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SUMMARY

Metabolism of cancer cells is geared towards biomass production and proliferation. Since the
metabolic resources within the local tissue are finite, this can lead to nutrient depletion and
accumulation of metabolic waste. To maintain growth in these conditions, cancer cells employ a
variety of metabolic adaptations, the nature of which is collectively determined by the physiology
of their cell-of-origin, the identity of transforming lesions and the tissue in which cancer cells
reside. Furthermore, select metabolites not only serve as substrates for energy and biomass
generation, but can also regulate gene and protein expression and influence the behavior of
non-transformed cells in the tumor vicinity. As they grow and metastasize, tumors can also affect
and be affected by the nutrient distribution within the body. In this hallmarks update, recent
advances are incorporated into a conceptual framework that may help guide further research
efforts in exploring cancer cell metabolism.

eTOC BLURB

Pavlova et al. review the recent discoveries and emerging paradigms in cancer cell metabolism.
New hallmarks, including the tumor metabolic diversity, the role of electron acceptors and
oxidative stress protection, and the cross-talk between the tumor and whole-body metabolism
are added to list of metabolic hallmarks cancer cells can exhibit.
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INTRODUCTION

Unicellular organisms make decisions to build biomass and proliferate based on the
availability and quality of nutrient sources in their environment. In contrast, growth

and proliferation of individual cells within a metazoan organism is regulated in a non-
cell-autonomous manner via a combination of tissue-specific soluble growth factors and
biophysical cues. Integration of these signaling inputs allows cells to upregulate the import
of necessary nutrients, use these nutrients to produce the necessary biomass components
required to duplicate themselves into two daughter cells (Chandel, 2021; Lunt and Vander
Heiden, 2011). In normal cells, the extent and the duration of these signals is limited by
the homeostatic needs of the tissue. In contrast, transformed cells accumulate select genetic
and epigenetic alterations that allow them to escape the tissue-based controls over their
proliferation by maintaining major pro-survival and pro-proliferative signals in a continuous
“on” state. This, in turn, leads to the establishment of a perpetual pro-anabolic state of
metabolism in affected cells and enables uncontrollable accumulation of transformed cells
and tumor expansion.

In a resting cell, imported nutrients are used primarily to generate energy. This process
involves progressive oxidation of nutrient-sourced carbon atoms. The electrons extracted
from these oxidative reactions are deposited onto the electron carrier molecules NAD+ and
FAD to generate NADH and FADHo>, then passed on to the components of the mitochondrial
electron transport chain (ETC) and, eventually, to molecular oxygen. The continuous
passage of electrons through the ETC allows a cell to maintain adenosine triphosphate
(ATP) production, while also regenerating NAD+ and FAD carriers. In contrast, cells that
have been instructed to proliferate not only import more nutrients from the surrounding
environment, but also refocus their metabolic networks to direct the nutrient surplus into
producing building blocks for biomass accumulation.

While pro-proliferative signals themselves can be maintained in an “on” state indefinitely

in transformed cells, the demand for nutrients required for the sustained tumor expansion
eventually outstrips the nutrient resources that the local tissue is capable of providing. The
depletion of nutrients from the extracellular tumor microenvironment is often accompanied
by a concurrent rise in the levels of the byproducts of anabolic metabolism. To sustain
themselves, transformed cells rely on a diverse set of metabolic adaptations to withstand

the limitations in nutrient supply. Thus, some cancer cells resort to the engulfment and
catabolism of extracellular macromolecules and even entire cells as the source of the missing
nutrients. Furthermore, some types of transformed cells adapt to the depletion of the reduced
nitrogen-containing nutrients (which are in high demand in proliferating cells due to the

role of nitrogen in building both proteins and nucleic acids) from their environment by
scavenging of free ammonium, as well as by remodeling their metabolism to prioritize the
use of nitrogen donors for nucleotide and non-essential amino acid synthesis.

In addition to structural building blocks, several key biosynthetic reactions require a source
of a reducing power in a form of an electron donor NADPH. Regeneration of NADPH from
NADP+ is powered by oxidation of carbon atoms in a set of dedicated reactions embedded

in central carbon metabolism. In addition to NADPH, several metabolic reactions critical to
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tumor cell survival and/or growth are fueled by either oxidative or reductive power provided
by NAD+ or NADH cofactors accordingly. In anabolically active cells, NADH/NAD+ redox
pair is used not only to power oxidative phosphorylation, but also to support biosynthesis,
particularly in glycolysis and the tricarboxylic (TCA) cycle, where NAD+ is required as

an electron acceptor to maintain pathway flux. Thus, the balance between the reduced and
oxidized forms of these cofactors is critical. Indeed, while an increased influx of oxidizable
sources of carbon into cells due to the activation of pro-growth signaling favors the NADH
generation, too high of a NADH/NAD+ ratio may interfere with NAD+-requiring reactions.
In particular, an oversupply of NADH may overwhelm the NAD+-regenerating capacity

of the ETC, especially when oxygen, the ultimate electron acceptor, becomes limiting as
tumors increase in size. Thus, transformed cells must rely on robust oxidative stress defense
mechanisms to mitigate the damage caused by free electron radicals to cellular structures.

While the import and utilization of nutrients by cells is controlled by signaling pathways,

it has become clear that some metabolic intermediates themselves act as potent signaling
modulators. Thus, changes in levels of select metabolites can enact sweeping changes to

the cellular gene and protein expression landscape by controlling epigenetic changes to

the cellular DNA, RNA and histones, and even modulating protein production directly.

In addition, it has been demonstrated that as a tumor expands, the altered metabolite
composition of its milieu acts as a potent signal that regulates the behavior of diverse
non-transformed cell types in its vicinity, which further helps promote tumor expansion.
Finally, there is a growing appreciation that tumors engage not only in a metabolic cross-talk
with the cells in their immediate environment, but can also influence the metabolic economy
of the entire organism.

The connection between tumorigenesis and deregulated metabolism was first described a
century ago by the German biochemist Otto Warburg. In the past twenty years, equipped
with new and detailed understanding of the genetic and epigenetic mechanisms that underlie
cell transformation, as well as with the modern experimental technologies, the field of
cancer metabolism has entered a prolific and exciting new era. While five years ago, we
suggested there were several emerging concepts (Pavlova and Thompson, 2016), there has
been an emergence of new, paradigm-shifting discoveries in cancer cell metabolism. The
original conception of the hallmarks of cancer metabolism has been expanded to incorporate
these new discoveries as described below.

DEREGULATED UPTAKE OF GLUCOSE AND AMINO ACIDS

Glucose is a principal carbon source consumed by mammalian cells. Catabolism of glucose
through glycolysis and the TCA cycle not only fuels ATP generation, but also produces
carbon intermediates to support the biosynthesis of macromolecules. In mammalian cells,
glucose uptake is regulated non-cell-autonomously through growth factor signaling and
positional cues (Thompson, 2011). Thus, normal cells can only acquire enough glucose

to support growth and proliferation when stimulated by cell type-specific growth factors
such as insulin, platelet-derived growth factor (PDGF), or epidermal growth factor (EGF).
Growth factor stimulation triggers the activation of downstream signaling events including
the receptor tyrosine kinase (RTK) — phosphoinositide 3-kinase (PI3K) — Aktl (also
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known as protein kinase B) cascade. The RTK-PI3K-Aktl axis promotes the expression

of glucose transporter 1 (GLUT1) and its translocation from intracellular membranes to

the cell surface to facilitate glucose uptake (Barthel et al., 1999; Wieman et al., 2007).

In addition, Aktl activation increases the activity of hexokinase such that the imported
glucose can be phosphorylated and captured for use in glycolysis and downstream metabolic
pathways (Rathmell et al., 2003) (Figure 1). In addition to soluble growth factors, signaling
inputs from mechanical cues — including those provided by the cellular attachments to the
extracellular matrix (ECM) and by the biophysical properties of the matrix — also serve as
gatekeepers of glucose uptake and utilization in normal cells (Park et al., 2020; Schafer et
al., 2009).

As both direct and indirect consequence of oncogenic mutations, cancer cells often

display enhanced ability to take up glucose from the extracellular environment. Genomic
amplifications of the RTK-encoding genes such as EGF receptor (EGFR), erb-b2 receptor
(ERBB2) and c-Metare frequently observed in human cancers (Lawrence et al., 2014).
Similarly, oncogenic mutations in PI3K or genetic loss of its negative regulators, PTEN
and INPP4B, are often identified as driver events in tumorigenesis (Lawrence et al., 2014).
These genetic alterations converge upon the activation of the PI3K-Akt1 signaling cascade
in a manner independent of signals provided by the external signaling inputs, allowing
cell-autonomous glucose uptake in quantities that allow sustained growth and proliferation.

Adoption of the invasive phenotype by transformed cells elevates the cell’s energy
requirements to maintain the actin remodeling required to support cell motility and therefore
elevates the needs for glucose uptake and catabolism even further (Zanotelli et al., 2019). In
turn, invasion-associated degradation of one of the abundant ECM components, hyaluronic
acid, has been recently found to increase cellular glucose uptake and upregulate glycolysis,
which helps produce ATP in quantities sufficient to support cancer cell invasion (Sullivan

et al., 2018). Furthermore, reduced local cell density in itself can elevate the expression of
GLUT1 transporter and increased glucose uptake and utilization (Kondo et al., 2021).

A shift to anabolic metabolism allows the allocation of a large fraction of the carbon surplus
into biosynthetic pathways. Thus, the glycolytic intermediate glucose-6-phosphate can be
diverted into the pentose phosphate pathway to support the production of ribose used in
nucleotide biosynthesis. In this process, glucose skeleton becomes progressively oxidized,
allowing cells to regenerate a reduced form of nicotinamide adenine dinucleotide phosphate
(NADPH) from its oxidized form (NADP+) to support reductive metabolic reactions in the
cytosol, such as those required for fatty acid biosynthesis (Boros et al., 1998; Patra and Hay,
2014). Other glycolytic intermediates further downstream also serve as anabolic precursors.
These include fructose-6-phosphate, which gives rise to glucosamine-6-phosphate - a
building block for glucosaminoglycan synthesis, and dihydroxyacetone phosphate (DHAP),
which gives rise to glycerol — a backbone for the di- and triglyceride assembly. In addition,
the 3-phosphoglycerate produced in the lower glycolytic pathway can be diverted into serine
biosynthesis via a phosphoglycerate dehydrogenase (PHGDH)-catalyzed reaction (Figure
1). Serine is required by cancer cells not only as a building block for proteins, but also

for phosphatidylserine-containing phospholipids for the plasma membrane assembly, as a
carbon donor for nucleotide production and as a source of electrons for mitochondrial
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NADPH production (Fan et al., 2014). As a result, genomic amplifications of PHGDH are
often observed in human malignancies including breast cancer and melanoma, where they
are required to promote tumorigenesis (Locasale et al., 2011; Possemato et al., 2011).

