptosis when
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deprived of glucose cells (Shim et al, 1998) and MYC-driven
lymphoma cells are particularly sensitive to inhibition of lactate
export (Doherty et al, 2014). An attractive concept is to exploit these
dependencies for tumor therapy.

The aim of this review is to summarize the opportunities for
targeting the metabolism of MYC-driven tumors for therapy and to
identify the critical challenges that need to be addressed for such an
approach to be successful. One central argument we put forward is
that multiple mechanisms link MYC expression to the metabolic
status of tumor cells and that modeling approaches need take to
them into account in order not to overestimate the metabolic liabili-
ties caused by enhanced MYC expression.

Oncogenic MYC promotes anabolic reactions: the role
of glucose

Cancer cells typically display high glucose uptake, glycolytic metabo-
lism, and lactate production even in the presence of oxygen (“aero-
bic glycolysis”), a phenomenon termed the Warburg effect (Vander
Heiden et al, 2009). This seemingly wasteful use of glucose is most
likely due to the higher capacity of glycolysis to produce ATP
compared to the oxidative phosphorylation; hence, aerobic glycoly-
sis may satisfy the high demand of rapidly growing cells for ATP
(Vander Heiden et al, 2009; Liberti & Locasale, 2016). Metabolic
labeling using '*C-glucose reveals that oncogenic levels of MYC
promote high consumption of glucose, as assessed both in Burkitt’s
lymphoma (Le et al, 2012; Murphy et al, 2013) and in MYC-driven
liver carcinoma (Yuneva et al, 2012). MYC exerts its effects on glucose
metabolism by increasing the expression of the glucose transporter
GLUTI and by upregulating the expression of glycolytic enzymes,
including hexokinase 2 (HK2), phosphofructokinase-M 1 (PFKMI1),
and enolase 1 (ENO1; Osthus et al, 2000; Kim et al, 2004). Aerobic
glycolysis is also driven by the expression of the M2 isoform of the
pyruvate kinase (PKM2), which is expressed in virtually all tumors
(Israelsen & Vander Heiden, 2015). MYC enhances expression of
PKM2 by promoting the expression of hnRNP splicing factors, as
demonstrated in glioma (David et al, 2010; Luan et al, 2015; Fig 1).
During glycolysis, NAD* is reduced to NADH" + H* and cells
need to regenerate NAD™ to maintain the glycolytic flux. This
depends on LDHA, encoding for lactate dehydrogenase A, which
utilizes pyruvate as substrate derived from both the glycolytic and
the glutaminolytic pathway and converts it into lactate (Shim et al,
1998; Wise et al, 2008). Overexpressing MYC enhances LDHA
expression and typically results in extracellular acidification due to
the increased production of lactate (Shim et al, 1998; Lewis et al,
2000; Fan et al, 2010; Maya-Mendoza et al, 2015). MYC also
promotes the secretion of lactate through the expression of the bidi-
rectional monocarboxylate transporter MCT1 (Doherty et al, 2014).
Lactate is not simply a waste product of tumors, but an active role
of this metabolite in promoting multiple pro-oncogenic functions
emerged over time (San-Millan & Brooks, 2016). An indirect mecha-
nism through which MYC promotes the uptake of glucose is via
blocking the transcriptional function of MondoA, which in turn
results in the inhibition of the thioredoxin-interacting protein
(TXNIP), a negative regulator of glycolysis (Shen et al, 2015).
Intriguingly, deregulated MYC expression also blocks the induction
of mRNAs encoding gluconeogenesis enzymes in response to a
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high-fat diet in liver, arguing that repressive functions of MYC
contribute to alterations in cellular metabolism (Riu et al, 2003).

The high K, of PKM2 for phosphoenolpyruvate increases
concentrations of glycolytic intermediates and channels them into
two biosynthetic pathways (Israelsen & Vander Heiden, 2015),
Fig 1. The pentose phosphate pathway (PPP) consists of two
branches: the oxidative phase and the non-oxidative phase. The first
one uses glucose 6-phosphate to produce both ribose sugars for
nucleotide biosynthesis and NADPH for sustaining anabolic reac-
tions; the non-oxidative phase allows for the recycling of glycolytic
substrates, like fructose 6-phosphate and glyceraldehyde 3-phos-
phate, which can be rechanneled into the oxidative arm depending
on the cellular metabolic needs (Patra & Hay, 2014). Serum-induced
MYC activation in rat fibroblasts increases the flux of glucose
toward ribose sugars (Morrish et al, 2009). In activated T cells,
MYC increases the expression of G6PDH, encoding for glucose-6-
phosphate dehydrogenase, which catalyzes the first reaction of the
oxidative phase, and TKT, which encodes for transketolase, an
enzyme of the non-oxidative branch (Wang et al, 2011).

The serine synthesis pathway (SSP) represents a second impor-
tant branch of glycolysis, and the activity of the SSP is often upregu-
lated in cancer. Serine-derived glycine fuels the one-carbon
metabolism, constituted by two interconnected pathways: the folate
and the methionine metabolism. Such reactions are in turn needed
for the biosynthesis of macromolecules like purines and glutathione
(Yang & Vousden, 2016). The conversion of serine to glycine is cata-
lyzed by the serine hydroxymethyltransferase (SHMT). Both the
cytosolic and the mitochondrial isoforms of this enzyme (SHMT1
and SHMT?2, respectively) are targets of MYC, as first demonstrated
in rat fibroblasts (Nikiforov et al, 2002). Increased glycine synthesis
resulting from the upregulation of enzyme involved in the SSP is
dependent on the oncogenic activity of MYC, as demonstrated in
both hepatocellular carcinoma cell lines (Sun et al, 2015) and in a
MYC-driven liver tumor (Anderton et al, 2017).

Glucose also serves as sugar donor for posttranslational modifi-
cations of proteins. This occurs through the hexosamine bio-
synthetic pathway (HBP) in which both glucose and glutamine are
metabolized to produce UDP-N-acetylglucosamine (UDP-Glc-NAc).
The N-acetylglucosamine is in turn transferred from UDP-Glc-NAc
to serine or threonine residues of substrate proteins, a reaction cata-
lyzed by the enzyme O-GIcNAc transferase (OGT). The HBP is
hyperactivated in a variety of cancers and O-GlcNAcylated proteins
regulate multiple oncogenic processes (Ferrer et al, 2016). In addi-
tion to promoting the uptake of glucose and glutamine and to chan-
neling these substrates into the HBP (Morrish et al, 2009), in breast
cancer cells MYC increases the expression of the chaperone protein
HSP90, which stabilizes OGT, thus promoting the modification of
target proteins (Sodi et al, 2015). MYC itself is an OGT target and
MYC O-GlcNAcylation on Thr58 increases its stability and competes
with the phosphorylation on the same site, which primes MYC for
degradation (Itkonen et al, 2013).

Oncogenic MYC promotes anabolic reactions: the role
of glutamine

Consistent with the increased demand of tumor cells for glutamine,
several transporters have been shown to be upregulated in many
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Figure 1. Overview of metabolic pathways promoted by MYC.

MYC increases the uptake and the metabolism of glucose and glutamine, the major nutrients of cancer cells, by upregulating the expression of genes encoding for membrane
transporters and metabolic enzymes (shown in turquoise; see text). MYC globally promotes anabolic reactions (indicated in magenta) in order to sustain the biosynthetic
needs of proliferating cells. Full arrows show direct reactions, and dashed ones indicate the presence of metabolic intermediates. GLUT1: glucose transporter 1; HK2:
hexokinase 2; PKM2: pyruvate kinase M2; LDH: lactate dehydrogenase; MCT1: monocarboxylate transporter 1; SHMT: serine hydroxymethyltransferase; ACLY: ATP citrate lyase;
FASN: fatty acid synthase; CAD: carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase; PRPS2: phosphoribosyl pyrophosphate synthetase 2;
IMPDH2: inosine-5'-monophosphate dehydrogenase 2; SLC1AS: solute carrier 1A5; GLS: glutaminase; TCA: tricarboxylic acid; glucose-6-P: glucose 6-phosphate; fructose-6-P:
fructose 6-phosphate; 3-P-glycerate: 3-phosphoglycerate; ribose-5-p: ribose 5-phosphate; a-KG: a-ketoglutarate; NADPH: nicotinamide adenine dinucleotide phosphate;

NADH: nicotinamide adenine dinucleotide.

types of cancer (Bhutia & Ganapathy, 2016). SLC1AS5 (ASCT2) and
SLC38A5 represent the best characterized glutamine transporters;
both of them are upregulated by MYC in glioma cell lines (Wise
et al, 2008), and a positive correlation between N-MYC amplifi-
cation and ASCT2 expression has been observed in neuroblastoma
cells (Qing et al, 2012; Ren et al, 2015). Such membrane proteins
transport also additional amino acids, like serine and alanine
(Bhutia & Ganapathy, 2016), that can be channeled into biosynthetic
pathways.

