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Metabolic reprogramming is now recognized as a hallmark of cancer cells and supports cancer growth. Elucidating

the underlying mechanisms of metabolic reprogramming in cancer cells may help identifying cancer targets and

treatment strategies.

metabolic reprograming  cancer metabolism

1. Introduction

Cancer cells need to acquire a different metabolic state than that of non-tumor cells in order to proliferate, invade,

and metastasize. During cancer progression, cancer cells encounter various kinds of metabolic stress. First, tumor

microenvironments are generally hypoxic and acidic and have a distinct nutrient composition compared to non-

tumor tissues from the primary site, which forces cancer cells to adapt in order to grow and invade in these

environments. Second, to enter and survive in vessels, cancer cells must reprogram their metabolic state, allowing

for anchorage-independent growth that induces extensive oxidative stress in cancer cells. Finally, once cancer cells

colonize other organs, they must adapt to quite distinct metabolic environments than those present in primary sites

. Overall, because cancer cells need to reprogram their metabolic state during each step of cancer progression,

metabolic reprogramming has been recognized as one of the hallmarks of cancer .

Elucidating the mechanisms underlying metabolic reprogramming during cancer progression can reveal the

metabolic vulnerabilities of cancer cells. This may ultimately result in the identification of new therapeutic targets for

cancer and improvement of patients’ prognosis.

2. Metabolic Reprograming during Anchorage-Independent
Growth

To form metastases, cancer cells must detach from the ECM and enter and survive in the blood or lymphatic

stream, where anchorage-independent growth is required. A very small proportion of circulating cancer cells are

capable of surviving and forming metastases , partly because the metabolic adaptation is required in the

process. On top of this, detachment from the ECM induces oxidative stress , and cancer cells must thus alter

their metabolism to respond to this challenge in order to achieve anchorage-independent growth. To maintain redox

homeostasis during anchorage-independent growth, tumor spheroids suppress oxidation of glucose and glutamine

nutrients, while enhancing reductive formation of citrate from glutamine . This reductive carboxylation is

dependent on cytosolic IDH1 and results in the suppression of mitochondrial reactive oxygen species (ROS),
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maximizing anchorage-independent growth (Figure 1) . Moreover, fatty acid synthase (FASN) is essential to

maintain IDH1-dependent reductive carboxylation of glutamine that quenches excessive ROS produced during the

transition from 2D growth to 3D anchorage-independent growth . Accordingly, the genetic deletion or

pharmacologic inhibition of FASN prevents tumor development and invasive growth, indicating that FASN is a

potential target for cancer therapy . Another factor that can enhance the survival of cancer cells after detachment

from ECM is the ability of these cells to form clusters or aggregates . Cell clustering induces hypoxia, which in

turn activates mitophagy to remove damaged mitochondria and reductive carboxylation that supports glycolysis .

These responses reduce mitochondrial ROS production and promote metastasis .

Figure 1. Metabolic reprograming during anchorage-independent growth. Metabolic reprograming during

anchorage-independent growth include isocitrate dehydrogenases-1 (IDH1)-dependent reductive carboxylation of

glutamine, upregulation of pentose phosphate pathway, the enhancement of mitochondrial biogenesis and

respiration, and altering sphingolipid diversity. mtROS; mitochondrial reactive oxygen species, GSH; glutathione-

SH.

On the other hand, during tumorigenesis of KRAS-mutant cells, KRAS-induced anchorage-independent growth

requires mitochondrial metabolism and ROS production via regulation of the extracellular regulated kinase

(ERK)/mitogen-activated protein kinase (MAPK) signaling pathway . The major source of ROS generation

required for this type of cell growth is the Qo site of mitochondrial complex III. The major function of glucose

metabolism during KRAS-induced anchorage-independent growth is to support the pentose phosphate pathway

. Through gene expression analysis of sorted green fluorescent protein (GFP)-labelled breast cancer cells,

circulating cancer cells were shown to exhibit enhanced mitochondria biogenesis and respiration due to

upregulation of peroxisome proliferator-activated receptor γ coactivator-1 (PGC-1α) (Figure 1) . Moreover,

clinical analysis of human breast cancers demonstrates a significant correlation between the PGC-1α expression in
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invasive cancer cells and the formation of distant metastases . In addition, breast cancer cells undergoing

anchorage-independent growth exhibit increased mitochondrial biogenesis and upregulation of genes involved in

the TCA cycle and pentose phosphate pathway (Figure 1) . Overall, these gene signatures predict the potential

for metastasis of breast and lung cancer cells .

Regarding the amino acid metabolism required for anchorage-independent tumor growth, apart from anaplerosis

and reductive carboxylation of glutamine, tumor spheroids show increased alanine secretion compared to adherent

cells . Decreasing alanine secretion by genetical or pharmacological inhibition of mitochondrial pyruvate carrier

enhanced spheroid growth and increased serine synthesis, while alanine supplementation had the opposite effect.

It was thus suggested that a balance between alanine and serine may regulate spheroid viability through altered

sphingolipid diversity (Figure 1) .

