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The MYC proto-oncogene is frequently activated in human cancers through a variety of
mechanisms. Its deregulated expression, unconstrained by inactivation of key checkpoints,
such as p53, contributes to tumorigenesis. Unlike its normal counterpart, which is re-
strained by negative regulators, the unleashed MYC oncogene produces a transcription
factor that alters global gene expression through transcriptional regulation, resulting in tu-
morigenesis. Key genes involved in ribosomal and mitochondrial biogenesis, glucose and
glutamine metabolism, lipid synthesis, and cell-cycle progression are robustly activated by
MYC, contributing to the acquisition of bioenergetics substrates for the cancer cell to grow

and proliferate.

he MYC proto-oncogene, which belongs to

the MYC family of genes (MYC, MYCN,
MYCL), is downstream from many signal trans-
duction pathways that are responsive to growth
factors or the cellular microenvironment, such
as cellular engagement with the extracellular
matrix and nutrient or growth factor availability
(Eilers and Eisenman 2008; Dang 2012b). For
example, stimulation of receptor tyrosine kinas-
es triggers activation of MEK-ERK and PI3K
pathways, which in turn induces MYC expres-
sion. TGF-B can down-regulate MYC expres-
sion in a SMAD-dependent manner. The MYC
proto-oncogene is, therefore, tightly linked to
growth signals, cellular adherence, and the avail-
ability of nutrients. In this regard, depletion of
MYC s detrimental for embryogenesis. Howev-
er, the reliance of adult tissues on MYC depends
on the tissue type and the role of other MYC

family members for the renewal of specific adult
tissues.

The inference that overexpressed MYC con-
tributes to the genesis of certain human cancers
is compatible with the tumorigenic activity of
retroviral v-Myc in naturally occurring chicken
tumors (see Connacci-Sorrell 2013). Hence, it is
not surprising that ectopic expression of MYC
in many transgenic murine tissues results in
their oncogenic transformation, often associat-
ed with other genetic alterations such as loss of
p53 or ARF (Zindy et al. 1998; Eischen et al.
1999). Intriguingly, the context in which MYC
is activated could significantly affect tumori-
genesis and the tumor type. For example, in a
MYC-inducible system restricted to liver cells,
activation of MYC in utero results in an aggres-
sive postnatal hepatoblastoma-like diffuse liver
cancer thatkills the animals within several weeks
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after birth (Beer et al. 2004). Activation of MYC
several weeks after birth resulted in multifocal,
less aggressive liver tumors in adult animals.

Deregulated expression of MYC in cancers
must be inherently different from regulated
MYC expression in normal stem cell compart-
ments. Deregulated MYC expression is surmised
to induce a transcriptional response network
that is different from the response triggered by
endogenous normal MYC, which is fully re-
strained by feedback loops. In this regard, de-
regulated MYC expression predisposes cells to
growth factor or nutrient deprivation-induced
cell death, while deprived normal cells withdraw
into the cell-cycle G; phase (Askew et al. 1991;
Evan et al. 1992; Shim et al. 1998; Yuneva et al.
2007). In addition, the MYC transcriptional
program is likely to be different in the back-
ground of tumor suppressor mutations versus
the program induced with normal cellular
checkpoints still intact.

MYC FUNCTION

MYC produces a transcription factor MYC,
which dimerizes with MAX to bind DNA and
regulates gene expression (Eilers and Eisenman
2008). Global mapping of MYC-binding sites
and MYC’s effects on gene expression have re-
vealed that MYC is widely associated with chro-
matin from a variety of cell types. High-quality
MYC-binding sites are on the order of 10,000 or
more per human genome, although MYC bind-
ing does not necessarily correlate with gene ex-
pression changes, particularly in systems in
which MYC is inducible (Zeller et al. 2006;
Kim et al. 2010; Lee et al. 2012; Lin et al. 2012;
Nie et al. 2012). In general, the tighter the bind-
ing of MYC and the closer the binding is to the
proximal promoter of a gene, the higher is the
change in gene expression on MYC induction.
In fact, several studies provide evidence suggest-
ing that MYC’s major role is its ability to recruit
P-TEFb and relieve RNA polymerase pausing,
thereby activating transcription (Eberhardy and
Farnham 2001; Rahl et al. 2010).