© 2017 The Authors

A major function of glutamine in cancer is to enter the TCA cycle
in the form of o-ketoglutarate (o-KG), through a process termed
glutaminolysis. MYC promotes the glutaminolytic pathway by
upregulating the expression of GLS, encoding for the enzyme
glutaminase, which catalyzes the conversion of glutamine to gluta-
mate (Wise et al, 2008; Gao et al, 2009). GLS expression is upregu-
lated by MYC both directly or indirectly, through MYC-mediated
inhibition of miR-23 expression, which in turn suppresses GLS trans-
lation (Gao et al, 2009). Another study demonstrated that MYC
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controls GLS levels in an mTOR-dependent way (Csibi et al, 2014).
In vivo studies confirmed that MYC impacts on the metabolism of
glutamine mainly by enhancing the expression of GLSI, as demon-
strated in both liver and renal carcinoma models (Yuneva et al,
2012; Shroff et al, 2015; Xiang et al, 2015). Glutamine-derived gluta-
mate enters the TCA cycle as o-KG either by direct deamination
catalyzed by glutamate dehydrogenase (GLUD) or through the
action of transaminases, which catalyze the transfer of the amino
group to oxaloacetate (glutamate oxaloacetate aminotransferase or
GOT) or pyruvate (glutamate pyruvate aminotransferase or GPT)
with the simultaneous production of the non-essential amino acids
aspartate and alanine, respectively. Increased levels of both aspar-
tate and alanine have been detected in MYC-driven renal carcinoma
(Shroff et al, 2015) and in pre-tumorigenic liver expressing high
MYC levels (Hu et al, 2011). Decreased levels of GPT and GOT have
been observed in MYC-dependent osteosarcoma cells upon suppres-
sion of MYC expression (Anso et al, 2013). Dependency of cancer
cells on either GLUD or transaminases activity has been correlated
with high levels of MYC (Yang et al, 2009; Qing et al, 2012;
Korangath et al, 2015).

The TCA cycle is used as a source of multiple precursors, which
are diverted into biosynthetic pathways in order to sustain the
requirements of highly proliferative cells. Hence, the anaplerotic
function of glutamine, that is, the replenishment of TCA cycle
intermediates, is important for supporting anabolic reactions
(DeBerardinis et al, 2008). For example, de novo synthesis of fatty
acids uses acetyl-CoA as a substrate and enzymes belonging to this
pathway are often upregulated in cancer. Acetyl-CoA can be derived
from both glucose and glutamine, through the cytosolic conversion
of TCA-produced citrate by ATP citrate lyase (ACLY). In the cytosol,
acetyl-CoA is converted by acetyl-CoA carboxylase (ACC) to
malonyl-CoA, which is in turn used for the biosynthesis of palmitate
by fatty acid synthase (FASN). Several studies suggest that MYC
may promote the synthesis of fatty acids, although deeper mecha-
nistic investigations will be needed to corroborate such evidences.
MYC promotes fatty acid biosynthesis in rat fibroblasts through
increasing the expression of all three enzymes (Morrish et al, 2009,
2010; Edmunds et al, 2014). Metabolic analysis performed on a
combination of engineered cells, in vivo models, and human tumor
samples showed that deregulated MYC in prostate cancer specifi-
cally enhances lipid metabolism (Priolo et al, 2014). Specific lipid
production associated with the oncogenic activity of MYC has been
observed also in lymphomas. Increased levels of phosphatidylglyc-
erol, a precursor of cardiolipin, are found on the outer mitochon-
drial membrane, in MYC-driven lymphoma tumor models compared
to normal thymus (Eberlin et al, 2014). The same lipid is also
increased in in vivo models of MYC-driven hepatocellular carcinoma
and renal cell carcinoma (Perry et al, 2013; Shroff et al, 2015).

Glutamine-derived glutamate can also be used as substrate for
proline synthesis. Although the conversion between the two amino
acids is reversible, MYC preferentially suppresses the proline to
glutamate production in favor of the opposite reaction, as demon-
strated in Burkitt’s lymphoma and prostate cancer (Liu et al, 2012b,
2015). The first effect is due to MYC-induced expression of
miR-23b*, which in turn posttranscriptionally suppresses the trans-
lation of PRODH, encoding for the enzyme proline oxidase (or
proline dehydrogenase). Interestingly, miR-23b* is produced from
the same transcript of miR-23, which suppresses GLS translation;
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thus, oncogenic MYC exerts a coordinated effect in promoting the
catabolism of glutamine, rather than its synthesis, as demonstrated
also by the inverse correlation between MYC and GS levels (Liu
et al, 2012b, 2015). At the same time, MYC enhances the expression
of enzymes involved in the biosynthesis of proline, namely P5C
synthase (P5CS) and P5C reductase (PYCR) (Liu et al, 2012b, 2015).
Blocking proline biosynthesis inhibited cell growth in a way inde-
pendent from exogenous proline supplementation. The synthesis of
proline yields NAD(P) * through the conversion of 1-pyrroline-5-
carboxylate (P5C) to proline catalyzed by PYRC, which is in turn
required for sustaining both glycolysis and the oxidative arm of the
PPP (Liu et al, 2012b, 2015).

Importantly, in vivo studies document a remarkable flexibility in
the metabolic features of MYC-driven tumors. For example, MYC-
induced liver tumors consume glutamine, while lung tumors
produce it. This difference is mainly due to difference in expression
of glutamine synthetase (GS), which catalyzes the cytosolic produc-
tion of glutamine from glutamate and ammonia, and is expressed in
lung, rather than in liver tumors (Yuneva et al, 2012). Expression of
GS expression makes cancer cells independent of the external gluta-
mine supply (Kung et al, 2011). Interestingly, oncogenic MYC can
also drive and increase in GS expression. Bott et al showed that
MYC induces the expression of thymine DNA glycosylase in breast
cancer cell lines. This in turn promotes the demethylation of the GS
promoter, thus enhancing GS expression. Increased glutamine
production supports cell proliferation through increased nucleotide
biosynthesis (Bott et al, 2015). Thus, it is likely that MYC can dif-
ferentially promote the synthesis of glutamine or its metabolism
through the TCA cycle, depending on the context and the metabolic
needs of the tumor. Similarly, while MYC often promotes the
biosynthesis of lipids, MYC overexpression in triple-negative breast
cancer correlates with an increased dependency on mitochondrial
fatty acid oxidation, whose inhibition has been proposed as a possi-
ble therapeutic approach (Camarda et al, 2016). The divergence of
effects mediated by oncogenic MYC highlights the importance
of in vivo studies to better understand the metabolic requirements of
tumors, since both the interaction with the tumor microenvironment
and an intact organ structure affect metabolic dependencies. This
has been clearly demonstrated using K-RAS-driven lung tumor cells,
which are glutamine dependent in vitro, but not in vivo (Davidson
et al, 2016).

Oncogenic MYC enhances the biosynthesis of nucleotides

Increased nucleotide biosynthesis is required to sustain the
enhanced transcription and replication driven by MYC. The biosyn-
thesis of purine and pyrimidine nucleotides requires substrates
whose metabolism is controlled by MYC, for example, the amino
acids aspartate and glycine, in addition to glutamine, while glucose
metabolism provides both ATP and the ribose moiety necessary for
the biosynthesis of phosphoribosylpyrophosphate (PRPP), through
the PPP. MYC directs the channeling of these substrates toward the
biosynthesis of nucleotides and promotes their usage by enhancing
the expression of enzymes involved in virtually all steps of these
pathways (Liu et al, 2008; Mannava et al, 2008). In addition, MYC
promotes the reduction in ribonucleotides to deoxynucleotides
through the upregulation of RRM2, encoding for the small subunit
of the enzymatic complex ribonucleotide reductase (Mannava et al,
2008). Thus, high MYC levels result in an increase in both ribo- and
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deoxyribonucleotide levels, which is observed in multiple cellular
systems (Bester et al, 2011; Cunningham et al, 2014). Phosphoribo-
sylpyrophosphate is a key substrate for both the purine and the
pyrimidine biosynthesis. In the first case, the purine ring is assem-
bled around a PRPP molecule, while in the second pathway PRPP is
attached to the synthetized pyrimidine ring. Oncogenic MYC upreg-
ulates the expression of PRPSZ, encoding for the enzyme, which
catalyzes PRPP synthesis from ribose 5-phosphate and ATP
(Mannava et al, 2008; Cunningham et al, 2014). Cunningham et al
showed that MYC exerts a translational control on PRPS2, mediated
by pyrimidine-rich translational elements present in the 5-UTR of
PRPS2 and not of its related isoform PRPS1. Effects on the transla-
tion of specific mRNA are achieved by MYC through the upregula-
tion of the eukaryotic translation initiation factor 4E (eIF4E), the
limiting factor of the initiation complex eIF4F (Ruggero et al, 2004).
This mechanism may coordinate protein and nucleotide biosynthe-
sis in an oncogenic setting. Interestingly, PRPS2 is dispensable for
the development of normal B cell but its inhibition is synthetic lethal
with MYC overexpressing cells, possibly by limiting the amount of
nucleotides available for assembly of ribosomes and the consequent
protein synthesis (Cunningham et al, 2014).

