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Abstract

Tumor metabolism is significantly altered to support the various metabolic needs of tumor cells. 

The most prominent change is the increased tumor glycolysis that leads to increased glucose 

uptake and utilization. However, it has become obvious that many non-glucose nutrients, such as 

amino acids, lactate, acetate and macromolecules, can serve as alternative fuels for cancer cells. 

This knowledge reveals an unexpected flexibility and evolutionarily-conserved model in which 

cancer cells uptake nutrients from their external environment to fulfill their necessary energetic 

needs. It is possible that tumor cells have evolved the ability to utilize different carbon sources due 

to the limited supply of nutrient that can be driven by oncogenic mutations and tumor 

microenvironmental stresses. In certain cases, these factors permanently alter the tumor cells’ 

metabolism, causing certain nutrients to become indispensable and thus creating opportunities for 

therapeutic intervention to eradicate tumors by their metabolic vulnerabilities.

1. Altered metabolic needs and alternative fuels of tumor cells

Compared to normal cells, transformed cells possess the capacity to continuously proliferate 

and avoid cellular senescence, which allows them to continuously expand to become tumors. 

Tumor metabolism is significantly altered to accommodate for the increased metabolic 

needs for energy generation (bioenergetic) and macromolecule synthesis (biosynthetic) 

necessary for oncogenic transformation. The Warburg Effect remains a central concept of 

tumor metabolism that describes the preferential use of glucose and glycolysis for energy 

generation1,2. This preferential use of the anaerobic mode of glycolysis produces lactate and 

contributes to the prominent lactic acidosis in most solid tumors. The causes and functional 

consequences of this increased glucose uptake and utilization are the subject of intense 

investigation. However, glucose deprivation is a common feature in solid tumors. 

Furthermore, the extracellular acidosis further restricts the glucose uptake and glycolysis 3-5. 

Therefore, recent research efforts have found that, beside glucose, tumor cells also rely on a 

wide variety of “alternative fuels” to provide various metabolic needs. The consumption and 

utilization of these alternative fuels are affected by various oncogenic signaling events 

#Corresponding author: Associate Professor, Department of Molecular Genetics and Microbiology, Duke Center for Genomic and 
Computational Biology, CIEMAS 2177A, DUMC 3382, Duke Medical Center, Durham, NC 27708, Phone: 919-668-4759, 
jentsan.chi@duke.edu. 

The authors declare that they have no competing interests.

HHS Public Access
Author manuscript
Cancer J. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Cancer J. 2015 ; 21(2): 49–55. doi:10.1097/PPO.0000000000000104.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and/or tumor microenvironmental stresses and can restrict certain metabolic flexibilities. 

Tumor cells’ reliance on alternative fuels may present tumor-specific metabolic 

vulnerabilities, and thus, meaningful therapeutic windows to eradicate tumor cells. Targeting 

essential tumor metabolism may be of particular interest for the tumors that have developed 

resistance to chemotherapeutics or targeting agents. In this article, we hope to outline some 

of the alternative fuels that are known to become indispensable for certain tumor cells, with 

the hope that improved understanding of these nutrient addictions will allow us to better 

target these metabolic dependencies.

2. Adaptive mechanisms to cope with nutrient deprivation and metabolic 

stresses

It is important to note that most mammalian cells have efficient ways to cope with, and 

therefore survive, nutrient deprivation in their external environments that occurs during 

pathological adaptations or therapeutic intervention. The success of these mechanisms 

allows cells to survive nutrient deprivation and preserve the capacity to resume proliferation 

after the resolution of the metabolic stresses. Therefore, addiction to alternative nutrients, as 

measured by cell death upon deprivation, will only manifest when these adaptive 

mechanisms fail or are inadequate. During nutrient starvation, cells can resort to autophagy 

(self-eating) to generate amino acids, lipids and other nutrients by degrading existing 

macromolecules. Multiple components of the autophagy pathway are necessary for tumor 

development in mouse tumor models 6. In addition, mammalian cells can trigger at least 

three highly conserved signaling mechanisms in response to nutrient deprivation and other 

metabolic stresses to control protein translation and transcriptional responses. The first 

mechanism is via mammalian target of rapamycin (mTOR), a conserved Ser/Thr kinase (a 

part of the mTOR complexes), to regulate cell growth and autophagy. Another sensing 

mechanism is the GCN2 kinase that, by detecting levels of uncharged free tRNAs during 

amino acid deprivation, regulates protein translation initiation through the phosphorylation 

of eukaryotic translation initiation factor (eIF) 2a. Phosphorylated eIF2α suppresses general 

protein synthesis, but promotes the translation of select mRNA species, such as the 

activating transcription factor 4 (ATF4) 7, that facilitate cell survival under stress. Third, the 

AMP-activated protein kinase (AMPK) is a central regulator of cellular metabolism and 

energy homeostasis that adjusts cell growth and survival in response to an increased 

AMP/ATP ratio during energy depletion. The importance of these nutrient sensing and 

adaptive pathways in cancer biology is manifested by the number of the tumor suppressors 

and oncogenes in these pathways that are oncogenic drivers. Employing these nutrient 

sensing pathways allows many cells to adapt to and survive nutrient limitations in their 

environments. However, these adaptive mechanisms are not adequate for certain cancer cells 

to survive the deprivation of specific nutrients.

