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Abstract

Epigenetic mechanisms by which cells inherit information are, to a large extent, enabled by DNA 

methylation and posttranslational modifications of histone proteins. These modifications operate 

both to influence the structure of chromatin per se and to serve as recognition elements for 

proteins with motifs dedicated to binding particular modifications. Each of these modifications 

results from an enzyme that consumes one of several important metabolites during catalysis. 

Likewise, the removal of these marks often results in the consumption of a different metabolite. 

Therefore, these so-called epigenetic marks have the capacity to integrate the expression state of 

chromatin with the metabolic state of the cell. This review focuses on the central roles played by 

acetyl-CoA, S-adenosyl methionine, NAD+, and a growing list of other acyl-CoA derivatives in 

epigenetic processes. We also review how metabolites that accumulate as a result of oncogenic 

mutations are thought to subvert the epigenetic program.
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INTRODUCTION

Epigenetics is a field with two rather different manifestations. The classical definition 

involves heritable phenotypic differences for which no underlying difference in the DNA 

sequence exists relevant to that phenotype. In more recent times, epigenetics has been used 

to define the collection of covalent modifications to DNA and posttranslational 

modifications to histones that influences the expression of genes and the structure of 

chromatin. The mechanisms behind the heritability of some of the modifications, such as 

DNA methylation, are clear. For other modifications, it is not clear whether they are 

heritable or require de novo additions after each cell cycle.

Nevertheless, the dozen or more known posttranslational modifications, and new ones 

discovered regularly, involve the consumption of a metabolite by the enzyme that catalyzes 
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the modification. As such, changes in the metabolic state of the cell have the potential to 

affect modifications of chromatin in ways that change gene expression and, in some cases, 

have heritable consequences.

This review focuses on the metabolism of the cofactors that are used as substrates for DNA 

and histone modifications and on the emerging evidence for metabolites that inhibit these 

enzymes. A substantial portion of this review is dedicated to metabolic processes that affect 

DNA/histone methylation, histone acetylation, and other histone acylations. This is 

reflective of the current body of literature on the subject, in which studies on methylation 

and acetylation are the most numerous. We highlight what we believe are critical gaps in the 

field and offer some suggestions for experiments or measurements that will be particularly 

enlightening. Multiple excellent reviews address related issues treated lightly here (Ma & 

Vosseller 2014, Masri & Sassone-Corsi 2014, Venneti & Thompson 2013, Verdin & Ott 

2015).

THE CAST OF CHARACTERS

The metabolites of focus in this review are S-adenosyl methionine (SAM), the universal 

donor for all epigenetic methylation reactions; acetyl-coenzyme A (acetyl-CoA), the donor 

for histone acetylation; nicotinamide adenine dinucleotide (NAD+), the cofactor consumed 

by a class of histone deacetylases (HDACs); multiple newly discovered acyl-CoA species; 

α-ketoglutarate, the cofactor along with FeII for chromatin demethylases; R-2-

hydroxyglutarate (R-2HG, also called D-2HG), an oncometabolite and inhibitor of at least 

some demethylases; and the vitamins folic acid, vitamin C, and niacin.

CHROMATIN METHYLATION

The enzymes responsible for the methylation of DNA and histones all use SAM as the 

methyl-group donor. SAM, in turn, is made directly from methionine. Although humans and 

other organisms can synthesize methionine, humans cannot synthesize enough methionine to 

meet the needs for normal growth and function. Hence, methionine is one of the essential 

amino acids. The synthesis of methionine depends on acquiring a methyl group, whose 

origin traces back to dietary sources of folic acid, an essential vitamin (Figure 1).

Folate: The Link Between Diet, Metabolism, and Epigenetics

Multiple well-controlled genetic studies have established the epigenetic consequences of 

disrupting the folate-SAM pathway in organisms ranging from yeast (Sadhu et al. 2013), 

Neurospora (Roberts & Selker 1995), and Arabidopsis (Baubec et al. 2010), to human cells 

(Friso et al. 2002, Sadhu et al. 2013). A rich epidemiological literature also describes the 

lasting and heritable consequences of extreme nutritional deprivation in human populations. 

These health consequences are hypothesized to reflect genes controlling nutrition being set 

in the greedy mode as a result of the deprived metabolic state, leading to predisposition for 

diseases such as diabetes (Hales & Barker 2001 and references therein). The potential for 

such heritable effects of nutrition on human health is important to understand. Indeed, 9% of 

the human population is homozygous for a hypomorphic mutation involving folate 

metabolism (MTHFR C677T), whose penetrance depends on the level of dietary folate 
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(Friso et al. 2002, Yamada et al. 2001). In principle, these individuals may have some 

epigenetic lability when sources of folic acid are limited.

Methyl Donors and Heritable Phenotypes

One remarkable example of a link between diet and epigenetics is the effect of the level of 

dietary methyl donors on the phenotype caused by a mutation in mice known as agouti 

viable yellow (Avy). Avy is caused by the insertion of an endogenous retrotransposon near 

the 5′ end of the agouti gene and creates a coat-color phenotype that varies among 

individual mutants. The expression level of the Avy allele anticorrelates with the extent of 

DNA methylation of the retrotransposon; high methylation of CpG sites is associated with 

low expression and the agouti-colored coat, and low methylation of CpG sites is associated 

with high expression and a yellow-colored coat. The diet of the mother with respect to 

methyl-donor levels influences the phenotype of the offspring (Morgan et al. 1999, Wolff et 

al. 1998). Remarkably, the effect of the mutation on the coat color of a mouse is 

epigenetically inherited through the mother for several generations after restoration of 

methyl donors to the diet (Cropley et al. 2006). These observations, along with the 

heritability of DNA methylation patterns, suggest a simple model for transgenerational 

effects of diet: high levels of methyl donors in the diet support de novo DNA methylation, 

which is then maintained by maintenance DNA methyltransferases even when the diet no 

longer contains high levels of the methyl donors.

However, multiple studies cast doubt on whether DNA methylation is the heritable mark 

influencing Avy expression (Blewitt et al. 2006, Cropley et al. 2010). Histones also have the 

potential to carry epigenetic information through methylation, providing an alternative 

mechanism for dietary-induced epigenetic imprints. Indeed, the methylation levels of histone 

H4 at lysine (K) 20 vary between animals with different Avy phenotypes (Dolinoy et al. 

2010). As appealing as this correlation appears, however, we know of no compelling 

demonstration of a causal link between histone methylation set by dietary levels of methyl 

donors and the Avy phenotype.

So what else could be the carrier of transgenerational impacts induced by previous 

nutritional states? One clue comes from the maternally limited influence of methyl donors 

on the phenotype of succeeding generations. The most obvious candidate is the microbiome, 

which is largely inherited from the mother. The potential impact of the maternal microbiome 

has not yet been adequately controlled for in studies of transgenerational maternal 

inheritance.