Polyamine biosynthesis

A possible use of glutamine is the biosynthesis of polyamines (pu-
trescine, spermidine, and spermine). Polyamine are polycations able
to interact with negatively charged molecules such as nucleic acids
and protein. They have multiple functions in the regulation of cell
growth, modulation of histone acetylation levels, and intracellular
signaling (Minois et al, 2011). Increased polyamine levels are
associated with a variety of cancers, and therapeutic approaches
targeting the metabolism of polyamine have been developed
(Murray-Stewart et al, 2016). The biosynthesis of polyamine begins
from ornithine and requires decarboxylated S-adenosyl-methionine

MYC-mediated control of tumor cell metabolism

The EMBO Journal

produced from methionine for the subsequent steps. Although gluta-
mine-derived glutamate or proline represent alternative substrates
for the production of ornithine, compared to the mostly used argi-
nine, in activated T lymphocytes MYC has been observed to drive
the biosynthesis of polyamines through the increased expression of
enzymes, which mediate both the conversion of glutamate and
proline to ornithine [aldehyde dehydrogenase 18 family member A1l
(Aldh18al), proline dehydrogenase (Prodh) and ornithine amino-
transferase (OAT)] and the biosynthesis of polyamines [ornithine
decarboxylase (ODC), spermine synthase (SRM) and spermidine
synthase (SMS)] (Bello-Fernandez et al, 1993; Trubiani et al, 1999;
Nilsson et al, 2005; Wang et al, 2011; Funakoshi-Tago et al, 2013;
Ruiz-Perez et al, 2015). The coordinated expression of genes encod-
ing polyamine biosynthetic enzymes is also observed in a mouse
model of MYC-driven B-cell lymphoma (E,-Myc). Increased expres-
sion of ODC, the rate-limiting enzyme in the polyamine biosynthe-
sis, is a critical mediator of MYC-induced tumorigenesis, since
genetic or drug-mediated inhibition of ODC results in an inability of
MYC to downregulate the cyclin-dependent kinase inhibitors p21
and p27, thus impairing the progression through the cell cycle.
Intriguingly, the activity of ODC and its metabolic products appear
to be necessary for tumor development rather than maintenance,
before the occurrence of additional genetic events like the loss of
the tumor suppressor (Nilsson et al, 2005).

Metabolic controls of MYC activity

MYC is both upstream and downstream of mTORC1

Expression of MYC is downstream of multiple control mechanisms
that are regulated by nutrient levels and respond to metabolic stress
(Fig 2). A paradigm example is the mTOR pathway, the nutrient-
sensing pathway in mammalian cells. The activity of mTORCI, a
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central kinase in the pathway, depends on both the availability of
nutrients and on the cellular energetic status (Gonzalez & Hall,
2017). Glutamine positively controls mTORC1 activity. Glutamine
activates mTORC1 by either promoting the uptake of leucine, which
in turn directly activates mTORC1 (Nicklin et al, 2009) or through
the production of o-KG via the glutaminolytic pathway (Duran et al,
2012). The first mechanism is promoted by the amino acid trans-
porter LAT1, which exchanges intracellular glutamine with extracel-
lular leucine. Both MYC and N-MYC enhance the expression of
SLC7AS, which encodes for a subunit of LAT1 (Gao et al, 2009;
Hayashi et al, 2012; Qing et al, 2012); thus, MYC collectively
promotes both the uptake of glutamine and its exchange with
leucine. Leucine is also an activator of the enzyme glutamate dehy-
drogenase (GDH), which converts glutamate to o-KG (Couee &
Tipton, 1989). Thus, by enhancing the uptake of leucine, MYC
potentially contributes to stimulate the glutaminolytic pathway. In
addition to enhancing the uptake of nutrients, MYC sustains the
function of mTORC1 also by driving the synthesis of macro-
molecules, like translation factors and ribosomal components,
necessary for protein biosynthesis (Lin et al, 2008; van Riggelen
et al, 2010; Pourdehnad et al, 2013).

Conversely, mTORC1 controls the translation of MYC (West
et al, 1998; Shahbazian et al, 2010; Csibi et al, 2014; Leu et al,
2016). An exemplar mechanism indicating the tight connection
between MYC and mTORC1 activity is provided by the work of Csibi
et al (2014), who observed that the mTORCI1 target S6K1 promotes
MYC translation by acting on its 5-UTR and that MYC, in turn,
increases the protein levels of GLS, likely in a posttranscriptional
way since no changes in the GLS mRNA levels were observed. MYC
and mTORCI1 coordinate multiple processes that promote cellular
growth and proliferation and overlapping metabolic functions
between these two nodes have been demonstrated, for example,
both drive the expression of nucleotide biosynthetic enzymes (Liu
et al, 2008; Mannava et al, 2008; Ben-Sahra et al, 2013, 2016).

FoxO proteins antagonize MYC function
A second example of the interplay between MYC expression and
metabolism is provided by the forkhead box O (FoxO) family of
transcription factors. FoxO proteins are activated in response to
various kinds of stress, including metabolic and oxidative stress
(Eijkelenboom & Burgering, 2013). For example, activation of
AMPK-activated protein kinase (AMPK) stimulates FoxO activity
(Greer et al, 2007). Following increase in the AMP/ATP ratio, indi-
cator of changes in the cellular energetic status, activated AMPK
phosphorylates FoxO3 on multiple sites and promotes its transcrip-
tional activity. Such effect supports cell survival under stress condi-
tions due to the FoxO3-mediated activation of genes involved in
stress resistance, for example, by promoting the metabolism of alter-
native sources in absence of glucose, maintaining intracellular ener-
getic homeostasis through autophagy or reducing oxidative stress
(Greer et al, 2007; Chiacchiera & Simone, 2009; Li et al, 2009).
FoxO proteins antagonize activation of multiple target genes by
MYC via several different mechanisms (Bouchard et al, 2004). On
multiple MYC target genes, non-phosphorylated FoxO blocks the
loading of RNAPII on the promoter, thereby blunting the ability of
MYC to promote transcriptional elongation by RNAPII (Bouchard
et al, 2004). In hypoxia, HIF-1-a activates FoxO3A, which displaces
MYC from the promoter of mitochondrial genes (e.g., MRPLI2
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(mitochondrial ribosomal protein L12), ACO2 (aconitase 2), LARS2
(mitochondrial leucyl-tRNA synthetase), and OXNADI (oxidoreduc-
tase NAD-binding domain containing 1)) (Jensen et al, 2011). Thus,
by disabling the MYC-mediated induction of mitochondrial genes,
FoxO3A promotes the shift toward a glycolytic metabolism. MYC
function can also be antagonized by FoxO3A through the increased
expression of Mad/Mxi family proteins, particularly Mxil-SRa that
binds to MAX and prevent the formation of the MYC/MAX hetero-
dimers (Delpuech et al, 2007). Activation of FoxO3A can also desta-
bilize MYC and induce its proteasomal degradation. The decrease in
MYC protein levels diminishes the production of reactive oxygen
species (ROS) by reducing mitochondrial activity, thereby prevent-
ing harmful effects associated with increased ROS levels such as
genomic instability due to ROS-induced DNA damage. (Ferber et al,
2012). The 3/-UTR of MYC is also targeted by FoxO-dependent
stress-responsive circuits. FoxO3A can limit MYC levels by inducing
the expression of miR-34b/c, which bind to the 3’-UTR of MYC,
thereby inhibiting its translation (Kress et al, 2011). Different stim-
uli can mediate the induction of specific miRNAs through FoxOs. In
glioblastomas, for example, FoxOs induce both miR-34c and
miR-145 to repress MYC (Masui et al, 2013).