3. Alternative fuels and nutrient addiction associated with oncogenic 

events

Generally, there are several underlying mechanism by which an alternative fuels become 

indispensable for tumor-specific nutrient addictions. First, as mentioned, the increased 
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proliferation of tumor cells imposes greater demands on the quantity of building blocks 

necessary to synthesize the macromolecules required for proliferation. In addition, tumor 

cells may also need nutrients to maintain pro-growth gene expression programs and redox 

homeostasis. Second, many mechanisms of oncogenic transformation alter the expression or 

activities of enzymes critical for the metabolism of essential nutrients. Third, the expression 

of rate-limiting enzymes themselves may be transcriptionally regulated or affected by the 

DNA amplifications or deletions that become selected for during tumor development since 

they provide survival advantage. However, these changes in metabolism may also restrict 

metabolic flexibility. Fourth, tumor cells are often exposed to various tumor 

microenvironmental stresses, including hypoxia, lactic acidosis and glucose deprivation, 

which further restrict the nutrients and fuels available to the tumor cells. Fifth, tumor cells 

have different cellular origins and may retain some of the metabolic properties of the 

original cells that are associated with a particular differentiation program or environmental 

milieu. All of these different factors may contribute to the particular nutrient addictions and 

metabolic vulnerabilities that different tumor cells develop. We will discuss several example 

alternative fuels of cancers to illustrate their regulation by oncogenic mutations and stresses, 

as well as discuss their contribution to the metabolic needs of cancer cells. The figure will 

illustrate the relative metabolic pathways of these alternative fuels and their intersection 

with their biological functions.

5. Glutamine

Glutamine is the most abundant amino acid in plasma and has long been recognized to play 

a unique role in the metabolism of proliferating cells. While first reported in 1970s8, the 

essential role of glutamine in cancer metabolism was not well understood until recent studies 

employed modern biochemical and genetic tools. It is now clear that glutamine plays several 

important metabolic roles, including as a carbon source for energy production, a nitrogen 

source for biosynthetic reactions, a regulator of lipid generation and a maintainer of redox 

homeostasis. Glutamine availability and metabolism also tightly intersect with oncogenic 

mutations and transduction pathways involved in oncogenesis. Glutamine is essential for the 

survival of cancer cells harboring specific oncogenic events, including c-myc activation9-11, 

inhibition of Akt-mediated glycolysis12 and IDH1 mutation13. In addition, basal-type breast 

cancer cells required exogenous glutamine maintain its survival because of its lack of 

expression of glutamine synthetase14. Interestingly, when co-cultured with glutamine-

independent luminal breast cancer cells, the luminal cells may provide the essential 

glutamine to maintain survival of glutamine-addicted basal-type cells. Therefore, there may 

exist a metabolic symbiosis has between glutamine-addicted basal-type breast epithelial 

cells and glutamine-independent luminal-like breast epithelial cells within breast cancers14. 

Other reports have also revealed that exogenous glutamine is essential under hypoxia for 

lipid biogenesis or in the presence of an IDH1 mutation15,16. Therefore, glutamine 

metabolism may be a particularly attractive therapeutic target for the significant number of 

tumors that appear to be addicted to this nutrient17,18.
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Glutamine as a carbon source

One of the most important metabolic needs of proliferating tumor cells is the biosynthesis of 

macromolecules for cell division. To support lipid biosynthesis from acetyl-CoA, citrate is 

exported out of the mitochondria to generate acetyl-CoA in the cytoplasm (Figure 1). As this 

depletes TCA cycle intermediate metabolites, an additional carbon source is required to 

replenish the TCA cycle, and this occurs in the process of “anapleurosis”. In most 

proliferating cells, glutamine serves as an important anaplerotic substrate to generate 

oxaloacetate that will combine with acetyl-CoA to replenish citrate. Consequently, for many 

of the cancer cells that are glutamine-addicted, it serves a critical role as a carbon source to 

feed anaplerotic reactions. Additionally, under hypoxia or with mitochondrial dysfunction, 

glutamine can directly supply the acetyl-CoA needed for lipogenesis by being converting 

into pyruvate that re-enters the TCA cycle as acetyl-CoA. The α-ketoglutarate can undergo 

reductive carboxylation to generate isocitrate, which is then converted into citrate by a 

process termed “reductive carboxylation”15,16. Therefore, the direction of metabolic flow 

and utilization of glutamine can vary among different tumors with distinct somatic 

mutations and degrees of hypoxia.

Glutamine as a nitrogen source

The amido and amino groups of glutamine contribute to the nucleotide synthesis, especially 

during proliferation. For example, the cell cycle arrest of K-ras transformed fibroblasts 

caused by glutamine deprivation could be rescued by addition of deoxyribonucleotides19. 

Interestingly, the expression of glutaminase 1 (GLS1), that encodes the critical enzyme for 

glutaminolysis into glutamat, is tightly regulated within the cell cycle20. GLS1 is a target of 

APC/C (anaphase-promoting complex/cyclosome)-Cdh1, the ubiquitin ligase that controls 

the G1- to S-phase transition. A decrease in the activity of APC/C-Cdh1 in mid-to-late G1 

releases GLS1 and simultaneously increases glutamine utilization during cell proliferation. 

Thus, the degree of glutaminolysis is tightly coupled with DNA synthesis, which probably 

contributes to its role in supporting DNA synthesis and cell proliferation.

Glutamine maintains redox homeostasis

Glutamine can also modulate cellular signaling pathways, including redox homeostasis21. 

Glutamine metabolism is a critical substrate in the synthesis of glutathione (GSH), an 

endogenous antioxidant comprised of glutamate, cysteine, and glycine. High endogenous 

levels of glutathione make it the predominant cellular anti-oxidant that neutralizes reactive 

oxygen species by donating electrons and becoming oxidized (GSSG). The regeneration of 

GSH from GSSG requires NADPH, which can also be produced by glutamine metabolism 

through malic enzyme22,23. In addition, glutamine also increases the NADPH/NADP+ ratio 

and maintains the GSH levels and cellular redox state by being converted to pyruvate 24. 

Therefore, glutamine metabolism is essential to maintain the GSH level and redox 

homeostasis. Furthermore, the pathological acidosis in the tumors or kidney nephrons also 

increases glutaminolysis to maintain the redox homeostasis25-27. Therefore, glutamine may 

be indispensable for many tumor cells because its critical role in maintaining the redox 

homeostasis.
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6. Non-Glutamine Amino Acids

In addition to glutamine, a wide variety of studies and systems have indicated that amino 

acid addiction is a common phenomenon of cancer cells that varies significantly among 

different normal and cancerous cells. Asparagine is known to maintain the viability of ALL 

cells that lack functional asparaginase, providing the rationale to use asparaginase to treat 

the disease28. Leucine deprivation also causes the apoptotic death of melanoma cells due the 

lack of appropriate autophagic response29. Other studies have highlighted the essentiality of 

arginine 30, methionine31 and valine32. Exogenous cysteine is also essential for several 

cancer types (glioma33, prostate34 and pancreatic35), as blocking uptake through the cystine/

glutamate antiporter (system Xc-) reduces viability due to the cell death caused by 

uncontrolled oxidative stresses36,37.

