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Summary

Metastases arising from tumors have the proclivity to colonize specific organs, suggesting that
they must rewire their biology to meet the demands of the organ colonized, thus altering their
primary properties. Each metastatic site presents distinct metabolic challenges to a colonizing
cancer cell, ranging from fuel and oxygen availability to oxidative stress. Here, we discuss the
organ-specific metabolic adaptations cancer cells must undergo, which provide the ability to
overcome the unique barriers to colonization in foreign tissues and establish the metastatic tissue
tropism phenotype.

While carcinogenesis initiates in the primary tumor, metastasis is the leading cause of death
in cancer. 90% of mortality from solid tumors is due to this process of cellular evolution that
allows cells to venture from their original niche, travel through blood and lymph and
ultimately invade and colonize distant tissues and organs, causing organ failure and death
(Mehlen and Puisieux, 2006). The complete set of factors that define how metastatic cells
gain the ability to survive the arduous journey and distinctly hostile environments remains
elusive, despite being of great interest towards the goal of finding novel and effective cancer
therapies. Notably, the observation that some primary tumor types metastasize to specific
organs (such as prostate cancers to the bone and pancreatic cancers to the liver) (Obenauf
and Massague, 2015), while other primary tumor types metastasize promiscuously (such as
breast cancers and lung cancers), presents an intriguing question. What defines the nature of
the changes that cells undergo to transplant at different organs and display specific tropisms?
Here, we propose that during their evolution, tumor cells acquire a metabolic signature
adapted for survival at particular metastatic sites, which dictates where they are able to form
distal colonies. This hypothesis is consistent with the growing body of evidence showing
that the more metabolically flexible the primary tumor cells are, the more likely they are to
survive the metastatic process and thrive in distant organs (Lehuede et al., 2016).

Metabolic Reprogramming: Different flavors depending on tumor stage?

The link between metabolism and cancer has long been apparent in epidemiological studies
associating obesity, high fat diet and lack of exercise with the disease, although the
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molecular mechanisms governing this relationship have only begun to be uncovered in the
last decade (Hojman et al., 2017; Holmes et al., 2005; Kenfield et al., 2011; Meyerhardt et
al., 2006; Moore et al., 2016). Studies showing that exercise can suppress activation of
molecular signaling pathways, such as the mTOR pathway, a central regulator of cellular
metabolism, point to metabolism as being at the root of the cancer connection (Thompson et
al., 2009). More recently, new findings have revealed a mechanism by which dietary lipids
can drive metastasis by supporting the growth of metastasis-initiating cells expressing high
levels of the fatty acid receptor CD36 (Pascual et al., 2017). Indeed, some of the most
striking distinctions between tumors and non-transformed tissues are the differences in their
metabolism (Pavlova and Thompson, 2016; Vander Heiden et al., 2009). These differences
have been used to diagnose tumors, such as with the use of 18F-fluorodeoxyglucose PET
imaging (Zhu et al., 2011). Changes in metabolism not only affect cellular energetics, but
also highly influence signaling networks and gene expression patterns by limiting the
availability of substrates and co-factors for post-translational modifications (Gomes and
Blenis, 2015; Wellen and Thompson, 2012). Moreover, secreted metabolites can also
function as signaling molecules that alter the environment and promote communication
between different cell types (Martinez-Outschoorn et al., 2011; Romero-Garcia et al., 2016).
Thus, it comes as no surprise that oncogenic mutations that enable tumor formation often do
so by altering metabolic cellular processes (Nagarajan et al., 2016). One example of this is
MYC, which is a major regulator of metabolism to promote growth and proliferation (Pusch
et al., 1997; Shim et al., 1997). MY C-driven cancers are often addicted to glutamine, a
property that has been used to develop more efficacious therapeutic strategies for these
cancers (Shroff et al., 2015). Mutations in PI3K, RAS and PTEN, which can act as drivers of
many cancers with poor prognoses, lead to the activation of the mTOR pathway and thereby
to metabolic reprogramming (Brastianos et al., 2015). Interestingly, metabolic enzymes
themselves can also function as oncogenes. For instance, neomorphic mutations in IDH1 or
IDH2 have been identified in gliomas and AML (Mardis et al., 2009; Parsons et al., 2008).
For these reasons, metabolic reprogramming has now been accepted as a hallmark of cancer
(Ward and Thompson, 2012).