In principle, epigenetic inheritance could be realized through the impact of diet and 

metabolism on sperm. This possibility is now being explored (reviewed in Rando 2012), but 

clear evidence has been elusive.

Special Features of Stem Cell Metabolism and Methylation

A recent and surprising discovery of a new input to folate synthesis with potential epigenetic 

consequences stems from the unusual dependence of mouse embryonic stem cells (ESCs) 

and induced pluripotent stem cells (iPSCs) on threonine. In contrast to mouse fibroblasts, for 

example, mouse ESCs contain high levels of mitochondrial threonine dehydrogenase, which 
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oxidizes threonine to drive the synthesis of acetyl-CoA and glycine. Glycine, in turn, can 

drive one-carbon metabolism by stimulating the synthesis of the methyl donors that 

ultimately result in elevated SAM levels (Figure 1) (Wang et al. 2009).

The induction of pluripotent stem cells alters the levels of many metabolites, but among 

those most changed are metabolites involved in threonine and SAM metabolism. In mouse 

iPSCs, the levels of cysteine, threonine, and folate are substantially reduced relative to the 

levels in noninduced cells. By contrast, SAM and cystathionine levels are relatively high in 

iPSCs (Shyh-Chang et al. 2013). The increase in cystathionine levels is curious, because 

cystathionine is one possible metabolite resulting from the salvage pathway for SAM after it 

donates a methyl group (Figure 1). The simultaneous elevation of SAM and cystathionine 

suggests both that the SAM flux must be high and that threonine metabolism is a major 

source of SAM in these cells. Histone H3 appears to be a major beneficiary of the enhanced 

methylation capacity of iPSCs: The level of H3K4me3 is high in induced pluripotent cells 

relative to the fibroblasts they are derived from (Shyh-Chang et al. 2013). Moreover, 

limitation of threonine in the culture medium dramatically reduces the levels of H3K4me3 

and H3K4me2. Curiously, threonine limitation has no perceptible impact on the levels of 

H3K4me1, H3K9me3, H3K27me3, H3K36me3, or H3K79me3. How do reduced SAM 

pools resulting from threonine limitation have such a specific effect on particular 

modifications? Multiple mechanisms could account for these observations: the Km for a 

methyltransferase that produces H3K4me2,3 could be higher than the Km for other 

methyltransferases, the expression levels of particular methyltransferases could rise during 

iPSC generation, or other methylated species could turn over far less than the H3K4me2,3 

species. Clearly, information on the dynamics of these modifications will be important.

Whether threonine is an important donor to the SAM supply in humans is not clear. The 

human threonine dehydrogenase gene is a transcribed pseudogene with a splice-site 

mutation and an in-frame nonsense mutation, as well as additional mutations in some 

individuals. Humans can catabolize threonine by an L-serine/threonine dehydratase (Edgar 

2002). It will be interesting to determine whether that activity, especially in human ESCs, 

contributes to one-carbon metabolism.

CHROMATIN DEMETHYLATION

Given the significant roles of methylated histone residues and 5-methylcytosine (5mC) in the 

regulation of gene expression, much excitement arose from the discovery that methyl groups 

could be enzymatically removed from histones and DNA (He et al. 2011, Ito et al. 2011, Shi 

et al. 2004, Tahiliani et al. 2009). Interestingly, most of the enzymes that catalyze these 

reactions are FeII- and α-ketoglutarate–dependent dioxygenases.

Histone Demethylation

The largest class of histone demethylases consists of FeII- and α-ketoglutarate–dependent 

dioxygenases that contain the conserved Jumonji C (JmjC) protein domain, which was first 

identified in the Jumonji protein (JARID2) (Cloos et al. 2006, Takeuchi et al. 1995, Tsukada 

et al. 2006, Whetstine et al. 2006). The neural plates of mice lacking JARID2 display an 

abnormal cross-like morphology; hence the name Jumonji, which means cruciform in 
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Japanese (Takeuchi et al. 1995). JmjC domain–containing histone demethylases target 

specific mono-, di-, and tri-methylated lysine residues in histones. It remains unclear 

whether JmjC domain–containing proteins target any of the methylated arginine (R) residues 

in histones; JMJD6 was proposed to demethylate H3R2me2 and H4R3me2, although 

subsequent studies have characterized JMJD6 as a lysyl hydroxylase (Chang et al. 2007, 

Mantri et al. 2011, Webby et al. 2009).

In the first step toward removal of a methyl group on a methylated lysine, JmjC domain–

containing histone demethylases catalyze a hydroxylation reaction using ferrous iron as a 

cofactor and α-ketoglutarate (also called 2-oxoglutarate) as a cosubstrate (Figure 2a). The 

reaction begins with the oxidative decarboxylation of α-ketoglutarate to produce CO2 and 

succinate. This step is thought to form a highly reactive oxyferryl species (FeIV=O) that then 

hydroxylates the methyl-lysine. Release of the products completes the hydroxylation 

reaction and reduces the iron back to FeII, thus restoring the enzyme to a catalytically active 

state. The resulting hydroxymethyl-lysine is unstable and spontaneously releases 

formaldehyde to complete the process of demethylation.

In addition to JmjC domain–containing histone demethylases, the amine oxidases KDM1A 

and KDM1B also demethylate histones (Shi et al. 2004). Rather than depending on FeII and 

α-ketoglutarate for enzyme activity, KDM1A/B require flavin adenine dinucleotide as a 

cofactor. The potential effects of metabolism on KDM1A/B activity remain largely 

unexplored.

DNA Demethylation

Ten-eleven translocation (TET) enzymes are FeII- and α-ketoglutarate–dependent 

dioxygenases that catalyze the hydroxylation of 5mC to produce 5-hydroxymethylcytosine 

(5hmC) (Tahiliani et al. 2009). The hydroxylation reaction is similar to the one described for 

JmjC domain–containing histone demethylases (Figure 2a). At least two possible 

mechanisms can account for the removal of the 5hmC intermediate (reviewed in Kohli & 

Zhang 2013). In the first mechanism, 5hmC is passively removed through DNA replication. 

In the second mechanism, 5hmC undergoes additional rounds of TET-mediated oxidation to 

form 5-formylcytosine and 5-carboxylcytosine, which can then be removed through base 

excision repair. In addition to potentially serving as an intermediate in the demethylation 

process, 5hmC itself may be a functional modification (reviewed in Hahn et al. 2014).

Ascorbate as a Cofactor for Demethylase Enzymes

Ascorbate, more commonly known as vitamin C, can enhance the activity of JmjC domain–

containing histone demethylases, TET oxidases, and various other FeII- and α-

ketoglutarate–dependent dioxygenases. The underlying mechanism, which may vary among 

different dioxygenases, is best understood for prolyl 4-hydroxylase (P4H); therefore, we 

discuss the details of the mechanism for P4H before turning to the connection between 

ascorbate and chromatin.