In addition to glucose, commitment to anabolic metabolism also increases the import of
the amino acid glutamine. Specifically, pro-proliferative stimuli trigger the upregulation

of the plasma glutamine transporters ASCT2/SLC1A5 and SN2/SLC38A5. Expression of
both transporters is positively regulated by the master proliferation-driving transcription
factor c-myc (Wise et al., 2008); moreover, ASCT2 expression is also facilitated by another
proliferation-associated transcription factor, E2F-3 (Reynolds et al., 2014). Furthermore,
EGFR signaling facilitates the plasma membrane localization of ASCT2 protein (Avissar et
al., 2008). Besides participating in protein synthesis, glutamine fulfills a number of diverse
anabolic roles in the cell. Specifically, diverse cytosol-localized biosynthetic enzymes use
the amide group of glutamine to fuel the generation of nucleotides, hexosamine units and
asparagine, while the a-amine group of glutamine is incorporated into a number of other
de novo-synthesized non-essential amino acids. Glutamine can also be catabolized in the
mitochondria by the enzyme glutaminase 1 (GLS1), which is also positively regulated by
c-myc (Gao et al., 2009) (Figure 1). GLS1 is crucial for providing a mitochondrial source
of a-ketoglutarate for the TCA cycle (Wise et al., 2008); in addition, GLS1 and its cytosol-
localized counterpart GLS2 are involved in bolstering cellular oxidative stress defenses via
providing glutamate for glutathione production (Daemen et al., 2018; Suzuki et al., 2010).
Besides supporting biosynthesis and bioenergetics, the export of intracellular glutamine
facilitates the uptake of a number of essential amino acids from the extracellular space via
the SLC5A7/SLC3A2 heterodimeric bidirectional transporter (Nicklin et al., 2009).

USE OF CENTRAL CARBON METABOLISM TO SUPPORT BIOSYNTHESIS

The TCA cycle is traditionally thought of as a catabolic process, in which carbon substrates
are oxidized to generate energy. In fact, as recent quantitative analysis of glucose fate /in vivo
has revealed, in most adult tissues the major TCA cycle substrate that is oxidized to support
oxidative phosphorylation is lactate, which is present in extracellular fluids at approximately
1 mM (Hui et al., 2017). Anabolically active cells also use TCA intermediates as precursors
for the synthesis of macromolecules (Figure 2A). In part stimulated by an increased level of
glucose uptake and intracellular production of pyruvate, the resulting carbon surplus allows
the TCA cycle intermediates to depart central carbon metabolism to be consumed in various
biosynthetic reactions. This, in turn, not only provides a source of new biomass, but also
allows an anabolically active cell to avoid overproducing NADH beyond the capacity of
ETC to convert it back to NAD+. Accordingly, the ability to vent some of the TCA carbon
into supporting biosynthesis can be regarded as a bona fide metabolic necessity for a cell
receiving pro-growth signaling stimuli and therefore experiencing a surplus of oxidizable
nutrients.

In cells committed to anabolic metabolism, citrate produced in the TCA cycle can be
exported out of the mitochondria and used to generate building blocks for the synthesis of
fatty acids and cholesterol in the cytosol. As lipids are a primary constituent of the cellular
membranes, activation of the lipogenic transcriptional program, which is coordinated by the
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SREBP1 transcription factor, is a key part of the cellular pro-anabolic program orchestrated
by the mTORC1 activation (Porstmann et al., 2008). In addition, conversion of citrate

to oxaloacetate and acetyl-CoA in an ATP-citrate lyase (ACLY)-catalyzed reaction — an
initiating step in the de novo production of both fatty acyl chains as well as cholesterol -

is positively regulated by Aktl (Bauer et al., 2005). Furthermore, the principal fatty acid
synthesis enzyme, fatty acid synthase (FASN) is frequently upregulated and is essential for
tumorigenesis (Menendez and Lupu, 2007).

Lipogenesis is a highly NADPH-consuming process — for instance, building one molecule
of palmitic acid requires 14 molecules of NADPH. To help balance these requirements
with the cellular NADPH supply, oxaloacetate generated in the ACLY-mediated reaction
can be converted to malate, which can re-enter the mitochondria or become oxidized to
pyruvate in a malic enzyme 1 (ME1)-catalyzed reaction, producing NADPH. NADPH can
also be produced from the conversion of cytosolic citrate to isocitrate and then, via cytosol-
localized isocitrate dehydrogenase (IDH1), to a-ketoglutarate. Highlighting the role that
these NADPH-producing reactions play in enabling de novo lipogenesis, depletion of either
ME1 or IDH1 in various cellular contexts was shown to inhibit the de novo lipogenesis and
attenuate tumor growth /n vivo (Calvert et al., 2017; Fernandes et al., 2018; Shao et al.,
2020).

In addition, not only the capacity to recharge NADP+ back into NADPH, but the total size
of the cellular NADPH pool can be dynamically regulated in accordance with the cell’s
metabolic needs (Figure 2B). Two NAD kinase isoforms — a cytosol-localized NADK1

and a mitochondria-localized NADK2 — allow cells to convert NAD+ to NADP+ in their
respective cellular compartments. The activity of NADK1 is directly stimulated by Akt1-
mediated phosphorylation (Hoxhaj et al., 2019), which may allow cells to tune their capacity
for performing NADPH-driven cytosolic biosynthetic reactions, such as de novo lipogenesis,
in accordance with the PI3K/Akt1-driven signaling inputs. Similarly, NADK2 was found to
be essential for the NADPH-dependent de novo biosynthesis of proline, which takes place in
the mitochondrial compartment (Tran et al., 2021; Zhu et al., 2021).

Another TCA intermediate that cells use to divert a portion of the TCA carbon away from
full oxidation is a-ketoglutarate, which can give rise to an amino acid glutamate. Glutamate,
in turn, can serve as a precursor for several other non-essential amino acids, including
proline. Notably, in addition to acting as a vent for the TCA cycle carbon, production of one
molecule of proline also consumes ATP, NADH and NADPH, dampening the mitochondrial
electron load even further. In support of the vent hypothesis, blocking either citrate export
or proline synthesis increases oxidative stress levels (Schworer et al., 2020). Finally, TCA
intermediate oxaloacetate can also be vented away from the TCA cycle into the synthesis of
aspartate - a precursor of pyrimidine bases and asparagine (Birsoy et al., 2015; Sullivan et
al., 2015).

Though glucose uptake is increased by pro-proliferative stimuli, a relatively small fraction
of its carbon enters the mitochondria for oxidation. To moderate the entry of pyruvate

carbon into the TCA cycle, the gatekeeper enzyme pyruvate dehydrogenase (PDH), which
converts pyruvate into the acetyl-CoA, is heavily negatively regulated - both allosterically
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via its products as well as through inhibitory phosphorylation by one of the four pyruvate
dehydrogenase kinases (PDKSs). Notably, deregulation of PDH activity via either PDK1
overexpression or PDH phosphatase (PDP2) depletion triggers oxidative stress and an onset
of senescence in KRAS-transformed cells (Kaplon et al., 2013).

As an alternative to being oxidized in the mitochondria, glycolysis-derived pyruvate

can be reduced to lactate in a cytosol-localized lactate dehydrogenase (LDH)-driven
reaction. Importantly, producing lactate regenerates one NAD+ equivalent from NADH.
Furthermore, because lactate equilibrates rapidly with the extracellular space through the
monocarboxylate (MCT) transporters, this metabolic route renders the entire glycolytic
cascade red ox-neutral. With no NADH consumed or generated, metabolism of glucose to
lactate bypasses the need for ETC and for molecular oxygen altogether, while still sustaining
a modest energy yield of 2 molecules of ATP.

Metabolism of glucose to lactate becomes a necessity under hypoxic conditions, in which
the ETC’s capacity to unload NADH of electrons is limited by the low oxygen availability.
To this end, a master hypoxia response coordinator hypoxia-inducible factor 1a (HIF1la)
enables this route by simultaneously upregulating glucose transporter GLUT1, lactate
dehydrogenase LDH and the PDH-inhibitory kinase PDK1 (Kierans and Taylor, 2021).

Hypoxia is not the only scenario in which cells preferentially convert glucose to lactate.
Indeed, nearly a century ago, Otto Warburg discovered that tumors consume glucose in
excess of normal tissue and preferentially convert it to lactate instead of oxidizing it in
mitochondria - even when oxygen is present in abundance (Warburg et al., 1927). Since
opting out of the mitochondrial route of glycolytic carbon oxidation forfeits almost 95%

of energy locked in glucose carbons, Warburg had theorized that such truncated form of
glycolysis reflects a carcinogen-inflicted damage to mitochondria, hypothesizing it to be the
root cause of cancer (Warburg, 1956). Though Warburg’s finding has become foundational
for the field of cancer metabolism, his own explanation of this effect had since been

refuted. Indeed, most cancer cells continue to oxidize carbon in mitochondria and require the
functional ETC for growth (Cavalli et al., 1997; Martinez-Reyes et al., 2020; Weinberg et
al., 2010). Moreover, non-transformed cells — including lymphocytes (Frauwirth et al., 2002)
and endothelial cells (Fitzgerald et al., 2018) — also exhibit Warburg effect when stimulated
with pro-proliferative signals while still retaining the need for oxidative phosphorylation
(Diebold et al., 2019; Sena et al., 2013), altogether revealing the Warburg effect to be a
general metabolic strategy that accompanies cell proliferation.

