Metabolic hallmarks of metastasis formation
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Metastasis to distant organs is a predictor of poor prognosis. Therefore, it is of
paramount importance to understand the mechanisms that impinge on the different
steps of the metastatic cascade. Recent work has revealed that particular metabolic
pathways are rewired in cancer cells to support their transition through the metastatic
cascade resulting in the formation of secondary tumors in distant organs. Indeed,
metabolic rewiring induces signaling pathways during initial cancer invasion,
circulating cancer cells depend on enhanced antioxidant defenses, and cancer cells
colonizing a distant organ require increased ATP production. Moreover, the local
environment of the metastatic niche dictates the metabolic pathways secondary
tumors rely on. Here we describe mechanisms of metabolic rewiring associated with

distinct steps of metastasis formation.

Introduction

Metastasis formation is the leading cause of death in cancer patients® 2. The
phenotypic complexity during the multi-step cascade of metastasis formation3
strongly contributes to the difficulties of identifying effective inhibitors against this

deadly process. First, cancer cells invade the surrounding tissue and enter into the



circulation. Upon survival in the circulation, they disseminate to distant organs. Often
the pre-metastatic niche in a distant organ is primed, through factors secreted from
the primary tumor, to facilitate the survival of disseminated cancer cells* >. While
cancer cells in distant organs can undergo a state of dormancy, they eventually
colonize the metastatic niche, resulting in micro-metastases. Micro-metastases
gradually transition to established metastases (i.e. secondary tumors), which are
defined, similar to the primary tumor, by proliferation. The importance of metabolic
changes enabling cancer cells to transition through the different steps of metastasis
formation is beginning to be realized, and connections to the local environment and
the cancer cell phenotype are being established®1°. Thus, targeting metabolic changes
that enable metastasis formation could open innovative possibilities to inhibit this
deadly process!’. In this review, we present the emerging picture on how metabolic

rewiring supports the different steps of the metastatic cascade.

Cellular metabolism in (cancer) cells

Cellular metabolism is a biochemical reaction network that allows cells to convert
nutrients into various small molecules, known as metabolites. These conversions have
several functions that include (but are not limited to) the following aspects®: First, they
allow cells to maintain cellular homeostasis'?. For example, the generation of ATP
sustains energy-demanding cellular processes and glutathione is used to balance
oxidative stress. ATP is produced by glycolysis in the cytosol and by oxidative
phosphorylation in the mitochondria, which relies on the generation of the redox
equivalents NADH and FADH, through metabolic pathways such as the tricarboxylic
acid (TCA) cycle and proline catabolism. Glutathione reduction relies on the generation
of the redox equivalent NADPH, which can occur through multiple metabolic pathways
including the pentose phosphate pathway and the TCA cycle. Second, metabolic
conversions allow cells to generate biomass*3, such that amino acids, nucleotides and
fatty acids needed for protein, DNA/RNA and membrane synthesis, respectively, are

generated. Third, they allow cells to link metabolism to signaling and epigenetic



events'¥ 1>, Examples are acetyl-CoA, which is a substrate for histone modifications,
and a-ketoglutarate, which supports the activation of mTORC1 and acts as a cofactor
for enzymes involved in DNA demethylation. Cancer cells rewire these metabolic
pathways to ensure increased survival, proliferation, invasion, motility and other
cellular phenotypes enabling cancer initiation and progression. Depending on the
phenotype of the cancer cell different essential metabolic functions emerge and the
associated metabolic pathways can be targeted to impair them?® >, In the following
sections, we review metabolic pathways that are important for cancer cells during
metastasis formation (i.e. in cancer cells of different phenotype) and link these, where

possible, to different functions of cellular metabolism.

Metabolic rewiring supports cancer cell invasion by inducing signaling pathways

The invasion of cancer cells into the surrounding tissue is the first step in the
metastatic cascade. Extensive research, considering various biological processes
including metabolism, has been performed to understand how cancer cells become
invasive. Unfortunately, no overarching pattern of metabolic changes has been
identified that discriminates invasive from non-invasive cancer. This suggests that,
depending on the origin of the cancer, genetic drivers and environment, cancer cells
can exploit multiple metabolic pathways to become invasive. Many of the metabolic
changes supporting invasion result in the activation of signaling pathways. In turn,
cancer cells can gain the ability to degrade the extracellular matrix (ECM; which
reduces the physical barrier of invasion), remodel interactions (such as decreasing cell-
cell/matrix contact, increasing focal adhesion turnover, increasing invadopodia
formation®) and activate an epithelial-to-mesenchymal transition (EMT). Moreover,
metabolites can stimulate motility of cancer cells by inducing chemoattraction. In the
following, we summarize the current knowledge on metabolic pathways and enzymes

involved in enabling cancer invasion (Figure 1).

Glucose and lactate metabolism



The enzymes hexokinase (HK) 2 and pyruvate kinase (PK) M2 define the start and end
of glycolysis. HK2 and PKM2 catalyze the irreversible reaction of glucose to glucose-6-
phosphatase and phosphoenolpyruvate to pyruvate, respectively. Both enzymes are
expressed in many fetal or embryonic and proliferative (including cancer) tissues,
while other isoforms of these enzymes are predominately found in differentiated
tissues®. The hexokinase reaction is a first rate-limiting step of glycolysis, while the
pyruvate kinase reaction connects glycolysis to lactate and amino acid metabolism**
17 The influence of HK2 and PKM2 on metastasis formation has been intensively
studied. Their expression correlates with motility and invasive capacity in cancer cells
of different origin!®24. Knockdown of either HK2 or PKM2 results in reduced lactate
production and impaired glycolysis'® 24, These metabolic changes could be causal for
inducing motility and invasion of cancer cells because flux through glycolysis results in
the generation of the metabolic byproduct methylglyoxal, which has been shown to
activate YAP signaling in breast cancer cells?°. Interestingly, YAP signaling induces EMT
in breast cancer?® 27, Moreover, lactate promotes breast cancer progression by
supporting chemoattraction, which stimulates cancer cell migration?®. Additionally,
changes in pH associated with increased lactate production stimulates, in part through
NF-kB signaling, the secretion and activation of hydrolases such as cathepsins and
matrix metallopeptidase 9 (also known as matrix metalloproteinase 9), which degrade
ECM components; therefore, reducing the physical barrier permissive for invasion’. A
lactate transporter MCT1-dependent activation of NF-kB signaling has also been
identified in invasive cancer cells?®. NF-kB signaling has not only been associated with
ECM degradation, but also with an induction of EMT’. Thus, these observations
suggest that glycolysis and associated lactate metabolism can induce signaling
pathways that promote cancer invasion and motility by driving proteolytic activity and

EMT programs.