P4H stabilizes the triple-helical structure of collagen and requires ascorbate for maximal 

activity. Interestingly, primates, guinea pigs, and some bat species have lost the ability to 

synthesize ascorbate as a result of mutations in the gene encoding L-gulonolactone oxidase 
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and therefore depend solely on dietary ascorbate. Severe ascorbate deficiency in these 

species is associated with collagen defects that arise largely from the impairment of P4H and 

other related FeII- and α-ketoglutarate–dependent dioxygenases.

Ascorbate has the capacity to bind P4H directly and reduce the iron center in its oxidized 

form. Whereas purified P4H does not require ascorbate to catalyze hydroxylation at a 

maximal rate for the first 15–30 reaction cycles, it does require ascorbate to maintain full 

activity thereafter (Myllylä et al. 1978). In agreement with the kinetic data, ascorbate 

functions to reactivate P4H molecules that have catalyzed an alternative reaction, whereby 

oxidative decarboxylation of α-ketoglutarate occurs without the subsequent hydroxylation of 

proline and leaves the iron center in an oxidized state (Figure 2a) (de Jong et al. 1982; 

Myllylä et al. 1978, 1984; Puistola et al. 1980). This uncoupled reaction can build up a pool 

of inactive enzymes unless ascorbate is present to reduce the iron center back to FeII. 

Ascorbate likely forms a direct interaction with the enzyme-bound iron (Majamaa et al. 

1986), and its role in stimulating P4H is highly specific, as alternative reducing agents do 

not accelerate hydroxylation activity to a large degree (Myllylä et al. 1978, Tuderman et al. 

1977).

Little is known about the mechanism through which ascorbate stimulates JmjC domain–

containing histone demethylases and TET oxidases. Ascorbate may reactivate these enzymes 

following the uncoupled turnover of α-ketoglutarate, as it does for P4H, but this possibility 

has not been formally tested. In a different mechanism proposed for TET2 stimulation, 

ascorbate binds the catalytic domain and thereby induces a structural change that promotes 

catalytic activity (Yin et al. 2013). In principle, ascorbate could also modulate activity by 

increasing cellular uptake of iron or by helping to maintain intracellular iron in the reduced 

state, assuming that FeII availability were limiting for the enzyme. Ultimately, ascorbate may 

promote dioxygenase activity through multiple mechanisms in vivo.

Ascorbate in Somatic Cell Reprogramming

Whereas the significance of ascorbate in collagen synthesis was established decades ago, 

evidence linking ascorbate to the epigenetic regulation of gene expression has only recently 

surfaced. Notably, ascorbate can help reprogram mouse embryonic fibroblasts (MEFs) into 

iPSCs (Esteban et al. 2010). Other antioxidants do not mediate this effect, suggesting that 

ascorbate acts primarily through mechanisms other than the scavenging of reactive oxygen 

species. Given that iPSC generation involves a genome-wide reorganization of chromatin 

(reviewed in Apostolou & Hochedlinger 2013), it seems likely that ascorbate promotes 

pluripotency at least in part by enhancing the activity of chromatin modifiers.

Interestingly, ascorbate treatment of MEFs reduces total levels of H3K36 methylation 

through a mechanism dependent on KDM2A and/or KDM2B, two closely related H3K36 

demethylases that contain JmjC domains and require ascorbate for maximal activity in vitro 

(Tsukada et al. 2006, Wang et al. 2011). Ascorbate treatment depends on KDM2A/B to 

reduce both H3K36me2 and H3K36me3, even though KDM2A/B specifically prefer the 

dimethyl form (He et al. 2008, Tsukada et al. 2006, Wang et al. 2011); therefore, either 

KDM2A/B gain the ability to target H3K36me3 in this context, or the observed effect is 

indirect. Ascorbate and KDM2B both promote cell proliferation and induce changes in gene 
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expression during reprogramming, although it is unclear whether they act through the same 

mechanism (Liang et al. 2012, Wang et al. 2011).

Ascorbate also converts partially reprogrammed cells called pre-iPSCs into fully 

reprogrammed iPSCs (Esteban et al. 2010). In pre-iPSCs, transcription factors fail to bind 

and activate the expression of genes required for pluripotency (Sridharan et al. 2009). 

Ascorbate helps transition pre-iPSCs to a pluripotent state in part through the reduction of 

H3K9 methylation, a repressive modification that occupies pluripotency-associated loci 

during the early stages of reprogramming (Chen et al. 2013b, Soufi et al. 2012). Individual 

knockdowns of various JmjC domain–containing H3K9 demethylases impair the ascorbate-

mediated conversion of pre-iPSCs to iPSCs, suggesting that ascorbate normally cooperates 

with these enzymes to remove H3K9 methylation and thereby induce pluripotency (Chen et 

al. 2013b).

Ascorbate affects the methylation status of DNA as well. Removing ascorbate from serum-

free culture medium causes human ESCs to gain DNA methylation near the promoters of 

almost 2,000 genes (Chung et al. 2010). The mechanism underlying this effect is unknown, 

although ascorbate has been shown to mediate DNA demethylation in both mouse ESCs and 

MEFs through the activity of TET enzymes (Blaschke et al. 2013, Dickson et al. 2013, 

Minor et al. 2013, Yin et al. 2013). Ascorbate treatment of mouse ESCs, which are 

commonly cultured without ascorbate, leads to a gradual decrease in 5mC and a transient 

increase in 5hmC at gene promoters, as well as increased expression of germline-associated 

genes in particular (Blaschke et al. 2013, Yin et al. 2013). Adding ascorbate to the culture 

medium also increases total levels of 5-formylcytosine and 5-carboxylcytosine, which TET 

enzymes produce through sequential rounds of 5mC oxidation (Yin et al. 2013). These 

ascorbate-induced effects require the presence of TET1 and TET2, which are both 

stimulated by ascorbate in vitro (Blaschke et al. 2013, Yin et al. 2013).

α-Ketoglutarate can induce some of the same effects as ascorbate in mouse ESCs (Carey et 

al. 2015). Specific kinase inhibitors that help maintain ESCs in a näive pluripotent state 

rewire glucose and glutamine metabolism in ways that produce a high ratio of α-

ketoglutarate/succinate, suggesting that α-ketoglutarate may be important for pluripotency. 

Indeed, treating mouse ESCs with cell-permeable α-ketoglutarate is sufficient to promote 

pluripotency in the absence of the kinase inhibitors. Consistent with its role as a cosubstrate 

for histone demethylases and TET enzymes, α-ketoglutarate reduces total levels of 

H3K27me3, H4K20me3, and 5mC and induces expression of germline genes in a TET1/2-

dependent manner. α-Ketoglutarate may be a limiting factor for TET oxidases in vivo, as 

injecting mice with various α-ketoglutarate precursors increases 5hmC levels in the liver 

(Yang et al. 2014).

