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Abstract

In contrast to terminally differentiated cells, cancer cells and stem cells retain the ability to re-

enter the cell cycle and proliferate. In order to proliferate, cells must increase the uptake and 

catabolism of nutrients to support anabolic cell growth. Intermediates of central metabolic 

pathways have emerged as key players that can influence cell differentiation ‘decisions’, processes 

relevant for both oncogenesis and normal development. Consequently, how cells rewire metabolic 

pathways to support proliferation may have profound consequences for cellular identity. Here, we 

discuss the metabolic programs that support proliferation and explore how metabolic states are 

intimately entwined with the cell fate decisions that characterize stem cells and cancer cells. By 

comparing the metabolism of pluripotent stem cells and cancer cells, we hope to illuminate 

common metabolic strategies as well as distinct metabolic features that may represent specialized 

adaptations to unique cellular demands.

Introduction

At their core, cell survival and growth are metabolic problems. Cells catabolize nutrients to 

generate the energy and reducing equivalents required to maintain basic cellular processes. 

Likewise, anabolic metabolic pathways convert nutrients into the macromolecules necessary 

for cell growth and proliferation. This intimate relationship between metabolism and cellular 

fitness is best exemplified by the observation that the growth of most unicellular organisms 

is directly tied to nutrient availability1. In contrast, cells of multicellular organisms must 

cooperate to share relatively constant nutrient supplies; consequently, metazoan cell 

proliferation is regulated by growth factors that license the acquisition of extracellular 

nutrients and activation of anabolic growth programs. During development, growth factor 

signaling pathways direct the proliferation, migration and death of selected populations to 

ensure proper organ size and function. These same pathways frequently become subverted in 

cancer: oncogenic activation of growth factor signaling or inhibition of cell death enables the 

pathological proliferation that drives tumor growth. Therefore, it is perhaps not surprising 

that cancer cells share many metabolic features with normal developmental programs. For 

example, just as folate deficiency is a major cause of early embryonic growth defects2, 
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therapies interfering with folate metabolism are key components of many successful 

chemotherapeutic regimens3.

Metabolites play many roles beyond serving as substrates for energy generation and anabolic 

growth. Metabolites contribute to the regulation of intracellular redox balance4, directly alter 

the activity of intracellular signaling cascades5, and serve as co-substrates for enzymes that 

modify macromolecules such as DNA and proteins6. As a result, intracellular metabolic 

pathways may influence many cellular programs beyond proliferation. The dual role of 

metabolites as substrates for both anabolic and regulatory processes raises the possibility 

that the utilization of nutrients for cell proliferation inherently affects the availability of 

metabolites for other, non-anabolic roles. This metabolic convergence between proliferation 

and cell fate regulation may be particularly relevant in stem cells, which accomplish the dual 

feat of retaining the capacity to proliferate rapidly and differentiate into specialized cell 

types. As a result, there is great interest in elucidating the metabolic networks that sustain 

stem cell self-renewal and identifying metabolic nodes that influence lineage-specific 

differentiation.

Pluripotent stem cells (PSCs) provide an ideal model system to study the intersection 

between proliferation, metabolism and differentiation. While pluripotency—the capacity to 

give rise to cells of all three embryonic germ layers—exists only transiently during early 

mammalian development, the pluripotent state can be captured indefinitely in vitro, 

providing an invaluable resource to study principles of dynamic cell fate transitions, 

elucidate pathways critical for lineage-specific differentiation, and explore possibilities for 

regenerative medicine7. Pluripotent stem cells can be isolated from the inner cell mass of 

pre-implantation epiblast (embryonic stem cells, ESCs) or the early post-implantation 

epiblast (epiblast stem cells, EpiSCs); alternatively, somatic cells can be reprogrammed to 

pluripotency by expression of key pluripotency-associated transcription factors (iPSCs). 

Intriguingly, the functional identity of PSCs is largely determined not by the cell of origin 

but rather by the culture conditions under which the cells are generated and propagated7. 

Naïve PSCs share molecular characteristics with cells of the inner cell mass and can readily 

give rise to all germ layers and contribute to chimeras8. In contrast, primed PSCs exhibit 

similarities to post-implantation epiblast cells and, while retaining pluripotency, represent a 

more committed developmental state8. By and large, PSCs can be coaxed into either the 

naïve or primed state depending on the exogenous cues present in the culture medium7. 

Therefore, understanding how specific nutrients and growth factors present in PSC culture 

regulate cellular phenotypes such as growth and gene expression programs likely will yield 

critical insights into the regulation of cell identity.

A key question when comparing the metabolism of specialized cell types is how to 

distinguish the metabolic alterations accompanying differences in growth and proliferation 

from the metabolic alterations that support cell-type specific fate decisions. Therefore, it is 

useful to compare the emerging literature describing the metabolism of stem cells with the 

vast literature on the metabolism of cancer cells. Like stem cells, cancer cells are capable of 

rapid proliferation; unlike stem cells, cancer cells are relatively locked into a malignant 

identity. In this review, we will discuss emerging evidence that cancer cells and stem cells 

engage similar metabolic pathways to support anabolic proliferation. We will further 
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examine how specific metabolic alterations influence the balance between self-renewal and 

differentiation in cancer cells and stem cells. As both stem cells and cancer cells face many 

similar metabolic challenges, lessons from one system may provide generalizable insight 

into the potential metabolic avenues that support growth, survival and differentiation across 

multiple cell types.

Metabolic requirements of proliferation

Glucose and glutamine are fundamental substrates for mammalian cells growing in culture

Regardless of the identity of the proliferating cell, proliferation requires a net increase in 

biomass. In order to generate the nucleic acids, lipids and proteins required for proliferation, 

cells increase the uptake and catabolism of the nutrients that provide the raw materials for 

macromolecular synthesis. Glucose and glutamine, two of the most abundant metabolites in 

serum and in common tissue culture media, serve as the major sources of energy and 

reducing equivalents required to assemble metabolic building blocks into macromolecules 

(Fig. 1)9. Beyond ATP and NAD(P)H, catabolism of glucose and glutamine generates 

precursors for the biogenesis of non-essential amino acids required to sustain protein and 

nucleic acid synthesis. Additionally, glucose provides the ribose and glutamine provides the 

obligate source of reduced nitrogen for nucleic acid biosynthesis. In cultured cells, glucose-

derived acetyl-CoA represents the primary source of carbon for de novo lipid biosynthesis 

while protein biosynthesis, which makes up the majority of cellular biomass, is sustained by 

the combination of direct amino acid uptake and de novo synthesis of non-essential amino 

acids from glucose and glutamine10. Therefore, although the relative dependency on each of 

these metabolic precursors can vary according to cell line, culture conditions and nutrient 

availability9,10, a fundamental feature of mammalian cells proliferating in culture is the 

central role of glucose and glutamine supporting anabolic growth.