While there are many differences between stem cell and cancer cell biology, the metabolism 

and downstream consequences of methionine-related metabolites suggest some potential 

commonalities of nutrient-usage between these two systems. Several papers describe the 

essential role of amino acids in the regulation and maintenance of epigenetic landscape of 

stem cells. For example, threonine and methionine are both essential for maintaining levels 

of S-Adenosyl methionine (SAM). SAM is critical for subsequent histone methylation, 

especially tri-methylation of histone H3 lysine-4 (H3K4me3), an active mark that is crucial 

for maintaining the stem cell fate38,39. Given the potential involvement of HeK4me3 and 

H3K4 demethylase JARID1B upregulation in prostate cancer40, methionine restriction may 

affect the epigenetic landscape and oncogenesis of tumors cell driven by these epigenetic 

features. Given the association of methionine-related metabolites and putative therapeutic 

potential of methionine restriction for tumors41,42. While these studies focus on mouse and 

human stem cells, similar regulatory mechanisms are likely to be relevant in cancer cells.

7. Lactate

Lactate is a high energy metabolic intermediate that is the product of anaerobic glycolysis 

by lactate dehydrogenase (LDH). Therefore, the degree of lactate production and 

accumulation indicate the degree of anaerobic glycolysis, either under hypoxia or a 

“Warburg”-type of metabolism. An accumulation of extracellular lactate and low pH, often 

called lactic acidosis (LA), is one prominent microenvironmental stress found in most solid 

cancer tumors43. Many studies have shown that LA triggers transcriptional responses, 

somatic alterations and phenotypic alterations3,4,44,45. In addition, lactate can serve as a 

signaling molecule to trigger HIF-1α 46, NF-κB 47 and stemness 48 pathways to alter the 

signaling events and oncogenic properties of cancer cells. High levels of lactate in tumors 

are associated with severe tumor progression, more metastasis and poor clinical 

outcomes49,50. While such correlation was initially thought to reflect a high degree of tumor 

glycolysis and hypoxia, lactate is now also appreciated as an alternative fuel to be fed back 

into metabolism via pyruvate in tumor cells with limited access to glucose51,52. Importantly, 

since lactate is continuously produced in the hypoxic regions of tumors, the exported lactate 

may allow the survival in regions of the tumors that do not have access to glucose, as a form 

of metabolic symbiosis between tumor cells in different regions52.

Keenan and Chi Page 5

Cancer J. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The export and uptake of lactate is mediated by a family of monocarboxylate transporters. 

MCT1 (SLC16A1) and/or MCT4 (SLC16A3) are upregulated in tumors and most likely 

contribute to the lactate movement across membranes. In particular, overexpression of 

MCT1 is induced by MYC, p53 loss and glucose deprivation53,54. The overexpression of 

MCT4 is induced by HIF-1α55. Cell surface expression of active MCT1 and MCT4 

transporters also requires CD147, a transmembrane chaperone protein56. These modulations 

of lactate import and export by various oncogenic events highlight the important role of 

lactate export and import for tumors’ survival. Therefore, targeting lactate transport by 

blocking MCT1, MCT4 and/or CD147 may be an attractive therapeutic strategy to eradicate 

tumor cells by starving them of this critical alternative fuel52. For more detail on lactate 

metabolism, please see the review by Poporato et. al in this same issue.

4. Acetate

Another only recently appreciated alternative fuel for cancer cells is acetate. Precedence for 

acetate as a fuel source resides in bacterial metabolism; under stress an “acetate switch” is 

triggered and bacteria begin to use acetate as an alternative fuel 57. In tumor cells, acetate is 

“activated” to form acetyl coenzyme A (acetyl-CoA), which supplies the crucial central 

metabolite for TCA cycle, fatty acid synthesis and various acetylation modifications of 

tumor cells. Therefore, the level of acetyl-CoA is highly dynamic and vital to maintaining 

proper cell function. Acetyl-CoA is found in both the mitochondria and the cytosol with 

distinct metabolism and utilization in each compartment. Mitochondrial acetyl-CoA drives 

the TCA cycle to generate cellular ATP. An excess of mitochondrial acetyl-CoA leads to 

excessive citrate production, which can be exported into the cytosol to give rise to cytosolic 

acetyl-CoA. Cytosolic acetyl-CoA can also be synthesized in the cytosol by ATP citrate 

lyase (ACLY) from glycolysis 58, which contributes to the synthesis of long-chain fatty 

acids and the acetylation of proteins. It is also the source of acetyl groups used for DNA 

acetylation modifications in the nucleus. Therefore, the level of acetyl-CoA can regulate the 

histone acetylation and gene expression program.