With respect to iPSC generation, the interplay between ascorbate and TET activity is 

complex and highlights the need to further investigate the precise mechanisms through 

which ascorbate alters the epigenetic landscape of chromatin (Chen et al. 2013a). Such a 

task will require teasing apart the effects of ascorbate on DNA methylation and histone 

methylation, as these modifications can influence each other (reviewed in Rose & Klose 

2014). Case in point, ascorbate affects DNA methylation levels at the Dlk1-Dio3 locus 
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through the maintenance of histone modifications that antagonize the recruitment of 

DNMT3A, a de novo DNA methyltransferase (Stadtfeld et al. 2012). As an added 

complication, TET oxidases may regulate gene expression indirectly through recruitment of 

the histone methyltransferase PRC2 or the O-linked β-N-acetylglucosamine transferase 

OGT (Chen et al. 2013c, Deplus et al. 2013, Wu et al. 2011).

Importantly, the effects described here are all induced by physiologically relevant 

concentrations of ascorbate—in humans and mice, ascorbate concentrations in the plasma 

are approximately 50 μM, whereas brain tissue contains up to millimolar levels (Hornig 

1975, Rice & Russo-Menna 1997, Sotiriou et al. 2002). However, the Km values for 

ascorbate must be measured for JmjC domain–containing histone demethylases and TET 

oxidases to determine whether it is plausible for ascorbate to directly stimulate these 

enzymes in vivo. To date, little evidence exists that ascorbate alters the levels of DNA 

methylation or histone methylation in organisms as opposed to cultured cells (Yin et al. 

2013). Therefore, our understanding of ascorbate and its significance in the epigenetic 

regulation of gene expression will benefit from mechanistic and biochemical studies, as well 

as studies using organisms deficient in ascorbate synthesis.

Oncometabolites as Inhibitors of Demethylases

In addition to serving as a cosubstrate for more than 60 dioxygenases, α-ketoglutarate plays 

key roles in amino acid synthesis, nitrogen transport, and the TCA cycle. Mutations that 

dysregulate these metabolic pathways, particularly in ways that produce high levels of 

metabolites known to inhibit FeII- and α-ketoglutarate–dependent dioxygenases, are 

prevalent in certain types of cancers. We discuss the potential roles of FeII- and α-

ketoglutarate–dependent dioxygenases in cancer progression as they relate to chromatin.

Loss-of-function mutations in genes encoding subunits of the succinate dehydrogenase 

(SDH) complex, which converts succinate to fumarate in the TCA cycle and the electron 

transport chain (Figure 2b), occur frequently in paraganglioma, pheochromocytoma, 

gastrointestinal stromal tumor (GIST), and renal carcinoma. As a result of SDH inactivity, 

these tumors accumulate up to millimolar concentrations of succinate, a product of the 

reactions catalyzed by FeII- and α-ketoglutarate–dependent dioxygenases (Pollard et al. 

2005). Studies in vitro and in HEK293T cells show that at such high concentrations, 

succinate competes with α-ketoglutarate to inhibit the activity of multiple FeII- and α-

ketoglutarate–dependent dioxygenases, including TET1, TET2, and the JmjC domain–

containing histone demethylases KDM4A, KDM4D, and KDM4DL (Rose et al. 2008, 2011; 

Smith et al. 2007; Xiao et al. 2012).

Recently, more than 100 pheochromocytoma and paraganglioma samples were clustered into 

three groups based on genome-wide measurements of DNA methylation; in the one group 

that exhibited hypermethylation at CpG sites, 16 of the 17 tumors contained mutations in 

SDH genes, whereas the other two groups were associated with mutations in other known 

susceptibility genes (Letouzé et al. 2013). Interestingly, the only tumor that lacked any SDH 
mutations in the hypermethylated group instead carried inactivating mutations in the gene 

encoding fumarate hydratase (FH), which converts fumarate to malate (Figure 2b). A similar 

trend was observed in SDH-deficient GISTs, which exhibit widespread hypermethylation at 
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CpG sites in comparison with GISTs driven by alternative mutations (Killian et al. 2013). 

Thus, aberrantly high levels of DNA methylation in paragangliomas, pheochromocytomas, 

and GISTs are largely unique to SDH-mutated tumors.

Loss of SDH activity is a likely cause of the hypermethylation phenotype, as disrupting 

SDH function in cultured cells or in mice increases DNA methylation levels, particularly at 

genes subject to hypermethylation in SDH-deficient tumors (Letouzé et al. 2013, Xiao et al. 

2012). Histone methylation also increases in response to SDH inactivation, and in at least 

some cases, treatment with α-ketoglutarate reverses this effect (Cervera et al. 2009, Smith et 

al. 2007, Xiao et al. 2012). Altogether, these observations indicate that succinate 

accumulation in SDH mutants inhibits the activity of TET oxidases and JmjC domain–

containing histone demethylases. Likewise, fumarate has been suggested to competitively 

inhibit these enzymes in tumors containing loss-of-function mutations in the gene encoding 

FH (Xiao et al. 2012). It is plausible that these effects promote tumorigenesis, given that 

TET oxidases and histone demethylases have known roles in tumor suppression (reviewed in 

Kaelin 2011, Losman & Kaelin 2013).

R-2HG is another relevant oncometabolite that accumulates in tumors containing 

neomorphic mutations in the genes encoding isocitrate dehydrogenase (IDH)1 or IDH2 

(Dang et al. 2009, Gross et al. 2010, Ward et al. 2010). IDH1 and IDH2 normally catalyze 

the interconversion of isocitrate and α-ketoglutarate; however, a single amino acid change at 

R100 or R132 in the active site of IDH1, or at the analogous residues in IDH2, disfavors the 

forward reaction by reducing the binding affinity for isocitrate and alters the reverse reaction 

to produce R-2HG instead of isocitrate (Figure 2b). Mutations that confer these changes 

frequently occur in gliomas and acute myelogenous leukemia (AML) and produce R-2HG 

levels ranging from approximately 1 mM to 10 mM (Dang et al. 2009, Gross et al. 2010, 

Ward et al. 2010). By contrast, the R-2HG concentration in normal cells is less than 100 μM 

(Losman & Kaelin 2013). Neomorphic IDH1/2 mutations likely promote oncogenesis 

through R-2HG accumulation, as IDH1 R132H expression and R-2HG treatment are 

individually sufficient to induce transforming effects in cultured hematopoietic cells 

(Losman et al. 2013).

At concentrations relevant to IDH1/2-mutated tumors, R-2HG competes with α-

ketoglutarate to inhibit the activity of TET oxidases and JmjC domain–containing histone 

demethylases in vitro (Chowdhury et al. 2011, Lu et al. 2012, Xu et al. 2011). R-2HG may 

also inhibit these enzymes in vivo, as introducing mutant IDH1/2 alleles into cultured human 

cells induces a global increase in DNA methylation and histone methylation (Duncan et al. 