The adaptive utility of the Warburg effect continues to be debated to this day (DeBerardinis
and Chandel, 2020; Liberti and Locasale, 2016). First, aerobic glycolysis may allow

cells to regenerate ATP faster than does the TCA cycle (Epstein et al., 2017). Second,
accumulation of lactate and the concomitant acidification of the extracellular milieu play an
important role in establishing a favorable microenvironment for tumorigenesis (Boedtkjer
and Pedersen, 2020). Third, a preferential conversion of pyruvate to lactate not only diverts
glucose-derived pyruvate away from being oxidized in the mitochondria but also helps

to alleviate the electron load by directly regenerating NAD+ from NADH (Luengo et

al., 2021). Fourth, a switch to aerobic glycolysis allows a cell to increase the capacity
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to generate the glycolytic intermediates for supporting biomass accumulation safely and
without the risk of overwhelming the ETC with the surplus of electrons (Vander Heiden et
al., 2009).

A series of recent studies have challenged the long-standing view of lactate as a byproduct
of tumor metabolism. Indeed, tracing the conversion of the systemically injected 13C
isotope-labeled glucose and lactate in cancer patient volunteers and genetically engineered
mouse tumor models has revealed that circulating lactate is an important contributor to the
tumor TCA cycle. When patients with lung and brain tumors received a systemic infusion
of 13C isotope-labeled glucose, contribution of glucose-derived (3C ) carbons to the pools
of lactate and the TCA cycle intermediate citrate in tumors was found to exceed their
contribution to the pools of upper glycolytic intermediates, such as 3-phosphoglycerate
(Courtney et al., 2018; Hensley et al., 2016). Such labeling pattern is consistent with these
tumor types not only utilizing glucose directly, but also taking up and metabolizing lactate
produced elsewhere in the body. Furthermore, when similar infusions were performed with
13C-labeled lactate, lactate carbons were found to contribute to the pools of TCA cycle
intermediates in both tumors and in non-transformed tissues (Faubert et al., 2017; Hui et
al., 2017). The mathematical framework for evaluating the extent to which lactate-sourced
carbons contribute to the TCA cycle in various tissues continues to be a topic of a
vigorous debate (Liu et al., 2020); furthermore, the applicability of the lactate paradigm
across different tumor types (Ghergurovich et al., 2021), as well as the identities of lactate-
producing and lactate-consuming cell and tissue types continue to be actively investigated
(Jang et al., 2019; TeSlaa et al., 2021).

Given that lactate-transporting MCT1 transporters are relatively ubiquitously expressed,
these recent discoveries position the role of lactate in the whole-body carbon economy

as that of a constitutively available source of oxidizable carbon that is maintained
homeostatically at the organismal level (Rabinowitz and Enerback, 2020). Glucose uptake,
in contrast, is a highly regulated event that is closely linked to the proliferative state of the
cell. The potential for extracellular lactate to provide a source of oxidizable carbon might
be especially adaptive when considered in the context of a glucose-poor microenvironment
of advanced tumors. In this context, utilization of lactate as well as of potential other non-
glucose sources of oxidizable carbon can, while placing a higher burden on ETC-mediated
NAD-+ regeneration from NADH, provide a cell with a critical advantage of allocating the
limited supply of glucose towards supporting biomass production. While the full spectrum
of the heterogeneity of carbon source choice by tumor cells continues to be actively
investigated and debated, these studies highlight the complexity of interlinked metabolic
tradeoffs that cells must contend with as they carry out their anabolic programs within a
metabolically challenging environment of a tumor.

USE OF OPPORTUNISTIC MODES OF NUTRIENT ACQUISITION

Besides the principal low-molecular weight nutrients — i.e., glucose and amino acids - cancer
cells are able to utilize a wide spectrum of alternative nutrient sources, the need for which
can be driven by the specific metabolic circumstances. Autophagy involves capture and
lysosome-mediated degradation of intracellular proteins or entire intracellular structures
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(such as ribosomes, mitochondria and parts of the endoplasmic reticulum). Nutrients
supplied via autophagy are critical for cell survival when the uptake of low-molecular
weight metabolic substrates is compromised (Lum et al., 2005). In addition to serving as
an emergency nutrient supply, deployment of organelle-specific autophagy can help cull
damaged intracellular structures (Chourasia et al., 2015), and even change the biophysical
properties of the cell’s interior by reducing molecular crowding (Delarue et al., 2018).

Despite its outsize and multilayered importance in cell physiology, one thing autophagy
cannot do is provide sufficient material for building new biomass for cell proliferation.
However, mammalian cells were also found to use their lysosomes to digest non-
discriminately scavenged macromolecules of extracellular origin in a manner reminiscent
of unicellular eukaryotes. This is achieved via the extension of membrane protrusions
and formation of macropinosomes in a process termed macropinocytosis. Macromolecules
engulfed in this manner are subsequently trafficked to lysosomes for degradation.
Positioned downstream of growth factor signaling, PI3K activation is required to initiate
membrane ruffling and macropinosome closure. Genetic alterations observed in cancers
such as oncogenic mutant forms of Ras GTPases increase the rate and volume at

which macropinocytosis occurs, independent of growth factor stimulation (Bar-Sagi and
Feramisco, 1986; Commisso, 2019; Commisso et al., 2013). As a result, cancer cells
harboring oncogenic Ras mutations display an increased ability to utilize extracellular
protein through macropinocytosis such that they are able to maintain cell survival and
proliferation in amino acid depleted tumor microenvironment (Commisso et al., 2013;
Kamphorst et al., 2015) (Figure 3B).

The internalized macropinosomes are subject to additional regulations as they deliver
cargos to lysosomes for degradation. Active mTORC1 complex suppresses the catabolism
of extracellular proteins as an amino acid source; accordingly inhibition of MTORC1
activity in cells facing nutrient-depleted conditions facilitates the survival and growth of
Ras-transformed cells in amino acid-depleted conditions in presence of extracellular albumin
(Nofal et al., 2017; Palm et al., 2015). In agreement, Akt1 activation of mTORC1 suppresses
the utilization of internalized albumin when free amino acids are abundant (Figure 3A). By
contrast, the small GTPase Racl and phospholipase C (PLC) downstream of PI3K activity
can promote cell growth that depends on the catabolism of extracellular proteins through
macropinocytosis (Palm et al., 2017).

While the use of serum albumin by macropinocytosis as a source of amino acids

has been studied the most, other extracellular macromolecules can also be taken up

by macropinocytosis. Pancreatic ductal adenocarcinoma (PDAC) cells often reside in a
desmoplastic microenvironment that contains a dense collagen network. It was reported
that PDAC cells are able to utilize extracellular collagen in glucose- or glutamine-limited
conditions, partly through macropinocytosis (Olivares et al., 2017). Proline is a major
amino acid component of collagen proteins. Accordingly, collagen internalized by PDAC
cells can provide a source of proline to cells, which could be further catabolized by
proline dehydrogenase (PRODH) as a source of electrons for energy production and as
the TCA cycle substrate (Olivares et al., 2017). In addition to the utilization of proteins,

Cell Metab. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pavlova et al.

Page 10

macropinocytosis was also found to participate in scavenging other extracellular components
such as exosomes and lysophospholipids (Kamphorst et al., 2013; Nakase et al., 2015).

Of note, scavenging of extracellular lipids becomes elevated under hypoxic conditions,
where it serves to help restore the balance of saturated (SFA) to monounsaturated (MUFA)
fatty acids in cellular membranes. Indeed, the introduction of a double bond into an

acyl chain, which converts an SFA molecule into its MUFA counterpart, is driven by the
enzyme stearoyl-CoA desaturase 1 (SCD1), which requires molecular oxygen as an electron
acceptor. Low-oxygen conditions inhibit SCD1, thereby altering the SFA/MUFA ratio in
favor of saturated fatty acids. This, in turn, alters the biophysical properties of cellular
membranes, making them less fluid and pliable. The endoplasmic reticulum membranes
appear to be particularly affected by the SFA/MUFA imbalance, in part due to the intricate
topography of the ER membrane compared to other cellular membrane structures (Rong et
al., 2013). In fact, hypoxia-associated SCD1 inhibition was found to trigger ER stress in
cells with a hyperactive mMTORC1 and, consequently, a high translational burden (Young

et al., 2013). Consequently, adaptations such as uptake of extracellular lipids, or, in other
contexts, release of lipids from internal lipid storage depots was found to maintain the

fatty acid balance when the cell’s fatty acid desaturation capacity becomes compromised by
oxygen deficit (Ackerman et al., 2018; Kamphorst et al., 2013).

In addition to a bulk mode of nutrient scavenging via macropinocytosis, cells can internalize
some macromolecules from the extracellular environment via a selective, receptor-mediated
endocytosis. For instance, low-density lipoprotein (LDL) is the major carrier of extracellular
cholesterol. Mammalian cells capture LDL through plasma membrane LDL receptors, which
are trafficked to endolysosomal compartments to release cholesterol required for cellular
membrane assembly (Brown and Goldstein, 1979) (Figure 3B). Aberrant activation of

the RTK-PI3K-Akt1 signaling in cancer cells was found to upregulate LDL receptor in

part through mTORC1 and sterol regulatory element binding protein (SREBP) activity
(Edinger and Thompson, 2002; Porstmann et al., 2008; Streicher et al., 1996). In addition,
exogenous cholesterol can be imported into cells in its high-density lipoprotein (HDL) form
via scavenger receptor B1 (SCARBLY). Clear cell renal cell carcinomas in particular were
found to be cholesterol auxotrophs and rely primarily on SCARB1-mediated HDL import
as a source of cholesterol (Riscal et al., 2021). Furthermore, iron is essential for various
metabolic activities such as biosynthesis of the heme prosthetic group and iron-sulfur
clusters (Rouault, 2015). Endocytosis of the extracellular iron carrier, transferrin (Tfn), by
Tfn receptors is the major source of intracellular iron, and is critical during the regulation

of iron-dependent ferroptotic cell death (see below) (De Domenico et al., 2008; Jiang et al.,
2021).

Finally, cells are able to engulf entire living cells and/or dying cells in a non-phagocytic
process referred to as entosis, which can be induced upon metabolic stress including
glucose starvation (Hamann et al., 2017; Overholtzer et al., 2007). Similarly, PTEN-
deficient prostate cancer cells were reported to scavenge necrotic cell debris through
macropinocytosis in an AMPK-dependent manner (Kim et al., 2018) (Figure 3C). Similarly
to the engulfment of soluble proteins, nutrients from the engulfed living or dead cells can be
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recovered from the lysosomal digestive system to support cell proliferation (Hamann et al.,
2017; Kim et al., 2018).