Recently, exogenous acetate has been identified as an important alternative fuel for cancer 

cells using functional genomic screens and metabolic flux in culture cells, xenograft models 

and patients 59-61. The studies show that exogenous acetate is used to generate cytosolic 

acetyl-CoA for epigenetic modifications and lipogenesis under metabolic stresses and for 

primary or metastatic brain tumors 59-61. These studies also find that the incorporation of 

acetate is mediated by the cytosolic acetyl-Coenzyme A synthetase 2 (ACSS2) that is 

amplified or over-expressed in many tumors. Furthermore, the knockdown of cytosolic 

ACSS2, but not mitochondria-enriched ACSS1, dramatically reduced the utilization of 

exogenously supplied acetate and reduced tumor growth. Importantly, mice with genetic 

deletion of ACSS2 do not have overt phenotypes. However, the deletion of ACSS2 delayed 

tumor development in multiple models of spontaneous tumor development. These results 

strongly indicate that exogenous acetate contributes significantly to the cellular pool of 

acetyl-CoA, especially in brain tumors, as well as under hypoxia or starvation in other 

tumors types. This suggests that there might be a significant therapeutic window of blocking 

ACSS2 in cancer cells that rely on acetate as an alternative fuel.
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5. Scavenging macromolecules

In addition to individual nutrients, it is becoming clear that cancer cells also use several 

vesicle-driven pathways to uptake, or “scavenge”, proteins and lipids directly from their 

environment for their metabolic needs62. For example, macropinocytosis is a unique mode 

of endocytosis in which extracellular content is internalized in a clathrin- and caveolin-

independent manner63. The endocytosed vesicles filled with these engulfed macromolecules 

fuse with lysosomes for their break down to supply the metabolic substrates are required for 

energy and macromolecule synthesis. In one sense, this is similar to the autophagy pathway 

that digests existing cellular macromolecules to provide essential nutrients. However, 

instead of digesting existing intracellular macromolecules, the scavenger pathways uptake 

and digest macromolecules from the outside environment. Multiple oncogenic mutations, 

such as Ras and Src, increase vesicle transport and macropinocytosis by regulating the 

proteins involved in these processes64,65. Consistent with the association of 

macropinocytosis with Kras mutations, patients with pancreatic cancers, most of whom have 

Kras mutations, have elevated plasma levels of branched-chain amino acids (BCAAs) that 

may indicate a prominent role of protein breakdown66. Direct protein uptake by cancer cells 

can be therapeutically targeted by various drug-albumin conjugates, such as Nanoparticle 

albumin-bound (Nab)-Paclitaxel, which is showing promising efficacy for several tumor 

types67-69. It is likely that tumor cells use macropinocytosis to uptake the albumin, thus 

facilitating the intracellular delivery of Paclitaxel. Other protein-drugs conjugates are likely 

to be of therapeutic values for the tumors with prominent macropinocytosis.

Diverse functions for alternative fuels

These recent studies reveal at least two novel aspects of tumor biology. First, collectively, 

these studies have shown that tumor cells are extremely versatile in obtaining nutrients from 

their outside environments to fulfill their metabolic needs. With the limited availability and 

metabolism of glucose, tumor cells resort to using various amino acids, lactate, acetate, and 

scavenged proteins and lipids as alternative fuels to support their continuous survival and 

proliferation. There is extensive cross-talk and reciprocal metabolite flow between these 

alternative fuels and the sensing and metabolic pathways of glucose metabolism. The 

importance of these pathways can be demonstrated by the DNA amplifications or significant 

up-regulation of many genes involved in the metabolic adaptations under stresses44,45. It is 

important to note that while lactate and acetate are well-appreciated fuels for yeast and 

bacteria, they were not considered viable metabolic fuels for human cells until recently. The 

enormous flexibility in the nutrients that tumor cells are able to successfully metabolize 

likely reflects both the metabolic demands necessary to support oncogenesis and the survival 

advantage for cells that have developed the abilities to utilize these nutrients.

Second, these alternative fuels supply many aspects of tumor biology beyond the 

bioenergetic and biosynthetic needs. For example, acetate feeds into acetyl-CoA that 

supplies both the lipid (biosynthesis) and histone (epigenetic regulation and gene 

expression). Methionine may be important for the levels of SAM and the proper pattern of 

histone and DNA methylation. Both glutamine and cysteine are essential for the generation 

of GSH and maintenance of redox homeostasis. These results indicate an extensive and 
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intricate involvement of metabolic flux into many aspects of tumor biology, which were not 

previously thought to be fueled by metabolic needs.

It is interesting to note that a nutrient addiction screen was used by Beadle and Tatum in 

1941 to establish the one gene-one enzyme hypothesis 70. By evaluating the nutrient 

addictions of different Neurospora mutants, Beadle and Tatum were able to identify genetic 

mutations that created nutrient addiction phenotypes that can be rescued by the 

supplementation of essential nutrients that mutants cannot synthesize due to mutations in the 

essential enzymes. Their results suggested that products of genes encode a required enzyme 

that is required for the synthesis of an essential metabolite in the dispensable biochemical 

pathway. It is likely similar nutri-genetic screens, by removing one nutrient at a time, may 

be applied to a large number of cancer cells with genetic information to uncover, on a 

systemic level, the linkage of particular oncogenic events with nutrient addictions.

Metabolic phenotypes of human tumors

Most of the studies of alternative fuels were performed using either established cancer cell 

lines or early passaged tumor cells. It is becoming clear that some of these metabolic 

phenotypes, obtained in vitro, cannot be readily replicated in vivo. These discrepancies 

highlight the importance of evaluating the metabolic phenotypes of more in vivo relevant 

models. At least two approaches are being used to determine the metabolic phenotypes and 

heterogeneity of human tumors. First, it is possible to analyze the global metabolomes of 

primary human and murine model tumor tissues via mass spectrometry or NMR to integrate 

with transcriptional profiling and genetic analyses of human cancers71-75. Such integrative 

analyses in breast cancers has further classified breast cancer subtypes and found higher 

levels of Warburg-associated metabolites in more aggressive cancer types71-75. Other 

studies profiling the metabolomics of TCGA breast tumors found that in ER- breast tumors 

have a higher glutathione pathway component, 2-hydroxyglutarate (2-HG) and the 

immunomodulatory tryptophan metabolite, kynurenine. Additionally, BRCA1 mRNA levels 

were positively associated with CoA, acetyl-CoA, and GSH and negatively associated with 

multiple lipid species, supporting the known regulation of ACC1 and NRF2 by BRCA176. 

Therefore, integrative analyses of tumor metabolomes with associated genetic alterations or 

dysregulated gene expression may provide an important new tool for discovery and 

hypothesis testing of the genetic regulation of tumor metabolism.

