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Abstract

Cancer is not a single disease, but a spectrum of diseases with common hallmarks.
One of these hallmarks is deregulated metabolism. Changes in the metabolism of
cancers are not a mere downstream event of an oncogenic transformation; rather,
metabolism is an essential cornerstone enabling various aspects of cancer. In this
review, we highlight the role of metabolism in cancer initiation, proliferation,
metastasis formation, immune evasion, and therapy response. We further provide
metabolic concepts by which metabolic pathways support these different aspects of
cancer.

Introduction

Metabolism is a cellular process required for the survival and proliferation of all cells.
Increased proliferation and sustained survival are hallmarks of cancer (1) that can be
targeted for therapy (2). Thus, it is not surprising that cancer cells exhibit an altered
metabolism to fuel their increased energy and biomass requirements. However, it has
become clear that metabolic alterations in cancer are not only a consequence of an



oncogenic transformation, but essential changes that support and/or drive cancer
initiation, progression and treatment response. In this review, we present the current
knowledge on the role of metabolism in different aspects of cancer.

Crosstalk between metabolism and epigenetics can be a driver of cancer

Only few changes in metabolism can be considered drivers of tumor initiation. A
common feature of all such metabolic changes is the induction of epigenetic
remodeling. In particular, metabolite concentrations alter the activity of enzymes that
modify DNA and/or histones (3, 4). Consequently, a change in the global
transcriptional program occurs, which can result in tumor initiation (Figure 1a).
Examples are mutations or loss of the TCA cycle enzymes isocitrate dehydrogenase
(IDH), succinate dehydrogenase (SDH), and fumarate hydratase (FH) (5-7). Each of
these tumor-driving alterantion results in the accumulation of a particular metabolite
(2-hydroxyglutarate with IDH mutation, succinate with SDH mutation, and fumarate
with FH mutation) that inhibits ten-eleven translocation methylcytosine dioxygenase
(TET) enzyme activity by preventing the conversion of the substrate a-ketoglutarate
to succinate and consequently the demethylation of DNA (8-12). However, epigenetic
remodeling may only be a part of the mechanism that enables metabolism-driven
tumor initiation. While hereditary SDH mutations disrupt epigenetic homeostasis in
each organ, only particular cell types and tissues, such as paraganglia, are prone to
tumor initiation (13). Additionally, mutations in SDH are found in each subunit of the
enzyme and always result in succinate accumulation, but aggressive tumors
predominantly arise from SDH mutations in subunit B (13). Interestingly, SDH
mutations are not only associated with tumor initiation, but can also lead to
neurodegeneration (14), which constitutes the opposite of a proliferation-defined
disease. These findings indicate that further cellular changes, beyond epigenetic
remodeling, are necessary to enable metabolism to initiate tumors (15, 16). One
reason for the inability of metabolite concentration-induced epigenetic remodeling
to drive tumor initiation in any cell might be the basal metabolism of the tumor-
originating cell (17). In conclusion, crosstalk with epigenetics is required, but likely
not sufficient, to explain the ability of metabolic changes to initiate tumors.

Nucleotide metabolism is a converging metabolic vulnerability of proliferating
tumors

A hallmark of tumors is uncontrolled proliferation (18, 19). Any biosynthetic pathway
supporting proliferation may therefore be considered a drug target in cancer
treatment. Yet, cancer therapy drug screens conducted in the 1950s mainly identified
compounds that target nucleotide biosynthesis, and some are still used as
chemotherapeutics today (2, 20, 21). Accordingly, recent research has identified
changes in nucleotide metabolism as a converging metabolic vulnerability of tumors
(22-27) (Figure 1b). While targeting the enzymes of nucleotide biosynthesis in
tumors also impairs proliferating non-transformed cells, this limitation could be
overcome by targeting metabolic pathways that fuel nucleotide biosynthesis. There
is evidence suggesting that such metabolic pathways depend predominantly on the
tumor microenvironment (28-30) (Figure 1b). This observation provides an
opportunity for cancer treatment: tumors within the same organ could be treated



with the same drugs regardless of their origin. However, the tumor
microenvironment is quite flexible, as tumor cells and tumor-associated stromal cells
continually shape the microenvironment (4). Thus, intra-tumor heterogeneity and
instability can arise over time, contributing to treatment resistance. Taken together,
proliferation is the most targeted phenotype of cancer cells, and agents targeting
directly or indirectly nucleotide metabolism are still heavily used in the clinic;
however, modulating cancer phenotypes beyond proliferation could lead to more
specific and effective drug targets.