Mitochondrial metabolism



Several studies have shown that mitochondrial metabolism, in particular oxidation of
various nutrients (such as glutamine, glucose, fatty acids) in the TCA cycle, is linked to
cancer invasion. Yet, its role is controversial, since both mitochondrial overload and
dysfunction, as well as activation and inhibition of mitochondrial biogenesis have been
shown to promote invasiveness of cancer cells®®-32, Indeed, mitochondrial overload
and dysfunction results in reactive oxygen species (ROS) production. This in turn can
activate the protein tyrosine kinases Src and Pyk2, which promote cancer cell motility
by remodeling cell-cell and cell-matrix interactions3°. Accordingly, treatment with a
mitochondrial ROS scavenger or perturbation of mitochondrial redox homeostasis
prevented cancer progression in different mouse models3® 33, Inhibition of the
mitochondrial biogenesis regulator peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a) has shown opposing effects on cancer invasion,
which might be linked to the cancer cell of origin and genetic drivers3! 32 34, Supporting
this role, PGC-1a expression prevents PTEN loss induced prostate cancer progression
by activating catabolism via estrogen-related receptor alpha (ERRa)3!. In breast cancer
however, PGC-1a expression drives oxidative metabolism as well as mitochondrial
biogenesis, and in the final consequence, invasion leading to metastasis formation32.
Accordingly, mitochondrial metabolism, including oxidation of glutamine or fatty acids
has been linked to breast, melanoma and ovarian cancer invasion and agressiveness3>
37 as well as stemness in chronic myeloid leukemia3®. Functionally, these observations
could be linked to cell motility programs because actin cytoskeleton remodeling and
contraction are energy demanding processes, which could be fueled by mitochondrial
produced ATP. In addition, PGC-1a silencing has been found to increase invasiveness
of melanoma cells by modulating cell-cell and cell-matrix interactions via the
transcription factor 4 (TCF4) — focal adhesion kinase (FAK) signaling axis34.

Connected to mitochondrial metabolism is the conversion of glutamine to glutamate.
Invasive breast cancer cells secrete glutamate to stimulate the recycling of
transmembrane matrix metalloprotease (MT1-MMP) via a metabotropic glutamate

receptor (GRM3)*°. Moreover, asparagine, an amino acid that is produced from



aspartate via asparagine synthetase (ASNS), promotes breast cancer cell invasion.
ASNS expression in primary tumors was found to be correlated with metastatic relapse
and ASNS knockdown as well as dietary reduction of asparagine impaired cancer
progression. Mechanistically, asparagine availability increased the expression of EMT
genes*. Thus, mitochondrial metabolism is anti- or pro-invasive depending on the
tumor context and often connected to a change in the activation of signaling pathways

known to promote cancer progression.

Fatty acid metabolism

Fatty acid synthesis, uptake and processing has been linked to cancer progression.
Upon anti-angiogenic treatment withdrawal, xenograft tumors of human breast and
colon cancers elevate fatty acid synthesis, which allowed re-growth and metastasis
formation*'. Moreover, lipid accumulation and free fatty acid uptake increases the
invasiveness, migration and progression of various cancers including breast and liver
cancers*44, likely through the induction of EMT that was induced via transforming
growth factor (TGF) B and Wnt family member (Wnt) signaling in liver cancers®.
Furthermore, breast cancer cells downregulate the mitochondrial protein penicillin-
binding/B-lactamase like protein (LACTB) resulting in elevated phospholipid
metabolism, increased proliferation and EMT induction, via zinc finger E-box-binding
homeobox (ZEB) 1%°. In addition, increased fatty acid desaturation has been associated
with stemness in ovarian cancer cells through induction of NF-kB signaling?®.
Connected to fatty acid metabolism is the metabolite acetyl-CoA, which is an
important donor for protein and histone acetylation. Inhibition of the fatty acid
synthesis enzyme acetyl-CoA carboxylase (ACC) 1 through phosphorylation (that was
induced by leptin signaling) resulted in acetyl-CoA accumulation?’. This in turn,
activated an EMT program via Smad2 transcription factor acetylation and
consequently promoted breast cancer cell invasion?’. An additional nutrient driving
acetyl-CoA production is acetate. While several groups have shown that inhibition of

cytosolic acetate metabolism inhibits growth of primary breast, prostate and liver



tumors through decreased biosynthesis of membrane phospholipids*® 4°, there is
indication that it might promote hepatocellular carcinoma invasiveness and migration
under hypoxia®°. Mechanistically, it was suggested that inhibition of cytosolic acetate
metabolism, by acetyl-coenzyme A synthetase (ACSS) 2 silencing, leads during hypoxia
to deacetylation of HIF (hypoxia inducible factor) 2a.. This in turn results in HIF2a
dependent EMT activation. In summary, fatty acid and acetyl-CoA metabolism can

impact cancer invasiveness at least in part through the induction of an EMT.

A recent study has also suggested that patient-derived xenograft melanoma models
that can undergo metastasis formation had increased levels of metabolites supporting
histone methylation®!. Accordingly, inhibiting histone methylation impaired
invasiveness and metastatic spread in these models®!. While the exact mechanism by
which the histone methylation observed in this study promotes invasiveness remains
unknown, it is tempting to speculate that it activates the expression of genes known
to support cancer progression®. Thus, the methylation status of a tumor might be a

useful predictor of cancer progression risk.