The critical role of glucose and glutamine in cancer cell proliferation is well established and 

has been extensively reviewed elsewhere11–13. Like cancer cells, PSCs have the capacity to 

proliferate indefinitely in culture and are also heavily reliant on exogenous glucose and 

glutamine14,15. Although the inherent flexibility of metabolic networks ensures that cells 

have multiple mechanisms to cope with reduced abundance of either nutrient16, proliferation 

is maximized when both glucose and glutamine are abundant. Therefore, a major paradox of 

rapidly proliferating cells is the tendency to discard the overwhelming majority of glucose 

carbons as lactate. The conversion of glucose to lactate despite the presence of sufficient 

oxygen to sustain complete oxidation of glucose-derived carbons, commonly referred to as 

the “Warburg effect” or aerobic glycolysis, is a hallmark of all rapidly proliferating 

mammalian cells. Indeed, compared to their slower-growing differentiated counterparts, 

pluripotent stem cells—regardless of their cell of origin or stage of pluripotency—engage in 

aerobic glycolysis, consuming high levels of glucose and secreting large quantities of 

lactate17–20. This glycolytic flux is contingent upon cells maintaining their pluripotent 

identity and is rapidly reversible: glycolytic lactate production is reduced early during PSC 

differentiation19–22 and reprograming differentiated cells to the pluripotent state results in 

the re-acquisition of glycolytic phenotypes23–25. Accordingly, interfering with glycolytic 

metabolism impairs reprogramming and maintenance of the pluripotent state20–25. 
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Mechanistically, transcription factors establishing the pluripotent state may directly regulate 

metabolic pathways: for example, the core pluripotency transcription factor Oct4 binds loci 

encoding glycolytic genes to promote glycolysis26. Not all differentiation results in 

downregulation of aerobic glycolysis: while human PSC differentiation to mesoderm and 

endoderm reduces glycolytic flux, differentiation to early neuroectoderm does not22. A key 

open question therefore is whether the links between aerobic glycolysis and pluripotency are 

the result of bioenergetic constraints of particular cell types or the consequences of altered 

accumulation of metabolites with the ability to regulate cell fate programs.

Despite the ubiquity of the Warburg effect in proliferating cells, the potential benefits of this 

metabolic hallmark remain controversial27. Warburg’s initial hypothesis, that the aerobic 

conversion of pyruvate to lactate results from defective mitochondrial respiration, has since 

been disproven in both cancer cells and normal cells12. Mitochondria are notably distinct in 

PSCs relative to their differentiated counterparts: PSCs tend to harbor fewer mitochondria 

per cell and these mitochondria exhibit immature morphology marked by sparse 

cristae18,19,28,29. Nevertheless, PSCs are not defective in mitochondrial substrate oxidation. 

Respiratory complexes are fully functional in PSCs19 and as a result, PSCs have the 

flexibility to engage in oxidative or glycolytic programs depending on culture 

conditions18,30. Indeed, even under basal culture conditions, PSCs engage in significant 

glutamine oxidation to sustain bioenergetics14,15,30,31 and enhanced respiration may be a 

common feature of PSCs in the naïve state18,32,33. Therefore, as in other proliferating cell 

types, the aerobic glycolysis that characterizes PSCs does not appear to result from a defect 

in mitochondrial function.

Lacking an understanding of the origin or consequences of the Warburg effect in PSCs, it is 

difficult to ascribe any particular benefit or function to aerobic glycolysis in the regulation or 

maintenance of pluripotent cell growth. Intriguingly, it has recently been suggested that 

aerobic glycolysis might arise in part as a secondary consequence of the metabolic 

requirements of proliferating cells rather than as a primary driver of proliferation. For 

example, the conversion of pyruvate to lactate becomes favored when the cytosolic 

NADH/NAD+ ratio rises, which may occur in proliferating cells due to rapid consumption 

of NAD+ to drive the oxidative reactions required for nucleotide production13. PSCs are 

notable for their rapid proliferation (12–24h doubling time) and high nuclear to cytoplasmic 

ratio and therefore may be disproportionally reliant on nucleotide biosynthesis to sustain 

proliferation. Alternatively, since high mitochondrial substrate oxidation produces reactive 

oxygen species that promote differentiation and exert deleterious effects on cellular fitness, 

discarding reduced electrons in the form of lactate rather than transferring these reducing 

equivalents to the mitochondria for oxidation may be particularly beneficial to PSCs that 

must resist spontaneous differentiation and are primed for apoptosis34,35. In support of this 

hypothesis, the metabolome of ESCs becomes more oxidized upon differentiation36.

Taken together, the emerging literature on PSC metabolism demonstrates that cultured PSCs 

meet the anabolic demands of proliferation in a manner largely similar to cancer cells and 

other proliferating mammalian cells. This correspondence between the metabolic profiles of 

PSCs and cancer cells may arise simply as a consequence of the conserved metabolic 

requirements of proliferation. Nevertheless, emerging evidence suggests that there are subtle 
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differences in how different types of PSCs use glucose and glutamine. For example, both 

mouse and human PSCs in the naïve state of pluripotency exhibit higher basal respiration 

than their primed counterparts18,32,33. At the same time, whereas glycolysis is increased in 

human naïve PSCs relative to primed PSCs, the opposite trend is true in mouse PSCs18,20. 

To what extent these differences arise from variations in cell size, proliferation rate, and 

culture conditions (including medium nutrient composition, growth factor availability, and 

choice of extracellular matrix) rather than functional variation between the cell types 

remains an important open question. Certainly, simply culturing the same cell type in 

different medium formulations can significantly alter how cells engage metabolic pathways 

to fulfill anabolic demands30. However, as PSC identity is intimately linked to culture 

conditions7, these metabolic differences could also result from—or contribute to—the 

establishment of different functional states. Therefore, a critical avenue of future work will 

be to unravel the metabolic phenotypes that are secondary to altered growth conditions from 

those metabolic phenotypes that are the specific result of variations in PSC identity.

