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The Warburg effect is prevalent in human cancer. Accordingly, most cancer cells display highly elevated glycolysis without
proportionally increasing pyruvate oxidation. The metastatic process imposes strong selective pressure on cancer cells, and
metastasizing cancer cells experience heightened oxidative stress. By constraining mitochondrial oxidative metabolism, the
Warburg effect helps cancer cells to minimize oxidative stress, thereby facilitating metastatic dissemination. The PGC1lx
transcriptional coactivator is a central coordinator of oxidative metabolism. While promoting oxidative metabolism and reversing
the Warburg effect, PGCl« critically activates antioxidant genes and protects cells against oxidative damage. Therefore, de-
pending on the context, PGC1x may promote or suppress tumor metastasis. Cancer cells generally retain metabolic flexibility
and can resist antiglycolysis treatment by undergoing metabolic reprogramming. Synthetic lethal combination therapies are thus
essential to attack the liabilities of the Warburg metabolism for therapeutic benefit.
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1 Metastatic inefficiency

Cancer metastasis is a multi-step process by which malignant
cells spread from the primary tumor to discontinuous organ
sites in the body [1]. The development of therapy-resistant
metastasis in vital organs is the leading cause of cancer mor-
tality. To successfully colonize a distant organ, cancer cells
must complete a sequential series of steps to become clinically
detectable lesions. The hematogenous metastatic cascade of
cancer cells includes detachment from the primary tumor, lo-
cal invasive migration toward blood vessels, intravasation into
the circulation, transport through the bloodstream as circulat-
ing tumor cells (CTCs), arrest in capillaries of target organs,
extravasation, and growth into macrometastases.

It has been estimated that the majority of cancer patients
have initiated the metastatic process by the time of diagnosis
[2]. In fact, as part of the liquid biopsy, CTCs are detectable in
blood in most malignancies, particularly at advanced stages
[3]. In a mouse model of breast cancer, millions of cancer cells
are shed from a tumor per gram mass into the bloodstream
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every day [4]. Cancer cells enter the blood circulation through
active and/or passive mechanisms [5]. The invasive subpopu-
lation of cancer cells in the primary tumor may actively invade
blood vessels. Meanwhile, tumor vasculature is often unstable
and leaky due to abnormal angiogenesis, thus facilitating the
escape of cancer cells [6].

Although the entry of cancer cells into the blood circulation
is rather common, the presence of CTCs in the circulation is
not predictive of metastasis. Indeed, only a few of these cells
actually give rise to metastatic tumors. In an experimental
metastasis model, the vast majority of the CTCs in blood are
rapidly eliminated. One day after intravenous injection into
the circulation, < 0.1% of B16 melanoma cells were still via-
ble, and < 0.01% of tumor cells within the circulation survived
to develop lung metastases [7]. In a liver metastasis model [8],
the majority of intraportally injected BI6F1 melanoma cells
survived in the liver microcirculation and extravasated by
day 3. However, only a small subset (2.5%) of extravasated
cells developed into micrometastases, and only a small subset
(1%) of micrometastases progressed to form macrometastases
by day 13 (most micrometastases disappeared). A substantial
fraction of injected cancer cells remained by day 13 as solitary
dormant cells. Overall, the process of metastasis is highly inef-
ficient. Metastatic inefficiency seems to be principally attributed
to the elimination of cancer cells in the bloodstream and/or
failure of disseminated cancer cells to grow into macroscopic
metastatic foci at the secondary sites. This explains why a large

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10555-019-09794-5&domain=pdf
mailto:jrlu@ufl.edu

158

Cancer Metastasis Rev (2019) 38:157-164

number of cancer cells are released from an established tumor
into the blood circulation every day, but only a tiny minority of
them will successfully form macrometastases. Signaling path-
ways, transcriptional programs, and metabolic changes that pro-
mote cell survival and/or proliferation will generally enhance
the metastatic potential of cancer cells.