2012, Figueroa et al. 2010, Lu et al. 2012, Turcan et al. 2012, Xu et al. 2011). Much like 

SDH-mutated tumors and their counterparts, IDH1/2-mutated gliomas exhibit a distinct 

signature of DNA hypermethylation in comparison with non-IDH1/2-mutated gliomas 

(Figueroa et al. 2010, Noushmehr et al. 2010).

The striking observation that loss-of-function TET2 mutations and neomorphic IDH1/2 
mutations are common but mutually exclusive in AML suggests that TET2 inactivation and 

R-2HG accumulation promote oncogenesis through the same mechanism (Figueroa et al. 

2010, Gaidzik et al. 2012, Weissmann et al. 2012). However, drug-mediated inhibition of 
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IDH1 R132H attenuates the proliferation of IDH1-mutated glioma cells without largely 

affecting DNA methylation levels (Rohle et al. 2013). Furthermore, the S enantiomer of 

2HG is a potent inhibitor of TET oxidases and JmjC domain–containing histone 

demethylases (Xu et al. 2011), yet S-2HG treatment of cultured hematopoietic cells is not 

sufficient to induce transforming effects (Losman et al. 2013). Thus, the role of TET 

enzymes in R-2HG–mediated oncogenesis remains unclear, partly owing to the complication 

that R-2HG accumulation also exerts non-epigenetic effects (reviewed in Adam et al. 2014).

CHROMATIN ACETYLATION

Acetyl-CoA is a key metabolic intermediate in both catabolic and anabolic processes. Both 

glycolysis and β-oxidation of fatty acids break down hydrocarbons to supply the TCA cycle 

with acetyl-CoA and thereby fuel cellular respiration. Anabolic pathways essential for 

cellular growth consume acetyl-CoA for the production of lipids, cholesterol, and amino 

acids. Beyond these metabolic transactions, acetyl-CoA serves as the donor of the acetyl 

moiety for reactions catalyzed by acetyltransferase enzymes. Protein acetylation is a major 

posttranslational modification within the cell, comparable in scale to phosphorylation and 

ubiquitination with respect to the number of substrates (Choudhary et al. 2009). Recent work 

demonstrates a direct link between acetyl-CoA levels and protein acetylation. This section 

focuses on the impact of acetyl-CoA metabolism on the acetylation of histone residues.

The first-described example of acetylation as a posttranslational modification was the 

acetylation of lysine residues on histone tails isolated from calf thymus nuclei (Allfrey et al. 

1964). In this landmark study, the authors speculated that acetylation of histone tails could 

serve as a mechanism to regulate transcription and “allow a means of switching-on or -off 

RNA synthesis at different times, and at different loci of the chromosomes” (Allfrey et al. 

1964, p. 792). This remarkably prescient statement foreshadowed the explosion of research 

in the field of epigenetics. The conditional acetylation of histones determines, in part, the 

compaction state of chromatin and organizes chromatin into distinct euchromatic and 

heterochromatic domains. At physiological pH values, lysine residues within the tail region 

of histones are positively charged, and acetylation is thought to neutralize the charge of these 

residues and thereby disrupt the electrostatic interaction between histones and DNA (Hong 

et al. 1993). Acetylation of histone tails also modulates interactions with neighboring 

nucleosomes and with certain chromatin-regulating proteins (Hecht et al. 2015, Luger et al. 

1997, Wolffe & Hayes 1999). Additionally, histone acetyl marks serve as conditional 

docking sites for proteins containing bromodomains, which recognize and bind to acetyl-

lysines (Dhalluin et al. 1999, Hassan et al. 2002, Jacobson et al. 2000). These acetyl marks 

are reversible through the activity of three different classes of HDACs, one of which 

consumes NAD+ in the process (see below), enabling the possibility for spatiotemporal 

regulation of the interactions between bromodomain-containing proteins and chromatin.

Acetyl-CoA Metabolism Is Linked to Histone Acetylation

A recurring theme within this review is the apparent reorganization of chromatin in response 

to changes in cellular levels of intermediary metabolites. In principle, changes in chromatin 

modifications could result through regulation of the enzymes that place the modification or 
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through changes in the level of a metabolite that serves as the donor for that modification. In 

the instance of histone acetylation, it appears that the acetyl-CoA level fluctuates to the 

extent that, under certain conditions, it becomes limiting for acetyltransferase activity. 

Acetyl-CoA is thought to freely diffuse through the nuclear pore complex, and altering the 

pool of available acetyl-CoA in the cytoplasm or nucleus can cause changes in histone 

acetylation. The experimental inactivation of acetyl-CoA synthetases, the major source of 

cytoplasmic and nuclear acetyl-CoA, leads to a drop in bulk histone acetylation in 

Saccharomyces cerevisiae and cultured mammalian cells (Takahashi et al. 2006, Wellen et 

al. 2009). By contrast, histone acetylation in S. cerevisiae increases in response to the 

decreased expression of acetyl-CoA carboxylase (Acc1), the enzyme that converts 

nucleocytosolic acetyl-CoA to malonyl CoA in the first step of de novo fatty acid synthesis 

(Galdieri & Vancura 2012). Acc1p competes with histone acetyltransferases for the limited 

pool of nuclear acetyl-CoA. Thus, a decrease in Acc1p activity results in greater availability 

of acetyl-CoA for histone acetylation (Galdieri & Vancura 2012). These studies demonstrate 

that histone acetylation can be regulated by physiologically relevant changes in the level of 

nucleocytosolic acetyl-CoA. One of the current challenges in the field is to understand the 

conditions that cause acetyl-CoA levels to fluctuate and whether fluctuations can trigger a 

regulatory response aimed at adapting to changes in cellular and environmental conditions.

Physiological Fluctuations of Acetyl-CoA Levels

The best evidence of physiological fluctuations in acetyl-CoA levels comes from studies of 

the yeast metabolic cycle, in which, under glucose-limited conditions, prototrophic yeast 

cells oscillate through three distinct metabolic phases with regular periodicity (Tu et al. 

2005). The yeast metabolic cycle consists of an oxidative-respiratory phase during which 

high levels of oxygen are consumed in cellular respiration, a reductive-building phase 

marked by the expression of genes important for mitochondrial function and cell division, 

and a reductive-charging phase in which genes important for nonrespiratory modes of energy 

production are upregulated. Acetyl-CoA is among the most dynamic of the tested 

metabolites across the yeast metabolic cycle (Cai et al. 2011, Tu et al. 2007). Acetyl-CoA 

levels peak during the oxidative-respiratory phase, and bulk acetylation of specific lysine 

residues on histones H3 and H4 shows a strong periodicity that coincides with acetyl-CoA 

levels in the cell (Cai et al. 2011).

Adding various carbon sources to cultures during the reductive phases of the metabolic cycle 

rapidly breaks its normal periodicity. Cells immediately enter the oxidative-respiratory phase 

and begin dividing (Cai et al. 2011). This forced entry into the oxidative-respiratory phase of 

the metabolic cycle is accompanied by an increase in histone acetylation that correlates with 

acetyl-CoA levels. Similarly, adding glucose to stationary-phase yeast cultures causes a burst 

of histone acetylation that is dependent on the histone acetyltransferases Gcn5 and Esa1 

(Friis et al. 2009). In both cases, acetyl-CoA levels increase two-to fourfold following the 

addition of different carbon sources, with a corresponding increase in histone acetylation. 