Beyond glucose and glutamine: alternative metabolic strategies

Although aerobic glycolysis and glutamine oxidation represent nearly ubiquitous features of 

cancer cells proliferating in culture, recent studies examining tumor metabolism in vivo 
illuminate the diverse metabolic strategies and substrates that support cancer growth (Fig. 

2a)12,37. For example, several types of brain and lung tumors tend to increase oxidation of 

glucose-derived carbons and rely on glucose for replenishment of TCA cycle 

intermediates38–40, while clear cell renal carcinomas retain profiles consistent with aerobic 

glycolysis41. Likewise, several tumor types are reported to have minimal reliance on 

glutamine oxidation to sustain TCA cycle metabolite pools and may even synthesize 

glutamine de novo from glucose-derived carbons38,39,42,43. Increasingly, substrates beyond 

glucose and glutamine are recognized to play critical roles as bioenergetic substrates in vivo. 

Lactate, produced in high quantities in the tumor microenvironment, may function as a 

major source of carbon for growing tumors40,44,45. Similarly, acetate has been reported to 

serve as a fuel for brain and liver tumors46,47 and circulating branched chain amino acids 

can contribute to biomass accumulation in non-small cell lung carcinoma48. Clearly, we are 

just beginning to understand the myriad metabolic strategies employed by tumors to sustain 

proliferation. Diverse factors such as local nutrient availability43, transforming oncogene49 

and tissue of origin48 will likely converge to determine the unique metabolic preferences and 

liabilities of a given tumor.

Early evidence suggests that PSCs may likewise exhibit substantial metabolic diversity, even 

under routine culture conditions (Fig. 2b). Indeed, many of the unique metabolic phenotypes 

of cancer cells that become revealed only upon tumor growth in vivo are readily apparent in 

PSCs in vitro. For example, driving the normally metastable and heterogeneous population 

of naïve mouse ESCs into homogenous ground state of pluripotency substantially increases 

the contribution of glucose-derived carbons to TCA cycle metabolites14,50. As a result, 

naïve, ground state ESCs can generate glutamine de novo from glucose-derived carbons and 

therefore possess the unique capacity to proliferate in the absence of exogenous glutamine14. 

Analogous to the distinct utilization of branched chain amino acids by certain tumor in 
vivo48, ESCs may also be able to catabolize amino acids in unusual ways. Mouse ESCs 
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express an active version of the enzyme threonine dehydrogenase that enables robust 

catabolism of threonine to glycine and acetyl-CoA; consequently, mouse ESCs are 

exquisitely reliant upon exogenous threonine to sustain viability and cell identity51,52. 

Moreover, just as tumor cells may efficiently scavenge macromolecular nutrients from the 

microenvironment53, PSCs appear to preferentially utilize exogenously-supplied lipids over 

those synthesized de novo30. Furthermore, acetate is one of the most changed metabolites 

during early differentiation, suggesting that alterations in acetate production or consumption 

may follow changes in pluripotent identity21.

Because the state of pluripotent self-renewal is inherently intertwined with culture 

conditions, whether these metabolic phenotypes of PSCs will translate to the transient 

pluripotent state in vivo remains an open question. Relative to their inner cell mass 

counterparts, PSCs have undergone significant adaptation to cell culture and acquired the 

ability to sustain continuous self-renewal; consequently, it is unclear to what extent the 

metabolism of cultured PSCs reflects the growth of the inner cell mass or epiblast cells in 
vivo54,55. Very little is known about metabolism during early mammalian development. As 

embryos progress from zygote to blastocyst, there is no substantial increase in cell mass: 

rather, these early cell divisions are “reductive,” marked by an increase in nuclei at the 

expense of cytoplasm56. Therefore, the metabolic demands of proliferation during early 

development are likely to be quite different from those of most proliferating cells which 

must generate net biomass. While it is technically difficult to assess how embryos 

developing in situ meet their metabolic needs, studies on embryos developing in culture 

revealed that pyruvate and lactate serve as the primary sources of energy in early cleavage 

embryos (Fig. 2b)57. At the morula stage, cells become competent to utilize glucose as an 

energy source and studies suggest that the cells of the inner cell mass (ICM) may be more 

glycolytic relative to the oxidative cells of the trophectoderm58. Intriguingly, studies 

examining amino acid turnover in murine blastocysts and dissociated ICM cells did not 

identify glutamine as a highly-consumed amino acid58, suggesting that early blastocyst 

development may impose very different requirements for amino acids compared to cultured 

cells. Indeed, perhaps because of a reduced requirement for net protein synthesis, mouse 

blastocysts can develop in vitro with just the presence of single, select amino acids or even 

without any free amino acids at all59,60. Future studies, perhaps utilizing tools such as 

single-cell metabolite sensors, heterologous enzymes and genetic modification of metabolic 

pathways combined with linage tracing, may begin to unravel the metabolic pathways 

required for early mammalian development.

Regulation of anabolic metabolic pathways

Taken together, these studies suggest that cultured cancer cells and PSCs engage a core set 

of common metabolic pathways to support rapid proliferation. In normal cells, growth 

factor-mediated activation of receptor tyrosine kinases engage signaling pathways such as 

Ras and phosphatidylinositol 3-kinase (PI3K) that in turn activate downstream effectors 

including MEK/ERK, AKT and mTOR. Collectively, these pathways enhance nutrient 

uptake and promote anabolic metabolic pathways that drive lipid, protein and nucleic acid 

synthesis53. Mutations that drive aberrant activation of these gatekeepers of anabolic 

metabolism are among the most common alterations in human cancer, underscoring the deep 
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mechanistic links between metabolic reprogramming and malignant transformation. Other 

commonly mutated genes can also activate anabolic pathways. MYC, a transcription factor 

that positively regulates glucose and glutamine metabolism and coordinates anabolic gene 

expression programs, undergoes frequent amplification in human cancer61. Similarly, loss of 

wild type p53, the most common event in human cancer, results in a constitutive shift from 

nutrient catabolism to anabolism, increased glycolysis and altered redox regulation62.

