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Tumors reprogram pathways of nutrient acquisition and metabolism to meet the bioenergetic, biosynthetic,
and redox demands of malignant cells. These reprogrammed activities are now recognized as hallmarks of
cancer, and recent work has uncovered remarkable flexibility in the specific pathways activated by tumor cells
to support these key functions. In this perspective, we provide a conceptual framework to understand how and
why metabolic reprogramming occurs in tumor cells, and the mechanisms linking altered metabolism to tumor-
igenesis and metastasis. Understanding these concepts will progressively support the development of new strat-

egies to treat human cancer.

INTRODUCTION AND OVERARCHING PRINCIPLES

Cancer metabolism is one of the oldest areas of research in cancer
biology, predating the discovery of oncogenes and tumor suppressors
by some 50 years. The field is based on the principle that metabolic
activities are altered in cancer cells relative to normal cells, and that
these alterations support the acquisition and maintenance of malig-
nant properties. Because some altered metabolic features are observed
quite generally across many types of cancer cells, reprogrammed me-
tabolism is considered a hallmark of cancer (I, 2). Precisely how me-
tabolism becomes reprogrammed in cancer cells, whose functions or
malignant properties are enabled by these activities, and how to ex-
ploit metabolic changes for therapeutic benefit are among the key
questions driving research in the field.

This review covers several fundamental principles in cancer metab-
olism, with the goal of introducing non-experts to the concepts mo-
tivating ongoing research. With the explosion of research in cancer
metabolism over the past decade, no single review can possibly cover
it all. The sections below highlight some of the essential, recent papers
supporting these core principles. An overarching theme in cancer me-
tabolism is that reprogrammed activities improve cellular fitness to
provide a selective advantage during tumorigenesis. Most of the clas-
sical examples of reprogrammed activities either support cell survival
under stressful conditions or allow cells to grow and proliferate at path-
ologically elevated levels. Three of these—altered bioenergetics,
enhanced biosynthesis, and redox balance—are discussed at length be-
low. It logically flows that if these activities provide benefit to the ma-
lignant cell, then some of them might be suitable therapeutic targets.
This rendering of cancer metabolism is supported by many examples
in which inhibition of an enhanced metabolic activity results in im-
paired growth of experimental tumors (3, 4). In some cases, the par-
ticular metabolic liabilities of cancer cells have been translated into
effective therapies in human cancer. Asparaginase, an enzyme that
converts the amino acid asparagine to aspartic acid and ammonia, is
an essential component of treatment for acute lymphoblastic leukemia
(ALL) (5). Because of their high rates of protein synthesis and poor
ability to synthesize asparagine de novo, ALL cells require a constant
supply of asparagine from the plasma. This supply is essentially elimi-
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nated by systemic administration of asparaginase. Ultimately, effective
metabolic therapy will require defining the stage of tumor progression
in which each pathway provides its benefit to the cancer cell. Some
activities first become essential very early in tumorigenesis as the nas-
cent tumor begins to experience nutrient limitations (6). In other cases,
altered pathways may be dispensable in primary tumors but essential
for metastasis (7, 8). Because new therapeutic targets are nominated
from simple experimental models like cultured cells, it will be essential
to define their context-specific roles in biologically accurate models of
tumor initiation and progression.

METABOLIC REPROGRAMMING AND ONCOMETABOLITES
IN CANCER

Altered metabolic activity supports anabolic growth during nutrient-
replete conditions, catabolism to support cell survival during nutrient
limitation, and fortification of redox homeostatic systems to counter-
act the metabolic effects of oncogene activation, tumor suppressor
loss, and other stresses (9). Discovery and characterization of repro-
grammed activities may provide opportunities to image tumor tissue
noninvasively, predict tumor behavior, and prevent tumor progression
by blocking essential pathways. It is important to differentiate “meta-
bolic reprogramming” from “oncometabolites,” two terms widely used
in the recent cancer metabolism literature (10). We propose that the
term metabolic reprogramming be used to describe conventional
metabolic pathways whose activities are enhanced or suppressed in
tumor cells relative to benign tissues as a consequence of tumorigenic
mutations and/or other factors. Oncometabolite is a relatively new
term that refers to metabolites whose abundance increases markedly
in tumors. We suggest that this term be reserved for metabolites for
which (i) there is a clear mechanism connecting a specific mutation in
the tumor to accumulation of the metabolite, and (ii) there is
compelling evidence for involvement of the metabolite in the develop-
ment of malignancy.