Activation of MYC in many experimental
systems is associated with cellular growth and
proliferation programs. Indeed, loss-of-func-

tion analysis of MYC documents its central role
in the growth programs of T lymphocytes, kera-
tinocytes, and intestinal crypt cells (Zanet et al.
2005; Sansom et al. 2007; Wang et al. 2011).
The transcriptional program triggered by MYC
must be qualitatively and quantitatively differ-
ent from that of a resting cell, in which expres-
sion of cyclin-dependent kinase inhibitors are
generally elevated and expression of cyclin-de-
pendent kinases are repressed (Hermeking et al.
2000; Seoane et al. 2001; Staller et al. 2001). The
findings by two key papers documenting that
widespread association of MYC with almost
all genes suggest that MYC functions simply
by amplifying gene expression (Lin et al. 2012;
Nie et al. 2012; see Young 2013). These findings,
however, do not account for the groups of genes
that are repressed by MYC (Seoane et al. 2001;
Staller et al. 2001). If MYC simply amplifies
genes that are already expressed, then the relative
ratios of growth-promoting versus growth-ar-
resting gene expression would not be altered af-
ter MYC is activated. If MYC, however, were ac-
tivated in slowly proliferating cells, then MYC-
mediated amplification of growth-promoting
genes would further drive tumor progression.
As such, it is surmised that MYC alters the tran-
scriptional program in favor of cell growth rath-
er than just amplifying genes that are already
expressed in resting cells, particularly genes
that restrain resting cells from proliferating.

BIOENERGETICS OF GROWING CELLS

If the model of MYC function is that it activates
transcriptional programs that favor cell growth
and proliferation, and suppress programs that
cause cell growth arrest, then MYC must favor
the induction of key programs involved in the
bioenergetics of growing cells.

The growth of a normal mammalian cell de-
pends on growth factor signaling and nutrient
availability (Cantor and Sabatini 2012; Dang
2012a). In the case of yeast, the availability of
nutrients is sufficient to trigger a transcriptional
program of growth without the need for growth
factors (Lippman and Broach 2009). There
are, however, no clear yeast orthologs for MYC:
MAX. In mammalian cells, it is envisioned that
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growth factor receptor signaling, in the pres-
ence of adequate nutrients, would induce cas-
cades of gene expression responses that should
result in (1) import of key nutrients, (2) gener-
ation of ATP and NTPs, (3) generation of key
building blocks for the synthesis of macromol-
ecules, (4) stimulation of protein synthesis and
the synthesis of macromolecules, (5) biogenesis
of key cellular organelles, (6) orchestration of
the cell-cycle machinery and stimulation of cell
growth and division, and (7) regulation of cell-
type-specific differentiation from the stem cell
compartments. With this picture in mind, MYC
is surmised to affect different genes quantita-
tively in a fashion that allows for the stoichio-
metric production of key components of the
growing cell, supported by an adequate sup-
ply of energy and building blocks. Metabolism
is up-regulated as cell growth increases and is
therefore not just along for the ride.

In certain cell models, resting cells use fatty
acid oxidation as a means to generate ATP, main-
tain membrane potentials, and turn over organ-
elles (Wang et al. 2011). As the cell is induced to
grow, glycolysis and glutaminolysis are induced
through increased expression of glucose and
amino acid transporters (Vander Heiden 2011;
Cantor and Sabatini 2012; Dang 2012a). Glu-
cose is imported through transporters into the
cell and is subsequently phosphorylated by
hexokinase to form glucose-6-phosphate, which
is subsequently split into 3-carbon molecules,
releasing ATP and culminating in the produc-
tion of pyruvate. The glycolytic intermediate 3-
phosphoglycerate is a substrate for the synthesis
of lipids, as well as a precursor of serine and
glycine (Chaneton et al. 2012). High metabolic
flux through glycolysis hence provides growing
cells with building blocks for macromolecular
synthesis from glucose as well as ATP. Glucose
could also be shunted into the pentose phos-
phate pathway for the production of NADPH
and ribose for reductive biosynthetic reactions
and nucleotide synthesis, respectively (Cantor
and Sabatini 2012).

