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Abstract

Many chromatin modifying enzymes require metabolic cofactors to support their catalytic 

activities, providing a direct path for fluctuations in metabolite availability to regulate the 

epigenome. Over the past decade, our knowledge of this link has grown significantly. What began 

with studies showing cofactor availability drives global abundances of chromatin modifications 

has transitioned to discoveries highlighting metabolic enzymes as loci-specific regulators of gene 

expression. Here, we cover our current understanding of mechanisms that facilitate the dynamic 

and complex relationship between metabolism and the epigenome, focusing on the roles of 

essential metabolic and chromatin associated enzymes. We discuss physiological conditions where 

availability of these ‘epi-metabolites’ are dynamically altered, highlighting known links to the 

epigenome and proposing other plausible connections.
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Metabolic Links to the Epigenome

In eukaryotic organisms, the storage and accessibility of genomic DNA is regulated at the 

level of the nucleosome (see Glossary) core particle. Along with DNA, each nucleosome 

particle contains an octamer of histone proteins that are small, positively charged, and 

globular with flexible N-terminal “tails” that protrude from the larger structure. Due to 

their accessibility and amino acid composition, the protruding “tails” act as a platform 

for reversible, chemical post-translational modifications (PTMs) that then alter chromatin 

structure and function. This post-translational regulation of chromatin occurs through two 

major mechanisms: 1) PTMs change the intrinsic chemical properties of the amino acids 

(e.g. acetylation-dependent charge neutralization) and can induce structural changes to 

chromatin, and/or 2) PTMs are recognized by “reader” proteins that function to recruit 

additional chromatin effectors. Similar to histones, DNA can also be chemically modified 

to regulate gene expression. Together, chemical modification of histones and DNA comprise 

the epigenome.
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Metabolism is believed to be a principal regulator of the epigenome as nearly all chromatin 

modifying enzymes require central metabolites (Figure 1, Key Figure and Table 1) as 

cofactors to support their catalytic activities. However, this metabolism-epigenome link 

appears to be more interesting and complex than simply chromatin-modifying enzymes 

siphoning off choice metabolites from canonical metabolic pathways. Recently, metabolic 

enzymes have also been shown to moonlight as context-dependent regulators of the 

epigenome, introducing an emerging aspect to this dynamic relationship.

In this review, we will cover our current understanding of how essential metabolic cofactors 

and enzymes are able to dynamically regulate the acetyl-, acyl-, and methyl-states of the 

epigenome. We will highlight the chromatin effector proteins that mediate and sense these 

changes to the epigenome with a focus on the transcriptional consequences. Finally, we will 

cover physiological states (e.g. circadian cycles, aging, dietary perturbations, and diseases) 

associated with altered epigenetic cofactor metabolism, discussing known and potential links 

with the epigenome.

Metabolite-Dependent Chromatin Modifying Reactions

Histone Acetylation

Acetylation of the histone lysine ε-amino group (Kacetyl) is catalyzed by histone 

acetyltransferases (HATs) (Figure 2A and 2B). Three primary families of HATs have 

been identified (GNAT, MYST, and p300/CBP), all requiring acetyl-CoA as the acetyl­

donating cofactor [1]. Histone Kacetyl supports accessible, transcriptionally active chromatin 

environments through two distinct yet complementary mechanisms: 1) neutralization of 

electrostatic interactions that contribute to higher-order chromatin structure and 2) 

by acting as a ligand for Kacetyl “readers.” For example, H4 Lys16 acetyl (H4K16ac) 

can disrupt electrostatic interactions in vitro between the H4 tail on one nucleosome 

particle and an acidic patch on the H2A:H2B dimer of the neighboring particle [2]. 

Disruption of these interactions is thought to support X-chromosome dosage compensation 

in Drosophila and lost transcriptional silencing in S. cerevisiae [3–5]. In addition, Kacetyl 

influences chromatin structure and function through its recognition by bromodomain-, 

YEATS domain-, and double PHD finger (DPF) domain-containing proteins [1]. By 

interacting with an acetyl-lysine residue, these epigenetic “readers” can recruit effectors 

(e.g. super elongation complex, transcription factors, ATP-dependent chromatin remodelers) 

that support transcriptional activation at specific genomic loci [6–8].

Several enzymes are capable of generating the acetyl-CoA needed to support HAT reactions 

(Figure 2C). In mitochondria, acetyl-CoA can be generated by the pyruvate dehydrogenase 

complex (PDC), as a product of fatty acid oxidation, via amino acid degradation, or 

synthesized from free acetate by acyl-CoA synthetase short-chain family members 1 and 

3 (ACSS1/ACSS3) [9]. However, as there is no mitochondrial acetyl-CoA exporter, acetyl­

CoA must first be combined with oxaloacetate (OAA) to form citrate, which escapes 

mitochondria via the citrate shuttle. Once in the cytoplasm and/or nucleus, ATP-citrate 

synthase (ACLY) can convert the citrate back to acetyl-CoA and OAA [10]. In addition 

to ACLY, acyl-CoA synthetase short-chain family member 2 (ACSS2) and PDC have been 

implicated as nuclear acetyl-CoA synthesizing enzymes [11–13].
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The catalytic activity of all three nuclear acetyl-CoA synthesizing enzymes (PDC, ACLY, 

and ACSS2) can maintain global histone Kacetyl levels [12–14]. However, ACLY and 

ACSS2 appear capable of supporting loci-specific histone Kacetyl under unique contexts. 