Repression of MYC function by FoxOs is antagonized by
mTORC2, which promotes FoxOs acetylation, and by FoxOs phos-
phorylation following PI3K-AKT activation (Masui et al, 2013). Both
pathways are physiologically activated by growth factors stimula-
tion and hyperactivated in a cancer context (Fruman & Rommel,
2014). Consistently, the ability of FoxO proteins to suppress MYC
function in response to metabolic stress may be compromised in
tumors. For example, regulation of MYC via the 3’-UTR is disrupted
during colon cancer progression, through the silencing of miR-34b/c
expression (Kress et al, 2011). Similarly, the FoxO/Mxil-SRoa,/miR-145
axis, which antagonizes MYC function and decreases its levels,
operates in vivo in Tscl knockout (i.e., mTORCI1 activation) poly-
cystic kidneys, but is lost in Tscl knockout kidney tumors (Gan
et al, 2010). Intriguingly, disruption of the FoxO/MYC regulatory
circuit can have both positive and negative effects on tumor growth.
For example, FoxO3A knockdown impaired the growth of tumors in
a xenograft model, likely because they maintain the mitochondrial
function under hypoxia (Jensen et al, 2011).

Regulation of MYC levels and function by glucose

Several mechanisms regulate both MYC levels and function in
response to glucose availability. Increased degradation of MYC
following glucose starvation and oxygen deprivation maintains
colorectal cancer cells viable, although metabolically inactive
(Okuyama et al, 2010; Wong et al, 2013). MYC is O-glcNAcylated
and stabilized by this posttranslational modification (Itkonen et al,
2013; Sodi et al, 2015). Following glucose deprivation, the
decreased OGT activity and consequent increased MYC degradation
allow cell survival in hepatocarcinoma cells (Buren et al, 2016).
Intriguingly, glucose deprivation not only regulates MYC levels via
proteasomal degradation, but also induces calpain-mediated proteo-
lysis of MYC, which results in the formation of a truncated protein
localized in the cytosol (“MYC-nick”; Conacci-Sorrell et al, 2014).
MYC-nick comprises the N-terminal region of MYC and has tran-
scription-independent functions since it lacks the nuclear localiza-
tion signal and the DNA binding domain (Conacci-Sorrell et al,
2010). Strikingly, MYC-nick protects cells from stress-induced cell
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death, since it promotes the acetylation of cytosolic proteins,
involved, for example, in sustaining autophagy, via the same
domain that recruits histone acetylases in the nucleus (Conacci-
Sorrell et al, 2014).

MYC is part of an extended network comprising MAX, MXD,
MLX, and Mondo proteins. Mondo transcription factors (MondoA
and chREBP) represent the nutrient-sensing branch of this network
because their activity is directly stimulated by the glycolytic metabo-
lite glucose 6-phosphate (Kaadige et al, 2010). Reduced MYC
protein levels following glucose starvation may alter the existing
balance between each component of the network. Since MYC drives
the uptake of glucose by competing with MondoA and downregulat-
ing TXNIP expression (Shen et al, 2015), one could speculate that in
absence of glucose the increased degradation of MYC could posi-
tively regulate MondoA and TXNIP function, potentially contribut-
ing to maintain the cells in a metabolically inactive state.

Glucose starvation does not uniformly lead to MYC downregula-
tion (Wu et al, 2015). Under this condition, upregulation of MYC
protein levels occurs in hepatocellular carcinoma cells and supports
the synthesis of glutathione through the upregulation of the serine
synthesis pathway. Increased SSP activity, in turn, enables cell
survival by maintaining the cellular redox balance (Sun et al, 2015).
Glucose deprivation can also induce the unfolded protein response
(UPR) since it interferes with protein glycosylation (Xu et al, 2005).
Induction of UPR in turn increases MYC levels in multiple myeloma
cells via an internal ribosomal entry site (IRES) that is present in the
5’-UTR of the MYC mRNA (Shi et al, 2016). An increase in MYC
levels could therefore be responsible for driving apoptosis under
these conditions.

MYC and glutamine: safe or addicted?
The role of glutamine levels as possible upstream regulator of MYC
has received less attention. In colorectal cancer cells, translation of
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MYC is controlled by glutamine via a sequence element in the
3/-UTR of the MYC mRNA (Dejure et al, 2017). Surprisingly, this
regulatory sequence does not respond to TCA cycle intermediates,
but to intracellular levels of glutamine-derived adenosine nucleo-
tides. The decrease in MYC levels following glutamine starvation
and the consequent reduction in nucleotide levels reduces transcrip-
tion by RNAPII. When MYC is ectopically expressed in glutamine-
starved cells, RNAPII stalls during transcription on hundreds of
genes and this correlates with formation of R-loops, which can
cause DNA damage and genomic instability (Dejure et al, 2017).
Notably, cells undergo apoptosis under these conditions in the
absence of a MYC-dependent induction of pro-apoptotic genes,
suggesting that stalling of RNAPII and R-loop formation are pro-
apoptotic events. In this sense, coupling of MYC expression to meta-
bolic signals may be critical for cells to maintain genomic stability.
The precise pathway by which adenosine levels regulate MYC
translation has not been resolved. The MYC 3’-UTR is the target of
multiple miRNAs, which inhibit the translation of an mRNA. Gluta-
mine starvation can induce the phosphorylation of p53 on Serl5,
which results in the stabilization of p53. This is required for allow-
ing cell survival under stress conditions (Reid et al, 2013). p53, in
turn, can trigger the activation of stress-responsive pathways, which
can potentially target the 3’-UTR of MYC (Sachdeva et al, 2009;
Cannell et al, 2010; Lezina et al, 2013). Regulation of RNA-binding
proteins (RBPs) targeting the 3/-UTR of MYC by cellular metabolism
has been also extensively characterized (Barreau et al, 2005). For
example, a cleavage product of the human antigen R (HuR) (HuR-
CP1) associates with MYC 3'-UTR, blocking its translation after
prolonged hypoxia (Talwar et al, 2011). HuR also regulates MYC
stability in presence of polyamine, whose synthesis is also depen-
dent on glutamine (Liu et al, 2009). Finally, multiple metabolic
enzymes, for example, glycolytic enzymes, moonlight as RNA-
binding proteins via their nucleotide-binding motifs (Castello et al,
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2012, 2015); hence, the regulation of MYC translation may be
directly coupled to the metabolic status of cells.

Restraining MYC can prevent apoptosis and
metabolic stress

These mechanisms enable cells to maintain cell viability under
metabolically unfavorable conditions, through the regulation of
MYC levels. On the other side, multiple studies have linked dereg-
ulated MYC activity to the induction of cell death as a form of
intrinsic tumor suppression (Lowe et al, 2004). At least in some
instances, MYC-driven apoptosis can be linked to sustained
anabolic reaction following nutrient depletion. One of the best
characterized examples is provided by the MYC-mediated gluta-
mine addiction, according to which cells expressing high levels of
MYC are sensitive to glutamine deprivation or glutaminase inhibi-
tion (Yuneva et al, 2007; Wise et al, 2008; Qing et al, 2012; Niem-
inen et al, 2013; Wiese et al, 2015). Similarly, rat fibroblast cells
overexpressing MYC undergo apoptosis when deprived of glucose
(Shim et al, 1998) and MYC-driven lymphoma cells are particu-
larly sensitive to inhibition of lactate export (Doherty et al, 2014).
Since such studies made use of MYC transgenes, one possibility to
explain opposing observation is the fact that the absence of UTR
elements does not allow posttranscriptional mechanisms of regula-
tion to take place. Several mechanisms by which deregulated MYC
levels induce metabolism-driven apoptosis have been identified
(Fig 3).

® Enhanced expression of MYC causes a decrease in cellular ATP
levels and activates AMP-activated kinase (AMPK) (Liu et al,
2012a; von Eyss et al, 2015). MYC-induced metabolic stress can
sensitize cells toward apoptosis, in part since AMPK phosphory-
lates p53 and activates its mitochondrial pro-apoptotic functions
(Nieminen et al, 2007, 2013).

Deregulated MYC can cause transcriptional elongation in the
absence of sufficient nucleotides and induce stalling of RNA poly-
merases and R-loop formation (Dejure et al, 2017).

Deregulated MYC can cause a catastrophic metabolic imbalance.
MYC is part of extended network of helix-loop-helix transcription
factors and its effects on metabolism are counterbalances by a
nutrient-sensing member of the network, MondoA. Reduced
MondoA levels are tolerated in normal cells; however, deregulated
of MYC renders cells dependent on MondoA, since MondoA coun-
terbalances MYC effects on glutaminolysis and lipid biosynthesis.
In the absence of MondoA, cells undergo apoptosis, which can be
rescued by fatty acid (oleic acid) supplementation (Carroll et al,
2015).