The final product of glycolysis, pyruvate,
could be further oxidized in the mitochondrion
through its conversion to acetyl-CoA, which
combines with oxaloacetate to produce citrate,
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for subsequent degradation in the tricarboxylic
acid (TCA) cycle (Cantor and Sabatini 2012).
Citrate can also be exported to the cytosol and
converted to acetyl-CoA by acetyl-CoA citrate
lyase (ACLY) for fatty acid synthesis. In growing
cells, a significant amount of pyruvate is con-
verted to lactate, a phenomenon known as aer-
obic glycolysis or the Warburg effect (Cantor
and Sabatini 2012; Zaidi et al. 2012). The shunt-
ing of pyruvate to lactate, catalyzed by lac-
tate dehydrogenase (LDH), is necessary for the
rapid regeneration of NAD* from NADH. This
NAD" could be reused by glyceraldehyde 3-
phosphate dehydrogenase (GADPH), one of
the intermediate steps of the glycolytic pathway,
to maintain glycolytic flux (Le et al. 2010). The
flow of glucose to pyruvate is maintained part-
ly by recycling of NAD™, whereas its shunting
into the mitochondrion is limited by the activ-
ity of pyruvate dehydrogenase (PDH), which
converts pyruvate to acetyl-CoA. PDH is po-
tently regulated by pyruvate dehydrogenase ki-
nases (PDKs), which phosphorylate and inhibit
PDH activity, particularly under hypoxia (Kim
et al. 2006; Papandreou et al. 2006).
Glutamine is imported into growing cells
through the activation of transporters such as
ASCT2 (DeBerardinis and Cheng 2010; Van-
der Heiden 2011). Once in the cytosol, glu-
tamine can be imported into the mitochondri-
on, converted to glutamate by glutaminase, and
subsequently metabolized to a-ketoglutarate by
either glutamate dehydrogenase or glutamate-
oxaloacetate transaminase. o-Ketoglutarate is
further oxidized in the TCA cycle to generate
ATP or provide the carbon skeleton for the pro-
duction of aspartate, which is a key substrate
for nucleotide biosynthesis. Glutamine in the
cytosol could also be converted to glutamate by
cytosolic glutaminase or exported through the
antiporter SLC7A5, which extrudes glutamine
in exchange for import of branched-chain ami-
no acids such as leucine (Nicklin et al. 2009).
The influx of amino acids, particularly
branched-chain amino acids, further activates
mTOR downstream from receptor-mediated
PI3K activation in a cell stimulated with growth
factors (Fig. 1) (Laplante and Sabatini 2012).
Protein synthesis is activated downstream from
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Figure 1. Growth factor (doughnut) receptor engagement signals TOR activation through PI3K and MYC
activation through the MEK-ERK pathway. MYC in turn stimulates genes involved in amino acid import and
protein synthesis, particularly the aminoacyl-tRNA synthetases. The imported amino acids, such as leucine,
further activate mTOR activity. The timing of events is only for heuristic purposes and is not based on evidence.

mTOR, resulting in increased ribosomal pro-
tein production, which requires concurrent in-
creased mRNAs involved in all aspects of protein
synthesis and ribosome biogenesis. Meanwhile,
components necessary for nucleotide biosyn-
thesis must also increase accordingly for the
production of rRNA, mRNA, and noncoding
RNAs. Specifically, the coordinated production
of stoichiometric amounts of rRNAs and ribo-
somal proteins is required for the orderly as-
sembly of ribosomes, such that an imbalance
in the production of these components could
result in excess levels of specific ribosomal pro-
teins (RPL5, RPL11, RPL23, RPL26, or RPS7)
that binds and inhibits Mdm?2 ubiquitin ligase
activity, releasing p53 to activate a checkpoint-
mediated growth arrest (Deisenroth and Zhang
2010).

Further, nutrient-sensing mechanisms have
been linked to the regulation of rRNA synthesis
(Drygin et al. 2010). Glucose deprivation could
cause an imbalanced synthesis of rRNA and ri-
bosomal proteins, resulting in the activation of
p53 and growth arrest. These complex mecha-
nisms could have evolved from simpler signal

transduction systems in yeast that sense nutri-
ents and regulate ribosome biosynthesis. In the
case of yeast, glucose and glutamine are sensed
and signaled through Ras and TOR, which in-
activate repressors of ribosome biogenesis genes
(Lippman and Broach 2009). Mutational in-
activation of these repressors renders mutant
yeast constitutive for ribosomal protein produc-
tion and addicted to the availability of glucose
and glutamine. Hence, production of the cen-
tral cellular machinery for cell growth, the ribo-
somes, is tightly linked to nutrient availability.

Not only do glucose and glutamine contrib-
ute to the synthesis of glycoproteins and com-
plex carbohydrates of a growing cell, they are
also involved in the production of lipids for
membrane production. Breakdown of glucose
generates phosphoglycerate that is used as the
glycerol backbone for lipid synthesis and citrate
that contributes to fatty acid synthesis (Cantor
and Sabatini 2012). Glutamine is converted to
a-ketoglutarate and further broken down by
the TCA cycle to produce oxaloacetate, which
combines with acetyl-CoA to form citrate that
contributes to fatty acid synthesis (Zaidi et al.
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2012). Reverse TCA cycling has also been doc-
umented, particularly in some hypoxic cells,
providing a pathway for the generation of cit-
rate from reductive carboxylation of a-ketoglu-
tarate mediated by isocitrate dehydrogenase
in the reverse direction (Yoo et al. 2008; Mullen
et al. 2012).

In aggregate, the observations discussed
above show that the growing cell is a DNA-in-
structed complex bioreactor that imports nu-
trients and oxygen to assemble macromolecules
and cellular organelles, replicate DNA, and
subsequently produce two daughter cells. The
growing cell requires the production of ribo-
somes, which accounts for most of the cellular
dry mass, for the synthesis of all proteins and
enzymes that are involved in the synthesis of
the other components of the cell. Ribosomes
support the translation of many mRNAs that
are induced in the growing cell. What then reg-
ulates transcription and the construction of two
new cells from one original copy?