For example, ACLY-dependent Kacetyl drives the expression of key glycolytic genes during 

the differentiation of preadipocytes into mature adipocytes while ACSS2-dependent Kacetyl 

is a critical regulator of memory-related neuronal genes in the murine hippocampus [13–

15]. These independent chromatin regulatory functions for ACLY and ACSS2 may be 

dictated, in part, by the production and/or flux of their respective substrates, citrate and 

acetate (Figure 2C). Such a mechanism would allow disparate metabolic states that affect 

acetyl-CoA precursor availability (e.g. hypoglycemia, ketosis, alcohol consumption, etc.) to 

initiate distinct chromatin responses.

Histone Acylation

Non-acetyl histone acylations are an emerging classification of PTM and will be referred 

to as acylations for the remainder of this review. Currently, nine unique lysine acylations 

(Kacyl) have been identified on histones, many of which are added enzymatically by 

HATs (Figure 2A and 2B and Figure 3A) [16–23]. Lysine malonylation and succinylation 

may occur in significant quantities through non-enzymatic mechanisms, given that the 

corresponding acyl-CoA precursors are more prone to intramolecular catalysis and 

anhydride formation relative to shorter-chain acyl-CoA molecules [24,25]. Acylation of the 

lysine ε-amino group can be recognized by proteins containing YEATs and DPF domains. 

These Kacyl “reader” domains possess substrate binding pockets with higher affinities 

for Kacyl over Kacetyl, although this is accomplished through disparate mechanisms [26–

30]. YEATs domains preferentially accommodate Kacyl PTMs through aromatic residue 

π-stacking (Figure 3B). DPF domains, like bromodomains, rely on polar contacts with 

the substrate but are more structurally accommodating to acyl chains and can also utilize π­

stacking to improve specificity for Kacyl residues (Figure 3C and 3D). These specific binding 

capabilities facilitate the unique functions for Kacyl relative to Kacetyl PTMs in regulating 

gene expression. For example, in S. cerevisiae, the metabolic switch from oxidative to 

fatty acid metabolism correlates with decreased H3K9ac and a corresponding increase in 

H3 Lys9 crotonyl (H3K9cro) abundance [31]. H3K9cro is then recognized by the YEATs 

domain-containing protein Taf14, mediating reduced expression of pro-growth genes [31].

Unlike acetyl-CoA, the metabolic enzymes responsible for generating acyl-CoAs for 

chromatin acylation are not as well understood. Some acyl-CoAs are known to be generated 

within mitochondria (e.g. crotonyl-, malonyl-, succinyl-, and glutaryl-CoA), while others 

are present primarily as short chain fatty acids (SCFAs) or ketone bodies, requiring CoA­

conjugation to be used as a cofactor. Tracing experiments have shown cells possess the 

ability to incorporate such metabolites directly onto chromatin, which may be mediated by 

promiscuous activity of ACSS enzymes [1,20,32]. In addition to enzymes that synthesize 

acyl-CoA molecules, catabolic enzymes also influence acyl-CoA abundance. Propionyl-CoA 

carboxylase alpha subunit knockout mice (PCAA−/−) accumulate propionyl-CoA, leading 

to increased global H3 Lys14 proprionyl (H3K14pro) [33]. Knockout of the butyryl-CoA 

catabolizing enzyme acyl-CoA dehydrogenase short-chain (ACADS−/−) also stimulates liver 

butyryl-CoA accumulation, but unexpectedly, has no effect on H3 Lys14 butyryl (H3K14bu) 

Haws et al. Page 3

Trends Biochem Sci. Author manuscript; available in PMC 2021 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



abundance [33]. Together, these findings suggest increased acyl-CoA concentrations do 

not always drive increased de novo histone acylation. Such observations implicate acyl­

CoA sub-cellular compartmentalization and/or HAT activity as a critical regulator of Kacyl 

patterns.

Histone Deacetylation/Deacylation

Four main classes of histone deacetylases (HDACs) have been defined in mammalian cells, 

Class I, II, III, and IV, although only Class III HDACs require a metabolic cofactor to 

support catalytic activity (Figure 2A and 2B). These class III HDACs, also known as 

sirtuins, utilize a nicotinamide adenine dinucleotide (NAD+) molecule during catalysis. 

The reaction involves cleavage of the nicotinamide glycosidic bond and transfer of the 

acetyl-group from substrate to ADP-ribose, yielding nicotinamide (NAM) and O-acetyl­

ADP-ribose (OAADPR) as additional products (Figure 2B) [34]. The seven mammalian 

sirtuins regulate diverse aspects of cell biology both in and outside the nucleus. Sirtuins 3–5 

reside primarily within mitochondria, acting as protein deacetyl/deacylases, while SIRT1, 

SIRT2, SIRT6, and SIRT7 can target histones for nuclear deacetylation [34,35]. Given this 

family of enzymes’ dependence on a single cofactor, adequate NAD+ levels are critical for 

supporting sirtuin activity.