Many of these same pathways may regulate pluripotent cell growth. Hypoxia-inducible 

factor-1 (HIF1), which induces glycolysis and is frequently activated by a combination of 

genetic and environmental factors in tumors, triggers a glycolytic switch that promotes the 

metabolic transition from naïve to primed pluripotency and provides a selective advantage 

during early reprogramming18,25. Likewise, naïve human PSCs exhibit signatures of 

elevated MYC activity and accumulation of N-MYC in the nucleus correlates with enhanced 

glycolytic programs20. Accordingly, sustained N-MYC activity promotes glycolysis during 

hPSC self-renewal and early ectoderm differentiation while loss of MYC activity coincides 

with reduced glycolysis during endoderm and mesoderm differentiation22. Deletion of both 

c- and N-Myc from mouse ESCs decreases anabolic programs without affecting markers of 

pluripotency and triggers a state of growth arrest reminiscent of embryonic diapause, a 

reversible state of arrest during pre-implantation embryonic development63. Similarly, 

partial inhibition of mTOR induces a reversible “paused” state of low anabolic activity but 

sustained pluripotency in cultured ESCs and is sufficient to induce diapause in cultured 

mouse embryos64. Together, these studies raise the intriguing possibility that cellular 

capacity to engage in anabolic metabolic programs is a prerequisite for exit from 

pluripotency and successful development of peri-implantation embryos.

Beyond these exciting studies, however, comparatively little is known about regulation of 

metabolism in PSCs by signal transduction pathways despite the fact that many of the 

pathways that regulate tumor cell metabolism have been implicated in aspects of pluripotent 

cell biology. For example, loss of wild-type p53 function accelerates reprogramming and 

iPSCs tend to acquire p53 mutations upon prolonged culture65,66, although this may simply 

be the result of the proliferative advantage conferred by loss of p53-mediated cell cycle 

regulation rather than any specific metabolic effect per se. Similarly, Akt activation promotes 

pluripotent self-renewal67,68, but whether this results from any metabolic consequences of 

Akt signaling remains unexplored. Nevertheless, it seems likely that growth factor-mediated 

metabolic regulation may indeed contribute to PSC cell fitness. Leukemia inhibitory factor 

(LIF) sustains the undifferentiated state of naïve PSCs, and JAK/STAT3 activation 

downstream of LIF signaling can induce a subset of STAT3 to translocate to the 

mitochondria. Mitochondrial STAT3 enhances oxidative phosphorylation that supports cell 

proliferation but does not appear to influence self-renewal33. Likewise, fibroblast growth 

factor (FGF)-mediated activation of MEK/ERK signaling provides a critical trigger for exit 

from naïve pluripotency and thus inhibition of MEK signaling is a common component of 

formulations that capture PSCs in the naïve pluripotent state7. However, MEK inhibition 

may impose a metabolic limitation on cells that can be rescued by combined inhibition of 

MEK and GSK3β69. Although there are clearly key signaling differences between cancer 

cells and stem cells—notably, the ability to maintain proliferation despite impaired 

MEK/ERK signaling appears to be a unique and defining feature of naïve ESCs8—further 
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study into how these networks regulate metabolism in stem cells and cancer cells will 

continue to reveal the strategies cells employ to wire metabolic pathways to meet cell-type 

and context-specific demands.

Metabolic regulation of chromatin and differentiation

The influence of metabolites on gene expression programs

In addition to serving as critical substrates that fuel cell growth and proliferation, 

metabolites can also actively influence differentiation in both stem cells and cancer cells6,11. 

Several key metabolic intermediates function as obligate substrates or co-factors for 

enzymes that deposit and remove chemical modifications on DNA and histones. This 

biochemical link between metabolites and chromatin-modifying enzymes has led to the 

intriguing hypothesis that metabolites exert effects on cell fate decisions primarily through 

altering chromatin modifications, which in turn regulate gene expression programs involved 

in self-renewal and lineage differentiation70. Acetylation of histones and methylation of both 

histones and DNA may be particularly responsive to metabolic inputs and will therefore be 

the focus of this discussion (Fig. 3)71.

Acetylation of histones

Histone acetylation generally functions to increase chromatin accessibility and activate gene 

transcription72. Histone acetyltransferases catalyze the transfer of acetyl groups from acetyl-

CoA to histones, whereas histone deacetylases remove acetyl marks (Fig. 3). Despite its 

abundant production in the mitochondria to fuel the TCA cycle, acetyl-CoA cannot diffuse 

across the mitochondrial membrane and is thus unavailable for histone acetylation 

reactions73. Instead, mitochondrial acetyl-CoA (derived from pyruvate, acetate, fatty acids, 

or amino acids) condenses with oxaloacetate to produce citrate, which can undergo transport 

out of the mitochondria. In the cytosol, ATP-citrate lyase (ACL) cleaves citrate into acetyl-

CoA and oxaloacetate providing a major source of acetyl-CoA for acetylation reactions and 

lipid biosynthesis. In addition to cytosolic ACL, nuclear localization of ACL and the 

pyruvate dehydrogenase complex provide localized sources of acetyl-CoA production to 

facilitate histone acetylation74–77. Activation of oncogenic signaling, most notably the 

PI3K/AKT pathway, increases generation of glucose-derived citrate and enhances activity of 

ACL through AKT-mediated phosphorylation74,78. This results in increased cytosolic acetyl-

CoA pools and globally enhanced histone acetylation, which helps to maintain oncogenic 

programs of gene expression74,78,79. Histone acetylation may in turn further influence the 

metabolic state of the cell by regulating the expression of metabolic enzymes in both cancer 

cells and stem cells80–82.

Under conditions of hypoxic stress, cellular pools of citrate become limiting and acyl-CoA 

synthetase short chain family member 2 (ACSS2) serves as an important source of cytosolic 

acetyl-CoA through the capture of free acetate83. Accordingly, tumors growing in vivo 
exhibit high consumption of acetate47 and dependence on ACSS2/acetate for the 

maintenance of acetyl-CoA production, lipid synthesis, and histone acetylation46,84. In 

particular, nuclear translocation of ACSS2 in response to oxygen and nutrient limitation may 

play a key role in maintaining histone acetylation46,85. Hypoxia and defective mitochondrial 
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respiration also promote reductive carboxylation of glutamine-derived αKG to citrate, which 

can serve as an additional source of cytosolic acetyl-CoA for lipid production in cancer cells 

cultured in vitro86–88. The potential contribution of reductive carboxylation to histone 

acetylation remains unknown, but isotopic labeling experiments suggest that utilization of 

this pathway may be limited in tumors growing in vivo38,47.