2 Warburg metabolism

Cellular metabolism converts nutrients into energy and biomass,
thus critically fueling the survival and proliferation of cancer
cells. Glucose is the main energy source for mammalian cells.
Glucose is taken up into the cell and metabolized to pyruvate in
the cytosol through glycolysis. The process yields two ATP mol-
ecules from one glucose molecule. In normal quiescent cells,
glycolysis-derived pyruvate is predominantly imported into the
mitochondria where it is oxidized to acetyl coenzyme A (CoA)
by the pyruvate dehydrogenase complex (PDC). Acetyl-CoA
enters the tricarboxylic acid (TCA) cycle (also known as the
Krebs cycle or citric acid cycle), followed by oxidative phosphor-
ylation (OXPHOS) for high-efficiency ATP generation. Through
complete oxidation, one molecule of glucose produces 36 ATP
molecules. It is nearly 100 years since Otto Warburg reported that
cancer cells metabolize glucose in a manner distinct from that of
normal tissues. Rapidly proliferating cancer cells dramatically
increase glucose uptake and glycolytic rates. However, even in
the presence of adequate tissue oxygen, increased pyruvate yield
does not proportionally increase pyruvate oxidation in the mito-
chondria. Instead, most pyruvate is converted to lactate in the
cytoplasm by lactate dehydrogenase (LDH), and the resulting
abundant lactate is secreted into the tumor microenvironment.
Therefore, glycolysis and the TCA cycle are uncoupled in cancer
cells. This metabolic phenomenon is referred to as aerobic gly-
colysis or the “Warburg effect” [9]. The Warburg metabolic phe-
notype is a widespread cancer-associated trait.

It is postulated that Warburg metabolism satisfies the ana-
bolic demand of dividing cells [10]. Increased glucose con-
sumption generates large quantities of various intermediate
glycolytic metabolites, which may partly be diverted to mul-
tiple biosynthetic pathways instead of giving rise to pyruvate.
Thus, glycolytic intermediates can provide important building
blocks for biomass synthesis (e.g., synthesis of amino acids,
nucleic acids, and lipids) that is required for cancer cell growth
and division (Fig. 1).

In this regard, besides its vital role in energy metabolism,
the TCA cycle also generates important metabolic intermedi-
ates that cancer cells need as precursors for various anabolic
pathways to make key cellular components (e.g., amino acids,
nucleotides, fatty acids) (Fig. 1). It is thus puzzling why most
pyruvate is discarded as lactate by the glycolytic cells and is
not fully used for bioenergetic and biosynthetic purposes.
First, it is noteworthy that most cancer cells maintain
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functional mitochondria. The rate of mitochondrial respiration
in cancer cells remains comparable to that of normal cells [9].
Despite increased contributions of glycolysis to ATP generation
due to the Warburg effect, mitochondrial oxidative metabolism
remains a significant source for ATP in cancer cells. It was
estimated that depending on the cancer cells examined, 40% to
80% of the total cellular ATP is derived from OXPHOS [11, 12].
Some cancer cells rely on the TCA cycle for survival and pro-
liferation [13—16]. Cancer cells may also use glutamine as a
significant source of carbons to replenish TCA cycle intermedi-
ates. Therefore, mitochondria are metabolically active in most
cancer cells, producing both ATP and intermediate metabolites
to sustain cell proliferation. Second, oxidative metabolism is
subjected to feedback inhibition. Glucose oxidative metabolism
generates acetyl-CoA, NADH, and ultimately, ATP. The gener-
ation of acetyl-CoA from pyruvate by PDC is a major control
point of the TCA cycle [17, 18]. High concentrations of acetyl-
CoA and NADH not only allosterically inhibit PDC but also
activate pyruvate dehydrogenase kinases (PDKSs), which, in turn,
phosphorylate and inactivate PDC. Moreover, key individual
enzymes of the TCA cycle (e.g., citrate synthase, isocitrate de-
hydrogenase, and «-ketoglutarate dehydrogenase) are inhibited
by ATP and other oxidative reaction products. Overall, when the
energy charge is high and biosynthetic intermediates are abun-
dant, the negative feedback regulation stifles the TCA cycle at
the entry into the cycle and at the key reactions of the cycle. By
uncoupling glycolysis from the TCA cycle, cancer cells can
maximally consume glucose to saturate their biosynthetic and
bioenergetic needs. Third, oncogenic signals inhibit PDC
through covalent modifications (Fig. 1). Various oncogenic sig-
naling pathways (e.g., hypoxia, myc, Wnt) upregulate PDKs to
inactivate PDC through serine phosphorylation [18]. Oncogenic
non-receptor tyrosine kinase Src and a few receptor tyrosine
kinases (RTKs) suppress PDC via direct phosphorylation of ty-
rosine residues [19, 20]. Therefore, oxidative metabolism is
retained but contained in cancer cells, while glycolysis is
disproportionally elevated.