NAD+ synthesis occurs through three primary mechanisms within the cell: 1) de novo 
synthesis from tryptophan, 2) the Preiss-Handler pathway, and 3) the NAM salvage pathway 

[36]. The de novo NAD+ synthesis and Preiss-Handler pathways are relatively minor 

generators of NAD+ while the NAM salvage pathway is the major NAD+ contributor 

[36,37]. NAD+ molecules are the preferred cofactor for two-electron transfer redox 

reactions, resulting in reversible NADH formation. Unlike redox enzymes, sirtuin activity 

is not regulated by NAD+:NADH ratios, but is instead thought to be regulated by NAD+ 

abundance [38–41].

In addition to functioning as lysine deacetylases, sirtuins are capable of more general 

lysine deacylation. These distinct specificities are best described with sirtuins (SIRT3–5) 

found in mitochondria, where diverse acyl-modifications appear more prevalent. However, 

early evidence that sirtuins were capable of more than just deacetylation came from 

enzymology studies with nuclear/cytoplasmic enzymes SIRT1 and SIRT2 [42,43], paving 

the way for a systematic biochemical investigation of the deacylation capabilities of 

SIRT1–6 [44]. Surprisingly, long-chain deacylase activity was a common activity among 

sirtuins [44]. However, unlike SIRT1 and SIRT2, SIRT6 deacetylation and short chain 

(≤ crotonyl) deacylation activity were almost non-detectable [44]. In that study, Feldman 

et al demonstrated that free fatty acids (FFAs) could stimulate the catalytic activity for 

deacetylation. Following reports indicated that non-fatty acid small molecules are also 

able to significantly improve SIRT6 deacetylation and deacylation kinetics [44–46]. Small 

molecule activators with varying degrees of in vivo efficacy have been identified for SIRT1 

as well, reviewed in depth by Hubbard and Sinclair [47]. Together, these findings propose 

a mechanism by which metabolites distinct from NAD+ can stimulate sirtuin-dependent 

deacetylation/deacylation to regulate gene expression. A recent study provided in situ 
evidence in support of this model, suggesting perilipin 5 acts as a carrier protein to 
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deliver endogenous monounsaturated fatty acids (MUFAs) from lipid droplets to the nucleus 

[48]. Once in the nucleus, these MUFAs can stimulate SIRT1-dependent deacetylation and 

activation of the transcriptional co-regulator PGC-1α [48].

Although sirtuins are the only HDACs requiring metabolic cofactors to support catalytic 

activity, the SCFA metabolites butyrate and propionate are known catalytic inhibitors 

of Class I and II HDACs (Figure 2A). These SCFAs possess low- to mid-micromolar 

HDAC inhibitory IC50 values, falling in range of natural circulating concentrations [49–51]. 

Butyrate, having a lower IC50 value than propionate, is also the better studied in vivo 
HDAC inhibitor. For example, it has been shown that butyrate accumulation in cancerous 

colonocytes drives expression of pro-apoptotic genes through increased histone acetylation 

levels [52]. Interestingly, although these metabolites are known to be primarily generated 

via microbiota-dependent fermentation of non-digestible carbohydrates in the gut, they have 

also been shown to influence the epigenetic states of proximal host tissues [53,54]. While 

this is an exciting discovery that suggests a general mechanism by which microbiota are 

capable of influencing systemic host physiology, more studies are needed to determine the 

functional consequences of this microbial metabolism:host-chromatin axis.

Histone Methylation

Histone methylation reactions are catalyzed in a site-specific manner by histone 

methyltransferases (HMTs), most commonly on the ε-amino group of lysine residues 

(Figure 4A). Histone arginine methylation also occurs in the nucleus; however, here we 

focus on the metabolic influences over lysine methylation (Kme). For more information on 

arginine methylation, please see the review by Guccione and Richard [55].

Kme provides the most chemical diversity to the epigenome. Although only eight residues 

(e.g. H3K4/9/18/23/27/36/79 and H4K20) are sites of significant Kme, each lysine can 

support three unique methylation states (i.e. mono-, di-, or tri-methylation), resulting in 

4.3x109 possible permutations of Kme for a given nucleosome. Kme is capable of supporting 

transcriptionally active or repressive chromatin environments, depending on the context [56]. 

This diverse functionality is facilitated by unique “reader” proteins that require specific 

methylation states and neighboring amino acids to interact with a given residue, enabling 

similar Kme-states to have drastically different effects on the chromatin environment. 

For example, H3K4me3 can be “read” by some PHD-containing transcription factors to 

facilitate chromatin remodeling and preinitiation complex formation at transcription start 

sites [57–59]. Opposingly, H3K9me2/3 can be “read” by the chromodomain-containing 

heterochromatin protein 1a which acts as a scaffold to recruit effector proteins that 

promote transcriptional silencing through the initiation and maintenance of constitutive 

heterochromatin [60].