Another important tool to study cancer metabolism in humans is to inject labeled 

metabolites that can be monitored non-invasively to evaluate the degree of uptake and 

utilization the injected metabolite by cancer cells. While a parallel idea forms the basis of 

monitoring glucose consumption in PET scans, it can also be applied to achieve a better 

understanding of the use of alternative carbon fuels. For example, while several studies 

showed avid consumption of glutamine by brain tumor cells in vitro18,77, very little uptake 

of glutamine by brain tumors was actually observed 78. This discrepancy prompted the 

investigator to identify acetate consumption as an important alternative fuel in vivo? 59-61. It 

is therefore important to evaluate the relevance of an identified “alternative fuel” with more 

in vivo relevant models in order to best guide our understanding of tumor metabolic 

phenotypes and potential targeting strategies.
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Conclusion

The recent surge of interest in understanding cancer metabolism has identified several 

alternative fuels that tumor cells can utilize to support their metabolic needs. The 

dependence of tumors on these fuels reveals their unexpected metabolic flexibility to utilize 

a wide variety of alternative fuels. By understanding how oncogenic mutations regulate the 

uptake and metabolisms of these alternative fuels, we may be able to identify therapeutic 

targets to eradicate tumors via their metabolic vulnerabilities. These novel arsenals against 

tumors may be particularly effective against the tumors that have developed resistance to 

chemotherapeutics or targeting agents.

Acknowledgments

We appreciate the support of NIH (CA125618, CA106520, F31 CA180610-02) and the Department of Defense 
(W81XWH-12-1-0148, W81XWH-14-1-0309)

References

1. Song CW, Clement JJ, Levitt SH. Preferential cytotoxicity of 5-thio-D-glucose against hypoxic 
tumor cells. J Natl Cancer Inst. 1976; 57:603–5. [PubMed: 824455] 

2. Lampidis TJ, Kurtoglu M, Maher JC, et al. Efficacy of 2-halogen substituted D-glucose analogs in 
blocking glycolysis and killing “hypoxic tumor cells”. Cancer Chemother Pharmacol. 2006; 
58:725–34. [PubMed: 16555088] 

3. Tang X, Lucas JE, Chen JL, et al. Functional interaction between responses to lactic acidosis and 
hypoxia regulates genomic transcriptional outputs. Cancer research. 2012; 72:491–502. [PubMed: 
22135092] 

4. Chen JL, Merl D, Peterson CW, et al. Lactic acidosis triggers starvation response with paradoxical 
induction of TXNIP through MondoA. PLoS Genet. 2010; 6

5. Chen JL, Lucas JE, Schroeder T, et al. The genomic analysis of lactic acidosis and acidosis response 
in human cancers. PLoS Genet. 2008; 4:e1000293. [PubMed: 19057672] 

6. Mathew R, Karantza-Wadsworth V, White E. Role of autophagy in cancer. Nature reviews Cancer. 
2007; 7:961–7.

7. Harding HP, Zhang Y, Zeng H, et al. An integrated stress response regulates amino acid metabolism 
and resistance to oxidative stress. Molecular cell. 2003; 11:619–33. [PubMed: 12667446] 

8. Kovacevic Z, Morris HP. The role of glutamine in the oxidative metabolism of malignant cells. 
Cancer research. 1972; 32:326–33. [PubMed: 4400467] 

9. Yuneva M, Zamboni N, Oefner P, Sachidanandam R, Lazebnik Y. Deficiency in glutamine but not 
glucose induces MYC-dependent apoptosis in human cells. J Cell Biol. 2007; 178:93–105. 
[PubMed: 17606868] 

10. Wise DR, DeBerardinis RJ, Mancuso A, et al. Myc regulates a transcriptional program that 
stimulates mitochondrial glutaminolysis and leads to glutamine addiction. Proceedings of the 
National Academy of Sciences of the United States of America. 2008; 105:18782–7. [PubMed: 
19033189] 

11. Gao P, Tchernyshyov I, Chang TC, et al. c-Myc suppression of miR-23a/b enhances mitochondrial 
glutaminase expression and glutamine metabolism. Nature. 2009; 458:762–5. [PubMed: 
19219026] 

12. Yang C, Sudderth J, Dang T, Bachoo RM, McDonald JG, DeBerardinis RJ. Glioblastoma cells 
require glutamate dehydrogenase to survive impairments of glucose metabolism or Akt signaling. 
Cancer research. 2009; 69:7986–93. [PubMed: 19826036] 

13. Seltzer MJ, Bennett BD, Joshi AD, et al. Inhibition of glutaminase preferentially slows growth of 
glioma cells with mutant IDH1. Cancer Res. 2010; 70:8981–7. [PubMed: 21045145] 

14. Kung HN, Marks JR, Chi JT. Glutamine synthetase Is a genetic determinant of cell type–specific 
glutamine independence in breast epithelia. PLoS Genet. 2011; 7

Keenan and Chi Page 9

Cancer J. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



15. Metallo CM, Gameiro PA, Bell EL, et al. Reductive glutamine metabolism by IDH1 mediates 
lipogenesis under hypoxia. Nature. 2012; 481:380–4. [PubMed: 22101433] 

16. Mullen AR, Wheaton WW, Jin ES, et al. Reductive carboxylation supports growth in tumour cells 
with defective mitochondria. Nature. 2012; 481:385–8. [PubMed: 22101431] 

17. Wang JB, Erickson JW, Fuji R, et al. Targeting mitochondrial glutaminase activity inhibits 
oncogenic transformation. Cancer cell. 2010; 18:207–19. [PubMed: 20832749] 

18. Wise DR, Thompson CB. Glutamine addiction: a new therapeutic target in cancer. Trends 
Biochem Sci. 2010

19. Boza JJ, Moennoz D, Bournot CE, et al. Role of glutamine on the de novo purine nucleotide 
synthesis in Caco-2 cells. European journal of nutrition. 2000; 39:38–46. [PubMed: 10900556] 

20. Duan S, Pagano M. Linking metabolism and cell cycle progression via the APC/CCdh1 and 
SCFbetaTrCP ubiquitin ligases. Proceedings of the National Academy of Sciences of the United 
States of America. 2011; 108:20857–8. [PubMed: 22173637] 