MYC IS THE MASTER REGULATOR OF
TRANSCRIPTION IN GROWING CELLS

The fact that MYCis required for cell growth and
could induce the expression of so many genes
suggests that it is the master regulator of cell
growth. But MYC is not expected to activate
gene expression in a haphazard fashion without
discrimination; it must stimulate genes involved
in cell growth coordinately so that the mixture
of transcribed mRNAs is translated into stoi-
chiometricamounts of proteins for the balanced
production of many complex macromolecules
and cellular structures. This view is compatible
with the observations that MYC is tightly linked
to the generation of ribosomes through its abil-
ity to activate genes involved in ribosome bio-
genesis (van Riggelen et al. 2010). In fact, MYC
is a unique transcription factor with its ability
to activate transcription mediated by all three
RNA polymerases, I, II, and III (Gomez-Roman
et al. 2003; Grandori et al. 2005). The different
classes of RNAs are essential for the synthesis
of rRNAs, 5S RNA, and ribosomal proteins,
which are all required for ribosome biogenesis.
Thelink between MYC and ribosome biogenesis
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is further underscored by genetic evidence in
Drosophila (Johnston et al. 1999; Grewal et al.
2005; Orian et al. 2005).

In mammalian cells, loss and gain of MYC
function have been associated with diminished
and enhanced cell growth, respectively. The
importance of MYC for cell growth has been
well documented in lymphocytes, particularly
those with floxed allele of MYC that could be
deleted by Cre recombinase (de Alboran et al.
2001; Wang et al. 2011). T lymphocytes with-
out MYC failed to mount a growth response on
stimulation of the T-cell receptor pathway. Loss
of MYC also inhibits WNT-induced colonic
crypt cell growth and proliferation (Sansom et
al. 2007). Overexpression of MYC in B lym-
phocytes was shown to be sufficient to increase
cell growth that could be unlinked from cell
proliferation (Schuhmacher et al. 1999). Acute
expression of MYC by adenoviral gene transfer
into liver cells in vivo also resulted in significant
cell growth without a high level of cell prolifer-
ation (Kim et al. 2000). All of these studies un-
derscore MYC as a master transcriptional regu-
lator of cell size increase or cell growth. mTOR,
on the other hand, is the master posttranscrip-
tional regulator of cell growth, and these two
pathways are interdependent in growing cells.
As such, everolimus, a TOR inhibitor, restored
oncogene-induced senescence and diminished
tumorigenesis in the Ep-myc transgenic mouse
lymphoma model (Wall et al. 2013).

MYC REGULATION OF GLYCOLYSIS
AND GLUTAMINOLYSIS

In contrast to the false belief that metabolism is
along for the ride as cells grow and divide, the
finding that MYC directly regulates genes in-
volved in glucose metabolism as well as those
in ribosome biogenesis suggest that increased
production of metabolic enzymes as a cell grows
is far from being a passive phenomenon. Rather,
enhanced metabolic capacity of a growing cell is
essential for biomass accumulation and high-
fidelity DNA replication. This enhanced capac-
ity requires rewiring of the metabolic capacity of
a resting cell into that of a growing and prolif-
erating cell.
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The normal hepatocyte, for example, can
undergo gluconeogenesis as part of its normal
role to store glucose when nutrient is ample.
However, the proliferating hepatocellular carci-
noma cell tends to drive glucose down the gly-
colytic pathway so that glucose could be used to
generate building blocks and ATP for the grow-
ing cell (Morrish et al. 2009; Hu et al. 2011;
Yuneva et al. 2012). In this regard, MYC stim-
ulates virtually all genes involved in glycolysis
relative to its induction of genes involved in
gluconeogenesis, which is diminished in liver
cancer cells (Fig. 2) (Osthus et al. 2000; Hu
et al. 2011). For many glycolytic genes, MYC
binds phylogenetically conserved MYC consen-
sus E boxes (CACGTG) to activate these genes
(Kim et al. 2004). The fact that these sites are
conserved suggests that there must be evolu-
tionary pressure to maintain them during evo-
lution.

In addition to the ability of MYC to induce
glycolytic genes, MYC has also been implicated
in promoting RNA splicing for the expression

Glutamine

Glucose I]h]

Lactate

of pyruvate kinase M2 (PKM2), which has been
associated with proliferating cells, versus the al-
ternative form, PKM1 (David et al. 2010). MYC
is thought to induce the expression of splicing
factors (PTB, hnRNPA1, and hnRNPA2) that
favor PKM2 splicing over PKM 1. PKM2 is sub-
jected to allosteric regulation that slows the cat-
alytic conversion of phosphoenolpyruvate to
pyruvate, allowing for glycolytic intermediates
to be channeled into biosynthetic pathways,
such as the synthesis of serine and glycine (Cha-
neton and Gottlieb 2012; Chaneton et al. 2012).