All HMTs require S-adenosylmethionine (SAM) as the methyl-donor cofactor. In 

mammals, intracellular SAM is generated as a product of ATP-dependent methionine 

adenosyltransferase (MAT) reactions [61]. MAT reactions are catalyzed by only two known 

enzymes, MATIα and MATIIα. MATIα is expressed exclusively in the liver while MATIIα 
is ubiquitously expressed across tissues [61]. A third MAT protein, MATIIβ, possesses no 

inherent catalytic activity. Instead, MATIIβ functions as a regulatory binding partner of 
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MATIIα, decreasing the enzyme’s Km, MET while also increasing MATIIα’s susceptibility to 

product inhibition [62,63]. These MAT-dependent SAM synthesis reactions are found at the 

core of one carbon metabolism, where the folate and methionine cycles converge, providing 

numerous avenues by which metabolic perturbations can influence SAM synthesis (Figure 

4C) [64].

Limiting SAM availability by disrupting the metabolism and availability of its precursors 

can directly influence histone Kme abundance. In mouse embryonic stem cells (mESCs), 

disrupting the catabolism of threonine to glycine, an upstream SAM precursor, significantly 

reduces SAM availability as well as H3K4me2/3 abundance [65]. Subsequent studies 

corroborated this seminal study, highlighting the susceptibility of higher state (i.e. di- 

and tri-) histone Kme to decreased SAM availability [64]. Altered SAM abundance as a 

consequence of impaired or enhanced phospholipid metabolism has also been shown to 

directly influence histone methylation abundance [66,67]. Together, these direct correlations 

between global SAM availability and histone Kme highlight histone methylation as one of 

the most metabolically sensitive PTMs.

DNA Methylation

In addition to histones, individual DNA bases can be methylated. Methylation of cytosine at 

carbon 5 (5mC) is the most common and well-studied form of DNA methylation, typically 

occurring at CpG dinucleotides (Figure 4B). In mammals, these reactions are primarily 

catalyzed by DNA methyltransferases 3A and 3B (DNMT3A/B) at gene promoters, in the 

bodies of actively transcribed genes, and at repetitive DNA elements [68]. This review will 

focus on the links between metabolism and 5mC in gene promoters and regulatory elements. 

For more information on 5mC in gene bodies and at repetitive regions, please see the review 

by Greenberg and Bourc’his [68].

In promoters, 5mC is commonly found as part of broader CpG islands, which refer to 

DNA regions where CpG dinucleotides occur with a higher frequency relative to the rest 

of the genome [69]. Methylation of promoter CpG islands is normally associated with 

transcriptional repression. This gene-repressive function for 5mC can prevent transcription 

factor binding and/or recruitment of other chromatin modifying enzymes that support 

heterochromatic environments (e.g. H3K9 HMTs and HDACs) [70–76]. Contrary to 

common perception, 5mC can also facilitate transcriptional activation. However, unlike 

other epigenetic modifications associated with transcriptionally active genes (e.g. H3K9ac, 

H3K4me3, etc.), 5mC can act as a de-repressor through displacement of the transcriptional 

silencing complex PRC2 [77].

Like HMTs, DNMTs require SAM as an essential methyl-donor co-substrate, opening 

similar avenues for metabolic perturbations to influence 5mC profiles (Figure 4C). While 

mechanistic studies investigating direct links between SAM abundance and 5mC are limited, 

associations have been made under broader metabolic contexts [78,79]. For example, 

increased methionine cycle flux and glycine N-methyltransferase (GNMT) activity in the 

long-lived Ames-Dwarf mouse correlates with suppressed age-associated methylation at 

regulatory transcriptional elements [80]. Cole et al hypothesize these effects may be driven 

Haws et al. Page 6

Trends Biochem Sci. Author manuscript; available in PMC 2021 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by decreased SAM availability, which if correct, would provide a direct link between 

perturbed methyl-donor metabolism and 5mC profiles.

Histone Demethylation

Histone demethylases (HDMs) are responsible for the active removal of Kme from histones. 

Two classes of HDMs have been defined based on catalytic mechanisms: 1) lysine-specific 

demethylase (LSD) and 2) jumonji C (JmjC) domain-containing demethylases (Figure 4A) 

[81]. LSDs utilize FAD-dependent oxidation of the methylated lysine ε-amine to facilitate 

methyl-group removal, producing FADH2 [82,83]. As this reaction requires the lysine 

ε-amine to have a free electron pair, LSDs may only catalyze the removal of mono- 

or di-methylation. JmjC demethylases initiate lysine and arginine demethylation using an 

Fe(II) and α-ketoglutarate (α-KG)-dependent dioxygenase mechanism, enabling this class 

of enzymes to target all forms of Kme for demethylation [83].

In addition to acting as histone demethylase substrates, FAD and α-KG support 

mitochondrial oxidative metabolism. FAD is an electron acceptor for the TCA cycle enzyme 

succinate dehydrogenase, producing FADH2 which is used by Complex II of the electron 

transport chain to drive ATP synthesis. In addition to its direct role in supporting energy 

metabolism, FAD availability has also been shown regulate LSD1 repression of energy 

expenditure target-genes in 3T3-L1 pre-adipocytes [84]. α-KG is a TCA cycle intermediate 

that can be generated by the oxidative decarboxylation of isocitrate or through glutamate 

anaplerosis. Furthermore, the JmjC reaction product succinate, as well as the structurally 

similar TCA cycle intermediate fumarate, can inhibit JmjC catalysis [85]. As a result, 

changes in mitochondrial metabolism are capable of directly influencing histone methylation 

profiles and subsequent gene expression.