The classical example of a reprogrammed metabolic pathway in
cancer is the Warburg effect or aerobic glycolysis (11). Glycolysis is
a physiological response to hypoxia in normal tissues, but Otto Warburg
in the 1920s observed that tumor slices and ascites cancer cells
constitutively take up glucose and produce lactate regardless of oxygen
availability, an observation that has been seen in many types of cancer
cells and tumors (12). The increase in glycolytic flux allows glycolytic
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Fig. 3. Anabolic pathways that promote growth. Glucose metabolism generates glycolytic intermediates that can supply subsidiary pathways including
the hexosamine pathway, PPP, and one-carbon metabolism, all of which support cell growth. Mitochondrial TCA cycle intermediates such as oxaloacetate
(OAA) and citrate are used to generate cytosolic aspartate and acetyl-CoA for nucleotide and lipid synthesis, respectively. Mitochondria also generate H,0,
and acetyl-CoA for redox signaling and acetylation, respectively. NADPH is used to drive anabolic reactions and to maintain antioxidant capacity. Cytosolic
sources of NADPH include the oxidative PPP, IDH1, and enzymes from one-carbon metabolism including MTHFD1. Mitochondrial sources of NADPH include
MTHFD2, MTHF2L, and IDH2. HK2, hexokinase 2; G6PDH, glucose-6-phosphate dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LDH, lactate
dehydrogenase; ACLY, ATP citrate lyase; GLS, glutaminase; SHMT, serine hydroxymethyltransferase; MTHFD2, methylenetetrahydrofolate dehydrogenase 2;
MTHFD2L, MTHFD2-like; ACSS2, acyl-CoA synthetase short-chain family member 2; THF, tetrahydrofolate.
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(103). Both SREBP-1 and SREBP-2 are required for mTORCI1-mediated
cell proliferation. The mechanism of SREBP activation by mTORC1 is
incompletely understood but involves nuclear entry of the phosphatidic
acid phosphatase Lipin-1, which enhances nuclear SREBP abundance
and activity on the promoters of lipogenic genes (105).

Both fatty acids and lipids can also be acquired from the extracellular
space to supply membrane biosynthesis. PI3K signaling activates fatty
acid uptake and suppresses fatty acid oxidation, thereby maximizing
lipogenesis in proliferating cells under the control of growth factors
(106). Lipid uptake may acquire further importance during conditions
of metabolic stress, when the ability to meet oncogene-driven demands
for biosynthesis is compromised. The ability to scavenge lysophospho-
lipids (lipid intermediates containing a glycerophosphate backbone
with one acyl chain) is required for maximal cancer cell growth during
hypoxia, which suppresses de novo fatty acid synthesis from glucose
(85). Furthermore, in cancer cells with constitutive mTORCI signaling,
hypoxia induces a state of dependence on access to extracellular desatu-
rated fatty acids to maintain endoplasmic reticulum integrity in support
of protein biosynthesis (107). Notably, SREBP-1 was first identified as the
transcription factor responsible for expression of the low-density lipo-
protein receptor (LDLR) (108), implying that enhanced de novo lipo-
genesis occurs concomitantly with enhanced import of lipids from the
extracellular space. These parallel pathways appear to be essential
in glioma, where oncogenic activation of epidermal growth factor re-
ceptor (EGFR) signaling stimulates SREBP-1 and expression of LDLR
(109). These cancer cells are highly sensitive to inhibitors of fatty acid
and cholesterol biosynthesis. Inhibition of the EGFR-PI3K signaling
axis but not of mTORCI suppresses nuclear translocation of SREBP-1
in glioma cells with oncogenic EGFR, suggesting an alternate, nTORC1-
independent mode of SREBP-1 activation in glioma cells (109). This
transcriptional program includes LDLR expression and induces reliance
on cholesterol uptake to maintain the intracellular pool (110). Impairing
intracellular cholesterol availability by activating liver X receptor induced
cell death both in culture and in vivo, suggesting a pharmacological ap-
proach to silence lipogenic programs in glioma (110).