Conclusions

While growth factor-dependent controls of MYC expression often
act via the MYC promoter, the expression of MYC is controlled
mainly by posttranscriptional mechanisms in response to nutrient
supply and metabolic stress. There is little evidence that metabolic
controls of MYC expression and function are disrupted in tumor
cells. To the contrary, such controls are likely to be under strong
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positive selective pressure during tumorigenesis to ensure cell
survival under stressed conditions. Currently used transgenic
models often bypass these controls, since they use transgenes that
express the MYC coding sequence only and/or employ stable alleles
of MYC. 1t is likely that—by bypassing metabolic controls of MYC
expression—current tumor modeling strategies overestimate the
metabolic liabilities of MYC-driven tumors.

References

Anderton B, Camarda R, Balakrishnan S, Balakrishnan A, Kohnz RA, Lim L,
Evason K], Momcilovic O, Kruttwig K, Huang Q, Xu G, Nomura DK, Goga A
(2017) MYC-driven inhibition of the glutamate-cysteine ligase promotes
glutathione depletion in liver cancer. EMBO Rep 18: 569 —585

Annibali D, Whitfield JR, Favuzzi E, Jauset T, Serrano E, Cuartas |, Redondo-
Campos S, Folch G, Gonzalez-Junca A, Sodir NM, Masso-Valles D, Beaulieu
ME, Swigart LB, Mc Gee MM, Somma MP, Nasi S, Seoane ], Evan Gl,
Soucek L (2014) Myc inhibition is effective against glioma and reveals a
role for Myc in proficient mitosis. Nat Commun 5: 4632

Anso E, Mullen AR, Felsher DW, Mates JM, Deberardinis RJ, Chandel NS (2013)
Metabolic changes in cancer cells upon suppression of MYC. Cancer Metab
1.7

Barreau C, Paillard L, Osborne HB (2005) AU-rich elements and associated
factors: are there unifying principles? Nucleic Acids Res 33: 71387150

Bello-Fernandez C, Packham G, Cleveland JL (1993) The ornithine
decarboxylase gene is a transcriptional target of c-Myc. Proc Natl Acad Sci
USA 90: 7804 —7808

Ben-Sahra I, Howell ]}, Asara JM, Manning BD (2013) Stimulation of de novo
pyrimidine synthesis by growth signaling through mTOR and S6K1. Science
339: 1323-1328

Ben-Sahra |, Hoxhaj G, Ricoult S), Asara JM, Manning BD (2016) mTORC1
induces purine synthesis through control of the mitochondrial
tetrahydrofolate cycle. Science 351: 728 -733

Bester AC, Roniger M, Oren YS, Im MM, Sarni D, Chaoat M, Bensimon A,
Zamir G, Shewach DS, Kerem B (2011) Nucleotide deficiency promotes
genomic instability in early stages of cancer development. Cell 145:
435-446

Bhutia YD, Ganapathy V (2016) Glutamine transporters in mammalian cells
and their functions in physiology and cancer. Biochem Biophys Acta 1863:
2531-2539

Bott AJ, Peng IC, Fan Y, Faubert B, Zhao L, Li J, Neidler S, Sun Y, Jaber N,
Krokowski D, Lu W, Pan JA, Powers S, Rabinowitz J, Hatzoglou M, Murphy
DJ, Jones R, Wu S, Girnun G, Zong WX (2015) Oncogenic Myc induces
expression of glutamine synthetase through promoter demethylation. Cell
Metab 22: 1068 -1077

Bouchard C, Marquardt J, Bras A, Medema RH, Eilers M (2004) Myc-induced
proliferation and transformation require Akt-mediated phosphorylation of
FoxO proteins. EMBO | 23: 28302840

Brunelle JK, Santore MT, Budinger GR, Tang Y, Barrett TA, Zong WX, Kandel E,
Keith B, Simon MC, Thompson CB, Hay N, Chandel NS (2004) c-Myc
sensitization to oxygen deprivation-induced cell death is dependent on
Bax/Bak, but is independent of p53 and hypoxia-inducible factor-1. J Biol
Chem 279: 4305-4312

Buren S, Gomes AL, Teijeiro A, Fawal MA, Yilmaz M, Tummala KS, Perez M,
Rodriguez-Justo M, Campos-Olivas R, Megias D, Djouder N (2016)
Regulation of OGT by URI in response to glucose confers c-MYC-
dependent survival mechanisms. Cancer Cell 30: 290307

© 2017 The Authors



Francesca R Dejure & Martin Eilers

Camarda R, Zhou AY, Kohnz RA, Balakrishnan S, Mahieu C, Anderton B, Eyob
H, Kajimura S, Tward A, Krings G, Nomura DK, Goga A (2016) Inhibition of
fatty acid oxidation as a therapy for MYC-overexpressing triple-negative
breast cancer. Nat Med 22: 427432

Cannell IG, Kong YW, Johnston S, Chen ML, Collins HM, Dobbyn HC, Elia A,
Kress TR, Dickens M, Clemens M]J, Heery DM, Gaestel M, Eilers M, Willis
AE, Bushell M (2010) p38 MAPK/MK2-mediated induction of miR-34c
following DNA damage prevents Myc-dependent DNA replication. Proc
Natl Acad Sci USA 107: 5375—5380

Carroll PA, Diolaiti D, McFerrin L, Gu H, Djukovic D, Du J, Cheng PF, Anderson
S, Ulrich M, Hurley ]B, Raftery D, Ayer DE, Eisenman RN (2015)
Deregulated Myc requires MondoA/MIx for metabolic reprogramming and
tumorigenesis. Cancer Cell 27: 271285

Castello A, Fischer B, Eichelbaum K, Horos R, Beckmann BM, Strein C, Davey
NE, Humphreys DT, Preiss T, Steinmetz LM, Krijgsveld ], Hentze MW (2012)
Insights into RNA biology from an atlas of mammalian mRNA-binding
proteins. Cell 149: 1393-1406

Castello A, Hentze MW, Preiss T (2015) Metabolic enzymes enjoying new
partnerships as RNA-binding proteins. Trends Endocrinol Metab 26: 746 —757

Chiacchiera F, Simone C (2009) Inhibition of p38alpha unveils an AMPK-
FoxO3A axis linking autophagy to cancer-specific metabolism. Autophagy
5:1030-1033

Conacci-Sorrell M, Ngouenet C, Eisenman RN (2010) Myc-nick: a cytoplasmic
cleavage product of Myc that promotes alpha-tubulin acetylation and cell
differentiation. Cell 142: 480—493

Conacci-Sorrell M, Ngouenet C, Anderson S, Brabletz T, Eisenman RN (2014)
Stress-induced cleavage of Myc promotes cancer cell survival. Genes Dev
28: 689707

Couee |, Tipton KF (1989) Activation of glutamate dehydrogenase by L-
leucine. Biochem Biophys Acta 995: 97 —101

Csibi A, Lee G, Yoon SO, Tong H, lliter D, Elia I, Fendt SM, Roberts TM, Blenis |
(2014) The mTORC1/S6K1 pathway regulates glutamine metabolism
through the elF4B-dependent control of c-Myc translation. Curr Biol 24:
22742280

Cunningham JT, Moreno MV, Lodi A, Ronen SM, Ruggero D (2014) Protein
and nucleotide biosynthesis are coupled by a single rate-limiting enzyme,
PRPS2, to drive cancer. Cell 157: 1088 —1103

Dang CV (2012) MYC on the path to cancer. Cell 149: 2235

Dang CV (2013) MYC, metabolism, cell growth, and tumorigenesis. Cold Spring
Harb Perspect Med 3: a014217

David CJ, Chen M, Assanah M, Canoll P, Manley JL (2010) HNRNP proteins
controlled by c-Myc deregulate pyruvate kinase mRNA splicing in cancer.
Nature 463: 364 —368

Davidson SM, Papagiannakopoulos T, Olenchock BA, Heyman JE, Keibler MA,
Luengo A, Bauer MR, Jha AK, O’Brien JP, Pierce KA, Gui DY, Sullivan LB,
Wasylenko TM, Subbaraj L, Chin CR, Stephanopolous G, Mott BT, Jacks T,
Clish CB, Vander Heiden MG (2016) Environment impacts the metabolic
dependencies of ras-driven non-small cell lung cancer. Cell Metab 23:
517-528

DeBerardinis R, Lum JJ, Hatzivassiliou G, Thompson CB (2008) The biology of
cancer: metabolic reprogramming fuels cell growth and proliferation. Cell
Metab 7: 11-20

Dejure FR, Royla N, Herold S, Kalb |, Walz S, Ade CP, Mastrobuoni G,
Vanselow T, Schlosser A, Wolf E, Kempa S, Eilers M (2017) The MYC mRNA
3-UTR couples RNA polymerase Il function to glutamine and
ribonucleotide levels. EMBO J 36: 1854 —1868

