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Abstract

The epigenome is sensitive to the availability of metabolites that serve as substrates of chromatin-
modifying enzymes. Links between acetyl-CoA metabolism, histone acetylation, and gene
regulation have been documented, although how specificity in gene regulation is achieved by a
metabolite has been challenging to answer. Recent studies suggest that acetyl-CoA metabolism is
tightly regulated both spatially and temporally, to elicit responses to nutrient availability and
signaling cues. Here we discuss evidence that acetyl-CoA production is distinctly regulated in the
nucleus and cytosol in mammalian cells. Recent findings indicate that acetyl-CoA availability for
site-specific histone acetylation is influenced through post-translational modification of acetyl-
CoA producing enzymes, as well as through dynamic regulation of the nuclear localization and
chromatin recruitment of these enzymes.
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Metabolic regulation of the epigenome

Control of nutrient uptake and utilization is fundamental for cell viability and function. In
addition to maintaining bioenergetics and supplying the building blocks and reducing
equivalents needed for macromolecular biosynthesis, it is increasingly recognized that
metabolites also play diverse signaling roles [1,2]. For example, the chemical modifications
on DNA and histones are highly sensitive to changes in cellular metabolism, since many
chromatin-modifying enzymes use metabolites as substrates. Global levels of histone
acetylation are responsive to acetyl-CoA abundance, while levels of the methyl donor S-
adenosylmethionine (SAM) can influence histone and DNA methylation. Additionally, JmjC
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domain-containing histone demethylases and TET 5-methylcytosine hydroxylases employ
a-ketoglutarate (a-KG) as a co-substrate and are competitively inhibited by the structurally
similar metabolites fumarate, succinate, (/)-2-hydroxyglutarate, and (S)-2-hydroxyglutarate
[3-8].

Numerous studies have described roles for metabolic regulation of the epigenome in both
normal physiology and in disease over the past several years [3-8]. Notably, many of these
studies have reported that metabolic alterations regulate both global chromatin modification
levels and expression of specific sets of genes. Yet, mechanisms that account for specificity
in metabolic regulation of gene expression have largely remained a mystery. Emerging
evidence, however, suggests that tight spatial and temporal control of metabolite production
may be key to mediating specific molecular and functional outcomes, and this evidence will
be discussed in this article.

Several recent reviews have covered the current knowledge of metabolism and its influence
on chromatin modification in depth [3-8]. In this review, we discuss the evidence that
spatiotemporal control of acetyl-CoA production and utilization contributes to precise
regulation of gene expression and DNA repair, focusing on mammalian systems. We review
the evidence that changes in acetyl-CoA production can impact transcriptional programs in a
cell type- and context (i.e. nutrition, disease, microenvironment)-dependent manner. We then
discuss data that point to a necessity for acetyl-CoA generation within the nucleus for
efficient regulation of histone acetylation. Finally, we highlight recent studies that describe
mechanisms of regulation of acetyl-CoA production within the nucleus to facilitate site-
specific histone acetylation.

Acetyl-CoA compartmentalization and metabolism in mammalian cells

In mammalian cells, acetyl-CoA is produced within the mitochondria, cytosol, and nucleus.
Mitochondrial acetyl-CoA can be generated through several pathways, depending on cell
type and conditions [9,10], including: 1) pyruvate entry into mitochondria and its enzymatic
conversion to acetyl-CoA by the pyruvate dehydrogenase complex (PDC), 2) fatty acid p-
oxidation, 3) amino acid metabolism [10], 4) ketone body metabolism, and 5) ligation of
acetate to CoA by mitochondrial acyl-CoA synthetase short chain family member 1
(ACSS1). Acetyl-CoA generated in mitochondria condenses with oxaloacetate to produce
citrate, which is oxidized in the TCA cycle, enabling ATP production through oxidative
phosphorylation.