Purine and pyrimidine nucleotides are required for synthesis of
RNA and DNA. De novo biosynthesis of nucleotides is complex, re-
quiring input from several pathways in a coordinated fashion. The
phosphoribosylamine backbone of these molecules is produced from
ribose-5-phosphate, an intermediate of the PPP, and an amide donation
reaction using glutamine as a substrate (111). The purine and pyrimidine
bases are constructed from various nonessential amino acids and methyl
groups donated from the one-carbon/folate pool. The TCA cycle contrib-
utes oxaloacetate, which is transaminated to aspartate, an intermediate
required to synthesize both purine and pyrimidine bases. Conversion
of ribonucleotides to deoxynucleotides by ribonucleotide reductase re-
quires a source of NADPH. Well-characterized mechanisms of feedback
inhibition exist to prevent excessive accumulation of nucleotides, and
mutations interrupting these mechanisms can produce pathological ac-
cumulation of nucleotide intermediates (for example, precipitation of uric
acid crystals in gout).

Clearly, nucleotide biosynthesis is a targetable vulnerability in cancer
cells because nucleoside analogs and antifolates have been a mainstay of
chemotherapeutic regimens for decades (112). However, relatively little
is known about how oncogenic signaling interfaces with nucleotide bio-
synthesis. It is likely that the effects of numerous signaling pathways on
glucose and amino acid metabolism influence the availability of pre-
cursors for purines and pyrimidines. In the case of mMTORCI, evidence
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points to a distinct mechanism by which activation of the signaling
pathway enables nucleotide biosynthesis. The mTORCI effector ribo-
somal S6K1 phosphorylates the trifunctional enzyme CAD (carbamoyl-
phosphate synthetase 2, aspartate transcarbamoylase, dihydroorotase),
which catalyzes the first three steps of pyrimidine synthesis (113). Phos-
phorylation on CAD S1859 is required for mTORC1-dependent stim-
ulation of pyrimidine biosynthesis (113). Additional work is needed to
determine how other aspects of de novo nucleotide synthesis, purine
and pyrimidine salvage pathways, and accessory activities like folate me-
tabolism are regulated in cancer cells in support of cell proliferation.

REDOX BALANCE

ROS are intracellular chemical species that contain oxygen and include
the superoxide anion (O,"), hydrogen peroxide (H,0O,), and the hy-
droxyl radical (OH-) (114). The mitochondria and cytosolic NADPH
oxidases (NOXs) produce O, from the one-electron reduction of ox-
ygen (115). O, is converted into H,O, by the enzymatic activity of
superoxide dismutase 1 or 2, which are localized to the cytosol or mito-
chondrial matrix, respectively. H,O, is subsequently detoxified to water
by the enzymatic activity of mitochondrial and cytosolic peroxiredoxins
(PRXs), which, as a consequence, undergo H,O,-mediated oxidation of
their active-site cysteines (116). Thioredoxin (TXN), thioredoxin reduc-
tase (TrxR), and the reducing equivalent NADPH reduce oxidized PRXs
to complete the catalytic cycle (117). Glutathione peroxidases (GPXs)
can also convert H,O, to water in the mitochondrial matrix and cytosol
through H,0,-mediated oxidation of reduced glutathione (GSH)
(118). Glutathione reductase (GR) and NADPH reduce oxidized gluta-
thione (GSSG) back to GSH. Additionally, catalase, an abundant antiox-
idant in peroxisomes, can detoxify H,O, to water without any cofactors.
However, in the presence of ferrous or cuprous ions, H,O, can become
OH- and quickly cause the oxidation of lipids, proteins, and DNA, re-
sulting in cellular damage. NADPH is required to maintain multiple anti-
oxidant defense systems. The cytosol has multiple sources of NADPH
generation, including the oxidative PPP, malic enzyme 1, IDH1, and
one-carbon metabolism. NADPH generation in the mitochondria, in
part, is controlled by one-carbon metabolism and IDH2.

Historically, ROS have been thought of as lethal metabolic by-
products of cellular respiration and protein folding. However, studies
over the past two decades have unveiled a previously underappreciated
role of ROS in cellular signaling. Low levels of ROS, particularly H,O,,
can reversibly oxidize the cysteine residues of proteins to positively reg-
ulate cell proliferation and cellular adaptation to metabolic stress (119).
As H,0, levels increase, however, cell death signaling pathways are ini-
tiated, and H,O, is converted to OH-, which can directly damage DNA,
proteins, and lipids. Cancer cells have an increased rate of spatially lo-
calized mitochondria- and NOX-dependent ROS production compared
to normal cells. This allows for the proximal activation of signaling
pathways [PI3K and mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK)] and transcription factors [HIF
and nuclear factor kB (NF-kB)] necessary for tumorigenesis. The can-
cer cell-specific increased rate of spatially localized ROS production is
due to a combination of oncogenic lesions and the tumor micro-
environment. For example, the activation of oncogenes, PI3K signaling
pathway induction, and hypoxia (low-oxygen levels) stimulate the
increased rate of ROS production from the mitochondria and NOXs
in cancer cells (120-122). Thus, mitochondria-targeted antioxidants
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and NOX inhibitors can prevent cancer cell proliferation, hypoxic acti-
vation of HIF, tumorigenesis, and metastasis (64, 123-125).