Delpuech O, Griffiths B, East P, Essafi A, Lam EW, Burgering B, Downward |,
Schulze A (2007) Induction of Mxi1-SR alpha by FOXO3a contributes to

© 2017 The Authors

MYC-mediated control of tumor cell metabolism

The EMBO Journal

repression of Myc-dependent gene expression. Mol Cell Biol 27:
4917 —4930

Doherty JR, Yang C, Scott KE, Cameron MD, Fallahi M, Li W, Hall MA, Amelio
AL, Mishra JK, Li F, Tortosa M, Genau HM, Rounbehler R, Lu Y, Dang CV,
Kumar KG, Butler AA, Bannister TD, Hooper AT, Unsal-Kacmaz K et al
(2014) Blocking lactate export by inhibiting the Myc target MCT1 disables
glycolysis and glutathione synthesis. Can Res 74: 908 —920

Duran RV, Oppliger W, Robitaille AM, Heiserich L, Skendaj R, Gottlieb E, Hall
MN (2012) Glutaminolysis activates Rag-mTORC1 signaling. Mol Cell 47:
349-358

Eberlin LS, Gabay M, Fan AC, Gouw AM, Tibshirani R], Felsher DW, Zare RN
(2014) Alteration of the lipid profile in lymphomas induced by MYC
overexpression. Proc Natl Acad Sci USA 111: 10450 —10455

Edmunds LR, Sharma L, Kang A, Lu J, Vockley |, Basu S, Uppala R, Goetzman
ES, Beck ME, Scott D, Prochownik EV (2014) c-Myc programs fatty acid
metabolism and dictates acetyl-CoA abundance and fate. J Biol Chem 289:
2538225392

Eijkelenboom A, Burgering BM (2013) FOXOs: signalling integrators for
homeostasis maintenance. Nat Rev Mol Cell Biol 14: 83—97

von Eyss B, Jaenicke LA, Kortlever RM, Royla N, Wiese KE, Letschert S,
McDuffus LA, Sauer M, Rosenwald A, Evan Gl, Kempa S, Eilers M (2015)
A MYC-driven change in mitochondrial dynamics limits YAP/TAZ
function in mammary epithelial cells and breast cancer. Cancer Cell 28:
743-757

Fan Y, Dickman KG, Zong WX (2010) Akt and c-Myc differentially activate
cellular metabolic programs and prime cells to bioenergetic inhibition. J
Biol Chem 285: 7324 -7333

Felsher DW, Bishop JM (1999) Reversible tumorigenesis by MYC in
hematopoietic lineages. Mol Cell 4: 199—207

Ferber EC, Peck B, Delpuech O, Bell GP, East P, Schulze A (2012) FOX03a
regulates reactive oxygen metabolism by inhibiting mitochondrial gene
expression. Cell Death Differ 19: 968 —979

Ferrer CM, Sodi VL, Reginato M] (2016) O-GlcNAcylation in cancer biology:
linking metabolism and signaling. / Mol Biol 428: 32823294

Fruman DA, Rommel C (2014) PI3K and cancer: lessons, challenges and
opportunities. Nat Rev Drug Discovery 13: 140—156

Funakoshi-Tago M, Sumi K, Kasahara T, Tago K (2013) Critical roles of Myc-
ODC axis in the cellular transformation induced by myeloproliferative
neoplasm-associated JAK2 V617F mutant. PLoS One 8: €52844

Gan B, Lim C, Chu G, Hua S, Ding Z, Collins M, Hu |, Jiang S, Fletcher-
Sananikone E, Zhuang L, Chang M, Zheng H, Wang YA, Kwiatkowski DJ,
Kaelin WG Jr, Signoretti S, DePinho RA (2010) FoxOs enforce a progression
checkpoint to constrain mTORC1-activated renal tumorigenesis. Cancer
Cell 18: 472484

Gao P, Tchernyshyov I, Chang TC, Lee VS, Kita K, Ochi T, Zeller KI, De Marzo
AM, Van Eyk JE, Mendell JT, Dang CV (2009) c-Myc suppression of miR-
23a/b enhances mitochondrial glutaminase expression and glutamine
metabolism. Nature 458: 762—765

Gonzalez A, Hall MN (2017) Nutrient sensing and TOR signaling in yeast and
mammals. EMBO | 36: 397 —408

Greer EL, Oskoui PR, Banko MR, Maniar JM, Gygi MP, Gygi SP, Brunet A (2007)
The energy sensor AMP-activated protein kinase directly regulates the
mammalian FOXO3 transcription factor. J Biol Chem 282: 30107 —30119

Hayashi K, Jutabha P, Endou H, Anzai N (2012) c-Myc is crucial for the
expression of LATL in MIA Paca-2 human pancreatic cancer cells. Oncol
Rep 28: 862 —866

Hu S, Balakrishnan A, Bok RA, Anderton B, Larson PE, Nelson SJ, Kurhanewicz
J, Vigneron DB, Goga A (2011) 13C-pyruvate imaging reveals alterations in

The EMBO Journal Vol 36 | No 23| 2017



The EMBO Journal

glycolysis that precede c-Myc-induced tumor formation and regression.
Cell Metab 14: 131-142

Israelsen W], Vander Heiden MG (2015) Pyruvate kinase: function, regulation
and role in cancer. Semin Cell Dev Biol 43: 43—51

Itkonen HM, Minner S, Guldvik 1}, Sandmann Mj, Tsourlakis MC, Berge V,
Svindland A, Schlomm T, Mills IG (2013) O-GIcNAc transferase integrates
metabolic pathways to regulate the stability of c-MYC in human prostate
cancer cells. Can Res 73: 5277 —5287

Jensen KS, Binderup T, Jensen KT, Therkelsen I, Borup R, Nilsson E, Multhaupt
H, Bouchard C, Quistorff B, Kjaer A, Landberg G, Staller P (2011) FoxO3A
promotes metabolic adaptation to hypoxia by antagonizing Myc function.
EMBO | 30: 4554 — 4570

Kaadige MR, Elgort MG, Ayer DE (2010) Coordination of glucose and
glutamine utilization by an expanded Myc network. Transcription 1:
36-40

Kim JW, Zeller KI, Wang Y, Jegga AG, Aronow BJ, O’Donnell KA, Dang CV
(2004) Evaluation of myc E-box phylogenetic footprints in glycolytic genes
by chromatin immunoprecipitation assays. Mol Cell Biol 24: 5923 —5936

Korangath P, Teo WW, Sadik H, Han L, Mori N, Huijts CM, Wildes F, Bharti S,
Zhang Z, Santa-Maria CA, Tsai H, Dang CV, Stearns V, Bhujwalla ZM,
Sukumar S (2015) Targeting glutamine metabolism in breast cancer with
aminooxyacetate. Clin Cancer Res 21: 32633273

Kress TR, Cannell IG, Brenkman AB, Samans B, Gaestel M, Roepman P,
Burgering BM, Bushell M, Rosenwald A, Eilers M (2011) The MK5/PRAK
kinase and Myc form a negative feedback loop that is disrupted during
colorectal tumorigenesis. Mol Cell 41: 445—457

Kress TR, Sabo A, Amati B (2015) MYC: connecting selective transcriptional
control to global RNA production. Nat Rev Cancer 15: 593607

Kung HN, Marks JR, Chi JT (2011) Glutamine synthetase is a genetic
determinant of cell type-specific glutamine independence in breast
epithelia. PLoS Genet 7: €1002229

Le A, Lane AN, Hamaker M, Bose S, Gouw A, Barbi J, Tsukamoto T, Rojas CJ,
Slusher BS, Zhang H, Zimmerman LJ, Liebler DC, Slebos R], Lorkiewicz PK,
Higashi RM, Fan TW, Dang CV (2012) Glucose-independent glutamine
metabolism via TCA cycling for proliferation and survival in B cells. Cell
Metab 15: 110-121

Leu WJ, Swain ShP, Chan SH, Hsu L, Liu SP, Chan ML, Yu CC, Hsu LC,
Chou YL, Chang WL, Hou DR, Guh JH (2016) Non-immunosuppressive
triazole-based small molecule induces anticancer activity against
human hormone-refractory prostate cancers: the role in inhibition of
PI3K/AKT/mTOR and c-Myc signaling pathways. Oncotarget 7:
76995—77009

Lewis BC, Prescott JE, Campbell SE, Shim H, Orlowski RZ, Dang CV (2000)
Tumor induction by the c-Myc target genes rcl and lactate dehydrogenase
A. Can Res 60: 6178 -6183

Lezina L, Purmessur N, Antonov AV, Ivanova T, Karpova E, Krishan K, Ivan M,
Aksenova V, Tentler D, Garabadgiu AV, Melino G, Barlev NA (2013) miR-16
and miR-26a target checkpoint kinases Weel and Chkl in response to p53
activation by genotoxic stress. Cell Death Dis 4: €953