3 Metabolic heterogeneity and plasticity

Cancer is a disease with extraordinary heterogeneity at multi-
ple levels, including cellular metabolism. Metabolism is
governed by both oncogenes and tumor suppressor genes
[21]. Different tumors result from diverse oncogenic alter-
ations, thus exhibiting heterogeneous metabolic profiles.
But, metabolism is not completely cell-autonomous. Tumor
metabolic heterogeneity is further exacerbated by the hetero-
geneous composition of the tumor microenvironment. Cancer
metabolism is impacted by cells’ locations relative to blood
vessels, the availability of oxygen and nutrients, pH, and sig-
naling molecules [22]. Both the intrinsic and extrinsic factors
determine metabolism in cancer cells.
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Fig. 1 Schematic illustration of glucose metabolism in cancer cells.
Glucose is converted to pyruvate through glycolysis, and a fraction of
glycolytic intermediates is diverted to biosynthetic pathways to fuel cell
proliferation. Although oxidative metabolism persists, it is restrained (at
least in part due to inhibition of PDC by PDKs and/or Src and receptor
tyrosine kinases) and pyruvate is predominantly shunted to lactate

Although the Warburg effect is prevalent, human cancers
display a wide range of metabolic profiles, ranging from strict
aerobic glycolysis to robust oxidative metabolism [23, 24].
Positron emission tomography (PET) imaging technology is
powerful in detecting most human tumors in clinical setting,
highlighting the prevalence of avid glucose uptake by cancer
cells relative to adjacent tissues, a key feature of the Warburg
effect. Mitochondrial respiratory gene expression is sup-
pressed in many cancers [25]. Isotope tracing analysis
in vivo revealed that glucose oxidation is suppressed in human
clear cell renal cell carcinomas [26]. By contrast, enhanced
glucose oxidation and glycolysis are commonly observed in
human lung cancers, glioblastomas, and breast cancer brain
metastases in vivo [27-30]. Subsets of diffuse large B cell
lymphoma and melanoma cells exhibit increased mitochon-
drial energy metabolism in vitro [31, 32].

Metabolic heterogeneity exists even within the same tumor
due to variability in genetic alterations, epigenetic regulation,
and transcriptional programs. In a microfluidic single-cell as-
say of approximately 100 glioblastoma cells from the same
cell line, 80% of cells display high glucose uptake and the
other 20% display low glucose uptake, suggesting the exis-
tence of two distinct subpopulations [33]. Cytotoxic treatment
of melanoma cells led to the enrichment of a drug-resistant,
slow-cycling tumorigenic subpopulation of cells that show
elevated oxidative phosphorylation and dependence on mito-
chondrial respiration [34]. In a mouse model of pancreatic
cancer that is generally glycolytic, ablation of the oncogenic
driver induces massive tumor regression, yet a small subpop-
ulation of dormant cells survives and is responsible for tumor
relapse. These cells display features of cancer stem cells, a