21. Reid MA, Wang WI, Rosales KR, Welliver MX, Pan M, Kong M. The B55alpha subunit of PP2A 
drives a p53-dependent metabolic adaptation to glutamine deprivation. Molecular cell. 2013; 
50:200–11. [PubMed: 23499005] 

22. Moreadith RW, Lehninger AL. The pathways of glutamate and glutamine oxidation by tumor cell 
mitochondria. Role of mitochondrial NAD(P)+-dependent malic enzyme. The Journal of 
biological chemistry. 1984; 259:6215–21. [PubMed: 6144677] 

23. Sauer LA, Dauchy RT, Nagel WO. Identification of an NAD(P)+-dependent ’malic’ enzyme in 
small-intestinal-mucosal mitochondria. The Biochemical journal. 1979; 184:185–8. [PubMed: 
43139] 

24. Son J, Lyssiotis CA, Ying H, et al. Glutamine supports pancreatic cancer growth through a KRAS-
regulated metabolic pathway. Nature. 2013; 496:101–5. [PubMed: 23535601] 

25. Lamonte G, Tang X, Chen JL, et al. Acidosis induces reprogramming of cellular metabolism to 
mitigate oxidative stress. Cancer & Metabolism. 2014

26. Evans K, Nasim Z, Brown J, et al. Acidosis-sensing glutamine pump SNAT2 determines amino 
acid levels and mammalian target of rapamycin signalling to protein synthesis in L6 muscle cells. J 
Am Soc Nephrol. 2007; 18:1426–36. [PubMed: 17429052] 

27. Moret C, Dave MH, Schulz N, Jiang JX, Verrey F, Wagner CA. Regulation of renal amino acid 
transporters during metabolic acidosis. Am J Physiol Renal Physiol. 2007; 292:F555–66. 
[PubMed: 17003226] 

28. Clavell LA, Gelber RD, Cohen HJ, et al. Four-agent induction and intensive asparaginase therapy 
for treatment of childhood acute lymphoblastic leukemia. N Engl J Med. 1986; 315:657–63. 
[PubMed: 2943992] 

29. Sheen JH, Zoncu R, Kim D, Sabatini DM. Defective regulation of autophagy upon leucine 
deprivation reveals a targetable liability of human melanoma cells in vitro and in vivo. Cancer 
Cell. 2011; 19:613–28. [PubMed: 21575862] 

30. Scott L, Lamb J, Smith S, Wheatley DN. Single amino acid (arginine) deprivation: rapid and 
selective death of cultured transformed and malignant cells. Br J Cancer. 2000; 83:800–10. 
[PubMed: 10952786] 

31. Kreis W, Baker A, Ryan V, Bertasso A. Effect of nutritional and enzymatic methionine deprivation 
upon human normal and malignant cells in tissue culture. Cancer Res. 1980; 40:634–41. [PubMed: 
6937240] 

32. Ohtawa K, Ueno T, Mitsui K, et al. Apoptosis of leukemia cells induced by valine-deficient 
medium. Leukemia. 1998; 12:1651–2. [PubMed: 9766513] 

33. Chung WJ, Lyons SA, Nelson GM, et al. Inhibition of cystine uptake disrupts the growth of 
primary brain tumors. The Journal of neuroscience : the official journal of the Society for 
Neuroscience. 2005; 25:7101–10. [PubMed: 16079392] 

34. Doxsee DW, Gout PW, Kurita T, et al. Sulfasalazine-induced cystine starvation: potential use for 
prostate cancer therapy. Prostate. 2007; 67:162–71. [PubMed: 17075799] 

35. Lo M, Ling V, Wang YZ, Gout PW. The xc- cystine/glutamate antiporter: a mediator of pancreatic 
cancer growth with a role in drug resistance. British journal of cancer. 2008; 99:464–72. [PubMed: 
18648370] 

Keenan and Chi Page 10

Cancer J. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



36. Timmerman LA, Holton T, Yuneva M, et al. Glutamine Sensitivity Analysis Identifies the xCT 
Antiporter as a Common Triple-Negative Breast Tumor Therapeutic Target. Cancer cell. 2013

37. Ishimoto T, Nagano O, Yae T, et al. CD44 variant regulates redox status in cancer cells by 
stabilizing the xCT subunit of system xc(-) and thereby promotes tumor growth. Cancer cell. 2011; 
19:387–400. [PubMed: 21397861] 

38. Shiraki N, Shiraki Y, Tsuyama T, et al. Methionine metabolism regulates maintenance and 
differentiation of human pluripotent stem cells. Cell metabolism. 2014; 19:780–94. [PubMed: 
24746804] 

39. Shyh-Chang N, Locasale JW, Lyssiotis CA, et al. Influence of threonine metabolism on S-
adenosylmethionine and histone methylation. Science. 2013; 339:222–6. [PubMed: 23118012] 

40. Xiang Y, Zhu Z, Han G, et al. JARID1B is a histone H3 lysine 4 demethylase up-regulated in 
prostate cancer. Proceedings of the National Academy of Sciences. 2007; 104:19226–31.