Citrate can be exported from mitochondria via the mitochondrial tricarboxylate transporter
(SLC25A1), and acetyl-CoA and oxaloacetate are then regenerated in the cytosol and
nucleus by ATP-citrate lyase (ACLY). Since acetyl-CoA cannot be directly transported
across mitochondrial membranes, citrate export and cleavage by ACLY is a major
mechanism by which acetyl-CoA is generated outside of mitochondria [9,11]. Within the
cytosol, acetyl-CoA is used in biosynthetic processes, including synthesis of fatty acids and
cholesterol. Acetyl-CoA is also the required acetyl donor for lysine acetylation, a post-
translational modification that regulates the activity, stability, or localization of numerous
cellular proteins [9,12]. Global histone acetylation levels are sensitive to the availability of
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acetyl-CoA in the cell, which fluctuates in response to nutrient availability or metabolic
reprogramming [13-16]. Both lipid synthesis and histone acetylation depend on ACLY
activity in many cell types [4,17] (Figure 1).

In addition to ACLY, another major source of acetyl-CoA outside of mitochondria is acyl-
CoA synthetase short chain family member 2 (ACSS2), which is localized to the cytosol and
nucleus. ACSS2 is involved in the capture and use of exogenous acetate, as well as in the
recycling of acetate produced inside the cell by histone deacetylases (HDAC) reactions [18].
In addition to ACLY and ACSS2, which are present in the cytosol and nucleus, the PDC can
translocate to the nucleus in certain conditions, such as mitochondrial stress, where it
contributes acetyl-CoA for histone acetylation [19-21] (Figure 1).

Acetyl-CoA abundance impacts global histone acetylation levels while also

modulating expression of specific genes

Glucose

A close relationship between global levels of histone acetylation and acetyl-CoA production
is observed in various cancer cell types, immortalized fibroblasts, and in normal cells of the
mammalian body including adipocytes, endothelial cells, mesangial cells, macrophages, and
T cells [14,16,22-29]. A link between acetyl-CoA and histone acetylation is also observed
in lower organisms such as yeast and Drosophila [13,15,30]. As noted above, conditions that
induce high global histone acetylation frequently also promote expression of specific sets of
genes that facilitate an appropriate cellular response to availability of key nutrients,
discussed below (Figure 2).

In proliferating cells in culture, glucose fuels the majority of acetyl-CoA production used for
acetylating histones [14,31,32]. Glucose limitation or glycolytic inhibition suppresses both
acetyl-CoA and histone acetylation levels [14,27], while AKT-dependent phosphorylation of
ACLY at serine 455 (S455) enhances the ability to sustain acetyl-CoA production and
histone acetylation under glucose limitation [14]. In addition to altering global levels of
histone acetylation, several studies (discussed below) have reported that glucose-dependent
acetyl-CoA production impacts expression of specific sets of genes to influence biological
outcomes. For example, in cancer cells, histone acetylation levels decline with glucose
limitation, and supplementation of acetate rescues both acetyl-CoA availability and global
histone acetylation [14]. RNA-sequencing in glioblastoma cells revealed that about 10% of
glucose- regulated genes were also responsive to acetate, suggesting that their expression is
modulated by acetyl-CoA availability [14]. These acetyl-CoA-sensitive genes included many
involved in cell cycle, DNA replication, and cell adhesion and migration [14], suggesting
that acetyl-CoA levels serve as a signal to the cell that metabolic resources are sufficient for
growth and proliferation (Figure 3).

During adipocyte differentiation in vitro, global histone acetylation increases in a glucose-
and ACLY-dependent manner [16]. Although at least a portion of the adipogenesis
transcriptional program can be implemented in the absence of ACLY, expression of S/c2a4,
encoding the insulin responsive glucose transporter GLUTA4, is upregulated during
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differentiation in a glucose- and ACLY-dependent manner, correlating with global histone
acetylation levels and histone acetylation at the S/c2a4 locus [16]. S/c2a4 is also selectively
suppressed upon genetic deletion of Acly from adipocytes /n vivo[22]. ACLY levels in
adipocytes increase upon carbohydrate feeding and are potently suppressed in response to
high fat feeding [25,33-35], suggesting that ACLY participates in a positive feedback loop
to fine-tune the transcriptional response to carbohydrates in adipocytes (Figure 4). Notably,
both GLUT4 expression and glucose-dependent de novo lipid synthesis (DNL) in adipocytes
are associated with the maintenance of systemic insulin sensitivity [35-38]; hence, it is
plausible that the suppression of ACLY in adipocytes in obesity contributes to the
development of insulin resistance, although this remains to be tested. Interestingly, in high
glucose conditions, ACLY was also found to promote histone acetylation globally and at
profibrogenic genes in kidney mesangial cells, potentially contributing to renal
complications associated with diabetes and hyperglycemia [28].