MYC also stimulates genes involved in glu-
tamine metabolism at the transcriptional and
posttranscriptional levels (Wise et al. 2008;
Gao et al. 2009). Mitochondrial glutaminase
protein levels were elevated by MYC induction
in the P493-6 B-cell model of human Burkitt’s
lymphoma; however, changes in glutaminase
(GLS) mRNA levels were very modest relative
to changes in protein levels. This observation
led to the finding that MYC could repress micro-
RNAs, miR23a, and miR23b, which in turn sup-

Aerobic glycolysis
Glutaminolysis

AKT  PI3K

Figure 2. MYC is depicted to induce genes involved in glycolysis and glutaminolysis. MYC induction of glucose
and glutaminase transporters allow for import of these nutrients, which are depicted to be metabolized and
enter the tricarboxylic acid (TCA) cycle (circle in the mitochondrion) to form hybrid intermediates with
carbons derived from glucose and glutamine. Glucose is also shown converted to lactate, which is exported
by a monocarboxylate transporter Mctl that is potently activated by MYC. AKT is shown to also increase the

glucose-transporting activity.
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press the synthesis of GLS (Chang et al. 2008;
Gao et al. 2009). It appears that MYC could
also transcriptionally increase GLS mRNA levels
in other systems (Wise et al. 2008; Gao et al.
2009). In addition, MYC was found to induce
the expression of other genes involved in gluta-
mine metabolism, such as glutamine transport-
ers (ASCT2 [SLC1A5] and SLC7A5). Glutamin-
ase converts glutamine to glutamate for its
oxidation in the TCA cycle and also for protein
synthesis or glutathione synthesis. Thus, in ad-
dition to its ability to stimulate glucose uptake
and glycolysis, MYC also stimulates glutamine
consumption and metabolism. In fact, the grow-
ing B cell uses a TCA cycle comprised of hybrid
intermediates containing carbons from both
glucose and glutamine to generate carbon skel-
etons for macromolecular synthesis (DeBerardi-
nis and Cheng 2010; Le et al. 2012).
Intriguingly, MYC induction of glutamine
metabolism appears to be important for cell
survival under glucose or oxygen-deprived con-
ditions (Le et al. 2012). Metabolomic tracking
studies using '>C-labeled glucose or glutamine
in a MYC-inducible P493-6 B-cell lymphoma
model document the ability of MYC to drive a
glucose-independent cycle using glutamine as
the substrate. Further, this study showed a sig-
nificant contribution of glutamine to glutathi-
one synthesis, particularly under hypoxic con-
ditions. In a parallel metabolomics study, these
P493-6 B cells were studied in two states. P493-6
cells are driven by an Epstein—Barr viral EBNA2
protein-dependent nontumorigenic program
with endogenous levels of (low) MYC or driven
by a tumorigenic program with ectopic (high)
MYC alone (Murphy et al. 2013). In both states,
these proliferating B cells used a TCA cycle with
hybrid intermediates containing both glucose
and glutamine carbons. The major difference
between these two states, however, is that high
MYC increased glutaminolysis by fourfold,
whereas glycolysis only increased by 1.2-fold,
suggesting that high levels of MYC drive gluta-
minolysis in the tumorigenic state. In aerobic
conditions, a significant amount of glutamine is
also converted to proline through MYC’s induc-
tion of genes involved in proline biosynthesis
(Liu et al. 2012b). Inhibition of glutaminase
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has been documented to inhibit progression of
P493 lymphoma in vivo, indicating that gluta-
mine metabolism is required for full tumori-
genic potential (Le et al. 2012).

Studies of a transgenic MYC-inducible
mouse liver cancer model indicate that import-
ed glutamine contributes to the production of
alanine from pyruvate through transaminases
in the premalignant livers (Hu et al. 2011). In
frank liver tumor cells, glutaminase levels and
glutamine metabolism are increased by MYC.
Glycolysis is also heightened with an increased
rate of pyruvate to lactate conversion in these
liver tumors. Similarly, the MYC-inducible lung
cancer model displays both glycolysis and glu-
taminolysis induced by MYC; however, in con-
trast to the liver cancer model, glutamine syn-
thetase is also expressed in the lung cancer
model (Yuneva et al. 2012). In this regard, these
lung cancer cells can produce glutamine from
glutamate in addition to their ability to import
glutamine.

MYC REGULATION OF NUCLEOTIDE
BIOSYNTHESIS AND LIPID SYNTHESIS

The ability of MYC to induce glycolysis and
glutaminolysis supports the cell’s need for ATP
and building blocks. Both glucose and glu-
tamine are required for nucleotide biosynthe-
sis (Fig. 3). MYC has been shown to activate
many, but not all, genes involved in nucleotide
metabolism (Liu et al. 2008; Mannava et al.
2008).