The increased localized ROS in cancer cells, which activates sig-
naling pathways and transcription factors to promote tumorigenesis,
needs to be buffered from reaching levels of ROS that incur cellular
damage by the increased expression of antioxidant proteins (126). Thus,
cancer cells have higher levels of ROS scavenging enzymes than normal
cells, preventing ROS-mediated activation of death-inducing pathways
like c-Jun N-terminal kinase (JNK) and p38 MAPK and oxidation of
lipids, proteins, and DNA, resulting in irreversible damage and cell
death. One mechanism by which cancer cells increase their antioxidant
capacity is by activating the transcription factor nuclear factor (erythroid-
derived 2)-related factor-2 (NRF2) (127). Specifically, NRF2 is activated
following disruption of the interaction of NRF2 with its binding partner
Kelch-like ECH-associated protein 1 (KEAP1). Critical cysteine residues
within KEAP1 can undergo oxidation, succination, and glutathionylation,
thereby inhibiting the KEAP1-NRF2 interaction, leading to the proteasomal
degradation of NRF2. Additionally, NRF2 activation can occur indepen-
dently of KEAP1 (128). Once activated, NRF2 induces the transcription
of many antioxidant proteins including GPXs and TXNs as well as en-
zymes involved in GSH synthesis and cysteine import through the cystine/
glutamate antiporter. Furthermore, to maintain the antioxidant capacity
of GPXs and TXNs, NADPH is required. NRF2 plays an important role
in activating enzymes that increase cytosolic NADPH levels. NRF2 also
regulates the serine biosynthesis pathway, generating NADPH in the
mitochondria, which is critical for redox balance under hypoxic condi-
tions (129, 130). Therefore, inactivating NRF2 or disabling antioxidant
proteins in cancer cells would allow for the accumulation of excessive
amounts of ROS to levels that initiate toxicity and reduce tumorigenesis
(128, 131, 132).

During tumorigenesis and metastasis, redox homeostasis is required
(Fig. 4). An emerging model of redox balance is that as a tumor initiates,
the metabolic activity of cancer cells is increased, resulting in an increase
in ROS production and subsequent activation of signaling pathways
that support cancer cell proliferation, survival, and metabolic adaptation
(126). Accordingly, to prevent toxic levels of ROS, tumor cells increase
their antioxidant capacity to allow for cancer progression (133). The harsh
tumor microenvironment increases ROS levels due to hypoxia, and the
low glucose levels limit flux through the cytosolic oxidative PPP, thus
decreasing cytosolic NADPH levels. Cells in these nutrient-deprived con-
ditions activate AMPK to increase NADPH levels by stimulating PPP-
dependent NADPH and diminishing anabolic pathways, such as lipid
synthesis, that require high levels of NADPH (134, 135). ROS-dependent
signaling and increased mitochondrial respiration are also necessary for
tumor metastasis (124, 136). However, when tumor cells detach from a
matrix, they encounter high levels of ROS that incur cellular damage
and require activation of adaptive ROS-mitigating pathways to survive
and grow (137, 138). The ability to up-regulate antioxidant proteins and
increase flux through NADPH-producing metabolic pathways enables
distant metastasis to occur (8). These findings suggest that perhaps dis-
abling antioxidant capacity in cancer cells to raise ROS levels might be
beneficial in preventing metastasis.

