Journal of Carcinogenesis

Review Article

%

Dealing with hunger: Metabolic stress responses in tumors
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Increased nutrient uptake and usage is a hallmark of many human malignancies. During the course of

tumorigenesis, cancer cells often outstrip their local nutrient supply leading to periods of nutrient deprivation.

Interestingly, cancer cells often develop strategies to adapt and survive these challenging conditions.

Accordingly, understanding these processes is critical for developing therapies that target cancer metabolism.

Exciting new progress has been made in elucidating the mechanisms used by cancer cells under nutrient

restricted conditions. In this review, we highlight recent studies that have brought insight into how cancer

cells deal with low nutrient environments.
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INTRATUMORAL NUTRITIONAL STRESS

A considerable body of evidence demonstrates that tumor
cells display fundamental changes in metabolism and
enhance nutrient uptake to meet increased bioenergetic
demands of proliferation.!"! In the 1920’s, Otto Warburg
published the seminal observation that cancer cells take up
glucose at a surprisingly high rate and convert it primarily
to lactate rather than oxidizing it completely, despite
available oxygen. Recent studies suggest that this “Warburg
effect” seen in cancer cells directly results from oncogenic
mutations selected for during tumorigenesis.!? For example,
the oncogene phosphoinositide 3-kinase is one of the most
commonly mutated kinases in human cancer and plays a
direct role in stimulating the conversion of cells from aerobic
metabolism to glycolysis. Renewed interest in the Warburg
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effect has led to increased awareness that cancer cells also
depend on a continued supply of glutamine for survival and
proliferation.”) Glutamine uptake by transformed cells in
culture is 10-fold greater than that of any other amino acid and
glutamine is a key substrate required for anabolic growth of
cancer cells.¥ Glutamine is particularly important for highly
proliferative cells because it provides a source of nitrogen
for transamination reactions that maintain intracellular
pools of non-essential amino acids and nucleotides.
Glutamine catabolism can also provide nicotinamide adenine
dinucleotide phosphate (NADPH) to maintain tricarboxylic
acid cycle intermediates.l?’ Moreover, recent studies have
demonstrated that glutamine levels play a critical role to
activate mammalian target of rapamycin (mTOR) signaling
for protein translation in cancer cells.’! Glutamine is also
important for suppressing oxidative stress as glutamine can
donate both carbon and nitrogen to glutathione, a major
intracellular antioxidant.[! Similar to glucose metabolism,
it has been recently demonstrated that increased uptake
of glutamine is also controlled by oncogenes, such
as c-Myc and K-Ras. Oncogenic levels of c-Myc are
linked to increased glutaminolysis through coordinated
transcriptional regulation of glutamine transporters and
glutaminase enzymes while K-Ras promotes transcriptional
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reprogramming of key metabolic enzymes Glud1 and Gotl

to promote growth of pancreatic ductal adenocarcinoma
cells.571

A paradox of glucose/glutamine addicted cancer cells is
that they depend upon both nutrients for survival and
proliferation; however, enhanced dependence on glucose/
glutamine metabolism often exceeds its production
or depletes its local supply, resulting in tumor cells
encountering nutrient deprived conditions. Although
tumor cells have increased glucose uptake, it has been
shown that glucose levels in bulk tumors can fall lower
than those in normal tissues of the same tissue origins.!"]
Moreover, it was reported over 50 years ago that glutamine
falls to almost undetectable levels in tumors compared with
normal tissue."" Intriguingly, it has been demonstrated that
glutamine levels are even lower in core regions of tumors
compared with periphery.l'?! These observations suggest
that tumors encounter low nutrient conditions in vivo and
have developed adaptive mechanisms to sense, survive and
thrive in low nutrient conditions.

In this review, we highlight recent studies involving nutrient
sensing and downstream effector mechanisms important for
adaptation under conditions of nutrient stress. The recent
progress in the field of cancer metabolism provides novel
concepts for testing the synergistic potential of combination
therapies that target both signal transduction and metabolic
pathways.

NUTRIENT SENSING BY SIGNALING
PATHWAYS

AMP-activated protein kinase

The AMPK is an evolutionarily conserved heterotrimeric
protein complex consisting of a catalytic o subunit and
regulatory 3 and y subunits. This complex plays a critical
role in regulating stress responses as it senses changes in the
cellular ratio of AMP to adenosine triphosphate (ATP). Upon
activation, AMPK phosphorylates numerous substrates in
order to increase cellular ATP levels by several mechanisms
such as increasing glucose uptake, inhibiting gluconeogenesis
and increasing mitochondrial biogenesis.