Metastasis formation depends on energy and antioxidant metabolism
Metastasis, the progression of cancer to distant organs, accounts for up to 90% of
cancer mortality (17, 31). During metastasis formation, cancer cells undergo multiple
cellular changes that support each metastatic step (32). First, cancer cells disseminate
from the primary tumor via the circulatory system to distant organs. Upon survival
and a possible dormancy state, they colonize a distant organ, which results in the
formation of metastases. These will eventually grow and build secondary tumors.
Given that each of these metastatic steps is defined by one or more different cellular
phenotypes, itis not surprising that metabolism changes accordingly. While the initial
invasive phase that allows cancer cells to disseminate to the circulatory system seems
metabolically diverse (33-40), the later steps - particularly survival in the circulation
and colonization of a site - require increased antioxidant (41) and energy
metabolism, respectively (Figure 2a). In particular, antioxidant treatment increases
the survival of cancer cells in the circulation (41, 42). Moreover, cancer cells without
matrix attachment (in vitro abstraction of circulating tumors cells) upregulate the
pentose phosphate pathway (43) and enrich their reactive oxygen species scavenging
capacity, predominately in the mitochondria (44). Moreover, recent data suggest that
cancer cells colonizing a distant organ have an increased energy need. In addition,
metabolic rewiring driven by this energy requirement seems to be organ- and
potentially oxygen tension-dependent. In support of this, energy production from
proline catabolism (45) and upregulated mitochondrial metabolism (46) support
lung colonization, while cancer cells undergoing liver colonization can scavenge
extracellular bioenergetics (47) and rely on glycolysis (48). Interference of specific
energy-providing pathways in colonizing cancer cells has shown promising results in
mouse models (45, 48). While the reasons for these particular metabolic patterns in
circulating and colonizing cancer cells remain to be fully determined, effectively
preventing and treating metastasis formation is expected to have a major impact on
patient survival. Further mechanistic insight, including research in multiple
metastatic niches, on cancer cells of different origin and genetic drivers is needed to
evaluate the extent to which these emerging metabolic vulnerabilities can be
translated to the clinic.

Cancer cells impair the anti-tumor immune response by metabolic competition,
inhibition and reprograming

Both innate and adaptive immunity contribute to cancer initiation, proliferation, and
progression. Impaired anti-tumor innate immune programs of macrophages (with
subsequent activation of a pro-tumorigenic immune response) have been implicated



in supporting cancer progression towards metastasis formation (49, 50). On the other
hand, the failure of anti-tumor, lymphocyte-mediated adaptive immunity can boost
cancer initiation and proliferation (50, 51). While the lack of anti-tumor immunity
may be due to various factors, the metabolism of cancer cells certainly contributes by
changing metabolite availability in the tumor microenvironment (Figure 2b). Cancer
metabolism can suppress the anti-tumor immune response through: 1) metabolite
excretion; and/or 2) nutrient deprivation. First, cancer cells can release metabolites
(such as lactate (52) and fatty acids (53)) that hinder the proliferation and/or effector
function of anti-tumor lymphocytes (while promoting proliferation and regulator
function of pro-tumor lymphocytes (54)). Moreover, metabolites released by cancer
cells (such as lactate) can reprogram macrophages from an anti-tumor to a pro-tumor
polarization (55). Second, cancer cells reduce the availability of nutrients that anti-
tumor lymphocytes require for proliferation and/or effector function. This latter
change of the microenvironment can be induced by a direct competition between
cancer cells and anti-tumor lymphocytes for nutrients such as glucose (56, 57), or
indirectly when cancer cells initiate the release of nutrient degradation enzymes by
tumor associated macrophages or tolerogenic dendritic cells to the
microenvironment. Examples include cancer cells releasing indoleamine-2,3-
dioxygenase (IDO) to reduce tryptophan (58), and arginase (ARG) 1 to reduce
arginine (55, 59)). Catabolites of tryptophan (kynurenines) and arginine (nitric
oxide) have been further implicated in immunosuppression (60, 61). Interestingly,
some cancer cells themselves express IDO and thereby contribute to the inhibition of
anti-tumor lymphocytes (62). Taken together, these data suggest that cancer
metabolism is an important determinate of the immune response inhibiting anti-
tumor and promoting pro-tumor immunity (Figure 2b).