While histone acetylation therefore likely responds to defined metabolic inputs that regulate 

local acetyl-CoA pools, the effects of histone acetylation on stem cell and cancer cell 

differentiation vary depending on the cellular context. During early embryonic development, 

several TCA cycle enzymes including pyruvate dehydrogenase localize to the nucleus where 

they may provide the acetyl-CoA and other metabolites that collectively help to establish the 

permissive chromatin landscape that facilitates zygotic genome activation (Fig. 4)77. 

Likewise, metabolic changes may initiate decreases in histone acetylation that allow exit 

from the pluripotent state. PSCs induced to differentiate experience a rapid decline in 

histone acetylation due to decreased glycolytic flux and reduced generation of glucose-

derived acetyl-CoA; forced restoration of histone acetylation through supplementation with 

exogenous acetate impairs the onset of differentiation21. In contrast, when multipotent 

progenitor cells from adult tissues differentiate into specialized lineages, increased histone 

acetylation drives expression of lineage-specific genetic programs. Consequently, disruption 

of acetyl-CoA synthesis through ACL or ACSS2 can impair differentiation of progenitor 

cells into adipocytes or neurons, respectively74,89. It remains uncertain to what degree 

metabolic regulation of histone acetylation influences cancer cell differentiation. However, 

histone deacetylase inhibitors exhibit particular efficacy in hematologic malignancies, at 

least in part through promoting terminal differentiation of transformed stem/progenitor 

cells90. Interestingly, histone acetylation may be intimately linked with the regulation of 

intracellular pH; intracellular acidification decreases global histone acetylation, while 

inhibition of histone deacetylation increases intracellular pH91. It remains to be determined 

whether coordinate regulation of histone acetylation and pH might contribute to phenotypic 

heterogeneity within tumors. Likewise, it will be important to determine if metabolic 

manipulation of histone acetylation can serve as a more broadly applicable strategy to target 

cancer cell differentiation.

Methylation of histones and DNA

Methylation of specific histone residues can function either to activate or repress 

transcription, whereas DNA methylation results in transcriptional repression92. The net 

balance of histone and DNA methylation depends on the relative rates of deposition and 

removal of methyl marks, a metabolically responsive process that will be discussed in 

further detail below. Hypermethylation of DNA and repressive histone marks represents a 

well described hallmark of cancer, which contributes to oncogenesis by silencing tumor 

suppressors and repressing gene expression programs required for normal differentiation93. 

Methylation changes in tumors can be heterogeneous: for example, while cancer-associated 

hypermethylation generally localizes to promoter elements, cancer cells often exhibit 

hypomethylation of repetitive DNA elements and gene bodies94–99. In contrast to the often 

hypermethylated phenotype of cancer, early mammalian development is marked by 

extremely dynamic chromatin methylation100. Naïve PSCs exhibit a globally 
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hypomethylated landscape similar to pre-implantation blastocysts whereas primed PSCs 

exhibit levels of DNA methylation consistent with post-implantation development7.

S-adenosylmethionine—Methyltransferase enzymes catalyze the transfer of methyl 

groups from S-adenosylmethionine (SAM) to lysine and arginine residues on histones and 

(primarily) cytosine nucleotides in DNA. Analogous to histone acetylation, the methylation 

status of cancer cells and stem cells may depend on the metabolic inputs that produce and 

recycle the methyl donor SAM (Fig. 3)71. Intracellular SAM pools are regulated by both 

cellular import of methionine through amino acid transporters and the methionine cycle, 

which salvages the homocysteine produced by methyltransferase reactions to regenerate 

methionine. Moreover, re-methylation of homocysteine occurs via one-carbon donation from 

the folate cycle, which is intimately related to serine and glycine metabolism71. Physiologic 

or pathologic alterations to any of these metabolic inputs may influence histone and DNA 

methylation with consequent effects on the differentiation of cancer cells and stem cells.

Many oncogenic lesions lead to enhanced uptake and/or synthesis of amino acids involved in 

SAM metabolism101–105, which in turn can influence methylation patterns and dependencies 

in cancer cells and in some cases affect differentiation status106,107. In cultured cancer cells, 

methionine restriction causes global decreases in histone methylation with decreased 

expression of genes implicated in cancer cell proliferation and lineage identity108,109. In 

lung cancer models, increased expression of the methionine transporter LAT1 enhances 

intracellular SAM pools to maintain the histone methyltransferase activity of EZH2110. 

Restriction of methionine or targeting of the SAM-generating enzyme MAT2A de-represses 

expression of the differentiation-promoting transcription factor RXRα110. Oncogenic 

cooperativity between loss of liver kinase B 1 (LKB1) and mutant KRAS results in 

enhanced serine biosynthesis to maintain DNA methylation, conferring a therapeutic 

vulnerability to inhibitors of the methionine salvage pathway106. Acute myeloid leukemias 

(AML) overexpress the one-carbon folate pathway enzyme methylenetetrahydrofolate 

dehydrogenase-cyclohydrolase 2 (MTHFD2), and inhibiting MTHFD2 promotes myeloid 

differentiation of AML blasts111. These examples suggest that perturbations in SAM 

homeostasis may contribute to cancer progression, and it will be important for future work 

to elucidate the combination of factors that enable specific phenotypes to emerge from 

general perturbations in the availability of the required methyl donor.

Mouse PSCs derive much of their methyl-donating SAM pools from the catabolism of 

threonine, a metabolic feature which is absent in humans51,52. Threonine deprivation or 

inhibition of threonine dehydrogenase in mouse ESCs impairs self-renewal and potentiates 

differentiation. These effects appear to result from depletion of SAM pools and loss of 

H3K4 methylation, a modification important to the maintenance of the transcriptionally 

‘poised’ state of pluripotency112. Analogously, human PSCs critically depend on methionine 

uptake and recycling for the maintenance of intracellular SAM levels. Interference with 

methionine metabolism causes a loss of methylation on histones (primarily H3K4) and DNA 

and potentiates ESC differentiation113. To date these studies have relied on removal of 

essential amino acids from PSC culture. It will be important for future work to determine 

whether dynamic regulation of SAM metabolic pathways and/or physiologic changes in 
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nutrient availability in the developing embryo are sufficient to alter gene expression 

programs by modulating SAM availability.