Recently, it has become more apparent that
MYC can induce glycolytic flux from 3-phos-
phoglycerate (3-PG) for the synthesis of serine
and glycine, which are essential for nucleo-
tide biosynthesis (Vazquez et al. 2011, 2013).
For example, phosphoglycerate dehydrogenase
(PHGDH), which converts 3-PG to 3-phospho-
pyruvate (3-PP), and PSAT, which converts 3-
PP to phosphoserine, are both induced by MYC.
SHMT?2, which converts serine to glycine cou-
pled with transfer of a carbon for folate synthe-
sis, is one of the earlier established MYC targets,
and was shown to partially rescue the growth of
MYC null rat fibroblasts (Nikiforov et al. 2002).
These studies, taken together, indicate that MYC
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Figure 3. MYC is shown to induce genes involved in nucleotide synthesis. Both glucose and glutamine provide
the carbon skeleton and nitrogen for the de novo synthesis of pyrimidines and purines. Pools of nucleotides,
NTPs and dNTPs, support nucleic acid synthesis for transcription and DNA replication.

coordination of glutamine metabolism with nu-
cleotide synthesis is essential for cell growth and
proliferation.

Glucose and glutamine are also essential for
fatty acid synthesis (Fig. 4). Citrate generated
from glucose and/or glutamine through the
TCA cycle is exported into the cytosol and con-
verted by ACLY to acetyl-CoA. Although ACLY
is not highly induced by MYC, ACACA (acetyl-
CoA carboxylase; ACACA converts acetyl-CoA
to malonyl-CoA), FASN (fatty acid synthetase;
FASN adds two carbons from acetyl-CoA to the
growing fatty acid chain to form longer chains),
and SCD (stearoyl-CoA desaturase; SCD intro-
duces a double bond into longer chain fatty ac-
ids such as palmitate to form the unsaturated
fatty acid oleate) are highly responsive to MYC
as documented in the MYC target gene database
and more recent studies (Zeller et al. 2003;
Loven et al. 2012). Functionally, MYC induces
fatty acid synthesis partially through the use of
glucose carbons (Morrish et al. 2010). Genes
encoding mevalonate and cholesterol synthetic
enzymes are also induced but the magnitude
is modest. Whether SREBP1 or SREBP2 is in-
volved in the MYC-mediated increase in these
mRNAs remains to be established. It is notable,

however, that both FASN and SCD have con-
served E boxes to which MYC may bind, sug-
gesting that MYC could be sufficient to induce
genes involved in fatty acid synthesis with-
out requiring SREBP. Whether MYC elevates
genes involved in cholesterol synthesis indi-
rectly through SREBP is not currently known.
From these observations and metabolomics
studies documenting the incorporation of glu-
cose carbons into fatty acids in response to
MYC, it could be surmised that MYC induces
lipid synthesis through specific sets of target
genes.

MYC REGULATION OF MITOCHONDRIAL
BIOGENESIS

As cells grow, MYC induces processes that en-
able synthesis of new cellular components such
as ribosomes, nucleotides, and lipids. These
components are used to produce numerous cel-
lular organelles including mitochondria, which
are essential for high levels of ATP production
in support of a growing cell. In addition to res-
piration, mitochondria mediate many biosyn-
thetic pathways (Wallace 2012). The TCA cycle
is housed in the mitochondrial matrix, and its
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Lipid synthesis

Figure 4. MYC is shown to stimulate genes involved in lipid synthesis. Citrate generated from glucose or
glutamine is converted to acetyl-CoA for fatty acid synthesis. Glycerol coming from glucose provides the
glyceride backbone for lipid synthesis. Not shown is the pathway for cholesterol synthesis, which is likely to

be dependent on SREBP.

production of intermediates such as aspartate
is essential for de novo nucleotide biosynthesis.
Its production of citrate is involved in fatty acid
synthesis. Succinyl-CoA from the TCA cycle is
an essential substrate for the synthesis of heme,
a prosthetic element of many enzymes and res-
piratory proteins. Dihydroorotate dehydroge-
nase is a respiratory chain-coupled mitochon-
drial enzyme that is involved in pyrimidine
biosynthesis. These examples illustrate the im-
portance of the mitochondrion to support the
biosynthetic functions in cancer cells in ad-
dition to its canonical function as an ATP gen-
erator.