In summary, cancer cells face various stresses during anchorage-independent growth and must reprogram their

metabolic state to overcome these stresses. Although the mechanism behind the metabolic reprograming depends

on the cancer cell type, most examples include the reductive carboxylation of glutamine that quenches excessive

mitochondrial ROS, the upregulation of pentose phosphate pathway, the enhancement of mitochondrial biogenesis

and respiration, or the rewiring of a metabolic network involving serine, alanine, and pyruvate that alters

sphingolipid diversity. Elucidating specific metabolic reprograming involved in anchorage-independent growth can

lead to the identification of therapeutic strategies to prevent cancer metastasis.

3. Metabolic Reprogramming to Form Metastatic Tumors

Metastasis is a major cause of death in cancer patients. Despite various attempts to establish therapeutic

strategies, few treatment strategies exist that completely cure patients with metastasis. One reason for the failure

of these treatments or prevention strategies is the complex cascade involved in metastatic formation. As mentioned

above, cancer cells proliferate and invade the primary tumor site and only then enter the circulation. Finally, cancer

cells colonize the metastatic niche and gradually transition to an established metastasis. Cancer cells must then

adapt their metabolic state to survive in the metastatic niche where the metabolic environment is distinct from that

of the primary site. Elucidating the mechanisms underlying cancer cell adaptation to metastatic niches could lead to

the development of new strategies against cancer metastasis. In this section, we summarize the current knowledge

on the metabolic pathways and enzymes involved in enabling cancer metastasis.

3.1. Amino Acids

Amino acids are important for the synthesis of proteins, nucleotides, lipids, antioxidants, and TCA cycle

intermediates, all of which are needed for cell proliferation and tumor metastasis. For example, endogenously

produced or exogenously uptaken asparagine increases the invasive and metastatic potential of breast cancer

cells and was shown to upregulate EMT genes (Figure 2A) . Moreover, in primary tumors, the expression of

asparagine synthetase (ASNS), which generates asparagine from aspartate, correlates with metastatic formation.

Indeed, ASNS knockdown and dietary reduction of asparagine suppress breast cancer progression, indicating that
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ASNS can be a therapeutic target to inhibit metastasis formation in patients. Moreover, high ASNS expression is

correlated with poor prognosis in many cancer types . Proline catabolism via proline dehydrogenase (PRODH)

also enhances growth of breast cancer cells in 3D culture conditions . Moreover, PRODH expression and proline

catabolism are increased in metastatic tumors compared to primary breast cancers of patients and mice. In fact,

PRODH knockdown impairs the capacity of breast cancer cells to form spheroids in vitro and lung metastases in

vivo. In addition, the use of the PRODH inhibitor L-THFA is sufficient to impair formation of lung metastases in

orthotopic mouse models, indicating that PRODH is a potential drug target for metastasis inhibition in breast cancer

patients (Figure 2A) . Tumors arising from serine-limited microenvironments in mouse models of melanoma and

breast cancer are reported to benefit from upregulated expression of phosphoglycerate dehydrogenase (PHGDH),

a component of the serine synthesis pathway that catalyzes the rate-limiting step of glucose-derived serine

synthesis . The microenvironment of the brain is known to contain lower amounts of serine and glycine than the

plasma . Recently, PHGDH was shown to be a major determinant of brain metastasis in multiple human

cancer types and preclinical models of breast cancer and melanoma (Figure 2A) . In this particular study,

genetic and pharmacological inhibition of PHGDH attenuated brain metastasis, indicating that PHGDH inhibitors

may be useful in the treatment of brain metastasis .
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Figure 2. Metabolic reprogramming to form metastatic tumors. The metabolic pathways and enzymes involved in

enabling cancer metastasis include those of (A) amino acids, (B) pyruvate, lactate and acetate, and (C) pentose

phosphate pathway and glutathione synthesis. ASNS; asparagine synthetase, EMT; epithelial-to-mesenchymal

transition, PRODH; proline dehydrogenase, PHGDH; phosphoglycerate dehydrogenase, αKG; α-ketoglutarate,

MCT1; monocarboxylate transporter 1, ACSS2; acetyl-CoA synthetase 2, PPP; pentose phosphate pathway, GSH;

glutathione-SH.

3.2. Pyruvate, Lactate, and Acetate

Other important nutrients that support tumor metastasis are pyruvate, lactate, and acetate (Figure 2B). During

cancer growth in the metastatic niche, cancer cells hydroxylate collagen to form the ECM in the metastatic niche

. A recent study demonstrated that pyruvate uptake induces the production of αKG and then activates collagen

hydroxylation by increasing the activity of the collagen prolyl-4-hydroxylase enzyme . Using two different mouse

models, this study also showed that inhibition of pyruvate metabolism by pharmacological or genetic inhibition of

the pyruvate transporter monocarboxylate transporter 2 is sufficient to decrease collagen hydroxylation and

consequently the lung metastases of breast cancer cells . Another study showed that after lung metastasis,

breast cancer cells convert their metabolic state to pyruvate carboxylase-dependent refilling of the TCA cycle

(anaplerosis) because of the enriched availability of pyruvate in the lung environment .