EXPANDED NEED FOR ELECTRON ACCEPTORS

Carbon metabolism via glycolysis and the TCA cycle requires NAD+ as an electron
acceptor. Enhanced glycolytic activity of transformed cells makes them dependent on the
constant regeneration of NAD+. The Warburg effect is one prominent adaptation that
anabolically active cells use to regenerate NAD+ from NADH via the LDH-mediated
reaction. As a consequence, lactate secretion is characteristic of cancer cells that display
high rates of glycolysis (Vander Heiden et al., 2009). Cytosolic electrons in a form of
NADH can also be transported into the mitochondria through dedicated electron shuttles,
such as the malate-aspartate shunt and the glycerol phosphate shunt, to facilitate the
regeneration of NAD+ in the electron transport chain (ETC) (Figure 4). Recently, MCART1
(encoded by SLC25A51) was identified as a mitochondrial NAD+ transporter that could also
function to communicate NAD+ and NADH pools between the cytosolic and mitochondrial
compartments (Kory et al., 2020; Luongo et al., 2020).

Dissecting the specific roles of mitochondrial respiration in supporting anabolic metabolism
and cell proliferation revealed that one essential function of the ETC was to regenerate
NAD-+ to support aspartate biosynthesis (Birsoy et al., 2015; Sullivan et al., 2015). Indeed,
aspartate production could be compromised by inhibiting either Complex | or Complex |11
of the ETC. Reciprocally, supplementation of electron acceptor substrates, such as pyruvate
or a-ketobutyrate, helped increase the NAD+/NADH ratio, restored aspartate biosynthesis
and enabled cell proliferation even in cells in which ETC was inhibited (Birsoy et al., 2015;
Sullivan et al., 2015). The availability of aspartate product asparagine was also compromised
by the ETC inhibitors (Krall et al., 2021). Interestingly, when ETC inhibitors were applied
at low doses, asparagine supplementation sufficed to restore nucleotide synthesis and cell
proliferation without rescuing cellular aspartate abundance (Krall et al., 2021).

Electron flux along the ETC not only helps regenerate NAD+ and FAD, but also directly
connects the energy-producing capacity of mitochondria to pyrimidine biosynthesis through
the activity of dihydroorotate dehydrogenase (DHODH). To this end, oxidation of ubiquinol
by the ETC Complex I11 regenerated ubiquinone to serve as a critical electron acceptor

for supporting the DHODH function and hence pyrimidine synthesis in proliferating cells
(Martinez-Reyes et al., 2020) (Figure 4). Taken together, proliferating cancer cells have a
perpetual high demand for the regeneration of electron acceptors to generate precursors for
both protein and nucleic acid biosynthesis.

ELEVATED RELIANCE ON OXIDATIVE STRESS PROTECTION MECHANISMS

Deregulated anabolic metabolism coupled to the limitations associated with the tumor
microenvironment exposes transformed cells to increased levels of reductive stress (for
example, high NADH, low O,). Indeed, as proliferating cancer cells import increased
quantities of carbon sources, the NADH supply may increase beyond what the ETC has the
capacity to handle, particularly if either O, or ADP become limiting. A number of pathways
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that reduce NADH/NAD+ ratio to avoid reductive stress are outlined above. Cancer cells
are also subjected to oxidative stress. In the presence of environmental oxidants such as
H,0,, NO, or even O,, macromolecular oxidation has the capacity to damage intracellular
macromolecules such as lipids, which, in turn, can lead to loss of cellular integrity.

Cancer cells rely on a number of cellular antioxidant defense mechanisms, including the
glutathione (GSH) system and the thioredoxin (TRX) system, to protect themselves from
such oxidative damage. As a result, genetic and metabolic alterations that facilitate these
protection mechanisms are often found in tumors.

The mutant forms of NRF2 (encoded by NFEZL2) transcription factor as well as of its

E3 ubiquitin ligase KEAP1 are found in solid tumors, and are most prevalent in lung

cancer, which is characterized with elevated levels of oxidative stress in part as a result

of high levels of extracellular oxygen present in lung tissue (Martincorena et al., 2017).
Both NRF2 and KEAP1 mutations impair the binding of KEAP1 to NRF2 protein to

target the latter for degradation. This, in turn, increases NRF2 protein levels and promotes
the NRF2-driven transcriptional program, resulting in an increased expression of enzymes
involved in GSH biosynthesis (Figure 5). Increased production of GSH requires a greater
supply of its limiting substrate, cysteine. Accordingly, NRF2-driven transcriptional response
also increases XCT (encoded by SLC7A11) expression, which promotes the import of

the oxidized form of cysteine, cystine, into cells (Habib et al., 2015; Ye et al., 2014).
Consumption of intracellular cysteine stores upon oxidative stress triggers a decline in its
levels, which is sensed by the GCN2 kinase. GCNZ2, in turn, triggers the accumulation of
activating transcription factor 4 (ATF4). ATF4 increase further promotes xCT expression,
facilitating cystine uptake (Sato et al., 2004; Ye et al., 2014). When the levels of extracellular
cystine are depleted, as is often seen in tumor microenvironment (Kamphorst et al., 2015;
Sullivan et al., 2019), ATF4 can also upregulate enzymes involved in the de novo cysteine
synthesis from methionine via the transsulfuration pathway (Zhu et al., 2019) (Figure 5).

In addition to increasing the production of GSH, transformed cells often respond to
oxidative stress by altering their metabolism to maintain the antioxidant capacity of these
ROS-scavenging molecules. A challenge that cancer cells often encounter during tumor
initiation is the oxidative stress induced by detachment from the extracellular matrix.
Activation of receptor tyrosine kinase and the downstream PI3K pathway was found to
facilitate anchorage-independent growth by increasing glucose uptake and its utilization in
the pentose phosphate pathway to support NADPH regeneration from NADP+ (Schafer et
al., 2009) (Figure 5).

RTK-driven tyrosine phosphorylation of IDH1 can also regulate the shuttling of NADPH
between the cytosol and the mitochondria. Tyrosine phosphorylation of IDH1 has been
reported to favor the reductive flow of glutamine-derived a-ketoglutarate into citrate, which
consumes cytosolic NADPH. Citrate production is followed by its retrograde transport into
the mitochondria, where the IDH1’s counterpart, IDH2, can convert the imported citrate
back into a-ketoglutarate, thus regenerating NADPH in the mitochondrial compartment
(Jiang et al., 2016). A reverse cycle, in which IDH2 consumes mitochondrial NADPH to
catalyze reductive carboxylation of a-ketoglutarate into citrate in cells with genetically
impaired ETC, has also been reported (Mullen et al., 2014).
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As metastasizing cells enter the circulation, exposure to a more oxygenated environment
may further elevate the oxidative stress burden. One adaptation that circulating tumor cells
employ to counteract oxidative stress relies on the propensity of circulating tumor cells to
cluster together (Aceto et al., 2014). Thus, cells clustering together were found to create a
hypoxic pocket in the core of the cluster, which, through HIF1a accumulation, may limit
the oxidative metabolism of carbon and favor the redox-neutral glycolytic route, as well as
trigger mitophagy to cull oxidatively damaged mitochondria (Labuschagne et al., 2019).

The importance of robust ROS defense in facilitating metastasis is further supported by
studies from /n vivo tumorigenesis models. In a melanoma model, circulating tumor cells
and cells from metastatic nodules were found to experience higher levels of oxidative stress
than the subcutaneous tumors (Piskounova et al., 2015); accordingly, both a robust flux
through the one-carbon pathway as well as an increased uptake of lactate were found to

be among the metabolic determinants of successful metastatic growth (Piskounova et al.,
2015; Tasdogan et al., 2020). Both of these adaptations can help augment the cell’s NADPH
production capacity — one via the one-carbon pathway-mediated NADPH production, while
the second one by sparing glucose carbons to be used in the oxidative branch of the

PPP pathway (Figure 5). In contrast to these findings, studies from other tumorigenic
contexts have revealed that elevated levels of ROS may, in fact, facilitate metastasis. Studies
from a mouse pancreatic cancer model have shown that the loss of TIGAR expression,
which compromises the cell’s ability to use PPP as a NADPH source, increased cellular
ROS levels, promoted cell invasiveness and facilitated metastatic colonization of the lung
(Cheung et al., 2020). Whether the difference in level or location of the ROS produced, or
the cell lineage context itself contributes to these disparate outcomes, remains to be further
elucidated.

Oxidative stress, and in particular, oxidative damage to the cellular lipid components, can
lead to ferroptotic cell death. Recent studies have revealed a sophisticated regulation of
ferroptosis by cellular metabolic activities, including iron storage and release, homeostasis
of selenium, phospholipid peroxidation, and cysteine and GSH availability (Jiang et al.,
2021; Zheng and Conrad, 2020). Interestingly, the transit through the lymphatic system
prior to entering the blood environment was found to facilitate melanoma metastasis by
equipping the melanoma cells with better ability to withstand an increased risk of ferroptosis
associated with the iron- and oxygen-rich environment of the blood (Ubellacker et al., 2020).
Multiple mechanisms are likely to underlie the protective effect of such transit through the
lymphatic environment, including the access to ferroptosis-protective agents oleic acid and
glutathione, both of which are particularly abundant in lymph (Ubellacker et al., 2020).

The mechanism behind the protective role of oleic acid in ferroptosis is a topic of active
investigation, but might at least in part be due to oleic acid, a MUFA, competing with, and
thereby reducing the presence of PUFA species in the cellular membranes (Magtanong et al.,
2019). Indeed, as PUFA species contain multiple double bonds in their chemical structure,
they can sustain the most profound oxidative damage from ferroptosis, negatively affecting
membrane function and cell integrity and survival.

Targeting metabolic mechanisms that protect cells from ferroptosis have emerged as
promising therapeutic interventions in pre-clinical studies. For example, blocking sterol
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regulatory element-binding protein (SREBP)-mediated lipogenesis was found to synergize
with perturbations of the glutathione peroxidase 4 (GPX4) defense mechanism to induce
ferroptosis in PI3K-mutated cancer cells (Yi et al., 2020). In addition to the GPX4-
dependent ferroptosis defense system, the oxidoreductase ferroptosis suppressor protein

1 (FSP1) was recently found to produce ubiquinol from ubiquinone to serve as a ROS
scavenger, thereby revealing a glutathione-independent ferroptosis defense mechanism
(Bersuker et al., 2019; Doll et al., 2019). Accordingly, DHODH-mediated ubiquinol
production was reported as a targetable vulnerability in cancer cells with low GPX4
expression (Mao et al., 2021). Taken together, the process of tumorigenesis often exposes
cancer cells to elevated oxidative stress that has the potential to be exploited therapeutically
in the future.