Taken together, the diversity of the metabolic pathways supporting cancer invasion
limits the possibility of designing overarching treatment strategies. Moreover, the
time window for a treatment that targets cancer invasiveness is narrow because the
dissemination of cancer cells to distant organs can be a very early event that likely
takes place before initial cancer diagnosis®* >3. Instead, metabolic changes in primary

tumors could be predictors of metastasis risk.

Circulating tumor cells rely on antioxidant metabolism

Metastasizing cancer cells need to survive in the circulation. During invasion cancer
cells show altered and decreased cell-matrix interaction; this interaction is further
reduced in the circulation. In non-transformed cells detachment from the matrix

results in ROS accumulation induced anoikis®®. Elevated antioxidant defenses allow



cancer cells to survive matrix detachment in vitro and as circulating tumor cells in vivo
(Figure 2). For example, matrix detached fibrosarcoma cells showed reduced ROS
induced anoikis®>. This effect was mediated by activating transcription factor 4 (ATF4)
and nuclear factor-erythroid 2-related factor 2 (Nrf2) induced expression of heme
oxygenase 1 (HO-1)>°, which decreases the prooxidants heme and increases the
antioxidants bilirubin>¢. Moreover, increased PGCla-dependency has been observed
in circulating tumor cells32, which can support ROS homeostasis®’. Overexpression of
oncogenes such as Erbb2 in non-transformed mammary epithelial cells results in
increased survival upon matrix detachment that was dependent on ROS scavenging®®.
Erbb2 signaling activates the pentose phosphate pathway resulting in the production
of NADPH, which is needed to recycle the ROS scavenger glutathione. Consequently,
processes such as energy production that are impaired by ROS accumulation, are
restored, which permits cancer cell survival during matrix detachment®®. Accordingly,
matrix detachment decrease glucose oxidation in breast cancer cells, which reduces
mitochondrial ROS production®®. In line, overexpression of the mitochondria pyruvate
carrier (MPC), which is required for glucose oxidation, impairs matrix-detached colon
cancer cells®°,

Matrix-detached cancer cells also rewire their metabolism to optimize ROS
scavenging, particularly in mitochondria. Most matrix attached, normoxic and
respiration competent cancer cells have reduced conversion of a-ketoglutarate to
citrate (reductive carboxylation)®'%4, Yet, matrix detached lung, colon and breast
cancer cells alter their metabolism and use a cross compartment o-ketoglutarate —
citrate cycle, i.e combining oxidative decarboxylation in the mitochondria with
reductive carboxylation in the cytosol® (Figure 2). Thereby, a-ketoglutarate and
NADPH are reductively carboxylated in the cytosol to citrate and NADP*. In turn, citrate
is transported into the mitochondria and oxidized with concomitant NADPH
production. Consequently, there is no net production of any metabolite or glutathione

reduction capacity, but an enriched antioxidant defense in the mitochondria.



The importance of ROS scavenging for the survival of circulating tumor cells and
metastasis formation was demonstrated by treating different mouse models
harboring melanoma with the antioxidants N-acetyl-cysteine, which enriched the
number of melanoma cells in circulation and resulted in lymph node metastasis®® ¢,
Thus, it emerges that cancer cells survive matrix detachment by upregulating various
antioxidant pathways, reducing ROS production, and redirecting scavenging capacity

to the mitochondria.

ROS scavenging not only reduces anoikis, but also increases the stemness of cancer
cells, which in turn can support metastasis formation®. Unlike non-transformed
mammary epithelial cells, transformed breast cancer cells have been shown to
increase EMT gene expression patterns upon matrix detachment®. This can inhibit the
gluconeogenic enzyme fructose bisphosphatase (FBP) 1, reducing oxidative
metabolism, through a largely unknown mechanism’?. Consequently, ROS production
by mitochondria is reduced, and supports the interaction of B-catenin with TCF4,
which can induce stemness through the Wnt signaling cascade’®. Thus, decreased ROS
production can support cancer cell stemness. Finally, increased fatty acid uptake has
been identified in circulating tumor cells** 71, Whether this is associated with ROS

reduction remains to be determined.

In summary, it has emerged that antioxidant defense is essential for circulating tumor
cells to evade cell death. Targeting this metabolic vulnerability might be particularly
interesting in combination with primary cancer surgery, which has the potential to
increase the number of circulating tumor cells depending on the tumor location and

the surgical technique applied’?74,

The pre-metastatic niche is primed for glucose availability
Secreted factors from the primary tumor prepare a permissive pre-metastatic niche,

which supports metastatic seeding by altering the stromal, immune cell and/or matrix



composition of the niche’>. Very little is known about the metabolic priming of the
pre-metastatic niche. Yet, it was recently shown that primary tumors can contribute
to a permissive pre-metastatic niche that facilitates the adaptation of metastasizing
breast cancer cells upon arrival in the lung and the brain. Specifically, primary breast
tumors have the capacity to release exosomes containing miR-122, which suppresses
glucose metabolism of resident cells in the pre-metastatic niche by downregulating
PKM and glucose transporter 1 (GLUT1)’®. The increased availability of glucose allows
metastasizing breast cancer cells to accommodate their nutrient requirements and
facilitated metastatic seeding. Accordingly, treatment with anti-miR-122 significantly
reduced metastasis formation in xenograft mouse models’®. Whether this priming of
the pre-metastatic niche is especially important for metastasizing cancer cells arising
from highly glycolytic primary breast cancers! remains to be determined. Moreover,
whether the pre-metastatic niche is also primed for other nutrients is not known. Thus,
the translational potential of interfering with the metabolic priming of the pre-

metastatic niche remains to be determined.