A key mechanism by which AMPK increases cellular energy
is through inhibition of mTOR by direct phosphorylation
of TSC2 and raptor, both negative regulators of mTOR
[Figure 1].0%1 As mTOR is the master regulator of protein
synthesis and other anabolic pathways, its inhibition is
essential for conserving energy under conditions of nutrient
restriction. Another way AMPK directly inhibits protein
translation is by activation of cukaryotic elongation factor
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Figure I: Schematic representation of how cells respond to
various metabolic stresses. Low levels of nutrients are detected by
kinases and phosphatases, which modulate downstream effector
proteins such as transcription factors to reprogram cellular
functions and promote survival

2 kinase (eEF2), which phosphorylates and inactivates
cukaryotic elongation factor.I”! Interestingly, it was shown
that inhibition of eEF2 via activation of AMPK is a conserved
mechanism used by tumor cells in order to survive and adapt
to periods of nutrient deprivation.[']

Under conditions of nutrient stress, the inhibition of
macromolecule biosynthesis may be insufficient to restore
cellular energy levels. A major strategy for cells to scavenge
energy precursors is through autophagy, a process by which
cells recycle non-essential macromolecules and organelles
to provide nutrients and energy.['”] Although autophagy has
many mechanism of regulation such as mTOR-directed
inhibition, recent studies suggest that AMPK directly activates
autophagy by phosphorylation of ULK1, an essential kinase
for the initiation of autophagy [Figure 1].0]

Besides inhibition of protein translation and activation of
autophagy, AMPK has been reported to promote cell survival
through an adaptive cell cycle arrest mechanisms. Specifically,
in response to low glucose levels, AMPK phosphorylates
the transcription factor p53 [Figure 1]. AMPK-dependent
activation of p53 allows cells to survive their low glucose
environment by resting and waiting for pro-proliferative
conditions.!"”!

In addition, AMPK is thought to inactivate SREBP1, a critical
transcription factor which is involved in lipid and carbohydrate
metabolism through phosphorylation [Figure 1].l Bungard
et al. reported that AMPK activates transcription through
direct association with chromatin and phosphorylation
of histone H2B at serine 36, placing AMPK-dependent
H2B Ser36 phosphorylation in a direct transcriptional and
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chromatin regulatory pathway leading to cellular adaptation
to stress.?!!

Recently, it was reported that AMPK also plays a critical
role in preventing oxidative stress induced upon glucose
deprivation. The authors delineated a previously unidentified
mechanism involving well-known AMPK downstream
targets ACC1 and ACC2. Upon AMPK phosphorylation
of ACC1 and ACC2, NADPH consumption is decreased
and used as an antioxidant rather than a fatty acid synthesis
precursor [Figure 1].*2 Thus, the diverse function of AMPK
and its substrates allows for multiple cellular strategies to
alleviate metabolic stress.

Protein phosphatase 2A

PP2A is a major serine/threonine protein phosphatase
responsible for over half of all phosphatase activity in
the cell.®] The active form of PP2A is a heterotrimeric
complex consisting of a scaffold (A), catalytic (C) and
regulatory (B) subunit. Previously, PP2A was viewed as a
promiscuous enzyme with little specificity because its A
and C subunits are ubiquitously expressed with only two
isoforms each. It is now well-established that substrate
specificity and subcellular localization are determined by
the regulatory B subunit contained in the heterotrimeric
complex, which consist of 16 isoforms allowing for over 60
unique complexes. !

PP2A also exists as an inactive complex consisting of
the C subunit and the PP2A binding partner 4.2 a4
binds to the C subunit, inhibits its activity and prevents
its degradation until an adaptive PP2A-A/B/C complex is
formed in order to dephosphorylate a specific substrate.[*¥
PP2A and PP2A-like phosphatases have critical roles in
nutrient sensing in lower level organisms such as yeast.!*]
However, only recently has PP2A been linked to nutrient
sensing in mammalian cells.