Alpha-ketoglutarate—Although passive loss of methylation on histones and DNA can 

occur during cell division or as a result of nucleosome turnover114, the enzymatic removal of 

methyl marks plays a critical role in regulating the methylation status of cancer cells and 

stem cells93. The lysine-specific demethylase (LSD) enzymes catalyze removal of some 

histone marks in a flavin-dependent oxidative reaction. However, most demethylation 

reactions are catalyzed by the large family of αKG-dependent dioxygenases, which includes 

the Jumonji-domain containing histone demethylases (JHDM) and the ten-eleven-

translocation (TET) enzymes that mediate the iterative oxidation and demethylation of 

methylated cytosine in DNA. The activity of these enzymes depends on the availability of 

the co-substrates—αKG, ferrous iron, oxygen—as well as the presence of competitive 

inhibitors with structural similarity to αKG such as 2-hydroxyglutarate, succinate, and 

fumarate115. Thus, the dynamic interplay between the metabolic pathways that regulate 

αKG, succinate, fumarate, and 2-hydroxyglutarate production and consumption collectively 

influences the activity of αKG-dependent dioxygenases with potential implications for 

cancer cells and stem cells (Fig. 3).

In myeloid leukemia stem cells, overexpression of the enzyme branched chain amino acid 

transaminase 1 (BCAT1) contributes to oncogenesis through direct effects on αKG levels. 

Specifically, BCAT1 depletes intracellular αKG resulting in impaired TET enzyme activity, 

DNA hypermethylation, and blockade of normal myeloid differentiation116. Ascorbate 

(vitamin C) enhances the activity of αKG-dependent dioxygenases by facilitating 

regeneration of ferrous iron117. Several recent studies demonstrated that ascorbate 

supplementation enhances TET-mediated DNA demethylation, which promotes 

differentiation of leukemia cells118,119. Enhanced ascorbate uptake was further implicated in 

the self-renewal of normal hematopoietic stem cells via regulation of TET-mediated 

demethylation118. In human melanoma tumors, hypoxic central regions exhibit significant 

depletion of extracellular glutamine, with a concomitant decrease in intracellular αKG levels 

and increase in repressive histone methylation120. Importantly, the hypermethylated 

phenotype promotes cancer cell de-differentiation and therapeutic resistance, effects that can 

be reversed by inhibition of the histone methyltransferase EZH2.

In contrast to the pro-differentiation effects observed in cancer cells, metabolic activation of 

αKG-dependent dioxygenases has notably context-specific roles in PSCs, likely as a 

consequence of the vastly different chromatin states in naïve and primed PSCs. Metabolic 

pathways in naïve mouse PSCs are wired to promote accumulation of intracellular αKG, 

perhaps in part to promote activity of the chromatin-modifying enzymes that sustain the 

open chromatin landscape characteristic of naïve pluripotency14,121. Interventions that 

increase αKG drive loss of repressive chromatin modifications and favor self-renewal over 

differentiation14,121. In another recent example, the protein prohibitin was identified as a key 

regulator of human ESC self-renewal. Mechanistic studies demonstrated that prohibitin 

interacts with histone H3.3 to regulate transcription of the isocitrate dehydrogenase 

enzymes, which produce the αKG required to maintain demethylation and pluripotency122. 

In contrast to the preceding examples, αKG accelerates differentiation of the more heavily 
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methylated primed human PSCs, consistent with the requirement to demethylate and de-

repress lineage-specific regions as part of the differentiation process31. These data argue that 

metabolic pathways may facilitate major transitions in the global chromatin landscape. In 

support of this hypothesis, ascorbic-acid mediated activation of αKG-dependent 

dioxygenases, including both JHDM and TET enzymes, is well-established to enhance 

reprogramming to pluripotency, a process that requires erasure of somatic methylation 

patterns123.

Antagonists of alpha-ketoglutarate—Perhaps the best examples of metabolic 

regulation of chromatin come from the seminal discovery of cancer-associated mutations in 

the isocitrate dehydrogenase (IDH) enzymes. IDH1/2 enzymes normally catalyze the 

interconversion of isocitrate and αKG in an NADP(H)-dependent manner. Oncogenic 

mutations in IDH1/2 occur at specific arginine residues in the active site of the enzyme, 

conferring a neomorphic enzymatic activity that efficiently reduces αKG to the structurally 

similar metabolite D-2-hydroxyglutarate (D-2HG)124,125. D-2HG functions as a competitive 

inhibitor of αKG-dependent dioxygenases126–128, and exogenous D-2HG is sufficient to 

induce many of the oncogenic effects of IDH mutations129. Although the relative importance 

of each enzyme inhibited by D-2HG is still being elucidated, inhibition of the TET and 

JHDM enzymes appears to play a key role in mutant IDH/D-2HG-mediated 

oncogenesis130,131. By poisoning the function of the TET and JHDM enzymes, D-2HG 

promotes hypermethylation of DNA and repressive histone marks; this locks IDH-mutant 

cancer cells in an undifferentiated stem cell-like state, conferring a differentiation ‘hit’ that 

contributes to oncogenesis130–133. In both preclinical models and patients with AML, 

targeted inhibition of mutant IDH enzyme function suppresses D-2HG production leading to 

reversal of repressive methylation marks and differentiation of IDH-mutant stem/

progenitors134,135. Ongoing efforts seek to define physiologic sources and biologic effects of 

D-2HG and its enantiomer L-2HG, which will determine if targeted inhibition of 2HG 

metabolism might represent a more broadly applicable strategy to modulate chromatin 

structure, cell differentiation, and oncogenesis136–138.

Similar to the effects of 2-hydroxyglutarate, succinate and fumarate function as competitive 

inhibitors of αKG-dependent dioxygenases139. Succinate and fumarate catabolism depends 

on the activity of the TCA cycle enzymes succinate dehydrogenase (SDH) and fumarate 

hydratase (FH), respectively. Inactivating lesions in components of the SDH complex or FH 

have been implicated in the pathogenesis of a variety of rare cancers and inherited cancer 

predisposition syndromes140. Loss of SDH or FH activity results in cellular accumulation of 

succinate or fumarate, leading to stabilization of hypoxia-inducible factor 1 (HIF-1) via 

inhibition of αKG-dependent prolyl hydroxylases that normally target HIF-1 for degradation 

in the presence of oxygen141,142. This ‘pseudo-hypoxic’ state of SDH- and FH-deficient 

tumors, contributes to oncogenesis by driving glycolytic metabolism and tumor 

angiogenesis140. More recent evidence indicates that fumarate and succinate accumulation 

also drive widespread hypermethylation of DNA and repressive histone marks143,144, which 

alter cancer cell differentiation, at least in part, by inducing genetic programs that promote 

an invasive mesenchymal phenotype145. Importantly, restoration of the balance of αKG 
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relative to succinate/fumarate reverses the hypermethylated phenotype and promotes HIF-1 

degradation143,146.