Li XN, Song J, Zhang L, LeMaire SA, Hou X, Zhang C, Coselli JS, Chen L, Wang
XL, Zhang Y, Shen YH (2009) Activation of the AMPK-FOXO3 pathway
reduces fatty acid-induced increase in intracellular reactive oxygen species
by upregulating thioredoxin. Diabetes 58: 2246 —2257

Liberti MV, Locasale JW (2016) The warburg effect: how does it benefit cancer
cells? Trends Biochem Sci 41: 211-218

Lin CJ, Cencic R, Mills JR, Robert F, Pelletier ] (2008) c-Myc and elF4F are
components of a feedforward loop that links transcription and translation.
Can Res 68: 53265334

The EMBO journal Vol 36 | No 23 | 2017

MYC-mediated control of tumor cell metabolism

Francesca R Dejure & Martin Eilers

Liu YC, Li F, Handler ], Huang CR, Xiang Y, Neretti N, Sedivy |M, Zeller KI,
Dang CV (2008) Global regulation of nucleotide biosynthetic genes by c-
Myc. PLoS One 3: €2722

Liu L, Rao JN, Zou T, Xiao L, Wang PY, Turner D), Gorospe M, Wang JY (2009)
Polyamines regulate c-Myc translation through Chk2-dependent HuR
phosphorylation. Mol Biol Cell 20: 4885—4898

Liu L, Ulbrich J, Muller ), Wustefeld T, Aeberhard L, Kress TR, Muthalagu N,
Rycak L, Rudalska R, Moll R, Kempa S, Zender L, Eilers M, Murphy D)
(2012a) Deregulated MYC expression induces dependence upon AMPK-
related kinase 5. Nature 483: 608 —612

Liu W, Le A, Hancock C, Lane AN, Dang CV, Fan TW, Phang JM (2012b)
Reprogramming of proline and glutamine metabolism contributes to the
proliferative and metabolic responses regulated by oncogenic transcription
factor c-MYC. Proc Natl Acad Sci USA 109: 8983 —8988

Liu W, Hancock CN, Fischer JW, Harman M, Phang JM (2015) Proline
biosynthesis augments tumor cell growth and aerobic glycolysis:
involvement of pyridine nucleotides. Sci Rep 5: 17206

Lowe SW, Cepero E, Evan G (2004) Intrinsic tumour suppression. Nature 432:
307-315

Luan W, Wang Y, Chen X, Shi Y, Wang |, Zhang J, Qian J, Li R, Tao T, Wei W,
Hu Q, Liu N, You Y (2015) PKM2 promotes glucose metabolism and cell
growth in gliomas through a mechanism involving a let-7a/c-Myc/
hnRNPA1 feedback loop. Oncotarget 6: 13006 —13018

Mannava S, Grachtchouk V, Wheeler L), Im M, Zhuang D, Slavina EG,
Mathews CK, Shewach DS, Nikiforov MA (2008) Direct role of nucleotide
metabolism in C-MYC-dependent proliferation of melanoma cells. Cell
Cycle 7: 23922400

Masui K, Tanaka K, Akhavan D, Babic I, Gini B, Matsutani T, Iwanami A, Liu F,
Villa GR, Gu Y, Campos C, Zhu S, Yang H, Yong WH, Cloughesy TF,
Mellinghoff IK, Cavenee WK, Shaw R], Mischel PS (2013) mTOR complex 2
controls glycolytic metabolism in glioblastoma through FoxO acetylation
and upregulation of c-Myc. Cell Metab 18: 726 -739

Maya-Mendoza A, Ostrakova J, Kosar M, Hall A, Duskova P, Mistrik M,
Merchut-Maya JM, Hodny Z, Bartkova |, Christensen C, Bartek | (2015) Myc
and Ras oncogenes engage different energy metabolism programs and
evoke distinct patterns of oxidative and DNA replication stress. Mol Oncol
9: 601-616

Mayers JR, Vander Heiden MG (2017) Nature and nurture: what determines
tumor metabolic phenotypes? Can Res 77: 31313134

Minois N, Carmona-Gutierrez D, Madeo F (2011) Polyamines in aging and
disease. Aging 3: 716732

Morrish F, Isern N, Sadilek M, Jeffrey M, Hockenbery DM (2009) c-Myc
activates multiple metabolic networks to generate substrates for cell-cycle
entry. Oncogene 28: 2485—2491

Morrish F, Noonan J, Perez-Olsen C, Gafken PR, Fitzgibbon M, Kelleher |,
VanGilst M, Hockenbery D (2010) Myc-dependent mitochondrial
generation of acetyl-CoA contributes to fatty acid biosynthesis and
histone acetylation during cell cycle entry. J Biol Chem 285: 36267 —36274

Murphy TA, Dang CV, Young |D (2013) Isotopically nonstationary 13C flux
analysis of Myc-induced metabolic reprogramming in B-cells. Metab Eng
15: 206217

Murray-Stewart TR, Woster PM, Casero RA Jr (2016) Targeting polyamine
metabolism for cancer therapy and prevention. Biochem | 473:
29372953

Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, Nyfeler B, Yang H,
Hild M, Kung C, Wilson C, Myer VE, MacKeigan |P, Porter JA, Wang YK,
Cantley LC, Finan PM, Murphy LO (2009) Bidirectional transport of amino
acids regulates mTOR and autophagy. Cell 136: 521534

© 2017 The Authors



Francesca R Dejure & Martin Eilers

Nieminen Al, Partanen JI, Hau A, Klefstrom ] (2007) c-Myc primed
mitochondria determine cellular sensitivity to TRAIL-induced apoptosis.
EMBO | 26: 1055-1067

Nieminen Al, Eskelinen VM, Haikala HM, Tervonen TA, Yan Y, Partanen |I,
Klefstrom ] (2013) Myc-induced AMPK-phospho p53 pathway activates Bak
to sensitize mitochondrial apoptosis. Proc Natl Acad Sci USA 110:
E1839-E1848

Nikiforov MA, Chandriani S, O'Connell B, Petrenko O, Kotenko |, Beavis A,
Sedivy JM, Cole MD (2002) A functional screen for Myc-responsive genes
reveals serine hydroxymethyltransferase, a major source of the one-carbon
unit for cell metabolism. Mol Cell Biol 22: 57935800

Nilsson JA, Keller UB, Baudino TA, Yang C, Norton S, Old JA, Nilsson LM, Neale
G, Kramer DL, Porter CW, Cleveland JL (2005) Targeting ornithine
decarboxylase in Myc-induced lymphomagenesis prevents tumor
formation. Cancer Cell 7: 433444

Okuyama H, Endo H, Akashika T, Kato K, Inoue M (2010) Downregulation of
c-MYC protein levels contributes to cancer cell survival under dual
deficiency of oxygen and glucose. Can Res 70: 10213-10223

Osthus RC, Shim H, Kim S, Li Q, Reddy R, Mukherjee M, Xu Y, Wonsey D, Lee
LA, Dang CV (2000) Deregulation of glucose transporter 1 and glycolytic
gene expression by c-Myc. J Biol Chem 275: 21797 —21800

Patra KC, Hay N (2014) The pentose phosphate pathway and cancer. Trends
Biochem Sci 39: 347 —354

Perry RH, Bellovin DI, Shroff EH, Ismail Al, Zabuawala T, Felsher DW, Zare RN
(2013) Characterization of MYC-induced tumorigenesis by in situ lipid
profiling. Anal Chem 85: 42594262

Pourdehnad M, Truitt ML, Siddigi IN, Ducker GS, Shokat KM, Ruggero D
(2013) Myc and mTOR converge on a common node in protein synthesis
control that confers synthetic lethality in Myc-driven cancers. Proc Natl
Acad Sci USA 110: 1198811993

Priolo C, Pyne S, Rose ], Regan ER, Zadra G, Photopoulos C, Cacciatore S,
Schultz D, Scaglia N, McDunn J, De Marzo AM, Loda M (2014) AKT1 and
MYC induce distinctive metabolic fingerprints in human prostate cancer.
Can Res 74: 7198 -7204

Qing G, Li B, Vu A, Skuli N, Walton ZE, Liu X, Mayes PA, Wise DR, Thompson
CB, Maris JM, Hogarty MD, Simon MC (2012) ATF4 regulates MYC-
mediated neuroblastoma cell death upon glutamine deprivation. Cancer
Cell 22: 631644

Reid MA, Wang WI, Rosales KR, Welliver MX, Pan M, Kong M (2013) The
BS5alpha subunit of PP2A drives a p53-dependent metabolic adaptation to
glutamine deprivation. Mol Cell 50: 200-211