Metastatic colonization depends on increased ATP production

Once cancer cells have reached a distant organ they need to colonize the new
environment. This process, which will ultimately result in the formation of micro-
metastases, includes survival, seeding, establishment of cell-matrix interactions, ECM
remodeling and finally outgrowth. It has emerged that the metabolic pathways that
allow cancer cells to undergo metastatic colonization differ depending on the organ.
It is tempting to speculate that this is a result of the particularities of the environment
(such as nutrients, matrix and stromal cells) that cancer cells encounter within
different organs. While different pathways are identified to be important for (early)
metastatic colonization, they all converge to fuel ATP production (Figure 3).
Accordingly, breast cancer cells that colonize the lung rely on the proline cycle®. In
this cycle, proline and FAD are converted to 1-pyrroline-5-carboxylic acid (P5C) and

FADH,. Next, P5C and NADPH are converted back to proline and NADP*. The FADH,

10



production in this cycle can be coupled to the mitochondrial electron transport chain,
thereby producing ATP at the expense of NADPH. Inhibiting the proline cycle enzyme
proline dehydrogenase (PRODH) is sufficient to decrease the number of arising
metastases in aggressive breast cancer mouse models®. In addition, breast cancer
cells that metastasize to the lung rely on increased PGC-1a activity’’. Mechanistically,
PGC-1a allowed metastasizing cancer cells to increase their bioenergetic flexibility, i.e.
ATP production from both glycolysis and mitochondrial oxidative phosphorylation.
Similarly, oral squamous cell carcinoma cells with metastatic seeding capacity to the
lymph node expressed CD36, which allows them to take up fatty acids and oxidize
them in the mitochondria’?, potentially to produce ATP. Thus, in environments such
as the lung and the lymph node, colonizing cancer cells rely on mitochondria to fuel

their increased energy needs.

Cancer cells metastasizing to other organs, such as the liver, seem to depend on non-
mitochondrial ATP production (Figure 3). Accordingly, colon cancer cells that
metastasize to the liver rely on extracellular metabolic energetics’®. In particular, they
release creatine kinase brain-type (CKB) to the extracellular space, which scavenges
available extracellular ATP by converting creatine into phosphocreatine’®. This
metabolite can be taken up by colonizing cancer cells and be used to phosphorylate
ADP to ATP. It is tempting to speculate that the reliance of metastasizing cancer cells
on extracellular ATP is a transient process, bridging the time needed to activate cell
intrinsic ATP production in the liver environment. Indeed, breast cancer cells that
colonize the liver depend on pyruvate dehydrogenase kinase (PDK) 1, which is
activated by hypoxic signaling and shifts energy production from the mitochondria to

glycolysis’.
Taken together, cancer cells colonizing a distant organ have increased energy needs

that they fuel in an environment-dependent manner. The reasons for this striking

dependence remain elusive, but targeting this metabolic requirement is of
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translational relevance because many cancer patients already present with

disseminated cancer cells upon diagnosis.

Environment dictates metabolic rewiring in secondary tumors

Cancer cells within an established secondary tumor (i.e. macro-metastases) have a
similar cellular phenotype as cancer cells within a primary tumor, i.e. many of them
proliferate. Despite this similar phenotype, it has been shown that the metabolism of
secondary tumors from human melanoma patients converge toward a state of low
oxidative metabolism® and that breast cancer-derived lymph node metastases display
increased transketolase (enzyme of the pentose phosphate pathway) expression®! in
comparison to their respective primary tumors. While cell intrinsic changes between
primary and secondary tumors contribute to the differential metabolism of secondary
tumors, cell extrinsic changes in the environment (such as nutrients) can be an
important determinant.

Nutrients are known to dictate the activity of metabolic pathways! 8%  As the
nutrient environment of a secondary tumor differs from that of the primary tumor, it
seems likely that secondary tumors rely on different metabolic pathways depending
on the organ in which they grow (Figure 4). Accordingly, breast cancer-derived lung
metastases switch to pyruvate carboxylase dependent refilling of the TCA cycle
(anaplerosis) due to an enriched availability of pyruvate in the lung environment?®.
Similarly, brain metastases originating from different tissues use acetate rather than
glucose or glutamine to drive an oxidative TCA cycle®®?’. Indeed, cancer cells isolated
from brain metastases gain glucose independent growth capacity by relying, in part,
on gluconeogenic enzymes such as FBP188, Thus, it emerges that nutrients available in

distant organs can determine the metabolism of arising metastases.
Beyond nutrients, additional aspects of the local environment may also shape the

metabolism of secondary tumors (Figure 4). There is evidence that the brain

microenvironment requires the activity of the pentose phosphate pathway and
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glutathione synthesis®-°1, which could be connected to the production of ROS by high
oxygen tension in the brain. Moreover, increased activity of the pentose phosphate
pathway can enable epigenetic changes that allow pancreatic cancer cells to

proliferate as liver and lung metastases®?.

In conclusion, the local environment dictates the metabolic vulnerabilities of
established metastases proliferating in distant organs. While current knowledge on
the metabolism of secondary tumors is largely descriptive, it suggests that the
treatment of metastatic cancers needs to be adapted to the organ hosting the

metastasis rather than to the primary tumor type®.

Concluding remarks

The collective evidence presented here supports the notion that the metastatic
cascade triggers different metabolic requirements in cancer cells that can be targeted
for therapy (Figure 4). Yet, many questions remain (see also outstanding questions),
including how the epigenetic state of the primary tumor can be exploited to predict
metastasis formation risk, what is the importance and extent of metabolic priming in
the pre-metastatic niche, how disseminated cancer cells transition from a dormancy
state to an active proliferating state, how increased energy production supports
colonization of a distant organ, and how cancer cells shape their metastatic niche to
support metastatic outgrowth in distant organs. Moreover, it will be important to
determine to which extent the presence of different stromal or immune cells in the
metastatic site rewires the metabolism of cancer cells during metastatic seeding and
growth. Despite a large number of outstanding questions, conclusions that may be
relevant to the clinical management of metastases are beginning to emerge. As such,
metabolic hallmarks of early events of metastasis could be translated to biomarkers
predicting metastasis formation risk. Moreover, metabolic rewiring that supports
metastatic colonization could be combined or eventually replace preventative

chemotherapy after, for example, breast cancer surgery. Chemotherapy targets
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primarily proliferating cells®®, but cancer cells that have disseminated into distant
organs (and are not yet proliferating as established secondary tumors) can evade this
treatment because they often display reduced proliferation. Consequently, targeting
the specific metabolic requirements of these cancer cells and in particular their need
for ATP could prevent their survival and outgrowth in the metastatic niche. Finally, it
is of utmost importance to consider the organ environment when treating secondary
tumors, because certain metabolism targeting drugs might only work in specific

organs.