Activated T cells also rely heavily on aerobic glycolysis. Deletion of Ldha, encoding lactate
dehydrogenase A (LDHA), reduces rates of glucose consumption and suppresses expression
of the cytokine IFN-y in murine T cells differentiated under T helper 1 (Ty1) conditions.
LDHA knockout Tyl cells exhibited lower levels of acetyl-CoA and reduced histone
acetylation at the /fng locus. Supplementation with acetate rescued H3K9ac at the /fng
promoter, as well as expression of /fng. Mice lacking LDHA in T cells were protected from
IFNy-related autoinflammatory disease. These data indicate that metabolic signaling
through acetyl-CoA plays a key role in modulating T cell differentiation [39].

Links between glucose availability, acetyl-CoA abundance, histone acetylation, and gene
regulation, appear to be conserved from yeast to mammals. When grown under glucose-
limited conditions, yeast enter into metabolic cycles in which oxygen consumption oscillates
[40]. Acetyl-CoA abundance rises and falls over these metabolic cycles, peaking during
periods of growth [13]. Histone acetylation levels also oscillate, both globally and at specific
genomic loci corresponding to genes involved in growth and cell cycle progression[13,41].
This oscillation is in close alignment with acetyl-CoA abundance and is dependent on the
acetyltransferase Gen5 [13]. Notably, supplementation of acetate raises acetyl-CoA and
histone acetylation levels and is sufficient to drive yeast into growth [13].

Fatty acid oxidation is an important source of mitochondrial and extra-mitochondrial acetyl-
CoA in certain contexts, such as during M2 macrophage polarization or lymphangiogenesis,
discussed below. Isotope-tracer analysis using [U-13C]-octanoate demonstrated that when
fatty acids are the predominant source of acetyl-CoA for the TCA cycle, they also supply
acetyl-CoA for histone acetylation [42].

One cell type that relies heavily on fatty acid oxidation is the M2 macrophage. Macrophage
polarization is associated with distinct metabolic features. The pro-inflammatory M1
phenotype is associated with reliance on glycolysis, while the M2 phenotype, which is
involved in resolving inflammation, utilizes fatty acid oxidation as a major source of ATP
[43]. In M2 macrophages, interleukin 4 (IL-4) signaling was found to modulate expression
of a subset of M2 genes through activation of AKT-ACLY signaling, which enhanced acetyl-
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CoA production and promoted histone acetylation at these genes [23]. Interestingly, the
AKT- and ACLY-responsive genes in M2 macrophages included many genes involved in
chemokine production, as well as cell cycle and DNA replication, suggesting that
macrophage function is fine-tuned in response to metabolic resources [23,44].

Lymphangiogenesis was also recently shown to depend on fatty acid oxidation [26]. PROX1,
a transcription factor that regulates development of the lymphatic system, activates
expression of CPT1A, which is required for fatty acid import into mitochondria for (-
oxidation. Fatty acid oxidation leads to increased acetyl-CoA production in an ACLY-
dependent manner, promoting histone acetylation at PROX1 target genes to further reinforce
lymphatic development [26].

The gastrointestinal tract is colonized by bacteria that ferment dietary fiber to produce short
chain fatty acids such as butyrate [45]. Bacterially produced butyrate is transported into
colonocytes (specialized epithelial cells of the colon that aid in absorption of nutrients and
metabolites), where it is oxidized and serves as an energy source. Notably, 14C-butyrate
tracer experiments revealed that butyrate is used to supply acetyl-CoA for histone
acetylation in colonocytes in an ACLY-dependent manner [46]. In addition to supplying
acetyl-CoA for use by KATS, butyrate can also boost histone acetylation through HDAC
inhibition. HDAC inhibition by butyrate is pro-apoptotic, whereas butyrate oxidation to
generate acetyl-CoA promotes expression of genes involved in cell proliferation, even
though both processes favor increased global histone acetylation levels [46]. Cancerous
colonocytes do not catabolize butyrate to a significant extent, allowing its levels to build up
in the cell and inhibit HDAC enzymes. As a consequence of butyrate functioning
predominantly as an HDAC inhibitor in cancer cells, it exerts tumor-suppressive effects;
high fiber feeding of mice with colorectal cancer suppressed tumor growth in a manner
dependent on microbial butyrate production [47].