INCREASED DEMAND FOR NITROGEN

Carbon sources can serve as structural intermediates for biosynthesis or become oxidized
to generate energy or support NADPH production. In contrast, reduced nitrogen is used for
macromolecular synthesis or converted to waste. Increased nitrogen demand is uniquely
associated with proliferation. Consequently, deregulated proliferation of cancer cells
preferentially depletes the microenvironment of the preferred growth-supporting nitrogen
donors — most prominently, glutamine. To maintain growth and proliferation even after
exhausting the supply of preferred exogenous sources of reduced nitrogen, cancer cells
therefore must rely on adaptations that allow them to use - and reuse - the alternative
nitrogen sources at their disposal.

Glutamine is a preferred nitrogen-providing nutrient in animals (Bott et al., 2019a). Given a
uniquely high demand for it, glutamine levels are maintained at an approximately 600-700
UM in circulation — almost an order of magnitude higher than other amino acids (Marchesini
et al., 1983). During an injury or a systemic infection, circulating glutamine levels become
depleted; furthermore, a local depletion of glutamine levels is observed in both solid tumors
and in healing wounds. For example, a recent study has found the levels of free glutamine

in the interstitial fluid of mammary tumor allografts to be as low as 100 uM (Edwards

et al., 2021). However, not all tumors are equally glutamine-limited — for instance, in

some genetically engineered models of murine cancers, glutamine concentration in the
tumor interstitial fluid has been reported to be the same as in circulation (Sullivan et al.,
2019). Tumors have also been reported to produce glutamine de novo from glutamate and
free ammonium via glutamine synthetase (also known as glutamate-ammonia ligase, or
GLUL)-driven reaction (Figure 6A). A number of tumorigenesis-associated transcription
factors, including c-myc (Bott et al., 2015) and Yap (Cox et al., 2016) can upregulate
GLUL expression in various cellular contexts. In addition to being regulated at the level of
gene expression, glutamine depletion also triggers GLUL accumulation at the protein level
(Nguyen et al., 2016). Indeed, tumor-specific deletion of GLUL was shown to severely delay
tumor formation in a genetically engineered mouse model (Bott et al., 2019b).

The demand for glutamine can rise even further in hypoxic conditions, when molecular
oxygen levels fall below the level necessary to maintain the flow of electrons through the
ETC to regenerate NAD+ from NADH (Metallo et al., 2011). In this metabolic scenario,
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glutamine-derived a—ketoglutarate can provide the cancer cell with a source of citrate to
support de novo lipogenesis, making use of the reversibility of the IDH1-catalyzed reaction
— a phenomenon termed reductive carboxylation. Mutant EGFR-driven non-small cell lung
carcinoma cell lines have been reported to engage in a reductive flux from a-ketoglutarate
to citrate even in the presence of oxygen as a result of EGFR-driven phosphorylation of
the IDH1’s Y42 and Y391 tyrosine residues (Chen et al., 2019a; Chen et al., 2019b).

Such an adaptation, while elevating the demand for glutamine, may help reduce TCA
cycle-generated reductive stress.

A cell has more than one option at its disposal for converting glutamate to a-ketoglutarate.
One of these options involves oxidative deamination of glutamate into a-ketoglutarate via
the glutamate dehydrogenase (GDH)-catalyzed reaction, which releases free ammonium.
Alternatively, a-ketoglutarate can be produced via transamination, in which the amino group
of glutamate is transferred via a transaminase enzyme onto one of the available ketoacid
acceptors, generating non-essential amino acids such as aspartate, serine and alanine (Figure
6B). Notably, proliferating mammary epithelial cells were found to favor the transamination
route over the GDH-driven deamination, while quiescent cells opted for the GDH option
(Coloff et al., 2016). Such an adaptation may allow proliferating cells to maximize the use of
available amino group reserves to optimally support non-essential amino acid synthesis.

TCA cycle-generated a-ketoglutarate can also give rise to glutamate using the

reversibility of the GDH-catalyzed reaction. Ammonium often accumulates in the tumor
microenvironment, and can reach up to 3 mM. At this level of ammonium accumulation,
cells were found to utilize the reverse direction of the GDH-driven reaction, which allows
them to produce glutamate and use it to fuel the synthesis of other non-essential amino acids
(Figure 6C) (Spinelli et al., 2017).

A unique ammonium-scavenging adaptation that is characteristic to transformed cells
harboring a specific oncogenic lesion involves a non-canonical route of carbamoyl
phosphate synthesis - the initiating step for building pyrimidine bases (Kim et al., 2017).
Proliferating cells produce carbamoyl phosphate synthesis via the multifunctional CAD
enzyme in a reaction that requires glutamine as an amide donor. However, non-small

cell lung carcinoma cells that harbor the combination of a mutant KRAS allele and the

loss of the tumor suppressor LKB1 were found to express a different carbamoy! phosphate-
producing enzyme, carbamoyl phosphate synthetase 1 (CPS1). Notably, CPS1 produces
carbamoy! phosphate in a more economical manner than the CAD enzyme: while CAD
requires glutamine as a source of nitrogen, CPS1 can use free ammonium ion instead (Figure
6D). Normally, CPS1 expression is restricted to the liver, where it works to facilitate the
ammonium clearance via the urea cycle. However, in the context of LKB1 loss, CPS1
becomes aberrantly upregulated and is used by cancer cells to fulfill a critical anabolic

role (Kim et al., 2017). Opting out of a costly CAD-catalyzed reaction in favor of a more
economical CPS1-catalyzed route allows a cell to eliminate a portion of its glutamine
requirement and freeing up remaining glutamine for other biosynthetic needs.

Some tumor cells can also increase their pyrimidine synthesis by reducing the flux of
aspartate into the urea cycle (Figure 6E). Most normal cells can utilize aspartate to initiate
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the clearance of excess reduced nitrogen in the urea cycle in a reaction catalyzed by

the enzyme argininosuccinate synthase 1 (ASS1). However, many solid tumors, including
pancreatic cancer, prostate cancer and melanoma, lose the ASS1 expression, predominantly
due to its epigenetic silencing (Delage et al., 2010). The hypoxia-associated acidification

of the extracellular milieu can further contribute to the ASS1 downregulation in a non-cell-
autonomous manner (Silberman et al., 2019). Without aspartate being consumed to initiate
the clearance of excess reduced nitrogen, proliferating cancer cells can afford to divert

more of the available aspartate supply towards pyrimidine biosynthesis (Rabinovich et al.,
2015). However, the loss of ASS1 expression comes at a cost as it blocks the ability of

cells to regenerate arginine from citrulline in the urea cycle, making them vulnerable to the
exogenous depletion of arginine. Accordingly, arginine-depleting therapeutic strategies, such
as PEGylated recombinant arginase enzyme are being explored as a potential metabolic
therapy intervention in these tumor contexts (Zou et al., 2019). Furthermore, cancer

cells with downregulated ASS1 or other urea cycle enzymes display a characteristically
imbalanced pyrimidine-to-purine ratio, which, in turn, is associated with a higher mutational
burden in this subset of cancers — a feature that makes transformed cells more “visible”

to the antitumor immune attack and thus susceptible to immune checkpoint inhibitor
therapeutics (Lee et al., 2018).

HETEROGENEITY OF METABOLIC ADAPTATIONS

Cancer can arise from a variety of tissues and cell types with distinct physiologic differences
in metabolism; moreover, tumors may harbor different combinations of transforming
oncogenic lesions. A combination of these factors can help create tumors with distinct
metabolic characteristics. As cancer cells leave the tissue of origin and colonize other organs
they can be potentially constrained by the tissue microenvironment of the organ to which
they metastasize. As a result, the diversity of cancer-associated metabolic portraits is shaped
both by factors intrinsic to cancer cells as well as the specifics of the metabolic terrain they
encounter (Figure 7).

Some oncogenic lesions harbored by cancer cells are directly responsible for modulating
specific metabolic pathways in a manner that facilitates tumorigenesis. Several clear
examples have emerged, including the pseudohypoxic state established by the HIF1a

and HIF2a transcription factor stabilization in Von Hippel Lindau factor (VHL)-deficient
renal cell carcinomas (Bratslavsky et al., 2007), an increased reliance on glutaminolysis-
dependent glutamate supply for powering the import of cystine in tumors that have lost
the KEAP1 tumor suppressor expression (Romero et al., 2017) and constitutively activated
reductive metabolism of a-ketoglutarate in a subset of EGFR-transformed non-small cell
lung carcinomas (Chen et al., 2019b). Even within the same tissue-of-origin context,
expression of different driver oncogenes can sometimes lead to not only different but even
opposite metabolic outcomes — for instance, ¢c-Met receptor tyrosine kinase-transformed
liver tumors were shown to upregulate GLUL and accumulate glutamine, whereas c-myc-
transformed tumors of the same origin were found to deplete glutamine form their
environment (Yuneva et al., 2012).
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The tissue of origin is another important factor that determines how cancer cells engage
their metabolic pathways and support growth. As mentioned above, liver tumors driven

by the transgenic c-myc expression consume glutamine; in contrast, ¢-myc-driven lung
tumorigenesis is associated with GLUL expression and glutamine production (Yuneva et
al., 2012). Similarly, lung tumorigenesis driven by a combination of Krasoncogene and
Trp53inactivation rely on catabolism of branched-chain amino acids (BCAAS) as nutrients,
whereas pancreatic tumors driven by the same transforming genetic combination do not
catabolize BCAAs (Mayers et al., 2016).