production. The mitochondrial respiration by-products (ROS) exhibit
antimetastasis activity, which may explain why cancer cells keep pyru-
vate oxidation in check. PGClx coordinates oxidative metabolism and
antioxidant capacity, thus impacting tumor metastasis. The flux of glu-
cose carbon is indicated by green arrows. S and Y represent serine and
tyrosine residues, respectively, in pyruvate dehydrogenase (PDH)

strong reliance on oxidative phosphorylation, and a decreased
dependence on glycolysis [16]. Breast cancer stem cells
(BCSCs) display plasticity transitioning between quiescent
mesenchymal-like (M) and proliferative epithelial-like (E)
states, which rely on distinct metabolic pathways and display
markedly different sensitivities to inhibitors of glycolysis and
redox metabolism [35].

Most cancer cells are metabolically flexible and able to
adapt to a changing microenvironment. Cancer cells typically
have a substantial reserve capacity for energy production by
OXPHOS when glycolysis is suppressed. Inhibiting glycoly-
sis in glycolytic cancer cells restores mitochondrial OXPHOS
[36, 37]. When glycolytic cancer cells are cultured in constant
low-glucose conditions, they upregulate OXPHOS and rely
on it for survival and proliferation [38]. When cancer cells
are under lactic acidosis, they transition to a non-glycolytic
phenotype, characterized by oxidative metabolism [39].
Therefore, lactate secreted by glycolytic cancer cells may be
consumed by oxidative cancer cells [40, 41] or may cause
metabolic reprogramming in glycolytic cells. Conversely,
targeting mitochondrial oxidative metabolism in oxidative
melanoma cells renders them highly glycolytic [42]. The met-
abolic flexibility enables cancer cells to compensate for dep-
rivation of one fuel by utilization of other nutrients.

4 Metastatic suppression by oxidative
metabolism

The metastatic cascade involves overcoming physical and
physiological stress and incurs substantial energy demands,
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thus imposing strong selective pressures. Metastasizing cancer
cells indeed experience heightened oxidative stress [43]. Only
a few malignant cells are able to survive the harsh stress dur-
ing the migratory journey (esp. in the circulation) and adapt to
a generally incompatible microenvironment in distant organs
to form metastatic lesions.

Attachment to extracellular matrix provides pro-growth and
pro-survival signals. Cell detachment from matrix induces ro-
bust production of reactive oxygen species (ROS), which, in
excess, can lead to cell death known as anoikis, a barrier to
metastasis [44—46]. An emerging concept is that there is a
“sweet spot” for ROS, where too few suppress proliferation,
and moderate ROS levels activate signaling pathways to sup-
port cell proliferation, survival, and migration, whereas exces-
sive ROS accumulation causes severe damage to cellular com-
ponents and triggers cell death [47]. Cancer cells usually dis-
play elevated levels of ROS. To maintain their viability, cancer
cells develop an increased antioxidant capacity that keeps ROS
levels below a critical cytotoxic threshold. We and others pre-
viously found that when detached from matrix, untransformed
mammary epithelial cells shut off PDC and glucose oxidation
[48, 49]. Mitochondrial oxidative metabolism is the main
source of ROS. Our study further suggests that this metabolic
switch enables detached cells to decrease mitochondrial ROS
generation and extend anchorage-independent survival [49].
Forced activation of PDC in detached cells increases mito-
chondrial respiration, leading to production of excessive ROS
and heightened anoikis. Conversely, inhibition of PDC pro-
longs survival of cells in suspension [49]. Therefore, in re-
sponse to cell detachment that induces oxidative stress, cells
rewire glucose metabolism to decrease ROS production to im-
prove their viability. Furthermore, we found that cell detach-
ment markedly upregulates manganese superoxide dismutase
(MnSOD, or SOD2), a principal mitochondrial antioxidant en-
zyme that is induced by oxidative stress and detoxifies ROS
[44]. This powerful antioxidant response allows cells to ame-
liorate the detrimental effects of ROS [44]. The metabolic and
antioxidant responses help cells to maintain redox homeostasis
and maximally survive the cellular oxidative stress.