Yan et al. demonstrated that PP2A is regulated by cellular
amino acid levels. Upon amino acid withdrawal, they
showed that PP2A is activated to dephosphorylate
MAP4K3, an activating kinase upstream of mTOR, at
Ser170 to inhibit mMTORCT1 signaling and prevent protein
translation.® Interestingly, when amino acids were
added back to the system PP2A activity decreased and
Ser170 phosphorylation increased, indicating a dynamic
adaptive role of PP2A in nutrient sensing. Recently, it was
reported that PP2A is responsive to a specific amino acid,
glutamine. In response to in vitro glutamine deprivation
or low in vivo glutamine levels, a specific PP2A B subunit,
B55a, is induced at the transcriptional level to form an
adaptive PP2A complex in order to promote cell survival
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by allowing p53 activation [Figure 1].0"?) Interestingly, the
B55a induction and complex formation is greatly enhanced
in cells overexpressing 04, suggesting an important role for
04 in promoting PP2A complex assembly. Of significance,
o4 is overexpressed in many human cancers and the PP2A/
B550-p53 signaling axis may explain why many cancers are
resistant to low in vivo glutamine levels as well as glutaminase
inhibitors. Although exciting progress has been made, further
studies are required to fully understand and appreciate the
dynamics and importance of protein phosphatases’ role in
cell signaling and nutrient sensing.

ADAPTATION THROUGH TRANSCRIPTION
FACTORS

p53

A major sensor and effector of cellular stress is the tumor
suppressor p53. This diverse transcription factor is regulated
at the protein level through various post-translational
modifications such as ubiquitination and phosphorylation.
Because p53 is commonly mutated in cancer, carly studies
focused mainly on its role in activation of apoptosis and cell
cycle arrest in response to hypoxia and deoxyribonucleic
acid (DNA) damage. Recently, several groups have reported
critical roles for p53 in nutritional stress responses. New
evidence suggests that specificity of p53 transcriptional
activation largely depends upon promoter affinity and
availability.””! Therefore, similar signaling cascades upstream
of p53 may promote different cellular fates depending on
context.

As mentioned previously, it was demonstrated that activation
of p53 in response to low glucose levels promoted cell
adaptation through a cell cycle arrest check point.[”
Besides glucose, p53 is also important for survival when
other nutrients such as amino acids are low. It was recently
demonstrated that, like glucose deprivation, withdrawal
of glutamine also activated p53 in a pro-survival manner
and cells deficient of p53 were less viable under glutamine
deprivation compared with those harboring functional
p53.1% In correlation with p53 activation, another study
found that cells underwent p53-dependent senescence
when in conditions of low glutamine though inhibition of
malic enzymes (ME).1?! Furthermore, another amino acid,
serine, also leads to p53-induced cell survival when its levels
are depleted [Figure 1].°! Therefore, unlike numerous
DNA-damage induced p53 signaling cascades that result in
apoptosis, it appears that p53 is important for cell survival
under broad nutrient restrictions.

In contrast to induction of genes that promote cell cycle arrest,
p53 also activates other metabolic regulators in response to
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nutritional stress. For example, under glucose starvation
p53 promotes expression of Sco2, which decreases the
rate of glycolysis by up-regulating mitochondrial oxidative
phosphorylation (OXPHOS) [Figure 1].0% Moreover,
also under glucose starvation, p53 activates transcription
of an essential factor for adipocyte development and fat
metabolism, Lpinl, which also decreases glycolysis by
promoting fatty acid oxidation.") Thus, p53 may promote
multiple mechanisms depending on cellular context in order
to obtain similar outputs.

Interestingly, p53 also plays a transcription-independent role
in cellular adaption during nutrient stress. Up-regulation
of the pentose phosphate pathway (PPP) is a hallmark
of proliferating cells as it is essential for the production
of lipid and nucleotide biosyntheses that are required
tor cells to divide. A study by Jiang et al. showed that
p53 physically interacts with and inhibits activation of
glucose-6-phosphate dehydrogenase, the first rate limiting
step enzyme of the PPP; thus, severely down-regulating
the PPP and preventing further proliferative advantages.*
It should be mentioned that p53 also contributes to PPP
up-regulation via transcriptional activation of TP53-induced
glycolysis and apoptosis regulator (TIGAR).*I TIGAR acts
as a fructose-2,6-bisphosphatase and promotes the PPP to
produce NADPH and ribose-5-phosphate for antioxidant
function and nucleotide biosynthesis, respectively.
Interestingly, it was recently reported that TIGAR can
contribute to intestinal tumor growth as loss of TIGAR
decreased tumor burden and increased survival in a mouse
intestinal adenoma model.?* These studies suggest a
dynamic and context specific role of p53 in regulating PPP
activity.