In addition to its role in primary tumors, metabolic reprogramming is also essential to the
metastatic process. Recent studies demonstrating the potential to selectively target metabolic
dependencies of metastases show promise for safer therapeutic options. In one example,
inhibition of PRODH, which is important in proline catabolism, efficiently suppressed lung
metastases without any adverse effects on normal cells and organ function (Elia et al., 2017).
In order to accommodate drastically different environments with different oxygen
abundances, energy sources and nutrient availabilities, extreme metabolic flexibility is
required. The ability of oncogenes to direct metabolism is therefore likely to play a
significant role in the selection of which cancer cells are able to metastasize. In solid tumors,
the need to rewire metabolism begins at the very first step of metastasis, when cells undergo
intravasation and detach from their primary site. A good example of this is the observation
that dihydropyrimidine accumulation is required for the epithelial-to-mesenchymal transition
(EMT) (Shaul et al., 2014). EMT is a reversible phenomenon that allows epithelial cells to
become motile and invade adjacent tissues to enter the circulation, and is an important
mechanism by which carcinoma cells are thought to acquire metastatic potential ('Ye and
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Weinberg, 2015). Moreover, a growing body of evidence has shown that the Warburg effect,
a phenomenon wherein cells upregulate glycolysis while downregulating oxidative
phosphorylation, is a metabolic adaptation exhibited by many cancer cells that becomes
indispensible during these initial steps of metastasis (Dong et al., 2013; Liu et al., 2016).
The Warburg effect allows cells to maintain ATP levels and reduce reactive oxygen species
(ROS) production, allowing them to avoid anoikis, a form of cell death associated with loss
of anchorage, as they enter the circulation (Kamarajugadda et al., 2012; Lu et al., 2015).
Once circulating tumor cells (CTCs) exit the circulation at their metastatic site, they again
have to alter their metabolism to adapt to the new environment of the host organ.
Interestingly, millions of cancer cells are shed into circulation by the primary tumors;
however, only a very small portion have the ability to colonize and form metastatic lesions.
This indicates that very few of these cells have the necessary traits to survive and thrive in
new environments. As metabolism is essential for the ability of any given cell to survive and
adjust to stress, the idea that the CTCs that extravasate and form micro-metastatic colonies
have a specific metabolic signature that allows them to colonize a specific organ site is an
attractive one, especially with regards to therapeutic potential.

Brain metastases: From glucose to acetate and beyond

The brain has the highest energy demand of all the organs, consuming one fifth of the body's
glucose-derived energy despite contributing a mere 2% to the total body weight (Erbsloh et
al., 1958). Additionally, it possesses the unique ability to rewire its metabolism in response
to varying metabolite availability, starvation or changing neuronal activity (Magistretti and
Allaman, 2015). For example, when blood glucose is low, the brain is able to use acetate,
ketone bodies, or short and medium chain fatty acids as alternative fuels (Ebert et al., 2003).
Therefore, the idea that metastasizing cells that are able to mimic the brain in its ability to
generate energy from non-glucose sources have the best chance to survive and thrive in this
environment is appealing. In support of this, several studies have shown that brain
metastases display a remarkable metabolic flexibility by utilizing acetate, glutamine and
branched chain amino acids (BCAAS) as alternative sources of fuel (Figure 1).

The ability of brain metastases to utilize acetate as an energy source is illustrated in a study
by Mashimo and colleagues. The authors observed that through upregulation of acetyl-CoA
synthetase enzyme 2 (ACSS2), brain metastases are able to fuel the TCA cycle by
converting acetate to acetyl-CoA (Mashimo et al., 2014). The study used 13C-labeled acetate
to show that brain metastases originating from a wide variety of primary tumors, including
breast cancer, non-small cell lung cancer, clear cell renal cell carcinoma, melanoma, and
endometrial cancer, were able to efficiently oxidize acetate as an energy source, similarly to
glioblastomas (Figure 1). This is in contrast to the observation that the organs from which
tumors that usually metastasize to the brain arise show little 13C-acetate uptake on PET
scans, indicating that this is a brain-specific adaptation. In addition to being able to use
acetate as an alternate fuel, brain metastases have been observed to oxidize BCAAs and
glutamine to survive and proliferate in the absence of glucose (Chen et al., 2015). Glutamine
and BCAAs, like leucine, are vital to the maintenance of homeostasis in the brain. They are
part of the astroglial-neuronal nitrogen shuttle and are responsible for maintaining an
efficient response to subtle changes in glutamate levels in order to sustain neurotransmission

Cancer Cell. Author manuscript; available in PMC 2018 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schild et al.