DNA Demethylation

DNA methylation, like histone methylation, is a reversible epigenetic modification. Removal 

of 5mC DNA methylation can occur passively via dilution during DNA replication 

and/or actively by Fe(II) and α-KG-dependent dioxygenase enzymes. This family of DNA 

demethylases, known as TETs, catalyze several rounds of 5mC oxidation before thymine 

DNA glycosylase (TDG) and the base excision repair (BER) pathway replace the base 

with an unmodified cytosine (Figure 4B) [86]. TETs and JmjC demethylases utilize a 

similar catalytic mechanism and therefore possess the same metabolic dependencies and 

susceptibilities. For example, in mESCs, glycolysis- and glutamine-dependent intracellular 

α-KG supports the activities of JmjC and TET demethylases to remove repressive methyl­

modifications, driving the expression of pluripotency associated genes [87,88].

Physiologic States with Altered Metabolism of Chromatin Modifying 

Cofactors

Due to the requirement of metabolic cofactors by many chromatin modifying enzymes 

(as described above), the epigenome is susceptible to perturbations in central metabolism. 

Such fluctuations in cofactor abundance can occur frequently over an organism’s lifespan, 

stemming from natural cellular processes (e.g. circadian regulation and aging) as well as 
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external factors (e.g. changing dietary patterns and disease onset). While these fluctuations 

may not be solely responsible for stimulating changes to the epigenome, there are a number 

of cases in which some degree of causality can be illustrated. Here, we describe a subset of 

specific conditions where altered levels of metabolites directly affect epigenetic states.

Circadian Regulation

Circadian rhythm, or the internally regulated 24-hour oscillations of life processes that occur 

within organisms, can illicit significant changes in metabolite availability. The abundance of 

nearly 50% of mouse liver metabolites are circadian regulated, with 28% of this subset also 

being controlled by circadian mechanisms in human cells [89]. These cyclically regulated 

metabolites include cofactors for chromatin modifying enzymes (e.g. SAM, NAD+, and 

FAD), suggesting that the epigenome may be dynamically regulated in tune with circadian 

rhythms [89]. We propose that this mechanism requires a subset of epigenetic modifications 

to be sensitive to metabolic fluctuations, while the remaining fraction is largely unaffected 

(Figure 5A and 5B). This would enable the epigenome, and subsequent transcriptome, 

to have metabolic flexibility as needed while critical chromatin functions can continue 

unperturbed.

For example, oscillating regulation of NAD+ biosynthesis and availability have been shown 

to directly influence sensitive sites of Kacetyl targeted by the core circadian machinery 

complex, CLOCK:BMAL1 (Figure 5A). The NAD+ salvage pathway rate-limiting enzyme 

nicotinamide phosphoribosyltransferase (NAMPT) is regulated in a circadian manner at both 

the mRNA and protein level, creating similar fluctuations in NAD+ levels [90,91]. NAD+ is 

an essential cofactor for the deacetylase SIRT1, which was reported to antagonize H3K9ac 

and H3K14ac controlled by CLOCK:BMAL1, as well as BMAL1 acetylation [92,93]. An 

alternative mechanism by which fluctuating NAD+ regulates circadian transcription involves 

SIRT1-dependent deacetylation of PER2, a CLOCK:BMAL1 inhibitor (Figure 5A) [94]. 

Regardless of the mechanism, there is compelling evidence suggesting SIRT1’s dependency 

on intrinsic NAD+ fluctuations leads to the oscillating repression of circadian-regulated 

genes.

Aging

At the level of chromatin, aging is generally characterized as an increase in transcriptional 

noise as alterations to the patterns of epigenetic modifications leads to dysregulation of gene 

expression and chromatin structure [95]. While the mechanisms contributing to the loss of 

epigenetic information are still unknown, it is hypothesized that dysregulation of metabolic 

pathways may play a role in exacerbating aging phenotypes.

Acetyl-CoA levels have been shown to increase with age in Drosophila, caused by 

an increase in the activity of the acetyl-CoA-synthesizing enzyme, ATPCL. Rising 

levels of acetyl-CoA promote significant increases in H4K12ac, H3K9ac, H3K9acK14ac, 

and H3K23ac, provoking age-associated increases in aberrant gene transcription [96]. 

Additionally, age-dependent decreases in the histone deacetylase Sir2, the yeast homolog 

to mammalian SIRT1, and its essential cofactor NAD+, further support loss of chromatin 

maintenance. Diminishing HDAC activity leads to global increases in H4K16ac levels, 
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compromising heterochromatin stability in genomic regions such as telomeres, ribosomal 

DNA (rDNA), and silenced mating type loci [97].