The picture resulting from these studies is that carbon metabolism drives acetyl-CoA 

production, which in turn impacts the extent of histone acetylation within the nucleus. The 

marked difference in acetylation levels from one position in the genome to another appears 

to result in some cases from competition between acetyltransferase and deacetylase enzymes 
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or from differences in the accessibility of large protein complexes such as histone 

acetyltransferases to some regions of the genome.

CHROMATIN DEACETYLATION

Sirtuins Link NAD+ Metabolism to Histone Deacetylation

NAD+ is a cofactor used to carry electrons in numerous metabolic redox reactions. In 

addition, NAD+ is involved in processes including calcium signaling (Guse 2015), ADP-

ribosylation (Honjo et al. 1968, Schreiber et al. 2006), and protein deacetylation (Imai et al. 

2000, Landry et al. 2000, Smith et al. 2000). NAD+-dependent protein deacetylation is 

unique to a group of proteins collectively known as sirtuins, named after the budding yeast 

protein Sir2 (Rine & Herskowitz 1987). Most of the sirtuins identified to date are capable of 

removing acetyl marks from histone tails. Other classes of HDACs do not require NAD+ or 

any other metabolic cofactor. Hence, the NAD+ dependence of sirtuins provides a potentially 

important link between metabolism and the epigenetic regulation of gene expression. 

Analogous to the coupling of acetyl-CoA levels and histone acetyltransferase activity, 

changes in NAD+ metabolism could impact sirtuin-mediated deacetylation of histones and 

other targets. In this way, the acetylation status of histones could provide a form of 

molecular memory of the recent physiological state of the cell (Downey et al. 2015). 

Moreover, this potential form of memory has the capacity to control the expression of genes 

to maintain a physiological state when favorable, or adjust the state if needed (Downey et al. 

2013).

Work on the budding yeast protein Sir2 has been paradigmatic for sirtuin studies. The 

NAD+-dependent histone deacetylation activity of Sir2 is required for transcriptional 

silencing at the HML and HMR loci, at rDNA, and at telomeres. In addition to Sir2, budding 

yeast have four other sirtuins (Hst1, Hst2, Hst3, Hst4) that also have histone deacetylation 

activity. Sirtuins are conserved across all domains of life, and seven different sirtuins have 

been identified in mammals. In this section, we consider work that illuminates how different 

aspects of metabolism can impact sirtuin activity and lead to epigenetic consequences in 

gene expression.

NAD+ Metabolism and the Function of Sir2

NAD+ is consumed during ADP-ribosylation and deacetylation reactions. The deacetylation 

reaction performed by Sir2 hydrolyzes one molecule of NAD+ to produce O-acetyl-ADP-

ribose (OAAR) and nicotinamide. Nicotinamide is reported to be a noncompetitive inhibitor 

of Sir2 and human SIRT1 (Avalos et al. 2005, Bitterman et al. 2002). Conversely, under 

different assay conditions, nicotinamide has also been reported to competitively inhibit the 

deacetylation activity of SIRT1 and SIRT2 (Marcotte et al. 2004). Eukaryotic cells have two 

metabolic pathways for NAD+ synthesis (Figure 3). Tryptophan serves as a precursor for de 

novo synthesis of NAD+. Alternatively, nicotinamide, produced from sirtuin-based 

deacetylation or ADP-ribosylation, is utilized in a salvage pathway for NAD+ synthesis. In 

addition, some NAD+ precursors can be taken up from the medium and incorporated into the 

NAD+ salvage pathway. Studies in budding yeast demonstrate the link between NAD+ 

metabolism and sirtuin function. Mutation of NPT1, which encodes the NAD+ salvage 
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pathway enzyme nicotinate phosphoribosyltransferase, leads to a two- to threefold drop in 

NAD+ levels and consequent losses in rDNA and telomeric silencing (Sandmeier et al. 2002, 

Smith et al. 2000). These effects result from the loss of Sir2 function, which in this case 

appears to be caused by the limitation of available NAD+ in npt1 mutants. By contrast, 

mutations in the de novo NAD+ synthesis pathway do not impair silencing, nor do they 

lower NAD+ levels. Apparently, at least under laboratory conditions, the NAD+ salvage 

pathway generates sufficient NAD+ to support Sir2 function. Consistent with this model, 

Npt1 and Nma2 of the NAD+ salvage pathway show strong nuclear localization, whereas 

proteins involved in the de novo pathway are evenly distributed throughout the cell 

(Anderson et al. 2002, Sandmeier et al. 2002).

NAD+ Salvage Pathway Flux and Nicotinamide Metabolism

Though conditions that lower NAD+ availability clearly impact Sir2 function, a simple 

model in which Sir2 function reflects overall NAD+ levels is inadequate to explain several 

additional observations. Overexpression of Npt1, Nma1, and Nma2, all proteins involved in 

the NAD+ salvage pathway (Figure 3a), increases Sir2-dependent silencing of rDNA and 

extends cellular lifespan but does not impact overall NAD+ levels in the cell (Anderson et al. 

2002). These observations can be reconciled if Sir2 consumes the additional NAD+ 

produced by overexpression of the salvage pathway, as implied by the increased gene 

silencing. Thus, both absolute NAD+ levels and flux through the NAD+ salvage pathway 

may impact Sir2 function. Additionally, as with npt1 mutants, mutation of the NAD+ salvage 

pathway gene PNC1 results in impaired rDNA and telomeric silencing (Sandmeier et al. 

2002). However, pnc1 mutants are distinct from npt1 mutants in that they do not exhibit 

decreased NAD+ levels (Sandmeier et al. 2002). So how do pnc1 mutants reduce gene 

silencing? Pnc1 functions one step before Npt1 in the NAD+ salvage pathway, preventing 

accumulation of nicotinamide by converting it to nicotinic acid (Anderson et al. 2003, Gallo 

et al. 2004). The effects of a pnc1 mutation can be explained by simple feedback inhibition 

of Sir2 when nicotinamide accumulates. Because sirtuins both consume NAD+ and produce 

nicotinamide, Pnc1 has dual importance for Sir2 function: (a) promoting continuous flux 

through the NAD+ salvage pathway to maintain NAD+ levels and (b) preventing the 

accumulation of nicotinamide to concentrations capable of inhibiting Sir2 activity. The 

deamidation of nicotinamide by Pnc1 is conserved across bacteria, yeast, plants, and 

invertebrates and may be equally as important in modulating sirtuin function in these other 

species (Balan et al. 2008, Ghislain et al. 2002, Vrablik et al. 2009, Wang & Pichersky 

2007).