TARGETING METABOLISM FOR CANCER THERAPY

There are a few things to consider when determining what makes a
good metabolic target for cancer therapy. First, inhibition of some meta-
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bolic enzymes is likely to be systemically toxic because of their physio-
logical functions in normal tissues (139). The feasibility of targeting
these pathways therapeutically depends on whether systemic blockade
of the pathway can be tolerated. Normal proliferating cells, such as im-
mune cells and stem cells, also reprogram their metabolism in a manner
similar to cancer cells (140, 141). Metabolic inhibitors should likely not
interfere with the adaptive immune system. Nevertheless, there are ex-
cellent examples of pathways whose reprogramming does provide an
adequate therapeutic window in cancer. Enhanced nucleotide and DNA
synthesis in tumor cells is targeted by antifolates (methotrexate, peme-
trexed, and others) (112). Although these drugs do produce toxicity in
normal proliferative tissues like the intestinal epithelium and bone mar-
row, they are essential components of highly successful chemotherapeutic
regimens. Thus, it is critical to elucidate in normal cells any toxic effects
of metabolic enzyme inhibition. To circumvent this challenge, one ap-
proach is to target a metabolic enzyme in a deregulated pathway specific
to cancer cells. To date, many of the genetic and pharmacologic inter-
ventions on metabolic enzymes have been conducted using human
cancer cells subcutaneously injected into athymic mice. Therefore, it will
be important for future experiments to not only use patient-derived xeno-
graft (PDX) models but also make use of genetically engineered mouse
cancer models and syngeneic mouse models that have intact immune
systems, especially given the promising results from immunotherapy.
An emerging theme is that cancer cells display metabolic plasticity and
can alter their metabolic profile during the course of tumorigenesis and
metastasis. Thus, it is conceivable that cancer cells could develop resist-
ance to inhibition of a particular metabolic pathway by expressing alter-
nate protein isoforms or up-regulating compensatory pathways. Therefore,
a rational cancer therapeutic strategy should involve targeting multiple
metabolic pathways simultaneously or targeting a particular metabolic
pathway in combination with therapies against oncogenic or signaling
pathways. Here, we highlight a few promising metabolic targets in gly-
colytic, one-carbon, mitochondrial, and redox metabolism.

Glycolysis was an early attractive target for cancer therapy given
the clinical observation that many tumors exhibit a significant increase
in glucose uptake compared with adjacent normal tissue (112). LDH-A,
a metabolic enzyme that converts pyruvate (the final product of glycol-
ysis) to lactate, was identified as the first metabolic target of the oncogene
MYC (142). Genetic or pharmacologic inhibition of LDH-A has been
shown to diminish MYC-driven tumors in xenograft models (143, 144).
Furthermore, recent studies indicate that inhibition of LDH-A leads
to the regression of established tumors in genetically engineered mouse
models of NSCLC without systemic toxicity (145). Genetic ablation of
LDH-A also delays the progression of myeloid leukemia (146). Thus,
the increased expression of LDH-A, specifically in MYC-mutant cancer
cells, may prove to be an attractive target. Another potential therapeutic
target is the glycolytic protein HK2. Many tumor cells overexpress HK2,
and preclinical mouse models of genetically engineered NSCLC and breast
cancer demonstrate that HK2 inhibition delays tumor progression (3).
Furthermore, systemic HK2 deletion in mice does not cause adverse
physiological consequences. However, the effect of LDH-A and HK2
on the adaptive immune system is currently unknown. Lactate has been
shown to inhibit cytotoxic T cells; thus, LDH-A inhibition may coop-
erate with immune checkpoint inhibitors to unleash host inflammatory
T cells that will specifically attack tumor cells (147). Lactate can also re-
program macrophages to promote tumorigenesis (148). Thus, it may be
efficacious to target LDH-A or HK2 in highly glycolytic tumors that
overexpress these proteins.
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Fig. 4. Cancer cells maintain redox balance. Cancer cells have increased rates of ROS production due to activation of oncogenes and loss of tumor
suppressors that promote signaling pathways supporting proliferation and survival. However, cancer cells prevent the buildup of ROS to levels that incur
damage by increasing antioxidant capacity through induction of NRF2-dependent genes and, in glucose replete conditions, the use of PPP to generate
NADPH. As cells encounter hypoxia and low glucose due to limited vasculature accessibility, the levels of ROS further increase, requiring AMPK and one-
carbon metabolism to enhance NADPH production to raise antioxidant capacity. Loss of matrix attachment and escape of cancer cells into the blood for
dissemination to distant sites incur further increases in ROS levels, which require additional enhancements of antioxidant defenses to avoid cell death. It is
important to note that too little ROS or too high steady-state ROS levels within cancer cells result in failure for solid tumor progression and metastasis.