Lactate has been considered as a waste metabolite that is produced and exported by cells that rely on an active

glycolytic system. However, some cancer cells uptake and metabolize lactate in culture . Indeed, studies

using stable isotope-labeled lactate show that mouse lung and pancreatic cancers  and human lung cancers 

use MCT1 to transport lactate from the circulation into the tumor, using part of the carbon from lactate to support

the TCA cycle. Of note, during the metastatic process, circulating lactate facilitates the metastatic potential of

melanoma cells in patient-derived xenografts and in mouse melanomas . Efficient metastatic cells have high-

expression levels of MCT1, and inhibition of MCT1 reduces their lactate uptake and metastatic potential .

Regarding carbon sources for bioenergetics in brain metastases, metastatic mouse orthotopic brain tumors were

shown to oxidize acetate in the TCA cycle . Moreover, oxidation of acetate was confirmed in patients with brain

metastases and was correlated with expression of acetyl-CoA synthetase enzyme 2, which converts acetate to

acetyl-CoA .

3.3. Pentose Phosphate Pathway and Glutathione Synthesis

Increased activity of the pentose phosphate pathway and in glutathione synthesis support the capacity of

pancreatic cancer cells to metastasize and proliferate in the liver and lung , and of breast cancer cells to survive

in the brain microenvironment (Figure 2C) . This is achieved by the effect of these two pathways in reducing

oxidative stress during proliferation in the metastatic organ. As another example, during the evolution of distant

metastases, PDAC co-evolved a dependence on the oxidative branch of the pentose phosphate pathway through

global epigenetic reprogramming of H3K9 methylation (Figure 2C) . The mechanism by which melanoma cells
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tend to metastasize, initially to the lymph nodes and then to other distant organs, has recently been linked to

decreased oxidative stress in the lymphatic environment (Figure 2C) . This may be caused by higher levels of

glutathione and oleic acid and lower free-iron levels in the lymph, which decrease oxidative stress and ferroptosis.

This ultimately contributes to protect melanoma cells from ferroptosis and increases their ability to form metastases

in distant organs .

3.4. Lipid

Lipid metabolism plays an important role in tumor invasion and metastasis . Cancer cells optimize their

requirements for aggressive progression by switching lipid anabolism and catabolism. As for lipid anabolism, fatty

acids are indispensable for the biosynthesis of most lipids, and de novo synthesis of fatty acids has been shown to

drive tumor progression . Fatty acids synthesis relies on the activation of the fatty acid biosynthetic enzymes,

adenosine triphosphate citrate lyase (ACLY), acetyl-CoA carboxylase (ACC) and FASN. ACLY is responsible for de

novo fatty acid synthesis as a key enzyme by converting citrate to oxaloacetate and cytosolic acetyl-CoA. Recent

study showed that ACLY promotes colon cancer cell metastasis by stabilizing β-catenin 1 protein . ACC is the

rate-limiting enzyme in the fatty acid synthesis pathway, which carboxylates acetyl-CoA to form malonyl-CoA. High

phospho-ACC expression was shown to be independently associated with worse overall survival in patients with

lymph nodes metastasis of squamous cell carcinoma of the head and neck . In hepatocellular carcinoma (HCC)

patients, up-regulation of ACC1 was associated with multiple aggressive characteristics of HCC, such as vascular

invasion and poor differentiation . FASN produces saturated fatty acids, which uses one acetyl-CoA and

sequentially adds seven malonyl-CoA molecules to form the 16-carbon palmitate. As an example of FASN

promoting cancer metastasis, FASN expression enhanced peritoneal metastasis of ovarian cancer in part through

the induction of epithelial mesenchymal transition (EMT) .

Fatty acids are catabolized by the fatty acid oxidation (FAO), also known as β oxidation, which sustain ATP levels

and NADPH production. Thus, FAO contributes to energy production and redox homeostasis. Recent studies

suggest that FAO is an important energy pathway in metastatic triple-negative breast cancer (TNBC) . CUB-

domain containing protein 1 (CDCP1) regulates lipid metabolism by decreasing cytoplasmic lipid droplet

abundance, stimulating fatty acid oxidation and oxidative phosphorylation . This metabolic reprogramming

contributes to the energy production required for cell migration and metastasis of TNBC. The other study showed

that metastatic TNBC maintained high levels of ATP through FAO and activated Src oncoprotein, which promoted

TNBC metastasis .

Uptake of exogenous fatty acids into cancer cells could facilitate metastasis . Fatty acids are translocated

across the plasma membrane through either passive diffusion or a transport system. CD36 is one of the most well-

characterized receptors of fatty acids in cancer cells. Recent study showed that CD36 expression in human oral

carcinoma cells was essential for metastasis . Mechanically, CD36-expressing metastatic cells utilize fatty acid

oxidation and obtain energy required for them to survive at metastatic sites. Another study showed that adipocytes

induced CD36 expression in ovarian cancer cells, which promoted metastasis of cancer cells in peritoneum and
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omentum . And also, CD36 was shown to be a key mediator of fatty acids-induced metastasis of gastric cancer

cells via the AKT/glycogen synthase kinase (GSK)-3β/β-catenin signaling pathway .
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