41. Cellarier E, Durando X, Vasson MP, et al. Methionine dependency and cancer treatment. Cancer 
treatment reviews. 2003; 29:489–99. [PubMed: 14585259] 

42. Vidal AC, Grant DJ, Williams CD, et al. Associations between Intake of Folate, Methionine, and 
Vitamins B-12, B-6 and Prostate Cancer Risk in American Veterans. J Cancer Epidemiol. 2012; 
2012:957467. [PubMed: 22927849] 

43. Webb BA, Chimenti M, Jacobson MP, Barber DL. Dysregulated pH: a perfect storm for cancer 
progression. Nat Rev Cancer. 2011; 11:671–7. [PubMed: 21833026] 

44. Lucas JE, Kung HN, Chi JT. Latent factor analysis to discover pathway-associated putative 
segmental aneuploidies in human cancers. PLoS Comput Biol. 2010; 6:e1000920. [PubMed: 
20824128] 

45. Gatza ML, Kung HN, Blackwell KL, Dewhirst MW, Marks JR, Chi JT. Analysis of tumor 
environmental response and oncogenic pathway activation identifies distinct basal and luminal 
features in HER2-related breast tumor subtypes. Breast Cancer Res. 2011; 13:R62. [PubMed: 
21672245] 

46. Sonveaux P, Copetti T, De Saedeleer CJ, et al. Targeting the lactate transporter MCT1 in 
endothelial cells inhibits lactate-induced HIF-1 activation and tumor angiogenesis. PloS one. 2012; 
7:e33418. [PubMed: 22428047] 

47. Vegran F, Boidot R, Michiels C, Sonveaux P, Feron O. Lactate influx through the endothelial cell 
monocarboxylate transporter MCT1 supports an NF-kappaB/IL-8 pathway that drives tumor 
angiogenesis. Cancer research. 2011; 71:2550–60. [PubMed: 21300765] 

48. Martinez-Outschoorn UE, Prisco M, Ertel A, et al. Ketones and lactate increase cancer cell 
“stemness,” driving recurrence, metastasis and poor clinical outcome in breast cancer: achieving 
personalized medicine via Metabolo-Genomics. Cell cycle. 2011; 10:1271–86. [PubMed: 
21512313] 

49. Walenta S, Wetterling M, Lehrke M, et al. High lactate levels predict likelihood of metastases, 
tumor recurrence, and restricted patient survival in human cervical cancers. Cancer research. 2000; 
60:916–21. [PubMed: 10706105] 

50. Quennet V, Yaromina A, Zips D, et al. Tumor lactate content predicts for response to fractionated 
irradiation of human squamous cell carcinomas in nude mice. Radiother Oncol. 2006; 81:130–5. 
[PubMed: 16973228] 

51. Kennedy KM, Scarbrough PM, Ribeiro A, et al. Catabolism of Exogenous Lactate Reveals It as a 
Legitimate Metabolic Substrate in Breast Cancer. PloS one. 2013; 8:e75154. [PubMed: 24069390] 

52. Sonveaux P, Vegran F, Schroeder T, et al. Targeting lactate-fueled respiration selectively kills 
hypoxic tumor cells in mice. J Clin Invest. 2008; 118:3930–42. [PubMed: 19033663] 

53. De Saedeleer CJ, Porporato PE, Copetti T, et al. Glucose deprivation increases monocarboxylate 
transporter 1 (MCT1) expression and MCT1-dependent tumor cell migration. Oncogene. 2014; 
33:4060–8. [PubMed: 24166504] 

54. Boidot R, Vegran F, Meulle A, et al. Regulation of monocarboxylate transporter MCT1 expression 
by p53 mediates inward and outward lactate fluxes in tumors. Cancer research. 2012; 72:939–48. 
[PubMed: 22184616] 

Keenan and Chi Page 11

Cancer J. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



55. Perez de Heredia F, Wood IS, Trayhurn P. Hypoxia stimulates lactate release and modulates 
monocarboxylate transporter (MCT1, MCT2, and MCT4) expression in human adipocytes. 
Pflugers Archiv : European journal of physiology. 2010; 459:509–18. [PubMed: 19876643] 

56. Le Floch R, Chiche J, Marchiq I, et al. CD147 subunit of lactate/H+ symporters MCT1 and 
hypoxia-inducible MCT4 is critical for energetics and growth of glycolytic tumors. Proceedings of 
the National Academy of Sciences of the United States of America. 2011; 108:16663–8. [PubMed: 
21930917] 

57. Wolfe AJ. The acetate switch. Microbiology and molecular biology reviews : MMBR. 2005; 
69:12–50. [PubMed: 15755952] 

58. Wellen KE, Hatzivassiliou G, Sachdeva UM, Bui TV, Cross JR, Thompson CB. ATP-citrate lyase 
links cellular metabolism to histone acetylation. Science. 2009; 324:1076–80. [PubMed: 
19461003] 

59. Mashimo T, Pichumani K, Vemireddy V, et al. Acetate Is a Bioenergetic Substrate for Human 
Glioblastoma and Brain Metastases. Cell. 2014; 159:1603–14. [PubMed: 25525878] 

60. Comerford SA, Huang Z, Du X, et al. Acetate dependence of tumors. Cell. 2014; 159:1591–602. 
[PubMed: 25525877] 

61. Schug ZT, Peck B, Jones DT, et al. Acetyl-CoA Synthetase 2 Promotes Acetate Utilization and 
Maintains Cancer Cell Growth under Metabolic Stress. Cancer cell. 2015; 27:57–71. [PubMed: 
25584894] 

62. Commisso C, Davidson SM, Soydaner-Azeloglu RG, et al. Macropinocytosis of protein is an 
amino acid supply route in Ras-transformed cells. Nature. 2013; 497:633–7. [PubMed: 23665962] 

63. Doherty GJ, McMahon HT. Mechanisms of endocytosis. Annual review of biochemistry. 2009; 
78:857–902.

64. Kasahara K, Nakayama Y, Sato I, et al. Role of Src-family kinases in formation and trafficking of 
macropinosomes. Journal of cellular physiology. 2007; 211:220–32. [PubMed: 17167779] 

65. Bar-Sagi D, Feramisco JR. Induction of membrane ruffling and fluid-phase pinocytosis in 
quiescent fibroblasts by ras proteins. Science. 1986; 233:1061–8. [PubMed: 3090687] 

66. Mayers JR, Wu C, Clish CB, et al. Elevation of circulating branched-chain amino acids is an early 
event in human pancreatic adenocarcinoma development. Nature medicine. 2014; 20:1193–8.

67. Von Hoff DD, Ramanathan RK, Borad MJ, et al. Gemcitabine plus nab-paclitaxel is an active 
regimen in patients with advanced pancreatic cancer: a phase I/II trial. Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology. 2011; 29:4548–54. 
[PubMed: 21969517] 

68. Payton S. Bladder cancer: second-line nab-paclitaxel for advanced urothelial carcinoma. Nature 
reviews Urology. 2013; 10:431.