MYC was shown to induce mitochondrial
biogenesis apparently through the direct activa-
tion of many genes involved in mitochondrial
biogenesis, specifically PGC-1 (Morrish et al.
2003; Li et al. 2005; Zhang et al. 2007; Kim et al.
2008; see Hockenbery 2013). Induction of MYC
expression is accompanied by increased mito-
chondrial mass, which is diminished by siRNA-
mediated knockdown of PGC-1B expression.
Analyses of both loss and gain of MYC function
have provided support for the idea that MYC

functions in mitochondrial biogenesis in a
number of cell systems. Intriguingly, iron is es-
sential for mitochondrial biogenesis partic-
ularly because components of mitochondria
contain iron, such as sulfur—iron cluster and
heme-containing proteins. In this regard, the
transferrin receptor TFRC, which imports
iron, is a critical MYC target gene (O’Donnell
et al. 2006). A recent study confirms the role of
MYC in mitochondrial biogenesis and also im-
plicates MYC in regulation of mitochondrial
fusion and fission (Graves et al. 2012). These
functional studies have been corroborated by
independent genomic studies that link MYC
to the induction of mitochondrial genes (Mor-
rish et al. 2003; Li et al. 2005; Kim et al. 2008).

Overexpression of MYC also increases the
expression of its target C1QBP or p32, which is
involved in mitochondrial protein synthesis
(Fogal et al. 2010). Knockdown of p32 dimin-
ishes mitochondrial function and respiration,
and results in decreased cellular proliferation
and remarkably diminished tumorigenesis. This
study highlights the importance of mitochon-
drial function in cancer cells, which had been
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inaccurately characterized as being driven by the
Warburg effect independent of mitochondrial
function (Koppenol et al. 2011). ARKS, an
AMPK family member, was identified in a syn-
thetic lethality screen for targets in MYC-over-
expressing cells (Liu et al. 2012a). Knockdown
of ARKS5 is accompanied by decreased mito-
chondrial function, implying that ARKS5 is in-
volved in maintenance of mitochondrial integ-
rity and bioenergetic homeostasis. These studies
collectively indicate that MYC has many con-
nections to mitochondrial biogenesis and func-
tion (Fig. 5).

In vivo studies have also connected MYC
with increased mitochondrial biogenesis when
MYC was overexpressed in adult murine myo-
cardium. MYC overexpression increased mito-
chondrial content, respiration, and glycolytic
flux. Conversely, conditional deletion of MYC
in stressed mouse myocardium resulted in de-
creased glycolysis and reduced mitochondrial
biogenesis (Ahuja et al. 2010). Hence, both in
vitro and in vivo studies link MYC to the genesis
of mitochondria, which are essential organelles
for the growing cell.

Glutamine

Lactate G'“{ﬁse ) {m]

Mct1

{’/J_-

1, 10, 101

“~/NTPs, dNTPs

MYC, METABOLISM, AND THE ENTRY
OF CELLS INTO S PHASE

As MYC and other factors push growing cells to
a critical mass at the restriction point, cells are
catapulted into S phase in which DNA replica-
tion begins with the nucleotide pools that have
accumulated and continued to be synthesized.
MYC’s role at the G, —S-phase junction involves
its direct activation of E2F and CDK4, which
inactivates Rb to enable the transcription factors
E2F to activate genes involved in DNA replica-
tion (Rempel et al. 2009). Intriguingly, MYC
together with E2F binds to numerous genes in-
volved in DNA replication, suggesting coordina-
tion between these two transcription factors
(Zeller et al. 2006). MYC also attenuates E2F
function through activation of the miR-17 clus-
ter of six microRNAs (O’Donnell et al. 2005).
One of these microRNAs, miR-92, targets E2F in
a feed-forward negative regulatory loop (Aguda
et al. 2008). This loop ensures that MYC in-
duction of E2F1 expression is attenuated as cells
initiate DNA replication (Pickering et al. 2009).
Knockdown of miR-92 levels in serum-stimulat-

Mitochondrial biogenesis
Ribosome biogenesis

Figure 5. MYC activates genes involved in mitochondrial and ribosomal biogenesis. The figure depicts the
synthesis of rRNAs and ribosomal proteins, which are imported into the nucleolus for ribosome assembly.
Assembled ribosomes are exported to support the synthesis of proteins for the growing cell. Mitochondria are

duplicated along with mtDNA replication.
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ed fibroblasts is associated with increased dou-
ble-strand DNA breaks, suggesting that un-
attenuated E2F function could diminish the fi-
delity of DNA synthesis resulting in defects and
cell-cycle arrest. The mechanism for this DNA
replication stress is unclear, but it could be re-
lated to an imbalance in the expression of genes
that regulate nucleotide pools versus those that
drive the DNA replication machinery when
E2F1 is not attenuated by miR-92.

Overexpression of MYC can also induce en-
doreplication in normal cells and cancer cells
treated with microtubule inhibitors or irradia-
tion (Li and Dang 1999; Sheen and Dickson
2002; Pierce et al. 2004; Zanet et al. 2005). In
these cases, there appears to be an uncoupling
of MYC-induced DNA replication and cell divi-
sion. This activity of MYC appears to have a
physiological role, in that MYC is required for
endoreplication, which normally occurs in ker-
atinocytes (Zanet et al. 2005). It could be sur-
mised that MYC induction of endoreplication
needs to be coordinated with the availability of
nutrients for nucleotide synthesis.