Because of the Warburg effect, cancer cells uncouple oxi-
dative and fermentative glucose metabolism. As glucose oxi-
dation is already constrained even in cells under attached con-
ditions, Warburg cancer cells avoid the upsurge of ROS gen-
eration when detached from matrix, thus inherently resisting
anoikis. Stimulation of PDC in metastatic breast cancer cells
increases glucose oxidation, augments ROS levels upon cell
detachment, restores susceptibility to anoikis, and suppresses
metastasis [49]. Consistently, MnSOD expression is elevated
in human breast cancer metastases compared with primary
tumors and contributes to cancer cell’s resistance to anoikis
[44]. These results suggest that oxidative stress inhibits tumor
metastasis (Fig. 1). The Warburg effect may not only limit
mitochondrial ROS production, and increased glycolysis also
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enhances the branching pentose phosphate pathway to gener-
ate NADPH that is critical for antioxidant activity [50, 51].
Therefore, the Warburg effect minimizes the cellular oxidative
stress. In addition, the proliferative Warburg metabolism is
expected to be critical for metastatic growth at the secondary
sites. Overall, the Warburg effect promotes metastasis [17].

Piskounova et al. [43] performed a metabolomics analysis
on melanoma xenograft models. Melanoma cells isolated
from the blood circulation and from metastatic sites display
elevated levels of ROS compared with those in the primary
tumors. The metastasizing melanoma cells apparently under-
go metabolic changes to increase the endogenous antioxidants
(glutathione and NADPH) to neutralize oxidative stress.
Blocking NADPH generation inhibits distant metastasis with-
out significantly affecting the growth of primary tumors in the
same mice. Treatment with exogenous antioxidants increases
CTCs and distant metastasis. The results suggest that cellular
oxidative stress limits melanoma metastasis in vivo [43]. Only
cells with increased antioxidant capacity are able to success-
fully withstand oxidative stress associated with traveling
through the circulation and seeding at the metastatic sites.
Consistently, another study showed that antioxidant supple-
mentation markedly increases lymph node metastases but has
no impact on primary tumors in an endogenous mouse model
of melanoma [52].

The PGC1 « transcriptional coactivator is a master positive
regulator of mitochondrial biogenesis and oxidative metabo-
lism [53]. PGC1« signal induces metabolic shift from glycol-
ysis to OXPHOS in glioma cells, and this anti-Warburg effect
promotes the differentiation of glioma cells into astrocytes and
inhibits tumor growth [54]. While PGC1 « suppresses metas-
tasis in prostate cancer and melanoma models [55, 56], it
promotes metastasis in breast cancer models [57, 58]. The role
of PGCl« in tumor metastasis thus seems to be context-de-
pendent. Although PGC1a-stimulated oxidative metabolism
generates increased amounts of ROS, which are by-products
of mitochondrial respiration, it should be noted that PGCl e is
a critical transcriptional activator of key ROS-detoxifying en-
zymes including MnSOD and glutathione peroxidase 1
(GPX1) [59]. PGCl & promotes ROS detoxification and sup-
ports cell survival under oxidative stress conditions. Indeed,
PGCl1«x overexpression protects cells from the deleterious ef-
fect of oxidative stress, and PGC1 x-deficient cells accumulate
ROS and are hypersensitive to death from oxidative stress
[59]. Therefore, PGCl « is a powerful protector against ROS
accumulation and damage [60], which may partly explain its
pro-metastatic activity (Fig. 1).