69. Frese KK, Neesse A, Cook N, et al. nab-Paclitaxel potentiates gemcitabine activity by reducing 
cytidine deaminase levels in a mouse model of pancreatic cancer. Cancer discovery. 2012; 2:260–
9. [PubMed: 22585996] 

70. Beadle GW, Tatum EL. Genetic Control of Biochemical Reactions in Neurospora. Proceedings of 
the National Academy of Sciences of the United States of America. 1941; 27:499–506. [PubMed: 
16588492] 

71. Sitter B, Lundgren S, Bathen TF, Halgunset J, Fjosne HE, Gribbestad IS. Comparison of HR MAS 
MR spectroscopic profiles of breast cancer tissue with clinical parameters. NMR in biomedicine. 
2006; 19:30–40. [PubMed: 16229059] 

72. Budczies J, Denkert C, Muller BM, et al. Remodeling of central metabolism in invasive breast 
cancer compared to normal breast tissue - a GC-TOFMS based metabolomics study. BMC 
Genomics. 2012; 13:334. [PubMed: 22823888] 

73. Borgan E, Sitter B, Lingjaerde OC, et al. Merging transcriptomics and metabolomics--advances in 
breast cancer profiling. BMC Cancer. 2010; 10:628. [PubMed: 21080935] 

74. Brauer HA, Makowski L, Hoadley KA, et al. Impact of tumor microenvironment and epithelial 
phenotypes on metabolism in breast cancer. Clin Cancer Res. 2013; 19:571–85. [PubMed: 
23236214] 

75. Tang X, Lin CC, Spasojevic I, Iversen E, Chi JT, Marks JR. A joint analysis of metabolomics and 
genetics of breast cancer. Breast Cancer Res. 2014; 16:415. [PubMed: 25091696] 

Keenan and Chi Page 12

Cancer J. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



76. Gorrini C, Baniasadi PS, Harris IS, et al. BRCA1 interacts with Nrf2 to regulate antioxidant 
signaling and cell survival. The Journal of experimental medicine. 2013; 210:1529–44. [PubMed: 
23857982] 

77. Kaadige MR, Looper RE, Kamalanaadhan S, Ayer DE. Glutamine-dependent anapleurosis dictates 
glucose uptake and cell growth by regulating MondoA transcriptional activity. Proceedings of the 
National Academy of Sciences of the United States of America. 2009

78. Marin-Valencia I, Yang C, Mashimo T, et al. Analysis of tumor metabolism reveals mitochondrial 
glucose oxidation in genetically diverse human glioblastomas in the mouse brain in vivo. Cell 
metabolism. 2012; 15:827–37. [PubMed: 22682223] 

Glossary

2-HG 2-hydroxyglutarate

ACC1 (ACACA) Acetyl-CoA carboxylase

acetyl-CoA Acetyl-Coenzyme A

ACSS2 Acetyl-Coenzyme A synthetase 2

ACSS1 Acetyl-Coenzyme A synthetase 1

Akt v-akt murine thymoma viral oncogene homolog

ALL Acute lymphoblastic leukemia

AMP Adenosine monophosphate

AMPK AMP-activated protein kinase

APC/C-Cdh1 Anaphase-promoting complex/cyclosome- cadherin 1, type 1, E-

cadherin

ATP Adenosine triphosphate

BCAAs Branched-chain amino acids

BRCA1 Breast cancer 1, early onset

CD147 (BSG) Basigin (Ok Blood Group)

c-Myc c- V-Myc Avian Myelocytomatosis Viral Oncogene Homolog

DNA Deoxyribonucleic acid

eIF2α Eukaryotic translation initiation factor 2a

ER- Estrogen Receptor negative

GLS1 Glutaminase 1

GSH Glutathione

GSSG Oxidized form of glutathione

H3K4 Histone 3 lysine 4

H3K4me3 tri-methylation of histone H3 lysine 4

HIF-1α Hypoxia-inducible factor 1 alpha

JARID1B (KDM5B) Lysine (K)-specific demethylase 5B
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LDH Lactate dehydrogenase

LA Lactic acidosis

GCN2 (EIF1AK4) General control derepressible 2 (Eukaryotic Translation 

Initiation Factor 2 Alpha Kinase 4)

IDH1 Isocitrate dehydrogenase

K-ras Kirsten rat sarcoma viral oncogene homolog

MCT1 (SLC16A1) Solute carrier family 16 (monocarboxylate transporter), member 

1

MCT4 (SLC16A3) Solute carrier family 16 (monocarboxylate transporter), member 

3

mRNA Messenger RNA

mTOR Mammalian target of rapamycin

NADPH/NADP+ Nicotinamide adenine dinucleotide phosphate

NF-κB Nuclear Factor of kappa light polypeptide gene enhancer In B-

cells

Nab Nanoparticle albumin-bound

NMR Nuclear magnetic resonance

NRF2 (NFE2L2) Nuclear factor, erythroid 2-like 2

p53 (TP53) Tumor protein 53

PET Positron emission tomography

Ras any of the RAS Viral (V-Ras) oncogene homolog family 

members

system Xc-(SLC7A11) Cystine/glutamate antiporter (solute carrier family 7 (anionic 

amino acid transporter light chain, xc- system), member 11)

SAM S-Adenosyl methionine

Src v-src avian sarcoma (Schmidt-Ruppin A-2) viral oncogene 

homolog

TCA cycle The Citric Acid cycle

TCGA The Cancer Genome Atlas

tRNAs transfer RNAs

Keenan and Chi Page 14

Cancer J. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Alternative fuels for cancer cells
The figure shows how various alternative fuels (boxed in red) are transported and utilized by 

cancer cells. Metabolomic processes are indicated by blue boxes. Enzymes are indicated by 

brown squares. Transporters are indicated by gray boxes. Directions of metabolite flow 

within the cell are indicated by arrows.
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