Another potential glucose-dependent target is PHGDH, an enzyme
in the de novo serine synthesis pathway. High levels of PHGDH have
been found in a subset of human melanoma and breast cancers, and
these cancer cells require PHGDH for their growth in vitro (25, 26).
Serine starvation in mice diminishes tumorigenicity of p53-null
cancers (149). De novo synthesis or exogenous uptake of serine can
enter the mitochondria where SHMT?2 converts it into glycine to gen-
erate folate intermediates (101, 150). In many cancer types, SHMT2
expression is elevated and correlates with a poor prognosis. Further-
more, the transcription factors MYC and HIF induce SHMT?2 under
hypoxia to promote survival (130, 151). Currently, it is not known
whether targeting PHGDH, SHMT2, or other enzymes in the one-carbon
metabolism pathway would be effective in delaying or regressing tumor
progression in genetically engineered, PDX, or syngeneic mouse models
of cancer without incurring systemic toxicity. However, given the im-
portance of one-carbon metabolism in supporting the anabolic needs of
cancer cells and its up-regulation in cancer cells, it is likely that this
pathway is needed for in vivo tumor progression (152).

Mitochondrial metabolism has also emerged as a key target for
cancer therapy, in part, due to the revelation that the antidiabetic drug
metformin is an anticancer agent (153). Numerous epidemiological stu-
dies first suggested that diabetic patients taking metformin, to control
their blood glucose levels, were less likely to develop cancer and had an
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improved survival rate if cancer was already present (154). Laboratory-
based studies have also provided evidence that metformin may serve as
an anticancer agent (155-157). Biochemists recognized that metformin
reversibly inhibits mitochondrial complex I (158-160). Recent studies
indicate that metformin acts as an anticancer agent by inhibiting mito-
chondrial ETC complex I (161). Specifically, metformin inhibits mito-
chondrial ATP production, inducing cancer cell death when glycolytic
ATP levels diminish as a result of limited glucose availability. Metfor-
min also inhibits the biosynthetic capacity of the mitochondria to gen-
erate macromolecules (lipids, amino acids, and nucleotides) within
cancer cells (162). The remarkable safety profile of metformin is due
to its uptake by organic cation transporters (OCTs), which are only
present in a few tissues, such as the liver and kidney (163). Certain tumor
cells also express OCTs to allow the uptake of metformin (164). How-
ever, in the absence of OCTs, tumors would not accumulate metformin
to inhibit mitochondrial complex I. Ongoing clinical trials using met-
formin as an anticancer agent should assess the expression levels of
OCTs to identify the tumors with highest expression, which are likely
to be susceptible to metformin. Moreover, it is not clear whether the
current antidiabetic dosing of metformin used in clinical trials allows
for metformin accumulation to levels necessary to inhibit mitochondri-
al complex I in tumors. Thus, it is possible that metformin at doses high-
er than those currently used for diabetes might be more efficacious
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without causing toxicity. Like metformin, the biguanide phenformin
exhibits anticancer properties by inhibiting mitochondrial complex I
(165). In contrast to metformin, phenformin is readily transported into
tumor cells and has been withdrawn from human use in most parts of
the world due to its clinical increase in the incidence of lactic acidosis.
However, it is worth considering phenformin as a possible cancer ther-
apy because lactic acidosis can be monitored. Biguanide sensitivity can
be improved in mice starved for serine or in tumors that have lost p53
or LKBI (155, 166, 167). Thus, biguanides, and possibly other mito-
chondrial complex I inhibitors, may be effective anticancer agents.

Another potential therapeutic strategy to inhibit mitochondrial me-
tabolism in certain tumors would be to use autophagy or glutaminase
inhibitors. Autophagy provides amino acids, such as glutamine, that fu-
el the TCA cycle in NSCLC and pancreatic cancers, and short-term
autophagy inhibition has been shown to decrease tumor progression
without incurring systemic toxicity in mouse models of NSCLC (168, 169).
Some tumors are addicted to using glutamine to support TCA cycle
metabolism even in the absence of autophagy; thus, glutaminase inhib-
itors can reduce tumor burden in these models (4, 75, 170). An alterna-
tive approach is to target acetate metabolism. Although a major function
of the mitochondria is to provide acetyl-CoA to the cell, cancer cells can
also use acetate to support cell growth and survival during metabolic
stress (hypoxia or nutrient deprivation) (96, 171). The cytosolic enzyme
acetyl-CoA synthase 2 (ACCS2), which converts acetate to acetyl-CoA, is
dispensable for normal development; thus, ACCS?2 is a promising target
of acetate metabolism. ACCS2 knockout mice do not display overt
pathologies, but genetic loss of ACCS2 reduces tumor burden in models
of hepatocellular carcinoma (171). Human glioblastomas can oxidize ac-
etate and may be sensitive to inhibitors of this process (172). Thus, tar-
geting metabolism with inhibitors of autophagy, acetate metabolism, and
other pathways that supply key metabolic intermediates may be efficacious
in some contexts.