Page 4

(Figure 1). As such, they are highly abundant in the brain, making them important fuel
sources that can be readily utilized by metastatic cancer cells (Albrecht et al., 2010). In
addition to their ability to utilize other substrates available in the central nervous system as
described above, brain metastases also have the ability to produce their own glucose through
upregulation of fructose-1,6-bisphosphatase 2 (FBP2), a key enzyme within the
gluconeogenesis pathway (Chen et al., 2015). Together, these findings show that cells that
metastasize to the brain, just like the cells in the brain themselves, are remarkably flexible in
their ability to utilize different fuels, and suggests that this metabolic flexibility is essential
for their survival in this environment.

Lung metastases: Coping with an extreme pro-oxidant environment

The lungs are the primary organs of respiration in humans (Alvarado and Arce, 2016). In
addition to being exposed to high levels of oxygen, the lungs are also able to filter chemicals
from the general circulation (Alvarado and Arce, 2016). High levels of both oxygen and
toxic compounds contribute to increased oxidative stress, therefore requiring the lungs to
have a high capacity to deal with ROS (Valavanidis et al., 2013), and may render the lung a
uniquely problematic microenvironment for metastatic cells to colonize. Therefore,
metastasizing cells must have a way to cope with oxidative damage. Indeed, LeBleu and
colleagues have shown that metastatic cells derived from mammary epithelial tumors
upregulate PPARy coactivator 1 a (PGC-1a) expression in the circulation compared to the
primary breast tumor, allowing them to preferentially metastasize to the lung (LeBleu et al.,
2014). Additionally, silencing of PGC-1a in breast cancer cells drastically reduced their
ability to metastasize to the lung (LeBleu et al., 2014). The authors suggest that this
metastatic advantage is due to the role of PGC-1a as a transcriptional co-activator that
induces mitochondrial biogenesis, thus increasing the total efficiency of the mitochondrial
electron transport chain and consequently reducing electron leakage and ROS generation.
However, a recent study showed that phenformin, an inhibitor of mitochondrial oxidative
phosphorylation, had no significant effect on the lung metastatic burden resulting from
injection of breast cancer cells overexpressing PGC-1a into mice (Andrzejewski et al.,
2017). Rather, they suggest that PGC-1a promotes lung metastases through increased global
metabolic flexibility of the cancer cells (Andrzejewski et al., 2017). Congruently, PGC-1a
stimulates the expression of antioxidant genes such as GPx-1 and SOD2, which can help
lung metastases cope with increased oxidative and chemical toxicity (St-Pierre et al., 2006).
The fact that PGC-1a upregulation was also observed in CTCs (LeBleu et al., 2014)
suggests that this particular metabolic adaptation may have been acquired upon intravasation
into the bloodstream in order to ameliorate oxidative stresses, and then retained in the lung
for its ability to confer fitness in the pulmonary environment (Figure 2). Another antioxidant
mechanism found to play a role in lung metastasis is the upregulation of peroxiredoxins,
small antioxidant proteins that shuttle electrons in order to reduce hydrogen peroxide.
Stresing and colleagues discovered that lung metastases originating from breast tumors
specifically upregulate the expression of peroxiredoxin 2 (PRDX2) (Stresing et al., 2013).
Increased expression of PRDX2 facilitated survival in the lung where pro-oxidative stress is
particularly prevalent (Figure 2). The authors found that compared with parental tumors,
lung metastases were particularly sensitive to PRDX2 silencing due to ROS toxicity.

Cancer Cell. Author manuscript; available in PMC 2018 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schild et al.