MYC-DEREGULATED METABOLISM
IN CANCERS AND THERAPEUTIC
OPPORTUNITIES

Could MYC regulation of metabolism be ex-
ploited for therapeutic purposes? We have
hypothesized that the drive of cell growth by
deregulated MYC, unrestrained by negative-
feedback loops, renders MYC-overexpressing
cells dependent on a continual supply of nutri-
ents and thereby causing them to be nutrient
addicted (Dang 2011). Indeed many cell types
that overexpress MYC were sensitive to glucose-
deprivation-induced cell death. Knockdown of
lactate dehydrogenase A (LDHA), which con-
verts pyruvate to lactate, significantly curbed
the clonogenicity of lymphoma cells and inhib-
ited tumorigenicity of mammary cancer, lung
cancer, and neuroblastomas with amplified N-
MYC in mice (Shim et al. 1997; Fantin et al.
2006; Xie et al. 2009; Le et al. 2010; Qing et al.
2010; Wang et al. 2012). These observations sug-
gest that deregulated MYC causes cancer cells
to be more vulnerable to glucose deprivation,

MYC, Metabolism, and Cancer

which would cause the withdrawal of normal
cells from the cell cycle into a G;-like state.

Surprisingly, diminished LDHA function
owing to specific mutations of LDHA did not
decrease the ability of the N\-MYC transgene
to induce murine lymphomas (Nilsson et al.
2012). The observation that MYC could also
induce LDHB suggests that LDHB could sub-
stitute for LDHA, indicating that redundancies
may pose challenges in targeting metabolism for
therapeutic purposes (Menssen and Herme-
king 2002). It is also notable that p32, which is
involved in mitochondrial biogenesis and respi-
ration, is required for tumorigenesis, suggest-
ing that mitochondrial function may play key
roles for the genesis and maintenance of specific
types of cancers.

MYC-overexpressing cells are similarly ad-
dicted to glutamine, such that withdrawal of
glutamine caused apoptosis of human cells
with deregulated expression of MYC (Yuneva
et al. 2007). This was confirmed in subsequent
studies, which also implicated key enzymes in
glutamine metabolism (Wise et al. 2008; Gao
et al. 2009). Knockdown of GLS expression re-
markably decreased the growth of lymphoma
and prostate cancer cells (Gao et al. 2009). Fur-
ther, a recent study of lung cancer cell lines doc-
uments a correlation between the expression of
the shorter alternatively spliced form of GLS,
termed GAC, with glutamine dependence and
sensitivity to a glutaminase inhibitor, BPTES
(vanden Heuvel etal. 2012). Two studies showed
that inhibitors of glutaminase, compound 968
and BPTES, also inhibited growth of MYC-in-
duced tumor xenografts (Wang et al. 2010; Le
etal. 2012). Another study of N-MYC-amplified
neuroblastoma indicates that these tumors are
dependent on glutamine and could be inhibited
with a nonspecific transaminase inhibitor, ami-
nooxyacetate (Qing et al. 2012). In aggregate,
these studies suggest the feasibility of using glu-
taminase inhibitors for therapeutic purposes.

CONCLUDING REMARKS

There is overwhelming experimental evidence,
from both gain- and loss-of-function stud-
ies, implicating MYC in the regulation of cell
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growth. Hence, activation of MYC must orches-
trate the expression of genes that promote cell
growth and suppress those that inhibit growth. It
stands to reason then, that genes that generate
more bioenergetic substrates for this cell growth
would be induced by MYC. Both in vitro and in
vivo models have provided substantial evidence
that MYC induces many genes involved in ribo-
some biogenesis in growing cells. In concert with
these, genes involved in glucose and glutamine
metabolism are also induced to support ATP
production and macromolecular synthesis for
the replication of organelles. In contrast to nor-
mal cells, in which MYC is under the tight con-
trol of negative regulatory pathways and feed-
back loops, cells with deregulated expression of
MYC escape this control, resulting in an uncon-
trolled gene expression program. Uncontrolled
expression of genes involved in building up cell
mass through ribosome biogenesis, for example,
would force a demand for a continual supply of
nutrients to be available for cells with MYC over-
expression. This demand renders MYC-trans-
formed cells addicted to nutrients, and hence
they could be killed through nutrient depriva-
tion or interference with key enzymes involved
in key metabolic pathways such as glycolysis
or glutaminolysis. In contrast, nutrient depri-
vation of normal cells would trigger negative
regulatory pathways that diminish MYC expres-
sion, causing cells to withdraw in the G; phase
of the cell cycle. We surmise that this difference
could be exploited for therapeutic targeting of
cancer cells with metabolic inhibitors.
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