Because mitochondrial inhibitors are unlikely to be effective cancer
therapies as single agents, combination therapy is likely the best ap-
proach. For example, the use of metformin with the current clinical
PI3K inhibitors, which reduce glucose uptake and glycolysis (173), is
one approach that would impair both sources of ATP within cells. Tar-
geted therapies against oncogenes such as KRAS, BRAF, and NOTCH1
kill a large majority of cancer cells but ultimately yield resistant cells that
exhibit an increased sensitivity to inhibitors that impair mitochondrial
metabolism (174-176). Cancer-initiating cells also have increased sensi-
tivity to mitochondrial inhibitors, adding further evidence that inhibiting
mitochondrial metabolism may suppress tumor recurrence (177, 178).

Furthermore, to counterbalance the increased production of ROS
encountered during tumorigenesis and metastasis, cancer cells increase
their antioxidant capacity (126). Thus, an additional therapeutic ap-
proach is to target redox metabolism, that is, selectively disable the
antioxidant capacity of cancer cells causing ROS levels to rise and in-
duce cancer cell death (133). The reducing equivalent NADPH is re-
quired to maintain multiple antioxidant defense systems. The cytosol
has multiple sources of NADPH generation, including the oxidative
PPP, malic enzyme 1, IDH1, and one-carbon metabolism. By contrast,
NADPH generation in the mitochondria is controlled in part by one-
carbon metabolism and IDH2. Many of these NADPH-generating
systems are critical for normal cell survival and function. Nevertheless,
there are two NADPH-generating systems that may serve as potential
therapeutic targets. It is estimated that 400 million people worldwide
are deficient in GGPDH, an enzyme in the oxidative PPP that converts
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NADP" to NADPH. However, certain tumors rely on this pathway as
a major source of cytosolic NADPH; therefore, it may be therapeutic
to disable this pathway and induce oxidative stress and diminish tumor
growth. Moreover, RNA profiling of metabolic enzymes identified the
mitochondrial one-carbon metabolism protein MTHFD?2, which can
generate NADPH, as being highly expressed in 19 different cancer types
but not in normal adult proliferating cells (152). Loss of MTHFD?2 in
cancer cells increases ROS levels and sensitizes the cells to oxidant-induced
cell death in vitro. An interesting approach to depleting NADPH
levels and increasing ROS is to administer high doses of vitamin C
(ascorbate). Vitamin C is imported into cells through sodium-dependent
vitamin C transporters, whereas the oxidized form of vitamin C, dehydro-
ascorbate (DHA), is imported into cells through glucose transporters
such as GLUT1 (179). When the cell takes up DHA, it is reduced back to
vitamin C by glutathione (GSH), which consequently becomes GSSG.
Subsequently, GSSG is converted back to GSH by NADPH-dependent
GR. Because the blood is an oxidizing environment, vitamin C becomes
oxidized to DHA before being taken up by the cell. Thus, high doses of
vitamin C diminish the tumorigenesis of colorectal tumors that harbor
oncogenic KRAS mutations and express high levels of GLUT1 by deplet-
ing the NADPH and GSH pools and consequently increasing ROS levels
to induce cancer cell death (179, 180). Vitamin C administered at high
doses intravenously is safe in humans and, in conjunction with con-
ventional paclitaxel-carboplatin therapy, demonstrated a benefit in a
small number of patients (181). Additional strategies to diminish GSH
include the administration of buthionine sulfoximine, an irreversible
inhibitor of y-glutamylcysteine synthetase, which can be safely admin-
istered to humans and is efficacious in preclinical tumor models (182).
Moreover, glutathione is a tripeptide consisting of cysteine, glutamate,
and glycine. Thus, decreasing glutamate levels using glutaminase inhib-
itors or diminishing cysteine levels by preventing extracellular cystine
(two linked cysteine molecules) uptake can also raise ROS levels in can-
cer cells to induce cell death.