Acknowledgments

We regret that space limitations prevented the citation of many excellent studies
contributing to the understanding of metastasis metabolism. We would like to thank
Dr. Matteo Rossi, Gianmarco Rinaldi, and Marit van Gorsel for their valuable feedback
on the manuscript. SMF acknowledges funding from the European Research Council
under the ERC Consolidator Grant Agreement n. 771486—MetaRegulation, Marie Curie
—CIG, FWO — Odysseus Il, FWO — Research Grants and Projects, Eugene Yourassowsky
Schenking, and KU Leuven — Methusalem Co-Funding. We would like to acknowledge
http://www.somersault1824.com for image elements used in the figures (Creative
Commons license CC BY-NC-SA 4.0). The authors declare to have no competing

financial interest.

References

1. Elia, I., Schmieder, R., Christen, S. & Fendt, S.-M. Organ-Specific Cancer Metabolism and Its
Potential for Therapy. Handbook of Experimental Pharmacology 233, 321-353 (2016).

2. Ferlay, J. et al. Cancer incidence and mortality worldwide: Sources, methods and major
patterns in GLOBOCAN 2012. International Journal of Cancer 136, E359-E386 (2015).

3. Massagué, J. & Obenauf, A.C. Metastatic colonization by circulating tumour cells. Nature 529,
298 (2016).

4, Peinado, H. et al. Pre-metastatic niches: organ-specific homes for metastases. Nature Reviews
Cancer 17, 302-317 (2017).

5. Peinado, H., Lavotshkin, S. & Lyden, D. The secreted factors responsible for pre-metastatic
niche formation: Old sayings and new thoughts. Seminars in cancer biology 21, 139-146
(2011).

14



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lunt, S.Y. & Fendt, S.-M. Metabolism — A cornerstone of cancer initiation, progression,
immune evasion and treatment response. Current Opinion in Systems Biology 8, 67-72 (2018).
Payen, V.L., Porporato, P.E., Baselet, B. & Sonveaux, P. Metabolic changes associated with
tumor metastasis, part 1: tumor pH, glycolysis and the pentose phosphate pathway. Cell. Mol.
Life Sci. 73, 1333-1348 (2016).

Lehuédé, C., Dupuy, F., Rabinovitch, R., Jones, R.G. & Siegel, P.M. Metabolic Plasticity as a
Determinant of Tumor Growth and Metastasis. Cancer research 76, 5201 (2016).

Schild, T., Low, V., Blenis, J. & Gomes, A.P. Unique Metabolic Adaptations Dictate Distal Organ-
Specific Metastatic Colonization. Cancer cell 33, 347-354 (2018).

Teoh Shao, T. & Lunt Sophia, Y. Metabolism in cancer metastasis: bioenergetics, biosynthesis,
and beyond. Wiley Interdisciplinary Reviews: Systems Biology and Medicine 10, e1406 (2018).
Fendt, S.-M. Is There a Therapeutic Window for Metabolism-Based Cancer Therapies?
Frontiers in Endocrinology 8, 150 (2017).

Walsh, C.T., Tu, B.P. & Tang, Y. Eight Kinetically Stable but Thermodynamically Activated
Molecules that Power Cell Metabolism. Chemical Reviews (2017).

Lunt, S.Y. & Vander Heiden, M.G. Aerobic glycolysis: meeting the metabolic requirements of
cell proliferation. Annual review of cell and developmental biology 27, 441-464 (2011).
Lorendeau, D., Christen, S., Rinaldi, G. & Fendt, S.-M. Metabolic control of signaling pathways
and metabolic auto-regulation. Biology of the Cell 107, 251-272 (2015).

Rinaldi, G., Rossi, M. & Fendt, S.-M. Metabolic interactions in cancer: Cellular metabolism at
the interface between the microenvironment, the cancer cell phenotype and the epigenetic
landscape. WIREs Syst Biol Med e€1397. doi: 10.1002/wsbm.1397 (2017).

Mo, P. & Yang, S. PGC-lalpha mediates mitochondrial biogenesis and oxidative
phosphorylation in cancer cells to promote metastasis. Frontiers in Bioscience 23, 1241-1256
(2018).

Lunt, S. et al. Pyruvate Kinase Isoform Expression Alters Nucleotide Synthesis to Impact Cell
Proliferation. Molecular Cell 57, 95-107 (2015).

Edry Botzer, L. et al. Hexokinase 2 is a determinant of neuroblastoma metastasis. British
journal of cancer 114, 759-766 (2016).

Anderson, M., Marayati, R., Moffitt, R. & Yeh, J.J. Hexokinase 2 promotes tumor growth and
metastasis by regulating lactate production in pancreatic cancer. Oncotarget, 8:56081-56094
(2016).

Sun, H. et al. Knockdown of PKM2 Suppresses Tumor Growth and Invasion in Lung
Adenocarcinoma. International journal of molecular sciences 16 (2015).

Liu, W.-R. et al. PKM2 promotes metastasis by recruiting myeloid-derived suppressor cells and
indicates poor prognosis for hepatocellular carcinoma. Oncotarget 6, 846-861 (2015).

Lu, W. et al. Up-regulation of PKM2 promote malignancy and related to adverse prognostic
risk factor in human gallbladder cancer. Scientific Reports 6, 26351 (2016).

Yu, G. et al. PKM2 regulates neural invasion of and predicts poor prognosis for human hilar
cholangiocarcinoma. Molecular Cancer 14, 193 (2015).

Zhou, C.-F. et al. Pyruvate kinase type M2 is upregulated in colorectal cancer and promotes
proliferation and migration of colon cancer cells. [UBMB Life 64, 775-782 (2012).

Nokin, M.-J. et al. Methylglyoxal, a glycolysis side-product, induces Hsp90 glycation and YAP-
mediated tumor growth and metastasis. eLife 5, €19375 (2016).