By coupling chromatin modifications to the metabolic state, cellular differentiation decisions 

may be influenced by nutrient availability and microenvironmental conditions (e.g. oxygen 

availability and pH). It will be interesting for future work to examine how competition for 

scarce resources in the tumor microenvironment and the adult stem cell niche affect 

chromatin regulation and gene expression programs. The consequences of metabolic 

regulation of chromatin structure often result in divergent effects on differentiation state of 

cancer cells and stem cells (Fig. 4). This context-specificity likely arises as a consequence of 

the many factors that collectively combine to determine gene expression programs, including 

local metabolite levels, the relative sensitivity of chromatin-modifying enzymes to metabolic 

fluctuations and the expression and recruitment of relevant transcription factors and co-

activators to key genetic loci6. Understanding how global shifts in nutrient availability 

translate into specific gene expression programs is therefore a major area for future 

investigation.

Conclusions and future directions

Metabolites that are key intermediates of central metabolic pathways supporting 

bioenergetics and anabolic growth can also influence the regulation of gene expression 

programs and cell fate decisions. Therefore, the particular bioenergetic requirements of a 

given cell—and the pathways engaged to meet those requirements—may have important 

consequences for the regulation of cell identity. Indeed, while all cells proliferating in vitro 
appear to share several canonical hallmarks of proliferative metabolism, accumulating 

evidence demonstrates that there is no single metabolic profile of a cancer cell, just as there 

is no single profile of a stem cell. We are likely just beginning to understand the diversity of 

metabolic strategies that support cell proliferation and the factors that regulate these myriad 

metabolic profiles. Clearly, both cell-intrinsic and cell-extrinsic factors play critical roles 

determining cellular metabolic phenotypes.

It is interesting to note that to date, the metabolic plasticity of cancer cells is largely revealed 

in vivo, while PSCs may engage a wider array of metabolic strategies in vitro. Because 

many oncogenes and tumor suppressors regulate cellular metabolism, the very oncogenic 

lesions that drive malignant identity may also lock cultured cancer cells into a relatively 

inflexible metabolic identity. In contrast, the diversity of extracellular stimuli experienced in 
vivo may enable rewiring of both intracellular signaling and metabolic pathways even in 

malignant cells. Similarly, although several key signaling pathways sustain the growth of 

PSCs, these pathways are dynamic and largely tied to the regulation of cell identity. It is 

therefore tempting to speculate that the inherent metabolic plasticity of PSCs may arise as a 

consequence of their functional plasticity.

Several avenues of research may provide valuable insight into the connections between 

metabolic pathways, gene regulation and cell fate decisions in cancer and development. 

First, inborn errors of metabolism represent a largely untapped opportunity for elucidating 

how defined changes in cellular metabolite levels influence cellular phenotypes and disease 
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susceptibility147. Some intriguing examples are beginning to emerge. Heterozygous 

mutations in genes encoding FH or subunits of SDH are associated with susceptibility to 

specific cancer syndromes and widespread changes in chromatin modifications consistent 

with inhibition of αKG-dependent dioxygenases mediated by high levels of fumarate or 

succinate, respectively140,143. Similarly, biallelic mutation of the gene encoding the L-2HG 

dehydrogenase, which converts L-2HG to αKG, drives high levels of L-2HG and 

predisposes patients to central nervous system malignancies in addition to other adverse 

metabolic consequences138,148–150. Intriguingly, inborn errors of metabolism that result in 

elevated D-2HG, including mutations in the D-2HG dehydrogenase and gain-of-function 

mutations in IDH2, induce phenotypes including developmental delays and cardiomyopathy 

but do not appear to be associated with an increased risk of cancer148,151,152. How specific 

metabolic alterations contribute to developmental phenotypes, why certain metabolic 

perturbations predispose to tumorigenesis and why some tissues are more or less sensitive to 

transformation in the background of these germline mutations remain key open questions 

that may be illuminated by the continued study of inborn errors of metabolism.

Second, cancer stem cells (or tumor initiating cells) represent an intriguing example of cells 

that can exhibit features of both normal stem cells and aberrantly proliferating tumor 

cells153. To date, the metabolism of these tumor initiating cells remains poorly understood—

indeed, it seems unlikely that there will be one single metabolic signature of a cancer stem 

cell, just as there is no single metabolic phenotype of adult stem cells from which these 

cancer stem cells may arise153,154. Some studies suggest that cancer stem cells exhibit 

decreased mitochondrial function and increased dependence on glycolytic flux155–160, while 

other studies report enhanced dependence on mitochondrial function and oxidative 

phosphorylation161–166. Lipid metabolism also appears to play an important role in cancer 

stem cell maintenance by supplying bioenergetic substrates and potentially influencing cell 

fate decisions156,167–171. Cell lineage, environmental niche and dynamic cellular phenotypes

—including the switch from self-renewal to transient amplification and differentiation—are 

likely to result in a heterogeneous metabolic profile. Nevertheless, continued study of 

metabolic requirements of adult stem cells and their transformed counterparts may yield 

critical insights into how metabolism supports both normal and aberrant stem cell 

phenotypes and provide opportunities for targeted therapeutic intervention.