Evidence from genetically engineered animal tumor models is further corroborated by the
transcriptomic analysis of human tumors and corresponding normal tissues. These studies
reveal that transformed cells retain the distinguishing metabolic gene expression patterns

of their tissue of origin (Gaude and Frezza, 2016; Hu et al., 2013). Thus, despite the
accumulation of genetic perturbations, tumors retain the pre-existing metabolic features of
their native tissue. However, during transformation, these pre-existing metabolic properties
are repurposed to support anabolic growth. In some tumors, these pre-existing metabolic
phenotypes become amplified genetically. For instance, amplification of PHGDH, a limiting
enzyme for de novo serine biosynthesis is frequently found in tumors that arise from
basal-like mammary epithelial cell subtypes with characteristically high native expression of
PHGDH (Gromova et al., 2015); similarly, amplifications of NARPT, an enzyme that drives
the de novo synthesis of NAD+, are detected in cancers that arise from tissues with high
native NARPT expression (Chowdhry et al., 2019). Conversely, some metabolic enzymes
act as bona fide tumor suppressors in select tissues. This is exemplified by the uniform loss
of the rate-limiting gluconeogenic enzyme fructose-1,6-bisphosphatase 1 (FBP1) expression
in tumors that originate from liver and kidney — two professional gluconeogenic tissues.
Loss of FBP1 appears to exert a wide range of tumor-promoting effects, among which are
promotion of aerobic glycolysis, activation of HIF1a transcription factor as well as the
ability to foster tumor-promoting characteristics in other cells in the tumor vicinity - such as
in hepatic stellate cells (Li et al., 2014; Li et al., 2020).

One prominent example of heterogeneity of metabolic adaptations is the preference for a
particular anaplerotic substrate for the TCA cycle. Two contrasting anaplerotic strategies
predominate in transformed cells — one in which the refilling of the TCA cycle takes place
at the point of a-ketoglutarate, which is derived from the catabolism of glutamine, and the
second one in which the pool of the TCA intermediate oxaloacetate is replenished through
the carboxylation of pyruvate in a pyruvate carboxylase (PC)-driven reaction.

Though glutamine-mediated anaplerosis is near-universal in cultured cells, cells can reorient
their carbon flow and switch to PC-driven anaplerosis when glutamine is depleted (Cheng
etal., 2011). Interestingly, /7 vivo studies with 13C carbon isotope-containing glucose
infusions demonstrate that the preference for a particular anaplerotic route depends on

a tumor type. Indeed, pancreatic and lung tumors were found to favor the PC-mediated
anaplerotic route and required it for growth (Lau et al., 2020; Sellers et al., 2015). In
contrast, 13C carbon infusion studies in xenografts of colorectal origin have revealed

that these tumors utilized glutamine as their anaplerotic source (Zhao et al., 2019). The
dependence on a particular anaplerotic strategy may further point to the link between the
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metabolic character of the tissue of origin and the tumors arising from it. For instance,
neither lung tumors nor normal lung were found to be net glutamine consumers (Davidson et
al., 2016), a pattern that is also consistent with the role the lung tissue plays in supplying de
novo synthesized glutamine for the body in conditions when circulating levels of glutamine
are compromised (Labow and Souba, 2000).

Resumption of growth in the context of a newly colonized organ requires metastatic cancer
cells to adapt to a different nutrient microenvironment compared to their native tissue.
Depending on the context, such adaptations may involve taking advantage of the substrates
that are abundant at a new site while adapting to the limited quantities of other nutrients. For
instance, central nervous system is relatively depleted of nutrients such as lipids, compared
to other metastatic niches. Accordingly, tumors that metastasize to the brain rely on the de
novo synthesis of fatty acids (Ferraro et al., 2021). In addition, the ability to synthesize
asparagine de novo was shown to be required for the metastasis of mammary carcinoma
cells to the lung, but not for the growth of primary tumors (Knott et al., 2018).

Not only the limitation, but the surplus of select nutrients can contribute to shaping the
metabolic character of cancer cells that colonize it. For example, mammary tumors that
metastasize to either lung or bone are highly dependent on PGC1la expression and the
mitochondrial route of carbon metabolism (Andrzejewski et al., 2017), whereas their liver-
bound counterparts are, in contrast, highly glycolytic and rely on high PDK1 expression,
which reduces the entry of glucose carbon into the mitochondria (Dupuy et al., 2015). The
highly glycolytic nature of liver metastases may reflect the cells taking advantage of the
abundant supply of glucose in liver tissue. In contrast, colorectal tumors that metastasize

to liver display an ability to metabolize another sugar that is abundant in this nutrient-rich
organ — fructose. To this end, liver metastatic clones from colorectal tumors are selected

to express high levels of aldolase B (ALDOB), which allows them to use fructose as a
glycolytic substrate (Bu et al., 2018). Similarly, mammary tumor cells that metastasize to
the lung elevate their use of pyruvate as an anaplerotic substrate as compared to primary
tumors — an adaptation that allows them to take advantage of high pyruvate levels in the lung
(Christen et al., 2016). This finding reveals that not only primary lung tumors (Sellers et
al., 2015), but also tumors that metastasize to the lung can take advantage of the increased
pyruvate supply in the lung tissue, further underscoring the role of the nutrient composition
of the surrounding milieu in shaping the tumor metabolic character.

ALTERATIONS IN METABOLITE-DRIVEN SIGNALING EVENTS

The activity of a variety of regulatory pathways can be influenced by the availability

and abundance of particular metabolites. For example, cells use the AMP/ATP ratio to
inform signaling events through kinases such as AMPK (Hardie, 2011). Glutamine and the
glycolytic intermediate, fructose-6-phosphate, are essential substrates for the hexosamine
biosynthetic pathway. The levels of these metabolites directly influence the production of
UDP-N-acetylglucosamine (UDP-GIcNAC) that is essential for protein glycosylation and the
surface expression of certain growth factor receptors (Wellen et al., 2010). In addition, the
O-linked GIcNAc transferase (OGT) is often upregulated in a variety of cancer types and can
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sustain oncogenic signaling pathways through stable glycosylation on serine/threonine sites
of proteins involved in signal transduction (Lynch et al., 2012; Ma et al., 2013).

Nutrient availability also regulates gene expression epigenetically through its effects on
DNA and histone modifications. Acetyl-CoA and S-adenosylmethionine (SAM) are required
substrates of acetyl- and methyl-transferases respectively, which add post-translational
modifications to histone proteins and modulate transcription of the associated DNA.

Other metabolites found to modify histone and non-histone proteins include succinyl-CoA,
crotonyl-CoA and lactate (Tan et al., 2011; Zhang et al., 2019; Zhang et al., 2011),

although their physiological significance remains to be further characterized. During
histone deacetylation, NAD+ is a required reactant to support the enzymatic action of

the Sirtuin family deacetylases. Similarly, histone and DNA methylation marks can be
reversed; a-ketoglutarate is required for the function of dioxygenases including ten eleven
translocation (TET) DNA hydroxylases/demethylases and JmjC domain-containing (JMJD)
histone demethylases (Figure 8). Perturbations of these metabolite-dependent chromatin
modifying processes can contribute to tumorigenesis. Owing to the structural similarity to
a-ketoglutarate, succinate and fumarate act as competitive inhibitors of the a-ketoglutarate-
dependent dioxygenases. Mutations in succinate dehydrogenase (SDH) occur frequently in
familial paragangliomas, and fumarate hydratase (FH) is a tumor suppressor frequently lost
in leiomyomas and renal cell cancer. Cancer-associated mutations in these genes can lead
to the accumulation of succinate and fumarate respectively and the inhibition of DNA and
histone demethylases. Similarly, oncogenic mutations in isocitrate dehydrogenase 1 (IDH1)
or IDH2 are prevalent in glioma, acute myeloid leukemia (AML), cholangiocarcinoma

and chondrosarcoma. Mutant IDH converts a-ketoglutarate to D-2-hydroxyglutarate (D-2-
HG), which competitively inhibits a-ketoglutarate-dependent dioxygenases (Figure 8).

As a result, these cancer types often display a hypermethylated genome that represses

the cellular differentiation program and promotes tumorigenesis. A similar pattern of
dioxygenase inhibition and associated with it hypermethylated epigenetic landscape can be
triggered by the accumulation of the D-2-HG enantiomer L-2-hydroxyglutarate (L-2-HG).
Accumulation of L-2-HG occurs independently of isocitrate dehydrogenase enzyme activity
and is instead driven by the low pH-associated changes in substrate specificity of at least two
dehydrogenase enzymes (specifically, lactate and malate dehydrogenase), as well as, in the
context of renal cell carcinoma cells, loss of L-2-HG dehydrogenase (L2HGDH), which is
required to decrease L-2-HG (Intlekofer et al. 2015; Shim et al., 2014).

Metabolite-driven regulation of gene expression extends to the modification of RNA.
Reduction in the SAM to S-adenosylhomocysteine (SAM/SAH) ratio following methionine
restriction reduces the activity of the N6-adenosine methyltransferase METTL16, which
methylates mMRNA and promotes translation. In contrast, the activation of mMTORC1
downstream of growth factor or oncogenic signaling can stimulate m8A mRNA methylation
via Wilms’ tumor 1-associating protein (WTAP) expression and SAM synthesis, which

in turn promotes tumor cell growth by enhancing mRNA translation (Cho et al., 2021;

Villa et al., 2021). Interestingly, like their DNA and protein counterparts, the RNA

mOA demethylases, fat mass and obesity-associated protein (FTO) and alkB homolog 5
(ALKBHD), are a-ketoglutarate-dependent dioxygenases, and their activities are promoted
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by the presence of a-ketoglutarate, iron and oxygen, and are inhibited by 2-hydroxyglutarate
produced by mutant IDH enzymes (Kim and Lee, 2021; Su et al., 2018) (Figure 8).

Protein synthesis can be also regulated by nutrient supply independently of post-translational
mRNA modifications. In amino acid-depleted environments, glutamine-specific tRNA
isoacceptors became selectively uncharged, while other tRNAs retain charging of their
cognate amino acids (Pavlova et al., 2020). Reduced availability of charged tRNACIN
preferentially triggers the depletion of proteins containing polyglutamine tracts, which are
overrepresented among the components of the gene transcription machinery, and therefore
may alter cellular transcriptional output (Pavlova et al., 2020). Taken together, nutrient status
and metabolite abundance regulate intracellular signaling cascade and gene expression at
multiple levels, and as a result can contribute to tumorigenesis.