Ren P, Yue M, Xiao D, Xiu R, Gan L, Liu H, Qing G (2015) ATF4 and N-Myc
coordinate glutamine metabolism in MYCN-amplified neuroblastoma cells
through ASCT2 activation. J Pathol 235: 90 -100

van Riggelen |, Yetil A, Felsher DW (2010) MYC as a regulator of ribosome
biogenesis and protein synthesis. Nat Rev Cancer 10: 301 —309

Riu E, Ferre T, Hidalgo A, Mas A, Franckhauser S, Otaegui P, Bosch F (2003)
Overexpression of c-myc in the liver prevents obesity and insulin
resistance. FASEB | 17: 1715-1717

Ruggero D, Montanaro L, Ma L, Xu W, Londei P, Cordon-Cardo C, Pandolfi PP
(2004) The translation factor elF-4E promotes tumor formation and
cooperates with c-Myc in lymphomagenesis. Nat Med 10: 484 — 486

Ruiz-Perez MV, Medina MA, Urdiales JL, Keinanen TA, Sanchez-Jimenez F
(2015) Polyamine metabolism is sensitive to glycolysis inhibition in human
neuroblastoma cells. J Biol Chem 290: 6106 —6119

Sachdeva M, Zhu S, Wu F, Wu H, Walia V, Kumar S, Elble R, Watabe K, Mo
YY (2009) p53 represses c-Myc through induction of the tumor suppressor
miR-145. Proc Natl Acad Sci USA 106: 3207 —3212

© 2017 The Authors

MYC-mediated control of tumor cell metabolism

The EMBO Journal

San-Millan I, Brooks GA (2016) Reexamining cancer metabolism: lactate
production for carcinogenesis could be the purpose and explanation of
the Warburg Effect. Carcinogenesis 38: 119133

Shachaf CM, Kopelman AM, Arvanitis C, Karlsson A, Beer S, Mand! S,
Bachmann MH, Borowsky AD, Ruebner B, Cardiff RD, Yang Q, Bishop JM,
Contag CH, Felsher DW (2004) MYC inactivation uncovers pluripotent
differentiation and tumour dormancy in hepatocellular cancer. Nature
431:1112-1117

Shahbazian D, Parsyan A, Petroulakis E, Topisirovic |, Martineau Y, Gibbs BF,
Svitkin Y, Sonenberg N (2010) Control of cell survival and proliferation
by mammalian eukaryotic initiation factor 4B. Mol Cell Biol 30:
14781485

Shen L, O’Shea JM, Kaadige MR, Cunha S, Wilde BR, Cohen AL, Welm AL, Ayer
DE (2015) Metabolic reprogramming in triple-negative breast cancer
through Myc suppression of TXNIP. Proc Natl Acad Sci USA 112:
5425-5430

Shi'Y, Yang Y, Hoang B, Bardeleben C, Holmes B, Gera J, Lichtenstein A (2016)
Therapeutic potential of targeting IRES-dependent c-myc translation in
multiple myeloma cells during ER stress. Oncogene 35: 10151024

Shim H, Chun YS, Lewis BC, Dang CV (1998) A unique glucose-dependent
apoptotic pathway induced by c-Myc. Proc Natl Acad Sci USA 95:
15111516

Shroff EH, Eberlin LS, Dang VM, Gouw AM, Gabay M, Adam S|, Bellovin DI,
Tran PT, Philbrick WM, Garcia-Ocana A, Casey SC, Li Y, Dang CV, Zare RN,
Felsher DW (2015) MYC oncogene overexpression drives renal cell
carcinoma in a mouse model through glutamine metabolism. Proc Nat/
Acad Sci USA 112: 6539 - 6544

Sodi VL, Khaku S, Krutilina R, Schwab LP, Vocadlo DJ, Seagroves TN, Reginato
M) (2015) mTOR/MYC axis regulates O-GIcNAc transferase expression and
O-GlcNAcylation in breast cancer. Mol Cancer Res 13: 923933

Soucek L, Whitfield J, Martins CP, Finch AJ, Murphy DJ, Sodir NM, Karnezis
AN, Swigart LB, Nasi S, Evan Gl (2008) Modelling Myc inhibition as a
cancer therapy. Nature 455: 679683

Sun L, Song L, Wan Q, Wu G, Li X, Wang Y, Wang J, Liu Z, Zhong X, He X,
Shen S, Pan X, Li A, Wang Y, Gao P, Tang H, Zhang H (2015) cMyc-
mediated activation of serine biosynthesis pathway is critical for cancer
progression under nutrient deprivation conditions. Cell Res 25: 429 —444

Talwar S, Jin J, Carroll B, Liu A, Gillespie MB, Palanisamy V (2011) Caspase-
mediated cleavage of RNA-binding protein HuR regulates c-Myc protein
expression after hypoxic stress. J Biol Chem 286: 3233332343

Trubiani O, Pieri C, Rapino M, Di Primio R (1999) The c-myc gene regulates
the polyamine pathway in DMSO-induced apoptosis. Cell Prolif 32:
119-129

Vander Heiden MG, Cantley LC, Thompson CB (2009) Understanding the
Warburg effect: the metabolic requirements of cell proliferation. Science
324:1029-1033

Wang R, Dillon CP, Shi LZ, Milasta S, Carter R, Finkelstein D, McCormick LL,
Fitzgerald P, Chi H, Munger J, Green DR (2011) The transcription factor
Myc controls metabolic reprogramming upon T lymphocyte activation.
Immunity 35: 871882

West M, Stoneley M, Willis AE (1998) Translational induction of the c-myc
oncogene via activation of the FRAP/TOR signalling pathway. Oncogene 17:
769-780

Wiese KE, Haikala HM, von Eyss B, Wolf E, Esnault C, Rosenwald A, Treisman
R, Klefstrom ], Eilers M (2015) Repression of SRF target genes is critical for
Myc-dependent apoptosis of epithelial cells. EMBO J 34: 1554 —1571

Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, Zhang XY, Pfeiffer HK, Nissim I,
Daikhin E, Yudkoff M, McMahon SB, Thompson CB (2008) Myc regulates a

The EMBO Journal Vol 36 | No 23| 2017

3419



3420

The EMBO Journal

transcriptional program that stimulates mitochondrial glutaminolysis and
leads to glutamine addiction. Proc Natl Acad Sci USA 105: 1878218787

Wolf E, Lin CY, Eilers M, Levens DL (2015) Taming of the beast: shaping
Myc-dependent amplification. Trends Cell Biol 25: 241248

Wong W/, Qiu B, Nakazawa MS, Qing G, Simon MC (2013) MYC degradation
under low O2 tension promotes survival by evading hypoxia-induced cell
death. Mol Cell Biol 33: 3494 —3504

Wu S, Yin X, Fang X, Zheng |, Li L, Liu X, Chu L (2015) c-MYC responds to

glucose deprivation in a cell-type-dependent manner. Cell Death Discouv 1:

15057

Xiang Y, Stine ZE, Xia J, Lu Y, O’Connor RS, Altman BJ, Hsieh AL, Gouw AM,
Thomas AG, Gao P, Sun L, Song L, Yan B, Slusher BS, Zhuo J, Ooi LL, Lee
CG, Mancuso A, McCallion AS, Le A et al (2015) Targeted inhibition of
tumor-specific glutaminase diminishes cell-autonomous tumorigenesis. |
Clin Investig 125: 22932306

The EMBO journal Vol 36 | No 23 | 2017

MYC-mediated control of tumor cell metabolism

Francesca R Dejure & Martin Eilers

Xu C, Bailly-Maitre B, Reed JC (2005) Endoplasmic reticulum stress: cell life
and death decisions. J Clin Investig 115: 2656 — 2664

Yang C, Sudderth J, Dang T, Bachoo RM, McDonald ]G, DeBerardinis R} (2009)
Glioblastoma cells require glutamate dehydrogenase to survive
impairments of glucose metabolism or Akt signaling. Can Res 69:
7986 —7993

Yang M, Vousden KH (2016) Serine and one-carbon metabolism in cancer.
Nat Rev Cancer 16: 650 —662

Yuneva M, Zamboni N, Oefner P, Sachidanandam R, Lazebnik Y (2007)
Deficiency in glutamine but not glucose induces MYC-dependent
apoptosis in human cells. J Cell Biol 178: 93105

Yuneva MO, Fan TW, Allen TD, Higashi RM, Ferraris DV, Tsukamoto T, Mates
JM, Alonso FJ, Wang C, Seo Y, Chen X, Bishop JM (2012) The metabolic
profile of tumors depends on both the responsible genetic lesion and
tissue type. Cell Metab 15: 157170

© 2017 The Authors