Page 5

Lung metastases may also take advantage of the same metabolic adaptations that occur in
primary tumors of the lung. In non-small cell lung cancer (NSCLC), pyruvate carboxylase
(PC) expression is upregulated in the primary tumors compared to normal tissues (Sellers et
al., 2015). Increased PC-dependent anaplerosis has also been observed in growing lung
metastases /17 vivo (Christen et al., 2016). In this study, it was shown that lung metastases
upregulate PC expression and prefer utilizing pyruvate over glutamine to fuel the TCA,
similar to what is observed in certain NSCLCs (Sellers et al., 2015). At first sight, this
finding might seem contradictory, considering that glutamine is a very abundant carbon
source in the lungs (van den Heuvel et al., 2012). However, it is now known that defects in
the mitochondrial electron transport chain can be alleviated via exogenous addition of
pyruvate, which serves as an electron acceptor to replenish NAD* pools for TCA anaplerosis
(Yin et al., 2016). Taking into consideration the added strain of high oxygen and limited
glucose on the mitochondrial electron transport chain that upregulation of PGC-1a may not
always fully ameliorate, the ability of lung metastases to increase pyruvate uptake might
provide them with the ability to cope with an imbalance of reducing equivalents caused by a
dysfunctional electron transport chain (Figure 2). Together, these studies underline the
necessity for lung metastases, like lung cells, to manage the pro-oxidative environment of
the lung in order to settle and thrive in this particular metastatic niche. Interestingly, despite
the abundance of oxygen in this tissue, some primary tumors of the lung have been shown to
contain hypoxic regions. These hypoxic regions are thought to promote metastases of these
cancers outside of the lung, perhaps by providing tumor cells of those regions with a
metabolic flexibility that allows them to thrive under low oxygen conditions (Zhang et al.,
2014a; Zhang et al., 2014b).

Liver metastases: Competing for resources

The liver is a key metabolic organ, governing the body's energy balance. It plays a critical
role in maintaining blood glucose levels by tightly regulating glucose consumption and
production, fatty acid and ketone body syntheses, as well as protein synthesis and break-
down. In order to successfully carry out its various metabolic functions, the liver is divided
by metabolic zonation, which corresponds with varying oxygen gradients, creating
inhospitable regions for metastasizing cancer cells. The liver microenvironment is naturally
more conducive to cells that display a high glycolytic profile and are adapted for a low-
oxygen state. This is illustrated by the abundance of studies demonstrating that primary
hepatocellular carcinomas preferentially engage in glycolytic metabolism to proliferate in
the liver (Jiao et al., 2017; Lin et al., 2017; Song et al., 2015). It is therefore tempting to
speculate that to colonize the liver, metastasizing cancer cells from other organs must be able
to overcome this hypoxic barrier in order to adapt to the hepatic environment. In fact, liver
metastases downregulate mitochondrial activity by upregulating pyruvate dehydrogenase
kinase-1 (PDK-1) in a HIF-1a-dependent manner (Dupuy et al., 2015). This phenomenon
was shown to be essential for the development of liver metastases as genetic silencing of
PDK-1 completely blunts their formation. PDK-1 is the negative regulator of the pyruvate
dehydrogenase complex and therefore of pyruvate entry into the TCA cycle. Dupuy and
colleagues have shown that this increase in PDK-1 leads to a decreased flux into the TCA
cycle (Dupuy et al., 2015), suggesting that this adaptation can help cope with conditions of
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metabolic stress, allowing metastases to maintain a glycolytic phenotype and survive in
hypoxic regions of the liver (Figure 3). The decrease in the TCA flux caused by PDK-1
upregulation can also lead to an increased production of lactate, which can be taken up by
hepatocytes and converted into other fuels to feed back to cancer cells (Dupuy et al., 2015).

The liver also plays an important role in creatine metabolism. Hepatic creatine production
and export to other organs is an important system for ATP recycling and storage (da Silva et
al., 2009). Creatine can hold a phosphate group as phosphocreatine, and acts as a phospho-
donor to maintain a proper ADP:ATP ratio or replenish ATP in conditions of intense exercise
or brain activity (Guimaraes-Ferreira, 2014). Liver metastases originating from colorectal
tumors induce the secretion of creatine kinase, brain-type (CKB) into the microenvironment
through downregulation of miR-483 and miR-551a (Loo et al., 2015). CKB phosphorylates
extracellular creatine produced by hepatocytes, siphoning energy away from the liver in the
form of phosphocreatine. Phosphocreatine is then imported into the metastatic cells, where it
replenishes their intracellular ATP pools (Figure 3). Decreasing the expression of CKB or
the creatine transporter, SLC6AS8, in the metastatic cells decreased their ability to form
colonies in the liver when re-injected into mice (Loo et al., 2015). Thus, those tumor cells
that can maximize the resources available, such as creatine and glucose, to meet their energy
demands, are the prime candidates to colonize the hepatic niche.