One well-established dietary intervention to delay onset of age-related diseases and extend 

longevity is caloric restriction (CR), the method of limiting calorie intake without causing 

malnutrition. Interestingly, recent studies have associated CR with reduced “methylation 

drift”, a scenario where normally hypermethylated CpG islands become hypomethylated 

and vise-versa [98]. This loss of specific methylation patterns is a common epigenetic 

phenotype of aging and correlates with alterations in gene expression [98]. Some of 

these age-associated changes in CpG methylation are robust enough within mammalian 

populations that they can be used as predictors of chronological age [99]. In rhesus 

monkeys, CR by 30% for 7–14 years resulted in a “methylation age” 7 years younger, 

on average, when compared to chronologically age-matched controls. In mice, an even 

more pronounced phenotype was observed in animals fed a 40% caloric restrictive diet, 

where on average, mice displayed a methylation age of 0.8 years compared to their actual 

chronological age of 2.8 years [98]. Although such alterations to DNA methylation have 

not been shown to be causal in slowing aging, the ability of CR to counteract aging and 

age-related diseases could be mediated at the epigenetic level through the alterations in 

epi-metabolites discussed in this review. In more general terms, it is plausible that the 

metabolic reprogramming of transcriptional states associated with CR is driven by chronic 

alterations in epi-metabolites, hormetic responses, and signaling pathways that sense and 

transmit metabolic restriction to chromatin.

Cancer

Reprogrammed energy metabolism is a trademark of tumor cells, highlighted by the 

presence of the Warburg effect. A hypothesized benefit of the Warburg effect is increased 

availability of glycolysis intermediates that can be shunted into various biosynthesis 

pathways that produce macromolecules required for proliferation and growth [100]. A 

secondary consequence of the Warburg effect is elevated intracellular concentrations of 

acetyl-CoA, providing a direct link between altered cancer metabolism and the epigenome 

[101].

In fact, alteration of histone acetylation patterns is a hallmark of many solid tumors. 

In cooperation with increased glycolytic flux, oncogenic AKT has been shown to drive 

increases in acetyl-CoA levels through phosphorylation and activation of ACLY. This AKT­

dependent rise in acetyl-CoA is sufficient to increase global histone acetylation levels 

[102]. The citrate used by ACLY is supplied by increased glycolytic flux, highlighting the 

cooperativity of these oncogenic mechanisms [101]. More studies are needed to determine 

if ACLY-dependent hyperacetylation might promote cancer pathology through specific 

transcriptional states or through a more general mechanism involving global changes to 

chromatin and increased genomic instability.

In addition to histone acetylation, altered cancer metabolism is directly linked to 

changes in histone and DNA methylation abundance as well. Mutations in isocitrate 

dehydrogenase genes IDH1 and IDH2 (commonly found in gliomas, melanomas, and acute 

myeloid leukemias) encode a mutant enzyme that catalyzes the reduction of α-KG to 
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2-hydroxyglutarate (2-HG) [103]. 2-HG functions as a competitive inhibitor for JmjC and 

TET demethylases, binding to the same region as α-KG, causing genome wide alterations to 

histone and DNA methylation patterns. Loss of function mutations to succinate and fumarate 

dehydrogenase, TCA cycle enzymes downstream of IDH, are also associated with various 

cancers. Such mutations result in the accumulation of succinate and fumarate, respectively, 

which are capable of inhibiting JmjC and TET demethylases through a similar mechanism 

as 2-HG [85,104,105]. Together, these metabolite-induced changes in epigenetic methylation 

status are believed to block differentiation and promote tumorigenesis, emphasizing the 

detrimental effects that oncometabolites, produced through altered cancer metabolism, can 

have on the epigenome.

Dietary Alterations

Many metabolic pathways depend on dietary intake of essential amino acids (EAAs) 

as organisms lack the ability for endogenous synthesis. EAAs are often precursors to 

cofactors used by chromatin modifying enzymes (Figure 1 and Table 1), showcasing a 

potential regulatory link between diet and the epigenome. For instance, foods such as eggs, 

poultry, red-meat, and fish contain high levels of methionine, the obligatory precursor 

of the methyl-donor cofactor SAM. Consumption of plant-based diets that avoid such 

foods correlate with significantly lower plasma methionine levels, among other amino 

acids, which may impact an organism’s methylation capacity (Figure 5B) [106]. While 

the relationship between dietary methionine restriction, as well as that of other EAAs, and 

the epigenome is documented, the phenotypes elicited by these diets are typically positive 

[64,107–109]. From a chromatin perspective, this appears counterintuitive as the literature 

implies decreased availability of essential metabolic precursors and cofactors would result 

in dysregulation of the epigenome, promoting negative pathologies. Interestingly, Haws 

et al. recently demonstrated cells/organisms possess the ability to adaptively regulate and 

preserve critical chromatin regions during fluctuations in methyl-metabolite availability [67]. 

These findings suggest fluctuations in the abundance of other EAAs or essential metabolic 

cofactors may stimulate similar responses, proposing a general mechanism by which 

regulation of essential genomic loci can be preserved during severe metabolic perturbations.