Mammalian Sirtuins and NAD+ Metabolism

The diversity of mammalian sirtuins, and specifics regarding the enormous range of biology 

in which they are involved, is beyond the scope of this review. However, the themes 

established for NAD+ and Sir2 function in yeast have been highly informative for 

mammalian sirtuin biology. For example, nicotinamide is also scavenged and utilized in the 

mammalian NAD+ salvage pathway through conversion into nicotinamide mononucleotide 

by the enzyme nicotinamide phosphoribosyltransferase (NAMPT) (Revollo et al. 2004). As 

in yeast, the turnover of nicotinamide by mammalian NAMPT is important for the function 

of sirtuins (Fulco et al. 2008, van der Veer et al. 2007). From this large body of work 
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emerges a theme in which sirtuins link changes in a cell’s environment, as mediated through 

metabolites, to transcriptional regulation, sometimes through epigenetic mechanisms. A 

recent example demonstrates the relationship between the natural oscillation of NAD+ 

during a typical circadian cycle and fluctuations in SIRT1 histone deacetylase activity 

(Asher et al. 2015, Nakahata et al. 2009, Ramsey et al. 2009, Trickey et al. 2008). An 

interesting link between SIRT1 function and diseases that impair DNA repair pathways has 

also been uncovered. Both xeroderma pigmentosum and Cockayne syndrome are disorders 

caused by mutations in nucleotide excision repair genes that lead to premature aging, 

increased risk for cancer, and reduced NAD+ levels as a result of the constitutive activation 

of poly-ADP-ribose polymerase (PARP). In both cases, diminished NAD+ levels result in 

decreased SIRT1 function and reduced transcription of genes controlled by SIRT1 (Fang et 

al. 2014, Scheibye-Knudsen et al. 2014).

In many studies of mammalian sirtuins, the precise mechanistic underpinnings of sirtuin-

dependent effects on cellular physiology are not adequately understood. Even in yeast, the 

full spectrum of substrates for sirtuins is just now coming into focus (Downey et al. 2013, 

2015). Understanding how target specificity is achieved and integrated with NAD+ levels, 

competing acetyltransferases, and other metabolites will require an ever-wider range of 

approaches and continued exploitation of the power offered by model organisms.

O-Acetyl-ADP-Ribose Metabolism and Histone Deacetylation

Since the discovery that sirtuins produce OAAR from NAD+, much speculation has focused 

on a possible role for OAAR in either gene silencing or cellular signaling (Jackson & Denu 

2002, Tanner et al. 2000). For example, microinjection of OAAR into starfish oocytes leads 

to inhibited development, indicating that accumulation of OAAR can interfere with normal 

cellular development (Borra et al. 2002), though the millimolar concentrations used in this 

study would be substantially outside the likely physiological range. In addition, the 

identification of enzymes capable of metabolizing OAAR suggests that OAAR levels are 

actively regulated within the cell (Ono et al. 2006). To date, the evidence for a role of OAAR 

in gene silencing comes from two studies. The inclusion of pure OAAR in an in vitro 

assembly reaction for the Sir2-Sir3-Sir4 complex increases the ratio of Sir3 relative to Sir2-

Sir4 and leads to structural changes in the complex, as assessed by electron microscopy 

(Liou et al. 2005). Additionally, the affinity of the purified Sir protein complex, and of Sir3 

alone, toward a recombinant chromatin template increases with the addition of OAAR 

(Martino et al. 2009). Together, these studies suggest that OAAR has the potential to affect 

the Sir protein complex’s ability to interact with chromatin. Whether OAAR-induced 

changes to the complex translate to an effect on gene silencing in vivo remains unresolved. 

Specifically, an elegant genetic study using cleverly designed fusion proteins has established 

that OAAR is not essential for silencing the HML and HMR loci in budding yeast (Chou et 

al. 2008). However, whether OAAR might influence the in vivo function of any sirtuin 

remains an open question.
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AN EXPANDING RANGE OF HISTONE ACYLATIONS

Most, if not all, posttranslational modifications discovered in the proteome are eventually 

found on histones. Hence, the discovery of succinylation and malonylation of proteins has 

led to the rapid recognition of specific sites of succinylation and malonylation on histones in 

species ranging from yeast to human (Xie et al. 2012). These modifications involve succinyl-

CoA or malonyl-CoA donors for modification of lysine residues on all four histone species. 

The most conserved positions are on H3 and H4; we focus on these positions because of 

their greater potential for epigenetic contributions. Succinylation and malonylation are found 

on some of the same lysines known to be substrates for other modifications. For example, 

H3K56, which is acetylated in S phase, is also succinylated and malonylated depending on 

the species. H3K79 can also be succinylated, methylated, or acetylated (Xie et al. 2012).

Mutational strategies to test the significance of succinylated lysines in yeast have typically 

used a glutamic acid (E) substitution to mimic the constitutively succinylated state and 

alanine (A) or arginine substitutions to block succinylation. It is difficult to deconvolute the 

phenotypes of mutations at positions where several different marks are possible. Which 

modification’s loss is responsible for the phenotype? However, uniquely succinylated 

positions exist, such as H4K77 and H2AK21. The H4K77E mutation has a unique silencing 

phenotype not shared with the H4K77R or H4K77A mutations. Likewise, H2AK21E 

confers DNA damage sensitivity not shared with the H2AK21R or H2A21A mutations. A 

glutamic acid substitution is thematically (but not sterically) similar in structure to 

succinylated lysine, sharing the distal carboxyl moiety. Hence, the phenotypes of these 

mutations should be interpreted with caution. Nevertheless, the clear inference is that the 

failure to remove the succinyl group could have important consequences.

Sir2 and its four yeast paralogs are classified as NAD+-dependent deacetylases (reviewed in 

Imai & Guarente 2010), though the number of possible substrates they have been tested on is 

limited. From work on mammalian cells, it is now clear that some sirtuins are better thought 

of as deacylases because of their ability to remove multiple acyl modifications of lysine. 

Indeed, the SIRT5 enzyme, which exists both in the mitochondrion and in the cytoplasm and 

nucleus, can remove a succinyl group from multiple substrates, including succinyl 

dehydrogenase, providing another potential route for metabolism to impact epigenetic 

processes (Papanicolaou et al. 2014).

Malonylation is a less abundant histone modification than succinylation, but it is found in 

histones from yeast to humans. The malonyl-CoA donor comes from fatty acid synthesis, 

but the function of malonylation is as yet unclear. Mutation of one of the two sites of 

malonylation on yeast histones (H2AK199) produces no detectable phenotype. The other 

site of malonylation, H3K56, is also a site of acetylation and, as described above, a site of 

succinylation. Hence the reduced viability of the H3K56E mutation has an unresolved cause 

(Xie et al. 2012).