Bone metastases: Undercover agents to destroy and invade bone

The bone is a mineral-rich and heterogeneous tissue composed of many different cell types,
as well as collagen, calcium, and phosphate. Bone metastases most commonly originate
from breast and prostate tumors, and are generally associated with poor prognoses
(Shiozawa et al., 2015). Osteotropic metastases can be characterized as osteolytic (stimulates
bone destruction) or osteoblastic (stimulates bone formation), both of which are detrimental
to the patient. The advantage for the cancer cells of osteolytic metastasis is easily deducible
as the destruction of niche tissues renders more spatial and nutritional resources available to
invading cells. In contrast, osteoblastic metastasis is best illustrated by the idea of
“osteomimicry”, a phenomenon in which tumor cells acquire a bone cell phenotype, that is
usually osteoblast-like, and express bone-specific secreted, cell-surface and matrix markers
to avoid immune surveillance (Rucci and Teti, 2010).

Bone metabolism is a continual, cyclic interplay of bone growth and resorption. The
dynamic relationship between osteoclasts, osteoblasts, and an array of hormonal and
regulatory factors orchestrates this process (Tanaka et al., 2005). Successful colonization of
bone can be achieved by interaction of tumor cells with the microenvironment of the bone in
order to blend in as well as to better penetrate and acquire nutrients in the bone. Regulatory
pathways that modulate bone metabolism are, therefore, likely to be key in determining
whether cancer cells can home to the bone and establish metastatic lesions. In support of this
idea, de novo production of L-serine, an essential factor for differentiation of mesenchymal
bone marrow precursors into osteoclasts (Ilwamoto et al., 2005), has been observed in
osteotropic breast cancer cells (Pollari et al., 2011) (Figure 4). Specifically, expression of the
three enzymes required for de novo serine synthesis, phosphoglycerate dehydrogenase
(PHGDH), phosphoserine aminotransferase 1 (PSAT1), and phosphoserine phosphatase
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(PSPH), as well as the serine transporter SLC1A4, was observed to be significantly higher in
bone-metastatic variants of breast tumors (Pollari et al., 2011). Similarly, bone metastatic
breast cancer cells, when compared to the non-osteotropic ones, have also been observed to
release large amounts of lactate (Lemma et al., 2017). Lactate is an important fuel for
osteoclasts suggesting that osteotropic tumor cells release lactate to support osteolysis
(Figure 4). In fact, inhibition of the lactate transporter MCT-1 in the osteoclasts significantly
impaired their osteolytic function (Lemma et al., 2017). Through the release of serine and
lactate, cancer cells are able to form osteolytic bone metastases by promoting the
differentiation and metabolic fitness of osteoclasts, allowing them to invade the metastatic
niche and free up nutrients and space (Figure 4).

High expression of osteopontin (OPN) can specifically predict osteotropism of multiple
cancers (Kruger et al., 2014). OPN is a matrix glycoprotein that is expressed in the cells of
the bone, and it helps facilitate bone mineralization and remodeling through paracrine and
autocrine signaling via integrins (Kruger et al., 2014). In locally advanced nasopharyngeal
carcinoma, OPN expression level was significantly higher in patients with bone metastases,
and served as a prognostic biomarker for survival (Hou et al., 2015). A similar pattern is
seen in breast cancer, where 83% of bone metastases exhibit high OPN expression,
compared to 42% of all breast tumors (Carlinfante et al., 2003). OPN expression facilitates
osteomimicry in tumor cells and the establishment of bone metastases at many levels: it
facilitates the attachment of tumor cells to the bone matrix (Rodrigues et al., 2007), it
stimulates bone resorption by releasing nutrients and space (Kahles et al., 2014), it increases
glucose and glycerol influx into the metastatic cells, and it increases serine and glycine
levels, all of which allow the tumor cells to conserve energy and avoid anoikis (Shi et al.,
2014)