In addition to EAA restricted diets, high energy diets (high fat and simple sugars) can also 

impact the epigenome. Keleher et al. showed such diets stimulate altered DNA methylation 

profiles in SM/J mouse liver [110]. Interestingly, type 2 diabetes mellitus (T2DM), a 

common pathophysiological consequence of chronic high energy diet intake, is associated 

with altered DNA methylation profiles in pancreatic β-cells as well. These changes 

include hypermethylation of promoters for genes which regulate cellular metabolism and 

β-cell function, correlating with glycolated hemoglobin A1c (HbA1c) plasma levels, a long­

term readout of plasma glucose concentrations [111]. While the mechanisms that outline 

how high energy diet/T2DM alter DNA methylation require further investigation, these 

collections of studies highlight how metabolic perturbations are capable of affecting the 

epigenome.
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Concluding Remarks

Susceptibility of the epigenome to altered metabolic cofactor availability provides a direct 

path for metabolism to regulate a cell’s and/or organism’s transcriptional environment. 

This allows chromatin to act as a signal integrator of diverse metabolic pathways, 

like those described here, to regulate both canonical (e.g. acetylation and methylation) 

and emerging (e.g. acylation, ADP-ribosylation, O-GlcNAcylation, and lactylation, etc.) 

epigenetic modifications [112–114]. Numerous studies have provided evidence in support of 

this general model, yet it remains largely unclear why certain regions of the epigenome 

are more or less susceptible to metabolic perturbations than others (see Outstanding 

Questions). Recent insights into the capabilities of loci-specific regulation of the epigenome 

by metabolic enzymes introduces potential mechanisms for more directed regulation 

of chromatin modifications during fluctuations in cofactor availability. However, these 

metabolic enzymes cannot act in isolation as the PTMs they support will require coordinated 

regulation of relevant chromatin effectors to facilitate a functional transcriptional response. 

Broad experimental approaches (i.e. biochemical, genetic, physiological, etc.) will be needed 

to uncover such complex mechanisms as the metabolism-epigenome relationship paradigm 

continues to shift, opening exciting opportunities for the field moving forward.
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Glossary

Acetylation
Chemical reaction that adds an acetyl group to a protein or molecule. Histone 

acetylation takes place on lysine residues residing within histone tails, requires histone 

acetyltransferases (HATS) and the acetyl-donor acetyl-CoA, and can elicit varying functions 

to chromatin structure and function depending on the site of modification.

Chromatin Effectors
Proteins that bind to chromatin and elicit specific modifications or transcriptional outcomes. 

Also known as chromatin modifying enzymes.

Epigenome
In this review, refers to chemical modifications on histones and DNA, where chemical 

modifications allow for regulation of chromatin structure and function without altering 

genomic sequences.

Euchromatin
A physically open, transcriptionally permissive structure of chromatin that allows for the 

binding of transcription machinery to DNA.

Heterochromatin
A physically compact, dense structure of chromatin that supports transcriptional repression 

through the preclusion of transcription machinery.
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Higher-order Chromatin Structure
Refers to structural states of compacting chromatin beyond ‘beads on a string’ (extended 

nucleosomes on a stretch of DNA) where more compaction of nucleosomes is related to less 

gene expression.

Methylation
Chemical reaction that catalyzes the addition of a methyl group to a protein or molecule. 

Histone methylation takes place on lysine or arginine residues on histone “tails” and 

requires both histone methyltransferases (HMTs) and the cofactor SAM. DNA methylation 

takes place at cytosine carbon 5 (5mC) typically at CpG dinucleotides and requires 

DNA methyltransferases (DNMTs) and SAM. Histone and DNA methylation is typically 

associated with gene repression.

Nucleosome
The fundamental structural unit of chromatin, consisting of ~147bp of DNA wrapped around 

a histone octamer (consisting of two copies each of H2A, H2B, H3, and H4).

Post-Translational Modifications (PTMs)
Covalent chemical modifications made to proteins that elicit specific biological functions. 

In the context of histones this can refer to acetylation, acylation, methylation, ADP­

ribosylation, phosphorylation, ubiquitylation, sumoylation, and more.

“Reader” Proteins
Proteins which contain reader domains that allow for the detection of epigenetic 

modifications and typically respond by recruiting additional proteins to carry out a specific 

function at genomic loci marked by a histone PTM.

Warburg Effect
The observation that cancer cells favor aerobic glycolysis irrespective of oxygen availability.
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Highlights

• Metabolites from diverse pathways act as essential cofactors for chromatin 

modifying enzymes.

• Distinct reader domains of chromatin effectors facilitate the downstream 

functions for individual post-translational modifications.

• Metabolic enzymes are capable of moonlighting as loci-specific regulators of 

the epigenome.

• Physiologic fluctuations in metabolite cofactor availability can be stimulated 

by natural and exogenous stimuli.
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Outstanding Questions

• Why are PTMs at certain genomic loci more susceptible to fluctuations in 

epigenetic cofactor availability than others?

• Do adaptive mechanisms maintain regulation of critical chromatin regions 

during physiologic fluctuations in cofactor availability?

• How do metabolic enzymes support loci-specific regulation of gene 

expression?

• What signal(s) determine whether metabolism-induced changes to the 

epigenome revert upon metabolic recovery or are instead retained 

permanently?

• What are the functional consequences of altered epigenetic profiles during 

natural or induced fluctuations in epigenetic cofactor availability?