Lei, Q.-Y. et al. TAZ Promotes Cell Proliferation and Epithelial-Mesenchymal Transition and Is
Inhibited by the Hippo Pathway. Molecular and Cellular Biology 28, 2426-2436 (2008).
Overholtzer, M. et al. Transforming properties of YAP a candidate oncogene on the
chromosome 11922 amplicon. Proceedings of the National Academy of Sciences 103, 12405
(2006).

Bonuccelli, G. et al. Ketones and lactate "fuel" tumor growth and metastasis: Evidence that
epithelial cancer cells use oxidative mitochondrial metabolism. Cell Cycle 9, 3506-3514 (2010).

15



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

48.

49,
50.

51.

52.

53.

Payen, V.L. et al. Monocarboxylate Transporter MCT1 Promotes Tumor Metastasis
Independently of Its Activity as a Lactate Transporter. Cancer research 77, 5591 (2017).
Porporato, Paolo E. et al. A Mitochondrial Switch Promotes Tumor Metastasis. Cell Reports 8,
754-766 (2014).

Torrano, V. et al. The metabolic co-regulator PGC1l[alpha] suppresses prostate cancer
metastasis. Nat Cell Biol 18, 645-656 (2016).

LeBleu, V.S. et al. PGC-1a mediates mitochondrial biogenesis and oxidative phosphorylation
in cancer cells to promote metastasis. Nat Cell Biol 16, 992-1003 (2014).

Samanta, D. et al. PHGDH Expression Is Required for Mitochondrial Redox Homeostasis, Breast
Cancer Stem Cell Maintenance, and Lung Metastasis. Cancer research 76, 4430 (2016).

Luo, C. et al. A PGCla-mediated transcriptional axis suppresses melanoma metastasis. Nature
537, 422 (2016).

Yang, L. et al. Metabolic shifts toward glutamine regulate tumor growth, invasion and
bioenergetics in ovarian cancer. Molecular systems biology 10 (2014).

Rodrigues, Mariana F. et al. Enhanced OXPHOS, glutaminolysis and B-oxidation constitute the
metastatic phenotype of melanoma cells. Biochemical Journal 473, 703 (2016).

Camarda, R. et al. Inhibition of fatty acid oxidation as a therapy for MYC-overexpressing triple-
negative breast cancer. Nature medicine 22, 427 (2016).

Kuntz, E.M. et al. Targeting mitochondrial oxidative phosphorylation eradicates therapy-
resistant chronic myeloid leukemia stem cells. Nature medicine 23, 1234 (2017).

Dornier, E. et al. Glutaminolysis drives membrane trafficking to promote invasiveness of
breast cancer cells. Nature communications 8, 2255 (2017).

Knott, S.R.V. et al. Asparagine bioavailability governs metastasis in a model of breast cancer.
Nature 554, 378 (2018).

Sounni, N.E. et al. Blocking lipid synthesis overcomes tumor regrowth and metastasis after
antiangiogenic therapy withdrawal. Cell Metab 20, 280-294 (2014).

Antalis, C.J., Uchida, A., Buhman, K.K. & Siddiqui, R.A. Migration of MDA-MB-231 breast cancer
cells depends on the availability of exogenous lipids and cholesterol esterification. Clin Exp
Metastasis 28, 733-741 (2011).

Nath, A., Li, I., Roberts, L.R. & Chan, C. Elevated free fatty acid uptake via CD36 promotes
epithelial-mesenchymal transition in hepatocellular carcinoma. Scientific Reports 5, 14752
(2015).

Nath, A. & Chan, C. Genetic alterations in fatty acid transport and metabolism genes are
associated with metastatic progression and poor prognosis of human cancers. Sci Rep 6, 18669
(2016).

Keckesova, Z. et al. LACTB is a tumour suppressor that modulates lipid metabolism and cell
state. Nature 543, 681 (2017).

Li, J. et al. Lipid Desaturation Is a Metabolic Marker and Therapeutic Target of Ovarian Cancer
Stem Cells. Cell stem cell 20, 303-314.e305 (2017).

Rios Garcia, M. et al. Acetyl-CoA Carboxylase 1-Dependent Protein Acetylation Controls Breast
Cancer Metastasis and Recurrence. Cell metabolism 26, 842-855.e845 (2017).

Schug, Zachary T. et al. Acetyl-CoA Synthetase 2 Promotes Acetate Utilization and Maintains
Cancer Cell Growth under Metabolic Stress. Cancer cell 27, 57-71.

Comerford, S.A. et al. Acetate Dependence of Tumors. Cell 159, 1591-1602 (2014).

Sun, L. et al. Decreased expression of acetyl-CoA synthase 2 promotes metastasis and predicts
poor prognosis in hepatocellular carcinoma. Cancer Science 108, 1338-1346 (2017).

Shi, X. et al. The abundance of metabolites related to protein methylation correlates with the
metastatic capacity of human melanoma xenografts. Science Advances 3 (2017).

Harper, K.L. et al. Mechanism of early dissemination and metastasis in Her2+ mammary
cancer. Nature (2016).

Hosseini, H. et al. Early dissemination seeds metastasis in breast cancer. Nature (2016).

16



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Hawk, M.A. & Schafer, Z.T. Mechanisms of redox metabolism and cancer cell survival during
extracellular matrix detachment. Journal of Biological Chemistry (2018).

Dey, S. et al. ATF4-dependent induction of heme oxygenase 1 prevents anoikis and promotes
metastasis. J Clin Invest 125, 2592-2608 (2015).

Fang, J., Sawa, T., Akaike, T., Greish, K. & Maeda, H. Enhancement of chemotherapeutic
response of tumor cells by a heme oxygenase inhibitor, pegylated zinc protoporphyrin.
International Journal of Cancer 109, 1-8 (2004).

Baldelli, S., Aquilano, K. & Ciriolo, M.R. PGC-la buffers ROS-mediated removal of
mitochondria during myogenesis. Cell Death &Amp; Disease 5, e1515 (2014).

Schafer, Z.T. et al. Antioxidant and oncogene rescue of metabolic defects caused by loss of
matrix attachment. Nature 461, 109-113 (2009).