An important consideration is that normal stem cells are sensitive to
ROS levels; thus, it is important to stratify patients on the basis of their
expression levels of a particular antioxidant protein or antioxidant
pathway. It is critical to determine which antioxidant pathways are likely
up-regulated as a result of the high rate of ROS production within cancer
cells. Many cancer types use the NRF2 pathway to maintain redox balance;
therefore, targeting this pathway may provide a viable therapeutic op-
portunity (128). Additionally, superoxide dismutase 1 (SOD1) is over-
expressed in NSCLC, and its inhibition kills human NSCLC cells and
decreases the tumor burden in mouse models of NSCLC (183). Because
NRF2 and SOD1 knockout mice develop normally, short-term inhibition
of these pathways might be an effective way to kill cancer cells.

TECHNOLOGIES ENABLING DISCOVERY
IN CANCER METABOLISM

Many recent advances in our understanding of cancer metabolism
have been propelled by advanced technologies to detect metabolites
and metabolic activities (184). A key concept is that quantifying metab-
olites (that is, metabolomics) is a more distinct form of metabolic analysis
than measuring the activities of metabolic pathways [that is, metabolic
flux analysis (185)]. Although these two approaches can provide
complementary types of information, they are not interchangeable. One
cannot infer metabolic activity from changes in metabolite levels, and
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metabolomics and metabolic flux analysis, has uncovered novel
functions and liabilities of this pathway in cancer cell growth and stress
resistance (129, 150, 151). Combining functional screens with metabolic
analysis can also identify context-specific vulnerabilities that may be
therapeutically actionable. A CRISPR (clustered regularly interspaced
short palindromic repeats)-based loss-of-function screen identified
GOT1, the cytosolic aspartate aminotransferase, as conditionally essen-
tial for survival during treatment with the ETC inhibitor phenformin
(199). Isotope labeling then demonstrated that ETC blockade caused
the direction of this enzyme to reverse from aspartate consumption
in untreated cells to aspartate synthesis during ETC blockade (200).
In addition to the discovery of synthetic lethality between ETC and
GOT1 inhibition, these studies led to the novel biological concept that
a major function of the ETC in proliferating cells is to support the syn-
thesis of aspartate for nucleotide and protein synthesis (199, 200).

CONCLUSIONS AND CURRENT CHALLENGES

Substantial progress has been made in the past decade toward under-
standing the mechanisms, biological consequences, and liabilities as-
sociated with metabolic reprogramming in cancer. Several common

A
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themes have emerged from this research (Box 1). First, metabolic re-
programming is essential for the biology of malignant cells, particular-
ly their ability to survive and grow by using conventional metabolic
pathways to produce energy, synthesize biosynthetic precursors, and
maintain redox balance. Second, metabolic reprogramming is the re-
sult of mutations in oncogenes and tumor suppressors, leading to ac-
tivation of PI3K and mTORC1 signaling pathways and transcriptional
networks involving HIFs, MYC, and SREBP-1. Third, alterations in
metabolite levels can affect cellular signaling, epigenetics, and gene ex-
pression through posttranslational modifications such as acetylation,
methylation, and thiol oxidation. Fourth, taken together, studies on
cultured cells have demonstrated a remarkable diversity of anabolic
and catabolic pathways in cancer, with induction of autophagy and
utilization of extracellular lipids and proteins complementing the clas-
sical pathways like glycolysis and glutaminolysis. We have exited the
period when cancer metabolism could be considered synonymous
with the Warburg effect.

Several challenges will likely shape research over the next decade.
First, the studies cited above were performed primarily in cancer cell
lines rather than intact tumors. These straightforward experimental
models have been highly informative about the molecular mechanisms
of metabolic reprogramming, particularly those linking aberrant

Glucose
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PC/ \PDH
Ac-CoA
OAA Oxidative
TCA phosphorylation
cycle
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Pyruvate —> Lactate
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Ac-CoA
OAA Oxidative
TCA phosphorylation
cycle

Fig. 5. Relationship between glycolysis and oxidative phosphorylation in cancer cells. (A) A common view of cancer cell metabolism invokes a
switch from glucose oxidation in normal tissues toward glycolysis and suppressed oxidative phosphorylation (OxPhos) in cancer. (B) Analysis of
metabolic activity in intact tumors from humans and mice argues against a switch. Rather, tumors appear to enhance both glycolysis and glucose

oxidation simultaneously relative to surrounding tissue.
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