5 Therapeutic targeting of the Warburg effect

Cancer metabolism is not just a by-product of cell transforma-
tion, but instead, it actively contributes to cell survival,
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growth, proliferation, and metastasis. As such, cancer metab-
olism may present vulnerabilities that can be exploited thera-
peutically [61]. Since the Warburg effect is nearly universal,
many tumors exhibit apparent glucose addiction and highly
glycolytic phenotypes. However, given that metabolic flexi-
bility is retained in most cancer cells, simply blocking glycol-
ysis may activate alternative metabolic pathways and hence is
ineffective in cancer therapy. Moreover, cancer stem cells are
often slow-cycling and thus rely more on oxidative metabo-
lism [62]. The antiglycolysis strategy may enrich such highly
malignant cells.

Certain tumors may be metabolically less flexible due to
specific genetic alterations. For example, the majority of spo-
radic clear cell renal cell carcinomas have lost and/or silenced
the von Hippel-Lindau (VHL) tumor suppressor gene, which
encodes the substrate-recognition component of an E3 ubig-
uitin ligase complex that targets the hypoxia-inducible factor
(HIF) for destruction in the presence of oxygen [63]. HIF
potently stimulates glucose uptake and glycolysis, while shut-
ting down glucose oxidation [64]. Therefore, VHL-deficient
tumors constitutively activate the HIF-driven metabolic pro-
gram under normoxia and display the typical Warburg metab-
olism [26]. Such tumors are truly addicted to glucose and may
not be able to freely switch to oxidative metabolism when
glucose is deprived and thus may be hypersensitive to
antiglycolysis treatment [65]. Alternatively, because glucose
carbons are largely excluded from the TCA cycle, VHL-
deficient cancer cells may probably depend on glutamine via
reductive carboxylation to generate TCA intermediates for
anabolic needs [66, 67]. Therefore, perturbation of the use of
glutamine may also be selectively toxic to this type of cancer.

Most cancer cells are able to switch metabolic programs in
response to the changing environment or treatments. Synthetic
lethality approaches involving metabolic therapy may be more
effective. Antiangiogenesis therapies block the formation of
new blood vessels and cut off the blood supply to tumors.
However, angiogenesis inhibitors have generally produced
only modest survival benefits for cancer patients in clinical
trials [68]. In preclinical models, potent angiogenesis inhibi-
tion does decrease tumor burden but concomitantly increases
tumor invasion and metastasis [69—71]. As a result of pruning
of the tumor microvasculature, intratumoral hypoxia is strong-
ly induced [69—71], which may be responsible for the ob-
served increase of tumor aggressiveness [72]. Hypoxia dic-
tates glucose metabolism [64]. Under hypoxia, oxidative me-
tabolism is largely prohibited, and cancer cells are forced to
switch to glycolysis for proliferation and survival. Therefore,
combining antiglycolysis and antiangiogenesis therapies may
achieve improved therapeutic efficacy.

Treatment of glycolytic cancer cells with antiglycolysis
agents or the PDK inhibitor dichloroacetate (DCA) shifts cel-
lular metabolism from glycolysis to OXPHOS and increases
mitochondrial ROS production [37, 73—76]. Presumably

depending on cancer cell’s antioxidant capacity, oxidative
stress generated from this metabolic shift is sometimes suffi-
cient to cause apoptosis or may sensitize cancer cells to further
oxidative stress. [onizing radiation and many chemotherapeu-
tic drugs currently used in clinical practice kill cancer cells in
large part through the induction of high levels of free radicals
[47]. Therefore, combinations of pro-OXPHOS metabolic
therapies (e.g., glycolysis inhibitors or DCA) with pro-
oxidant radiation/chemotherapies may lead to excessive pro-
duction of oxidative stress, which would exceed the cellular
antioxidant capacity of cancer cells and effectively induce cell
death.

6 Summary

The Warburg effect not only provides an ample supply of
metabolites for the anabolic needs of proliferating cancer cells
but also mitigates oxidative stress to help cancer cells to sur-
vive the stringent metastatic process. Although Warburg me-
tabolism is common, cancer cells typically maintain function-
al mitochondria and can switch between aerobic glycolysis
and oxidative metabolism in response to single metabolic
treatments. Therefore, combination therapies are required to
effectively target the liabilities of Warburg cancer cells.
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