METABOLIC INTERACTIONS WITH THE TUMOR MICROENVIRONMENT

Metazoan tissues consist not only of cells that carry out the primary tissue function, but
also of a variety of accessory, or stromal, cell types, including fibroblasts, immune cells
and endothelial cells. Stromal cells play supportive roles that help maintain the tissue
homeostasis, as well as coordinate tissue repair in an event of an injury. Transformed cells
do not cut ties with this support network - on the contrary, their pro-proliferative state

can influence stromal cell behavior, often co-opting stromal cells to engage in tissue repair
activities that can promote cancer cell survival and expansion (Dvorak, 1986; Foster et

al., 2018). While a complex messaging system consisting of numerous growth factors and
cytokines has been implicated in this cross-talk (TIsty and Coussens, 2006), there is a
growing appreciation that the metabolic factors within the tumor microenvironment (TME)
also play an important role in establishing and maintaining the wound healing-like state
observed in growing tumors (Morandi et al., 2016; Schworer et al., 2019) (Figure 9).

Tissue repair is an immense anabolic event in itself, and transformed cells are not the only
cells of the TME that have an active anabolic metabolism. In fact, in some tumorigenic
contexts, transformed cells represent a minority of cells within the growing tumor mass
(Neesse et al., 2011). Consequently, the metabolic activity of the stromal component

can be a potent shaping force in the TME. However, while the metabolic objective

of transformed cells is to build more of themselves, the metabolic phenotypes of the
tumor-associated stromal cells are dictated by the more circumscribed roles they play in
tissue homeostasis. For instance, many solid tumor types are populated by abundant cancer-
associated fibroblasts (CAFs) that are recruited from the local tissue fibroblast populations
and synthesize ample quantities of extracellular matrix (ECM). Interestingly, matrix proteins
are highly enriched in proline and glycine (Schworer et al., 2020), and the production of
tumor matrix consumes large quantities of these amino acids. TGFp, a potent inducer of
ECM production in fibroblasts, was shown to coordinate a robust anabolic program in these
cells which allows them to increase the uptake of both glucose and glutamine, promoting the
synthesis of glycine from glucose via the serine synthetic pathway as well as production of
proline from glutamine (Schworer et al., 2020). Thus, the anabolic metabolism of CAFs can
contribute to the glucose and glutamine depletion observed in many growing tumors.
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Under some circumstances, tissue-specific fibroblasts can also provide nutritional support to
tumors through synthesis and/or release of non-essential amino acids or the keto acids of
essential amino acids. For instance, ovarian cancer-associated fibroblasts can synthesize and
release glutamine into the TME (Yang et al., 2016), while the pancreatic cancer-associated
fibroblasts, or stellate cells, were found to supply the TME with alanine (Sousa et al., 2016)
and the keto acids of BCAASs (Zhu et al., 2020). To support the production and/or recycling
of amino acids and keto acids into the TME, it appears that some fibroblasts in growing
tumors engage in the macropinocytosis of soluble extracellular proteins to help augment
amino acid supplies for their production of matrix and release of surplus amino acids and
keto acids into the TME (Zhang et al., 2021).

The deposition of the dense lattices of ECM can also alter the biophysical properties of

the TME, resulting in the stiffening of the substrates on which cells anchor themselves

to (Kalli and Stylianopoulos, 2018). Encountering a stiff, rather than a soft, substratum
acts as a physical cue that alters the properties of the embedded cancer cells (Bertero et

al., 2019). The excess ECM build-up can lead to the collapse of the existing capillary
network within the TME (Stylianopoulos et al., 2013), which could further exacerbate the
limited solute and gas exchange between the tumor and the circulation. Oxygen availability
in particular is lower across a spectrum of solid tumors compared to the surrounding

tissue (Muz et al., 2015) , and is a parameter that is particularly important for shaping

the metabolic characteristics of the TME. Among its many effects, insufficient oxygen
availability promotes enhanced glucose consumption and its conversion to lactate, increased
consumption of glutamine as a result of the reliance on glutamine-dependent reductive
carboxylation (Metallo et al., 2011), acidification of the tumor extracellular milieu, and
resultant epigenetic changes (Intlekofer et al., 2015).

Hypoxic niches rich in lactate can induce resident innate immune cells such as type

Il macrophages to release VEGF, a growth factor that stimulates the endothelial cell
recruitment and new capillary growth and branching (Carmona-Fontaine et al., 2017;
Colegio et al., 2014). In addition to VEGF, endothelial cells integrate a number of TME-
associated metabolic stimuli into their decision-making. Among angiogenesis-promoting
metabolic stimuli is the buildup of gasotransmitters such as arginine-derived nitric oxide
(Gallo et al., 1998) and cysteine-derived hydrogen sulfide, as well as amino acid depletion in
the TME (Longchamp et al., 2018). Taken together, the diversity of the TME-shaping stimuli
and their effects therefore result in a complex and dynamic picture, in which the activities

of various TME-associated factors either help deplete or restore supplies of nutrients to the
tumor.

For effector T cells - the immune cell population at the forefront of the antitumor immune
attack - the nutrient-depleted metabolic terrain of the TME is particularly restricting. Upon
antigen stimulation, T lymphocytes switch from quiescence to a robustly anabolic state — an
adaptation that fuels their proliferation and differentiation into tumor-killing effector cells.
As a result, nutrient depletion can derail T cell activation and function more easily than other
cell types. For example, T cells are markedly dependent on the exogenous uptake of non-
essential amino acids — such as serine (Ma et al., 2017) and alanine (Ron-Harel et al., 2019)
in lieu of an ability to synthesize these nutrients de novo. Moreover, T cell activation is also
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exquisitely sensitive to the depletion of glutamine and glucose (Ho et al., 2015). In addition,
effector T cells are sensitive to increased levels of oxidative stress in the TME, which can
trigger a so-called exhaustion phenotype (Vardhana et al., 2020). Moreover, transformed
cells and their non-transformed TME associates, such as type Il macrophages, further help
suppress the T cell populations by engaging in elimination of nutrients required to sustain T
cell effector function. To this end, both cancer cells and tumor-associated macrophages were
shown to secrete amino acid-catabolic enzymes indoleamine 2,3-dioxygenase 1 (IDO1) that
degrade tryptophan, which further hampers T cell effector function and, similarly to glucose
depletion, leads to the emergence of the immunosuppressive Tyeq population (McGaha et al.,
2012).

Given that tumors with low effector T cell populations fail to respond to immune checkpoint
inhibitor therapies (Mariathasan et al., 2018), normalizing the metabolic state of the TME

to counteract the tumor-promoting cell populations and enhance the tumoricidal activities of
the T cells has potential to enhance the success and the durability of immunotherapy. Thus,
a recent study has shown that blocking glutamine utilization by mammary tumor cells via
GLS1 deletion can increase glutamine levels in the TME by almost an order of magnitude,
thereby promoting the T cell antioxidant capacity and enhancing their infiltration into the
tumor (Edwards et al., 2021). Similarly, tumor-inhibitory effects have been reported with
inhibitors of IDO1-mediated tryptophan degradation (Tang et al., 2021).

Taken together, the TME represents a complex metabolic ecosystem in which multiple
metabolically active cell types contribute to the emergence of a tumor-specific metabolic
milieu that in turn, modulates the behavior of its cellular components and facilitates tumor
expansion. Though numerous metabolic interactions between the individual components of
the tumor have been described, the complete rulebook of the TME metabolic economy
continues to be elucidated. For instance, /n7 vivo metabolic tracer experiments in a mouse
model of a colorectal carcinoma have recently revealed that TME-residing cells do not
utilize nutrients in equal measure — that is, transformed cells were found to be the dominant
consumers of glutamine but the lion’s share of glucose went to cells of the myeloid lineage,
such as macrophages (Reinfeld et al., 2021). Finally, new cell types continue to be added to
the cast of characters within the TME that support the anabolic metabolism of transformed
cells. Among such cell types are cancer-associated adipocytes, which can serve as providers
of fatty acids in melanoma (Zhang et al., 2018), as well as tumor-associated neurons, which
were found to act as an unexpected source of serine for the pancreatic cancer cells (Banh et
al., 2020).

INTEGRATION INTO THE WHOLE-BODY METABOLIC ECONOMY

There is increasing evidence that carcinogenesis is influenced by organismal metabolic
regulation. Thus, metabolic changes associated with obesity and type 11 diabetes appear

to play an important role in facilitating tumorigenesis. In addition, an aging-associated
increase in serum methylmalonic acid has recently been implicated in directly promoting the
aggressive behavior of cancer cells (Gomes et al., 2020). Furthermore, some tumors display
an ability to influence the metabolic state of an entire organism through mechanisms that

are only just beginning to be unraveled (Figure 10). Determining the mechanisms underlying
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these observations may help instruct strategies for cancer prevention, early detection and
novel therapeutic interventions.

Compelling epidemiologic evidence indicates that obesity and type Il diabetes are prominent
risk factors for numerous types of cancer (Arnold et al., 2015; Gallagher and LeRoith,
2015). Fasting plasma glucose levels are characteristically elevated (up to 7 mM from a
healthy 4-5 mM) in individuals with type Il diabetes. By itself, this increase is unlikely

to provide cancer cells with extra glucose. This is because GLUT1, the major glucose
transporter expressed by cancer cells, already operates at a maximal capacity even at
physiologic levels of glucose (Gorovits and Charron, 2003). Thus, the access of cancer

cells to glucose is unlikely to be directly impacted by abnormally elevated plasma glucose.

Even at high levels of extracellular glucose, the influx of glucose into most cells is
controlled primarily by the ligand-mediated activation of cell- and tissue-specific receptor
tyrosine kinases, which in turn, regulate the relative expression and cell surface localization
of GLUTL. While tissue-specific metabolism is controlled by locally produced growth
factors, such as EGF, PDGF, or FGF, nutrient utilization on the organismal scale is governed
by systemically circulating factors that act upon a variety of tissues at the same time. These
factors include insulin, which is produced almost exclusively by the pancreas, as well as
insulin-like growth factor (IGF-I), which is produced by the liver as well as a variety of local
tissue sites and influenced by central nervous system production of growth hormone (Pollak,
2012).