We are just beginning to understand the intersection between metabolic activity and the 

regulation of cell fate decisions and several outstanding questions will shape future research 

in this area. First, the mechanisms that link metabolic profiles to cellular phenotypes remain 

largely unidentified. While the most compelling hypothesis is that metabolic regulation of 

chromatin mechanistically links metabolic profiles to gene expression programs, careful 

genetic experiments will be required to determine to what extent individual metabolites 

influence cell fate through specific chromatin modifications. Second, the aspects of cellular 

metabolic phenotypes that result from bioenergetic demands as opposed to intrinsically 

determined metabolic preferences linked to cell identity remain an open question. Third, it 

will be important to determine whether physiological changes in nutrient abundance 

contribute to altered cell fate decisions during cancer progression or embryonic 

development. Addressing these questions will require new, sensitive techniques to assess the 

metabolism of rare cell populations in vivo. Together, these studies will enable a better 
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understanding of whether individual metabolic features are cause or consequence of 

changing cellular programs and reveal opportunities for targeted manipulation of cellular 

metabolism that hold promise for anti-cancer therapies and regenerative medicine 

approaches.
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Figure 1. 
Glucose and glutamine are critical inputs for major anabolic pathways. In proliferating cells, 

glucose and glutamine (highlighted in grey) are taken up from the extracellular environment 

and catabolized through major metabolic pathways including glycolysis, the pentose 

phosphate pathway (PPP) and the tricarboxylic acid (TCA) cycle to provide the reducing 

equivalents (purple) and high-energy carriers (ATP, red) required to synthesize major 

macromolecules (green). A subset of the non-essential amino acids that are synthesized from 

glucose and glutamine are shown. Reducing equivalents (NADH, FADH2) in the 

mitochondria fuel the electron transport chain and enable synthesis of ATP through oxidative 

phosphorylation (oxphos). TCA cycle intermediates such as citrate and oxaloacetate (OAA, 

converted to aspartate) likewise contribute to lipid and nucleotide biosynthesis, respectively.
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Figure 2. 
Metabolic strategies utilized by cancer cells and pluripotent stem cells. a, Left, cancer cells 

in vitro take up high levels of glucose and glutamine. Much of the glucose is converted to 

lactate via aerobic glycolysis and glutamine-derived carbons provide tricarboxylic acid 

(TCA) cycle anaplerosis to fuel oxidative phosphorylation. Right, a sampling of the diverse 

metabolic strategies utilized by cancer cells in vivo. i) Many tumors including lung and brain 

tumors exhibit high glucose uptake and catabolism in the TCA cycle, often in addition to 

aerobic glycolysis. Glucose-derived carbons can fuel the TCA cycle through forward, 

pyruvate dehydrogenase flux or via pyruvate carboxylase-mediated anaplerotic entry as 

oxaloacetate. In this scenario, glutamine is a relatively minor contributor to TCA cycle 

metabolites and often tumors can net produce glutamine de novo from glucose-derived 

carbons. ii) Increasingly, substrates beyond glucose and glutamine are recognized to server 

as major substrates for anabolic pathways and the TCA cycle, including acetate, lactate and 
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branched chain amino acids in lung, brain and liver tumors. iii) In human clear cell renal 

carcinoma, tumors exhibit high glycolysis and lactate production, consistent with the 

canonical Warburg effect. Glutamine metabolism has not been assessed and is therefore 

shaded in grey. iv) Studies in mouse pancreatic cancer reveal that glucose, lactate and 

glutamine all contribute to TCA cycle intermediates. b, Top, PSCs exhibit a variety of 

metabolic strategies depending on the culture condition or stage of differentiation. Naïve 

mouse PSCs in the ground state of pluripotency can synthesize glutamine de novo from 

glucose-derived carbons; naïve mouse PSCs also can catabolize threonine (Thr). Both naïve 

and primed PSCs in culture exhibit high consumption of glucose and glutamine as well as 

extensive production of lactate. Upon differentiation, the proliferative hallmark of aerobic 

glycolysis decreases along with proliferation rate. Bottom, while little is known about 

pluripotent cell metabolism in vivo, studies of embryos developing ex vivo have identified 

two major metabolic stages: from zygote to morula, embryos are dependent upon the 

moncarboxylates pyruvate and lactate and are highly oxidative; around the morula stage, 

embryos begin to use glycolysis to fuel metabolic pathways and the trophectoderm exhibits 

features consistent with oxidative phosphorylation while the inner cell mass may rely more 

on aerobic glycolysis. Green, blastomeres; light blue, trophectoderm; purple, inner cell 

mass; orange, primitive endoderm; dark blue, epiblast.
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Figure 3. 
Metabolic regulation of chromatin marks. Methyltransferase (MT) enzymes transfer methyl 

(Me) groups from S-adenosylmethionine (SAM) to histones and DNA. Methylation 

reactions generate S-adenosylhomocysteine (SAH) as a product; SAH inhibits methylation 

reactions, making MT activity responsive to the relative ratio of SAM:SAH. Methionine 

serves as the direct precursor for SAM, and methionine pools are regulated both by cellular 

uptake (not shown) and the methionine cycle, which regenerates methionine from 

homocysteine. The methionine cycle is intimately connected to the folate cycles, in which 

serine, glycine, and (in mouse PSCs) threonine provide one-carbon units to tetrahydrofolate 

(THF) for transfer to homocysteine. Lysine demethylases (KDM) and ten-eleven 

translocation (TET) enzymes catalyze demethylation of histones and DNA, respectively, 

using alpha-ketoglutarate (αKG), oxygen, and ferrous iron (not shown) as substrates. 

Succinate, fumarate, and 2-hydroxyglutarate (2HG) function as competitive inhibitors of 

KDM and TET enzymes, thereby promoting accumulation of methyl marks. Histone 
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acetyltransferases (HAT) transfer acetyl (Ac) groups from acetyl-coenzyme A (Ac-CoA) to 

histones. Ac-CoA derives from cytosolic and/or nuclear citrate, pyruvate, and acetate, which 

serve as substrates for the Ac-CoA generating enzymes ATP citrate lyase (ACL), pyruvate 

dehydrogenase (PDH), or acyl-coenzyme A synthetase short-chain family member 2 

(ACSS2). Moreover, class I, II, and IV histone deacetylase (HDAC) reactions generate 

acetate as a product, which can be captured by nuclear ACSS2 to regenerate Ac-CoA.
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Figure 4. 
Metabolic control of differentiation in stem cells and cancer cells. Naïve pluripotent stem 

cell (PSC) self-renewal and differentiation potential depend on a characteristic open 

(‘poised’) chromatin structure. Metabolic inputs from alpha-ketoglutarate (αKG) and acetyl-

CoA (Ac-CoA) drive active demethylation and histone acetylation to maintain naïve PSC 

identity. In contrast, cancer cells generally exhibit a hypermethylated chromatin landscape 

that represses expression of both tumor suppressors and gene expression programs required 

for normal lineage differentiation. The hypermethylated state in cancer cells can be driven, 

at least in part, by metabolic rewiring that results in accumulation of serine, methionine, 2-

hydroxyglutarate (2HG), succinate, and/or fumarate.
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