• How much does tissue and/or cell-type-specific expression of chromatin 

modifying enzymes impact the metabolic sensitivity of a cell’s epigenome?
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Figure 1: Central metabolites are essential cofactors for chromatin modifying enzymes.
Central metabolites from diverse metabolic pathways are essential cofactors for 

the chromatin modifying enzymes (in bold) that regulate the epigenome. Enzyme 

abbreviations: HMT (histone methyltransferase); HDM (histone demethylase); DNMT 

(DNA methyltransferase); TET (DNA demethylase); HAT (histone acetyltransferase).
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Figure 2: Reversible histone acetylation/acylation reaction diagrams and acetyl-CoA metabolism 
schematic.
(A-B) Enzyme reaction diagrams illustrating the reversibility of histone lysine acetylation/

acylation for Class I, II, and IV histone deacetylases (HDACs) (A) as well as Class III 

HDACs (B). (C) Schematic detailing acetyl-CoA metabolism and enzymes implicated in 

regulating global and/or loci specific histone acetyltransferase (HAT) reactions. Enzyme 

abbreviations: ACLY (ATP-citrate synthase); ACSS1–3 (acyl-CoA synthetase short-chain 

family member 1–3); PDC (pyruvate dehydrogenase complex).
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Figure 3: Lysine acylations are chemically diverse and recognized by unique domains.
(A) Chemical structures for all identified histone lysine acylations. (B) Crystal structure 

diagram of Kcrotonyl in the YEATs domain binding pocket of H. sapiens AF9 (PDB: 5HJB). 

π-stacking is facilitated by residues F59 and Y78. (C) Crystal structure diagram of Kcrotonyl 

in the DPF domain binding pocket of H. sapiens MORF (PDB: 6OIE). S217 and S242 make 

polar contacts (mediated by a water molecule) with the crotonylated lysine. F218 improves 

specificity for Kcro over Kacetyl through π-stacking. (D) Crystal structure diagram of Kacetyl 

in the bromodomain binding pocket of H. sapiens BRPF1 (PDB: 5FFV). N708, a conserved 

residue in bromodomains, makes the sole polar contact with the acetylated lysine.
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Figure 4: Reversible chromatin methylation reaction diagrams and SAM metabolism schematic.
(A-B) Enzyme reaction diagrams illustrating reversibility of histone (A) and DNA (B) 

methylation. (C) Schematic highlighting position of SAM-synthesizing reactions at the 

crossroads of the folate and methionine cycles. Enzyme abbreviations: HMT (histone 

methyltransferase); HDM (histone demethylase); DNMT (DNA methyltransferase); TET 

(DNA demethylase); TDG (thymine DNA glycosylase); base excision repair (BER); 

MATI/IIα (methionine adenosyltransferase I/IIα).
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Figure 5: Known and Proposed Effects of NAD+, FAD, and SAM availability on chromatin 
structure and function.
Circadian rhythm and dietary intake affect cellular availability of key metabolites that 

act as cofactors for chromatin modifying enzymes such as NAD+, FAD, and SAM. (A) 

Fluctuations in NAD+ levels enable SIRT1-dependent regulation of CLOCK target genes 

(e.g. NAMPT) through 2 independent yet non-exclusive mechanisms: 1) histone/BMAL1 

deacetylation and 2) deacetylation of the CLOCK:BMAL1 negative regulator PER2. (B) 

Changes in SAM and FAD availability have been shown to directly influence chromatin 

methylation states, although the effect of circadian fluctuations in the abundances of these 

cofactors is unknown. Interestingly, the literature suggests methyl-modifications at certain 

loci are more sensitive (highlighted in yellow) to altered SAM and FAD availability than 

other loci (highlighted in blue). This mechanism may allow for dynamic flexibility in 
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chromatin structure and function by enabling cells to adapt to various perturbations, while 

still supporting critical chromatin functions.
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Table 1:

Essential Cofactors for Chromatin Modifying Enzymes

Cofactor Structure Associated Metabolic 
Pathways

Supported Chromatin 
Modifying Reaction(s)

Common “Reader” 
Domains of 
Effectors

Citations

Acetyl-CoA
Glycolysis; TCA Cycle; 

FA Oxidation; Amino Acid 
Catabolism; Acetate Metabolism

Histone Acetylation Bromo; YEATS; 
DPF

1,9,11

Acyl-CoA FA Oxidation; Ketogenesis; 
Amino Acid Catabolism Histone Acylation YEATs; DPF 1,8

SAM
1C Metabolism; (Methionine 

and Folate Cycles); 
Phospholipid Synthesis

Histone Methylation; 
DNA Methylation

Chromo; PHD; 
Tudor, PWWP; TTD; 

MBD
56,64,68

NAD+ Amino Acid Catabolism; Preiss­
Handler Pathway; NAM Salvage

Histone Deacetylation; 
Histone Deacylation; 

Histone ADP­
Ribosylation

Bromo; YEATS; 
DPF; PBZ; WWE; 

Macro-
34,36,112

Alpha-KG TCA Cycle; Amino Acid 
Metabolism

Histone Demethylation; 
DNA Demethylation

Chromo; PHD; 
Tudor, PWWP; TTD; 

MBD
81,83,86

FAD TCA Cycle; Oxidative 
Phosphorylation Histone Demethylation Chromo; PHD 81–83
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