Kamarajugadda, S. et al. Glucose Oxidation Modulates Anoikis and Tumor Metastasis.
Molecular and Cellular Biology 32, 1893-1907 (2012).

Schell, John C. et al. A Role for the Mitochondrial Pyruvate Carrier as a Repressor of the
Warburg Effect and Colon Cancer Cell Growth. Molecular Cell 56, 400-413 (2014).

Fendt, S.M. et al. Reductive glutamine metabolism is a function of the alpha-ketoglutarate to
citrate ratio in cells. Nature communications 4, 2236 (2013).

Fendt, S.M. et al. Metformin Decreases Glucose Oxidation and Increases the Dependency of
Prostate Cancer Cells on Reductive Glutamine Metabolism. Cancer research 73, 4429-4438
(2013).

Metallo, C.M. et al. Reductive glutamine metabolism by IDH1 mediates lipogenesis under
hypoxia. Nature 481, 380-384 (2012).

Mullen, A.R. et al. Reductive carboxylation supports growth in tumour cells with defective
mitochondria. Nature 481, 385-388 (2012).

Jiang, L. et al. Reductive carboxylation supports redox homeostasis during anchorage-
independent growth. Nature 532, 255-258 (2016).

Piskounova, E. et al. Oxidative stress inhibits distant metastasis by human melanoma cells.
Nature 527, 186-191 (2015).

Le Gal, K. et al. Antioxidants can increase melanoma metastasis in mice. Science Translational
Medicine 7, 308re308 (2015).

Monteiro, J. & Fodde, R. Cancer stemness and metastasis: Therapeutic consequences and
perspectives. European Journal of Cancer 46, 1198-1203 (2010).

Elia, I. et al. Proline metabolism supports metastasis formation and could be inhibited to
selectively target metastasizing cancer cells. Nature communications 8, 15267 (2017).

Dong, C. et al. Loss of FBP1 by Snail-Mediated Repression Provides Metabolic Advantages in
Basal-like Breast Cancer. Cancer cell 23, 316-331 (2013).

Pascual, G. et al. Targeting metastasis-initiating cells through the fatty acid receptor CD36.
Nature 541, 41-45 (2017).

Weitz, J. et al. Dissemination of tumor cells in patients undergoing surgery for colorectal
cancer. Clinical Cancer Research 4, 343 (1998).

Gall, T.H., Jacob, J., Frampton, A.E. & et al. Reduced dissemination of circulating tumor cells
with no-touch isolation surgical technique in patients with pancreatic cancer. JAMA Surgery
149, 482-485 (2014).

Yamashita, J.-i., Kurusu, Y., Fujino, N., Saisyoji, T. & Ogawa, M. Detection of circulating tumor
cells in patients with non—small cell lung cancer undergoing lobectomy by video-assisted
thoracic surgery: A potential hazard for intraoperative hematogenous tumor cell
dissemination. The Journal of Thoracic and Cardiovascular Surgery 119, 899-905 (2000).

Liu, Y. & Cao, X. Characteristics and Significance of the Pre-metastatic Niche. Cancer cell 30,
668-681 (2016).

Fong, M.Y. et al. Breast-cancer-secreted miR-122 reprograms glucose metabolism in
premetastatic niche to promote metastasis. Nat Cell Biol 17, 183-194 (2015).

17



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Andrzejewski, S. et al. PGC-1a Promotes Breast Cancer Metastasis and Confers Bioenergetic
Flexibility against Metabolic Drugs. Cell metabolism, S1550-4131(1517)30557-30550 (2017).
Loo, Jia M. et al. Extracellular Metabolic Energetics Can Promote Cancer Progression. Cell 160,
393-406 (2015).

Dupuy, F. et al. PDK1-Dependent Metabolic Reprogramming Dictates Metastatic Potential in
Breast Cancer. Cell Metab 22, 577-589 (2015).

Gaude, E. & Frezza, C. Tissue-specific and convergent metabolic transformation of cancer
correlates with metastatic potential and patient survival. 7, 13041 (2016).

Tseng, C.-W. et al. Transketolase regulates the metabolic switch to control breast cancer cell
metastasis via the alpha-ketoglutarate signaling pathway. Cancer research (2018).

Elia, I. & Fendt, S.-M. In vivo cancer metabolism is defined by the nutrient microenvironment.
Translational Cancer Research 5, 5S1284-51287 (2016).

Davidson, Shawn M. et al. Environment Impacts the Metabolic Dependencies of Ras-Driven
Non-Small Cell Lung Cancer. Cell metabolism 23, 517-528 (2016).

Hensley, Christopher T. et al. Metabolic Heterogeneity in Human Lung Tumors. Cell 164, 681-
694 (2016).

Christen, S. et al. Breast Cancer-Derived Lung Metastases Show Increased Pyruvate
Carboxylase-Dependent Anaplerosis. Cell Rep 17, 837-848 (2016).

Mashimo, T. et al. Acetate is a Bioenergetic Substrate for Human Glioblastoma and Brain
Metastases. Cell 159, 1603-1614 (2014).

Maher, E.A. et al. Metabolism of [U-(13)C]glucose in Human Brain Tumors In Vivo. NMR in
biomedicine 25, 1234-1244 (2012).

Chen, J. et al. Gain of Glucose-Independent Growth upon Metastasis of Breast Cancer Cells to
the Brain. Cancer research 75, 554-565 (2015).

Chen, E.l. et al. Adaptation of Energy Metabolism in Breast Cancer Brain Metastases. Cancer
research 67, 1472 (2007).

Kim, H.M., Jung, W.H. & Koo, J.S. Site-specific metabolic phenotypes in metastatic breast
cancer. Journal of Translational Medicine 12, 354 (2014).

Cha, Y.J., Jung, W.H. & Koo, J.S. Differential Site-Based Expression of Pentose Phosphate
Pathway-Related Proteins among Breast Cancer Metastases. Disease Markers (2017).
McDonald, O.G. et al. Epigenomic reprogramming during pancreatic cancer progression links
anabolic glucose metabolism to distant metastasis. Nature genetics 49, 367-376 (2017).
DeVita, V.T. & Chu, E. A History of Cancer Chemotherapy. Cancer research 68, 8643 (2008).