Additional classes of acylation have been described on mammalian histones and illuminate 

other potential links to metabolism. Fatty acid oxidation produces propionyl-CoA and 

butyryl-CoA, both of which are donors for cognate posttranslational modifications of 
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specific lysines in histones H3 and H4. In the absence of genetic evidence, the abundance of 

modifications can provide some measure of their potential importance. Propionylation 

occurs on 7% of H3K23 and butyrylation occurs on 31% of H3K115 in some leukemia cells; 

both levels may be too high to be accounted for as accidental acylations. Crotonyl-CoA, 

which can be derived from either butyryl-CoA or amino acid metabolism, modifies H4K12 

as well as multiple positions on H2A and H2B. SIRT1 and SIRT2, cytoplasmic members of 

the sirtuin family, can remove these acyl modifications in a presumably NAD+-dependent 

manner (reviewed in Papanicolaou et al. 2014). Obviously, CoA substrates for these 

modifications and the NAD+ dependence of their removal could tie aspects of metabolism to 

epigenetic processes in abundant ways, but so far the field has only begun evaluating their 

significance. These modifications could reflect fundamental links between metabolism and 

epigenetics. Alternatively, they may have no regulatory function and could instead reflect the 

spurious and potentially detrimental accumulation of errors in acylation, perhaps better 

thought of as chromatin damage, analogous to DNA damage that accumulates over time.

CONCLUDING THOUGHTS

Metabolism and epigenetics is a moving target for any would-be reviewers, with many rapid 

discoveries and an expansive literature. We have omitted several modifications of potential 

importance, including O-GlcNAcylation, a modification found on histones, RNA 

polymerase, and several chromatin-modifying enzymes (reviewed in Lewis & Hanover 

2014). Likewise, we have ignored citrulline, a noncanonical amino acid found in histones 

and other proteins. Citrulline results from the deamination of arginine or the 

demethylimination of methyl-arginine posttranslationally. The enzymes responsible for this, 

known as peptidylarginine deiminases, require calcium and a reducing agent. So far, 

citrullination has one clear epigenetic impact: Citrullination of arginine 8 on histone H3 

causes loss of HP1 binding on H3K9me3 and subsequent loss of chromatin condensation 

(Sharma et al. 2012), similar in spirit to how phosphorylation of H3S10 affects the binding 

of HP1 to H3K9me3 (Fischle et al. 2005). Ah yes, phosphorylation, yet another link 

between metabolism and epigenetics. These omissions reflect no shortage of interest, merely 

the limits of length (and our endurance).
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SUMMARY POINTS

1. Fluctuations in acetyl-CoA levels are directly coupled to the level of 

histone acetylation at certain loci; hence, changes in this epigenetic 

mark are a direct readout of this aspect of metabolism.

2. Changes in the level of dietary methyl donors can cause heritable 

changes in the phenotype of the Avy mouse mutation and correlated 

changes in DNA and histone methylation.

3. Demethylation of DNA and histones involves enzymes that require FeII 

and α-ketoglutarate.

4. Vitamin C may aid somatic cell reprogramming through the stimulation 

of demethylases.

5. Mouse embryonic stem cells can use threonine as a secondary source of 

S-adenosyl-methionine and acetyl-CoA.

6. Oncometabolites can inhibit both DNA and histone demethylases.

7. Individual lysine positions on histones can be modified by covalent 

attachment to several different metabolites.

8. The NAD+ salvage pathway impacts the deacetylation function of 

sirtuins.
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FUTURE ISSUES

1. Progress would be vastly enhanced by the availability of genetically 

encoded reporters that could provide real-time and localized 

measurements of metabolite levels.

2. For positions in histones that are subject to multiple different 

modifications, does each different modification confer a unique 

function?

3. In such examples, modification-site mutations must be paired with 

mutation or perturbation of the enzymes responsible for those 

modifications to infer specific roles for a particular modification.

4. Analyses of the Km of chromatin modifiers for their substrates and of 

the dynamics of each modification will enable useful modeling.

5. Genetic variation in the human population, such as the common 

mutation affecting folate metabolism, should be evaluated for its 

impact on potential epigenetic lability as a function of nutritional 

status.

6. As intriguing as the link is between mutations in IDH1/2 and the 

inhibition of TET and Jumonji C domain demethylases, does this 

mechanism drive cancer?

7. To what extent does a modification of one site on a nucleosome affect 

the probability or consequences of other modifications?

8. Careful consideration should be given to the potential role of the 

microbiome’s response to diet as a possible source of transgenerational 

inheritance.
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Figure 1. 
The one-carbon pathway (brown arrows) is important for the production of methionine and 

cysteine, as well as the SAM used in DNA and histone methylation reactions. Several inputs 

into the pathway replenish metabolites consumed during one-carbon metabolism. In cells 

expressing threonine dehydrogenase, threonine is oxidized to produce glycine, which is 

converted to methylene-THF (blue arrows). Folate obtained through diet or by de novo 

synthesis is converted into THF. Abbreviations: Me, methyl; MTHFR, 

methylenetetrahydrofolate reductase; SAH, S-adenosyl homocysteine; SAM, S-adenosyl 

methionine; THF, tetrahydrofolate.
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Figure 2. 
Potential roles of ascorbate and oncometabolites in regulating the activity of FeII- and α-

ketoglutarate–dependent dioxygenases. (a) Following the oxidative decarboxylation of α-

ketoglutarate, the dioxygenase can regain enzyme activity either by hydroxylating a 

substrate such as 5mC or by oxidizing ascorbate. (b) Mutations in IDH, SDH, and FH genes 

can result in high levels of oncometabolites (red) known to inhibit FeII- and α-ketoglutarate–

dependent dioxygenases competitively with respect to α-ketoglutarate (green). 
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Abbreviations: 5hmC, 5-hydroxymethylcytosine; 5mC, 5-methylcytosine; FH, fumarate 

hydratase; IDH, isocitrate dehydrogenase; SDH, succinate dehydrogenase.
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Figure 3. 
Metabolic pathways used for synthesis of NAD+ in yeast and mammals. (a) The de novo 

NAD+ synthesis pathway converts tryptophan to quinolinate (blue box), which is then 

converted into NAMN, a precursor to NAD+. The NAD+ salvage pathway (light brown 
arrows) converts NAM, one of the by-products of sirtuin-mediated deacetylation, back into 

NAD+. Yeast converts NAM into NAD+ through the generation of NA. (b) Mammals are 

able to process NA in the same manner as yeast to generate NAD+. However, the 

mammalian salvage pathway does not generate NA; instead, NAM is converted into NMN 

and then directly back into NAD+. NAD+ is consumed during the deacetylation of histones 

catalyzed by sirtuins. Abbreviations: NA, nicotinic acid; NaAD, nicotinic acid adenine 

dinucleotide; NAD+, nicotinamide adenine dinucleotide; NAM, nicotinamide; NAMN, 

nicotinic acid mononucleotide; NAMPT, nicotinamide phosphoribosyltransferase; NMN, 

nicotinamide mononucleotide; OAAR, O-acetyl ADP-ribose.
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