Metastasis: Hijacking adipocyte metabolism to thrive

80% of women diagnosed with ovarian cancer present metastases to the omentum. This fatty
tissue functions as a metabolically active organ with endocrine characteristics, allowing it to
respond to the body's nutritional needs by either producing or breaking down fatty acids
(Choe et al., 2016). As with other tissues reviewed in this article, it is tempting to speculate
that ovarian cancer cells metastasizing to the omentum display characteristics that allows
them to thrive in such a specific metabolic environment. Indeed, Nieman and colleagues
showed that omental metastases of ovarian cancer upregulate fatty acid binding protein 4
(FABP4), which is usually highly expressed in adipocytes (Nieman et al., 2011). FABP4
binds long-chain acids and has been shown to regulate lipolysis (Scheja et al., 1999). The
authors showed that when co-cultured with ovarian cancer cells, adipocytes were stimulated
to perform lipolysis and to directly transfer lipids to cancer cells. Cancer cells then
underwent B-oxidation to utilize the fatty acids as an energy source (Figure 5). When
FABP4 was deleted in mice, the omental tropism of ovarian cancer cells was significantly
impaired, suggesting that FABP4 is key to fueling the omental metastases (Choe et al.,
2016).
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Conclusions and future perspectives

As growing success in treating primary cancers in the clinic parallels the development of
targeted therapies, there is a push to expand our knowledge on how cancers metastasize.
While acquisition of certain metastatic properties in the primary cancer cells and their ability
to enter circulation are important events, the majority of CTCs do not actually go on to form
metastases. Rather, the main determinant of a primary tumor cell forming a metastatic lesion
lies in its ability to survive the circulation and specific distal organs. Metabolic plasticity
governs a significant probability of a cancer cell surviving through the metastatic process,
enabling it to meet stringent bioenergetic demands, unfavorable oxidative stresses and other
barriers to colonization at its metastatic site. Here, we propose that meeting the metabolic
demands of their host organ is essential for cancer cells to survive and thrive at such
locations (Figure 6). When put into context, a vast body of data supports this idea and
clearly demonstrates striking similarities between the metabolism of metastases and the
metabolism of the tissue they home to. The concepts highlighted in this review may only
skim the surface of an emerging understanding of tropism and a significant amount of work
will need to be done to understand this process. If this hypothesis holds true, it opens the
door to the identification of novel ways to target the spread of cancers at their weakest point
-metastatic colonization - and there may come a day when treating metastases will no longer
be a such a difficult task.
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Neuron

Astroglia

Figure 1. Brain metastases are able to use acetate, branched chain amino acids and glutamine as
alternative sources of fudl |

As metastatic cells colonize the brain, they adapt their metabolism to be able to use locally
available nutrients—acetate, branched chain amino acids and glutamine—when glucose
becomes limiting.
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Figure 2. Metastasesto the lung must survivein a pro-oxidant environment |
In order to cope with increased ROS, lung metastases upregulate PGC-1a and PRDX2.

Additionally, metastases increase pyruvate consumption to fuel the TCA through anaplerosis
and to alleviate strain on the mitochondrial electron chain.
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Figure 3. Metastasesto theliver face a unique biosynthetic milieu and must compete for
resources |

Liver metastases become highly glycolytic through high consumption of local glucose. To
replenish their ATP, metastases start expressing and secreting CKB which generates
phosphocreatine from local ATP and creatine. Phosphocreatine is then imported into the
metastatic cells and catabolized for energy.
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Figure 4. Bone metastases remodel the stromato free up nutrients and space for growth |
Osteotropic metastases secrete serine and lactate to facilitate osteoclastogenesis which

results in bone resorption thereby releasing spatial and nutritional resources. Metastatic cells
can also take on properties of local cells through the expression of bone-specific secreted,
cell-surface and matrix markers, which can rewire their glucose and glycerol metabolism.
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Figure 5. M etastases to omentum reprogram omental adipocytesto release fatty acids which
supply metastatic cells with energy |

Omental metastases stimulate lipolysis in adipocytes which releases fatty acids into the
environment. Metastatic cells also upregulate FABP4 which is allows them to import and
catabolize newly available fatty acids.
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Figure 6. Metastasesin different organs utilize distinct metabolic pathwaysto generate energy |
Metastases that arise in different organs adapt to the specific conditions of their particular

environment in order to generate ATP. In the brain (red), metastases are able to utilize
glutamine, BCAAs and acetate as carbon sources to fuel the TCA cycle. In the lung (blue),
pyruvate fuels the TCA cycle and additionally can replenish NAD™ pools for anaplerosis.
The liver (purple) supports a glycolytic profile, and metastases to this location also use
phosphocreatine to generate ATP. Omental (yellow) metastases bind fatty acids from
adipocytes and oxidize them in order to fuel anaplerosis. Bone (gray) metastases rewire their
metabolism through expression of osteopontin to differentially utilize glucose and glycerol
to meet energetic demands and produce serine.
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