18



Figures

glucose YAP cytosol +—s extracellular
R g
J A Wnt, TGF, ==
‘ HK2 aspaFagine A ’ Eﬁ asparagine
PGC-1a . i =
A imotastatic I }i methylglyoxal : —
NF-xB o
prostate_'cancer PKM2 ‘ AA —e
pyru'vate > lactate o MCTA1 F» lactate
e==e
v Pyk2 Src —s
4 FAK =
PGC-1a ", ) \ 3 E
pro-metastatic in —
breast cancer
hypoxiaHlF2
“  acetyl-CoA wmmmm i a
E;E gerpPids » ZEB1 TCF4, k
gIEu timate — w— — chemoattraction
i — |
— lutami :
= gulamne G 5 PGC-1a
I ti-metastatic i
>GRM3 Smadz  memstci
==
==
—=e
==
==
Ll H
LESL] 2
= Y
extracellular =3 cytosol NF-xB

Figure 1: Metabolic rewiring supports cancer cell invasion by inducing signaling
pathways.

These signaling pathways activate cellular program such as EMT and ECM degradation
that are known to support invasion and motility. Enzymes are depicted in boxes. Green
indicates glycolysis, red indicates oxidative mitochondrial metabolism, magenta
indicates glutamine and asparagine metabolism, vyellow indicates fatty acid
metabolism, and rose indicates acetate metabolism. Signaling molecules/pathways
are depicted in italics and bright blue. Bold dashed lines indicate regulation, while fine
dashed lines depict downregulated metabolic pathways. ACC1 refers to acetyl-CoA
carboxylase 1, ACSS2 refers to acyl-coenzyme A synthetase 2, FAK refers to focal
adhesion kinase, FASN refers to fatty acid synthase, GRM3 refers to metabotropic
glutamate receptor 3, HIF2a refers to hypoxia inducible factor 2a, HK2 refers to
hexokinase 2, LACTB refers to penicillin-binding/B-lactamase like protein, MCT1 refers
to monocarboxylate transporter 1, NF-xB refers to nuclear factor kappa B, P refers to
phosphorylation, PGC-1a refers to peroxisome proliferator-activated receptor gamma

coactivator 1-alpha, PKM2 refers to pyruvate kinase M2, Pyk2 refers to protein-
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tyrosine kinase 2, ROS refers to reactive oxygen species, SCD1 refers to stearyl-CoA
desaturase 1, Smad 2 refers to Smad family member 2, Src refers to proto-oncogene
tyrosine-protein kinase, TCF4 refers to transcription factor 4, TGFP refers to
transforming growth factor, Wnt refers to Wnt family member, YAP refers to yes-

associated protein 1, ZEB1 refers to zinc finger E-box binding homeobox 1.
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Figure 2: Circulating tumor cells rely on enhanced antioxidant metabolism.

Enzymes are depicted in boxes. Green indicates glycolysis, red indicates oxidative
mitochondrial metabolism, orange indicates the a-ketoglutarate — citrate cycle, pink
indicates pentose phosphate pathway, and dark green indicates gluconeogenesis.
Signaling molecules are depicted in italics and bright blue. Bold dashed lines indicate
regulation, while fine dashed lines depict downregulated metabolic pathways. ATF4
refers to activating transcription factor 4, Erbb2 refers to Erb-B2 receptor tyrosine
kinase 2, FBP1 refers to fructose bisphosphatase 1, GSH refers to reduced glutathione,
GSSG refers to oxidized glutathione, HO-1 refers to heme oxygenase, Nrf2 refers to
nuclear factor like 2, PGC-1a refers to peroxisome proliferator-activated receptor

gamma coactivator 1-alpha, ROS refers to reactive oxygen species.
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Figure 3: Metastatic colonization depends on increased ATP production.

Enzymes are depicted in boxes. Green indicates glycolysis, red indicates oxidative
mitochondrial metabolism, dark blue indicates the proline cycle, brown indicates the
creatine cycle. Signaling molecules are depicted in italics and bright blue. Bold dashed
lines indicate regulation, while fine dashed lines depict downregulated metabolic
pathways. CKB refers to creatine kinase brain-type, ETC refers to electron transport
chain, PDK1 refers to pyruvate dehydrogenase kinase 1, PGC-1a refers to peroxisome
proliferator-activated receptor gamma coactivator 1-alpha, PRODH refers to proline

dehydrogenase.
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Figure 4: The metastatic cascade is associated with metabolic rewiring.

Normal cells are depicted in gray, while cancer cells are indicated in blue (light blue
depicts non-invasive cancer cells, while dark blue depicts invasive cancer cells).
Signaling molecules are depicted in italics and bright blue. Dashed lines indicate
regulated pathways/processes, while black lines indicate the metastasis formation
cascade. Enzymes (black) or processes important for the different steps of metastases
formation (red) are highlighted in boxes. Acetyl-CoA refers to acetyl coenzyme A, ATF4
refers to activating transcription factor 4, CKB refers to creatine kinase brain-type,
Erbb2 refers to Erb-B2 receptor tyrosine kinase 2, FBP1 refers to fructose
bisphosphatase 1, GRM3 refers to metabotropic glutamate receptor 3, GSH refers to
reduced glutathione, LACTB refers to penicillin-binding/B-lactamase like protein, NF-
kB refers to nuclear factor kappa B, Nrf2 refers to nuclear factor-erythroid 2-related
factor 2, PC refers to pyruvate carboxylase, PGC-1a refers to peroxisome proliferator-
activated receptor gamma coactivator 1-alpha, PPP refers to penthose phosphate
pathway, Pyk2 refers to protein-tyrosine kinase 2, ROS refers to reactive oxygen
species, Smad2 refers to small mother against decapentaplegic family member 2, Src
refers to proto-oncogene tyrosine-protein kinase, TCF4 refers to transcription factor
4, YAP refers to yes-associated protein 1, ZEB1 refers to zinc finger E-box binding

homeobox 1.
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