As the ability of insulin to facilitate glucose uptake into insulin-dependent tissues such as
muscle, becomes impaired in individuals with metabolic syndrome and type Il diabetes,
circulating levels of insulin and IGF-I undergo a compensatory increase. Compelling genetic
and pharmacologic evidence indicates that systemic increases in IGF-1 in particular play

a prominent role in tumorigenesis. Indeed, though they are rarely mutated, receptors for
IGF1 are frequently overactive in tumors — e.g. up to 50% of breast cancers were found to
show signs of increased IGF-1 receptor activity, which is associated with poor survival (Law
et al., 2008). Moreover, the growth of orthotopically transplanted and carcinogen-induced
tumors was found to be enhanced in mice with elevated IGF-1 levels (de Ostrovich et

al., 2008; Wu et al., 2002). Loss-of-function genetic evidence from both animal models

and human populations also lends further support for the involvement of the systemic

IGF-I signaling in tumorigenesis. Thus, a homozygous deletion of IGF-I receptor or a

dual ablation of its proximal effectors IRS1 and IRS2 were shown to markedly delay
Kras-driven tumorigenesis in mice (Klinakis et al., 2009; Xu et al., 2018). Evidence from
human population studies also implicates IGF-1 signaling in tumorigenesis. Indeed, cancer is
all but absent among individuals with congenital IGF-I deficiency syndromes, such as Laron
syndrome (Steuerman et al., 2011).

Owing to the fact that systemic insulin and IGF-1 release is governed primarily by

food intake, dietary modifications can help reduce the circulating levels of both of these
factors. Indeed, Peyton Rous’ experiments with underfed animals in 1914 provided early
experimental evidence that reduced caloric intake has potential to attenuate tumor growth
(Rous, 1914). Notably, caloric restriction-mediated attenuated tumorigenesis in animals
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could be readily reverted by injecting recombinant IGF-I (Dunn et al., 1997), further
implicating the reduction in IGF-I levels as a key factor in diet-mediated attenuation of
tumor growth. Insulin/IGF-1-normalizing dietary strategies — such as ketogenic (i.e., very
low carbohydrate) diet — were shown to achieve similar tumor inhibitory effects in various
mouse tumor models (Ho et al., 2011; Venkateswaran et al., 2007). On a population level,
treatments to lower extracellular glucose and insulin levels, such as metformin, have been
shown to reduce the incidence of cancer in diabetic patients (Noto et al., 2012). However,
not all tumors are sensitive to caloric restriction or glucose reduction. In particular, tumors
with activating mutations in P1-3 kinase were not affected by dietary restriction in animals,
indicating that tumor genetic identity may play a key role in the extent to which tumors rely
on systemic nutrient uptake signals (Kalaany and Sabatini, 2009).

In addition to co-opting the inputs from the organism-wide metabolic governance factors,
some tumors seem to also influence the metabolic set point of the entire body. The most
prominent manifestation of a tumor-orchestrated takeover of the whole-body metabolism is
a multi-organ catabolic state of cachexia (Porporato, 2016). Cachexia is characterized with
loss of insulin sensitivity across a number of tissues, progressive wasting of skeletal muscle,
heart, liver, adipose and brain tissue, absence of appetite and immune system suppression.
Though not an exclusively cancer-associated phenomenon — i.e., severe trauma or AIDS
are also associated with cachexia — cachexia frequently accompanies cancer at its advanced
stages, and is purported to be a direct cause of death from cancer in at least 20% of
patients (Porporato, 2016). Cachexia can be induced by a number of circulating factors,
including TNFa (originally named cachectin), inflammatory cytokines and glucocorticoid
hormones. Whether these or other factors are directly or indirectly responsible for the
cachexia associated with specific cancer types remains an area of active investigation.

Recently, tumors have also been shown to influence the metabolic state of an organism

is by scrambling normal circadian oscillations in metabolic gene expression in the liver
(Hojo et al., 2017; Masri et al., 2016) and in the adipose tissue (Tsoli et al., 2014).

Whether disruption in the metabolic cycling that accompanies the diurnal cycle contributes
to either cancer growth or the catabolic state exhibited by liver, muscle and fat during cancer
progression remains to be determined.

CONCLUSIONS

Metabolic changes associated with tumorigenesis allow transformed cells to sustain aberrant
accumulation and colonize diverse tissues by escaping tissue homeostatic defenses and
co-opting both the internal signaling mechanisms as well as a spectrum of local tissue

and whole-body resources. Importantly, not only transformed cells themselves, but also the
stromal cells within the TME, as well as metabolic balance of the entire organism become
remodeled in cancer, altogether promoting cancer cell accumulation and dissemination,
reducing the ability of immune system to counteract tumor growth and directly contributing
to cancer-associated lethality. Dissecting the metabolic adaptations tumors rely on

to promote these changes and to sustain growth even in metabolically unfavorable
environments can help instruct novel therapeutic and, potentially, dietary combinations
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that may synergize with existing therapeutic interventions such as chemotherapy, targeted
inhibitors and immune checkpoint blockade approaches.
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Figure 1. Deregulated uptake of glucose and amino acids.
Growth factor stimulation or oncogenic activation triggers the uptake of glucose and

amino acids. Solid arrows depict metabolite movement or metabolic reactions. Dashed
arrows depict regulatory effects of signal transduction components. RTK, receptor tyrosine
kinase; PI3K, phosphoinositide 3-kinase; HK, hexokinase; GLUT1, glucose transporter, also
known as SLC2A1; PHGDH, phosphoglycerate dehydrogenase; MCT, monocarboxylate
transporter; GLS1, glutaminase, also known as GLS.
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Figure 2. Use of central carbon metabolism to support biosynthesis.
(A) Multiple central carbon metabolism intermediates serve as structural building blocks

and/or donors of reducing power to support the deregulated biomass production by
transformed cells. (B) Total NADPH pools can be expanded in both cytosol and
mitochondria to increase reducing power in a compartment-specific manner. Blue arrows
depict anabolic reactions and reaction sequences. Dashed arrows depict sequences of
reactions condensed for brevity. Dotted arrows represent redox cofactor utilization. Colored
“H” in NADPH and NADH represents a hydride anion carrying an extra electron. PPP,
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pentose phosphate pathway; LDH, lactate dehydrogenase; ME1, malic enzyme 1; IDH1,
isocitrate dehydrogenase 1; PDH, pyruvate dehydrogenase; 1C pathway, one-carbon (folate)
pathway; NADK1, NAD kinase 1; NADK2, NAD kinase 2.
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Figure 3. Use of opportunistic modes of nutrient acquisition.
(A) Capture of extracellular proteins by macropinocytosis to recover amino acids. (B)

Uptake of insoluble nutrients, such as iron and cholesterol, through receptor-mediated
endocytosis. (C) Utilization of dying cells and/or necrotic cell debris for nutrient acquisition.
Solid arrows depict movement of metabolites. Dashed arrows depict regulatory effects of
signal transduction components. Tfn, transferrin; LDL, low-density lipoprotein; mTORC1,
mechanistic target of rapamycin, complex 1; PTEN, phosphatase and tensin homolog;
AMPK, AMP-activated protein kinase.
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Figure 4. Expanded need for electron acceptors.
Proliferating cancer cells display a high demand for the regeneration of electron acceptors

including NAD*. DHODH, dihydroorotate dehydrogenase; CoQ, ubiquinone; CoQH,,
ubiquinol; e7, electron.
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Figure 5. Elevated reliance on oxidative stress protection mechanisms.

Cancer cells depend on a variety of metabolic mechanisms to defend oxidative stress,
including upregulated glutathione biosynthesis, increased NADPH regeneration and
suppression of ferroptosis. Solid arrows depict metabolite movement or metabolic reactions.
Dashed arrows depict regulatory effects of signal transduction components. ATF4, activating
transcription factor 4; NRF2, nuclear factor erythroid 2-related factor 2, also known as
NFE2L2; Xc-, system Xc-, cystine/glutamate antiporter; GPX, glutathione peroxidase.
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Figure 6. Increased demand for nitrogen.
Nitrogen-saving strategies used by transformed cells to mitigate the deficit of reduced

nitrogen carriers in the tumor microenvironment. (A) De novo glutamine synthesis;

(B) Preference for transamination of glutamate to a-ketoglutarate as a strategy to
maximize non-essential amino acid synthesis in proliferating cells; (C) De novo glutamate
synthesis; (D) Preference for CPS-I-mediated route of carbamoyl-phosphate production in
LKB1-deificient tumors; (E) Increased availability of aspartate for pyrimidine synthesis
coupled to an increased reliance on arginine import in ASS1-deficient tumors. GLUL;
glutamate-ammonia ligase (glutamine synthetase); GDH1, glutamate dehydrogenase 1;
CAD, carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase;
CPS-1, carbamoyl phosphate synthetase I; ASS1, argininosuccinate synthetase 1.
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Figure 7. Heterogeneity of metabolic adaptations.

Tumor metabolic identity is shaped by both cell-intrinsic factors such as the identity of
transforming genetic lesions and the metabolic phenotype of the cell-of-origin, and by the
availability of metabolites in a specific tissue environment. Glc, glucose; Pyr; pyruvate; Lac,

lactate; GlIn, glutamine.
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Figure 8. Alterations in metabolite-driven signaling events.
The availability and abundance of metabolites regulate signaling events and gene expression.

Solid arrows depict metabolite movement or metabolic reactions. Dashed arrows depict
regulatory effects of signal transduction components. HAT, histone acetyltransferase;

Ac, an acetyl mark; Me, a methyl mark; HMT, histone methyltransferase; DNMT,

DNA methyltransferase; JHDM, Jumonji domain-containing histone demethylase; SAM,
S-adenosylmethionine; SAH, S-adenosylhomocysteine; TET1/2, ten-eleven translocation
methylcytosine dioxygenase 1/2; GEF, guanine nucleotide exchange factor; FTO, fat mass
and obesity-associated protein; ALKBHS5, alkb homolog 5; METTL3, methyltransferase 3;
METTL14, methyltransferase 14; m8A, N6-methyladenosine; a-KG, a-ketoglutarate; 2-HG,

2-hydroxyglutarate.
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Figure 9. Metabolic interactions with the tumor microenvironment.
Tumor cells reshape the behavior of the surrounding stromal compartment in a cell type-

specific manner using both signaling and metabolic influences. TGFB, transforming growth
factor B; ECM, extracellular matrix; Ala, alanine; VEGF, vascular endothelial growth factor;
Met, methionine; Cys, cysteine; ROS, reactive oxygen species.

Cell Metab. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Pavlova et al. Page 47

. IGF-I
Insulin

secreted signaling factors

liver tissue wasting
circadian rhythm
disruption

g

Figure 10. Integration into the whole-body metabolic economy.
Tumors co-opt the signals from systemic metabolic regulatory molecules and release a

variety of soluble factors to modulate the nutrient storage and release across a spectrum of
metabolic organs. IGF-I, insulin-like growth factor I. Created with BioRender.
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