Metabolic rewiring and microbiota metabolism can define therapy response
Poor response to therapy, including drug resistance, is a major challenge in cancer
treatment. Often, the reasons for therapy failure are not known. Yet, it has recently
emerged that cancer cell and host metabolism can dictate therapy response (Figure
3). Recent studies have identified several metabolic rewiring mechanisms that enable
the resistance of cancer cells to drugs. Pancreatic cancer cells can overcome
nucleotide metabolism inhibition (with gemcitabine, a nucleoside analog) by
metabolic activation of counteracting signaling pathways (63) and increased
pyrimidine biosynthesis from glucose (64). Thus, targeting multiple metabolic
pathways will be required to counteract drug resistance mechanisms in pancreatic
cancers (65). Similarly, MYC-activated glutamine metabolism is a response to CDK4/6
blockade that could be targeted to overcome therapy resistance (66). Moreover,
energy metabolism emerges as a metabolic vulnerability of cancer cells resistant to
non-metabolic chemotherapeutic agents (67-69). Thus, we have limited knowledge
on how and to what extent metabolic rewiring causes therapy resistance, but initial
data are promising and might lead to rational combinations of metabolic drugs with
chemotherapeutic agents and targeted therapy.

In addition to cancer metabolism, the host metabolism impacts therapy response
(Figure 3). In particular, the metabolism of the gut microbiota has been recently
identified to modulate therapy response. Two studies investigated the efficacy of



typical chemotherapies in the presence of different microbes using C. elegans as a
model system for rapidly proliferation. Interestingly, E. coli in the gut microbiota of C.
elegans convert the anti-pyrimidine drugs 5-fluorouracil (5-FU) and 5-fluoro-2’-
deoxyuridine (FUDR) to 5-fluorouridine monophosphate (FUMP), which in turn
increases treatment response (70, 71). This enhancing effect could be further boosted
or impaired based on dietary supplements (70). Another microbiota species, namely
Comamonas, decreased FUDR efficacy, but increased the efficacy of the topoisomerase
[ inhibitor camptothecin through an unknown mechanism (71). Strikingly, in humans,
response to immunotherapy is at least partly defined by the microbiota (72), urging
the need to better understand how the microbiota alters drug metabolism (Figure 3).
These findings collectively suggest that metabolism directly or indirectly (via the
microbiota) drives therapy response in cancer patients. Consequently,
comprehensive treatment concepts shaping the metabolism of cancer cells and the
host could be combined with targeted treatment and chemotherapy to overcome
treatment failure.

Conclusion

Metabolism has emerged as a key player in cancer. Its central role in all stages of the
disease suggests that metabolism-based drugs are essential for effective treatment
and eventual cure of cancer (2). Mechanistic understanding and further integration
of cancer, immune, and host metabolism with other drivers of cancer such as the
(epi)genetic landscape are needed to develop innovative strategies against this
deadly disease.
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Figure 1: Metabolism in tumor initiation and proliferation. a) The link between
metabolism and epigenetics can enable tumor initiation. Increased metabolite
concentrations inhibit TET-enzyme mediated epigenetic modifications such as DNA
methylation, promoting transcriptional programs that can lead to tumor initiation.
Normal cells are shown in gray, and cells undergoing oncogenic transformation are
shown in blue. b) Altered nucleotide metabolism is a common vulnerability of many
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proliferating cancers. The microenvironment can define the particular pathways
within nucleotide metabolism on which cancer cells rely for proliferation. Cancer cells
are shown in blue.
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Figure 2: Metabolism during metastasis formation and cancer-immune cell
interaction. a) Circulating tumor cells rely on increased antioxidant defense for
survival, while cancer cells colonizing the metastatic site depend on increased energy
availability. Cancer cells are shown in blue. b) Cancer cells reprogram the immune
response by inhibiting anti-tumor immune cells and inducing pro-tumor immune
cells. Mechanistically, cancer cells induce an accumulation of metabolites in the
microenvironment that impair anti-tumor immune cells and promote pro-tumor
immune cells. Moreover, cancer cells can directly or indirectly deprive nutrients from
pro-tumor immune cells. ARG1 refers to arginase 1, and IDO refers to indoleamine
2,3-dioxygenase. Gray arrows indicate metabolite- or enzyme-mediated effects.
Purple arrows indicate immune cell-mediated effects. Blue arrows indicate cancer
cell-mediated effects.
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Figure 3: Metabolism defines therapy response. Cancer cells can acquire drug
resistance (and immune cell evasion) by rewiring their metabolism. Drug metabolism
by the host microbiota can improve or impair therapy response. Gray arrows indicate
drug effects. Yellow arrows indicate metabolism-mediated effects.
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