Taken together, p53 plays a dual role in cell proliferation
and tumor development with respect to nutritional stress.
On one hand, p53 helps highly proliferative and cancer cells
survive temporary periods of diverse nutrient deprivations by
inhibiting apoptosis and promoting cell cycle arrest.['21%282°]
On the other hand, p53 hinders these cells by preventing
Warburg-like properties that otherwise would lead to
significantly enhanced proliferative capabilities.*32l These
observations may be important for developing novel cancer
therapies aimed at targeting nutrient availability as p53
is one of the most commonly mutated genes in human
malignancies.

Peroxisome proliferator activated receptor

gamma coactivator-|

The PGC-1 family includes three isoforms, PGC-1a,
PGC-1P and PGC-1-related coactivator (PRC),
which play an important role in the control of energy
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homeostasis as co-activators of transcription factors.
PGC-1a has critical roles in mitochondrial biogenesis,
cellular respiration rates and metabolic substrate use via
co-activation of the transcription factors PPARY, nuclear
respiratory factor-1 (NRF-1), NRF-2 and FOXO1.5% As
mentioned previously, p53 senses metabolic stress and
leads to cell survival upon nutrient restriction. Recently,
it was demonstrated that PGC-1a interacts with p53 in
response to metabolic stress. Specifically, p53 recruits
PGC-1a in response to glucose deprivation [Figure 1].
This interaction modulates p53 trans-activation, which
causes preferential activation of cell cycle arrest and
metabolic target genes.®® Interestingly, upon longer
glucose starvation, the PGC-10-p53 interaction is
abrogated via ubiquitin-mediated degradation of PGC-1a,
causing the induction of apoptosis. These results give
insight into the dual role of p53 and may explain why
p53 activation can promote cell survival or cell death
in similar contexts. Another study demonstrated that a
different PGC-1 family member, PRC, is also responsive
to metabolic stress. Gleyzer and Scarpulla found that
glucose deprivation resulted in increased PRC protein
levels and increased PRC-dependent gene expression. ¢!
Thus, it will be important in the future to investigate not
only changes in transcription factor levels in response
to different metabolic stresses, but also changes to the
diverse and dynamic cofactors required for transcription
factor specificity.

TApé63

New evidence has demonstrated that p63, a protein
structurally and functionally related to p53, also plays a
role in tumorigenesis and metabolism. Although the exact
role of p63 in tumor suppression is still unclear, it appears
that the isoform maintaining its transactivation domain
(TAp63) functions as a tumor suppressor. In contrast,
the isoform lacking the transactivation domain may have
oncogenic capabilities, including inhibition of p53 in a
dominant-negative fashion. Indeed, mice deficient of TAp63
develop spontaneous, metastatic tumors.?”l New studies
by Su et al. have uncovered an interesting role of TAp63
in lipid and glucose metabolism. Their work showed that
TAp63 acts as a master transcriptional activator of important
metabolic regulators such as AMPKo2, Sirtl and LKB1.5]
Taken together, these data indicate that TAp63 is activated
in response to metabolic stress and loss of this response may
lead to tumor development.

Perspective

Metabolic reprogramming is a dynamic process requiring
activation of specific proteins and genes at specific times.
When these processes become unchecked, the potential
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for tumorigenesis increases dramatically. In the context of
metabolism, this generally means an unnatural increase in
nutrient uptake to support aberrant growth. However, the
local supply of nutrients is not always constant; therefore,
cancer cells frequently encounter acute or prolonged periods
of nutrient deprivation.

Exciting progress has been made in understanding how cancer
cells sense and adapt to ever changing nutrient conditions.
The multifunctional roles of kinases and phosphatases in
mammalian cells, such as AMPK and PP2A, exemplify how
complex and intricate signaling pathways responsible for
nutrient adaptation are. The downstream effectors, such
as the transcription factor p53, are equally as complex in
regulation of signaling networks. One reason the implication
of p53 as a nutrient sensor is so exciting is that the classical
paradigms of p53 status in tumors suggest that its loss is
nothing but beneficial for tumors.

The recent demonstrations showing the critical role of
p53 for cell survival under low glucose, low glutamine or
low serine suggest that p53 may have a pro-tumor role and
provides the foundation for targeting nutrient metabolism in
p53 mutated/deficient tumors. The above work also suggests
that to efficiently target nutrient-addicted cancers, it will be
important to identify and understand the adaptive pathways
used when nutrients are not available.
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