Acetate is normally present at ~50-200 puM in circulation[18,48-52], and can rise further
upon ethanol consumption (to more than 500 uM] [53,54]), high fat feeding (to 300-400 uM
[48]), intermittent fasting (~2—4 fold increase [55]), or during acute bacterial infection (to as
high as 5 mM [56]). Acetate in circulation is primarily generated through the breakdown of
dietary fiber by the gut microbiota [18], and changes in serum acetate following high fat
feeding or intermittent fasting have been attributed to these microbes [48,55]. The liver also
produces acetate during ethanol metabolism [53,54]. Moreover, within mammalian cells, the
dynamic deacetylation of histones and other proteins results in acetate production
[18,32,58]. Acetate is also generated through the hydrolysis of acetyl-CoA or other
acetylated metabolites, and in certain contexts (i.e. virus infection), it can be generated
directly from pyruvate [18,59]. For a more in depth discussion of sources of acetate, the
reader is referred to reference [18].

Exogenous acetate is normally dispensable to most cells, but can become a key source of
acetyl-CoA in tumors or under metabolic stress conditions, particularly hypoxia or fasting
[60-64]. Several recent studies have implicated acetate conversion to acetyl-CoA by ACSS2
in gene regulation in low oxygen and glucose conditions (Figure 3). ACSS2 was shown to
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regulate erythropoiesis under conditions of hypoxia and anemia by promoting the expression
of EPO, encoding erythropoietin, in a hypoxia-inducible factor-2 (HIF-2) and CREB binding
protein (CBP)-dependent manner [65]. In hepatocellular carcinoma cell lines, acetate
enhanced histone acetylation at promoters of key lipogenic genes in hypoxia, promoting cell
survival [66]. Moreover, under glucose deprivation, AMPK was found to phosphorylate
ACSS2, promoting its nuclear translocation and facilitating expression of genes associated
with autophagy and lysosomal biosynthesis [57].

Cellular acetyl-CoA levels and regulation of KATs

The large body of evidence that histone acetylation levels are sensitive to acetyl-CoA
availability raises questions on the cellular concentrations of acetyl-CoA and whether they
are within range to regulate KAT activity. Over the yeast metabolic cycle, acetyl-CoA levels
oscillate in the range of 3-30 uM [13]. Similarly, whole cell acetyl-CoA concentrations in
human cancer cells have been measured at ~3—-20 pM, depending on nutrient availability,
with acetyl-CoA levels declining upon nutrient limitation [14,67]. There is evidence that
much of this acetyl-CoA is extra-mitochondrial in proliferating cells in culture [22,67],
although measurement of the absolute concentrations of acetyl-CoA specifically within
nuclei has not yet been achieved. Many KATSs have a K for acetyl-CoA in the low uM or
high nM range [68,69]. KATSs are also inhibited by their product CoA, with varying
sensitivity, and thus some KATSs are likely sensitive to fluctuations in the acetyl-CoA: CoA
ratio [14,69,70]. A positive relationship between histone acetylation levels and the acetyl-
CoA: CoA ratio has been documented in several studies [14,25,26], although analysis of
metabolite levels upon glycolysis inhibition in colon cancer cells found that histone
acetylation correlated positively with acetyl-CoA levels, but negatively with the acetyl-CoA:
CoA ratio [27]. Although these results may appear discrepant, whole cell metabolite
measurements may reflect regulation in different subcellular compartments, underscoring
the importance of elucidating how acetyl-CoA and other metabolite substrates of chromatin-
modifying enzymes are regulated within the nucleus.

Are nuclear and cytosolic pools of acetyl-CoA distinct?

Nuclear and cytosolic pools of acetyl-CoA are unlikely to be physically separated, since
small molecules can passively diffuse through nuclear pores. Consistently, in budding yeast,
targeting of acetyl-CoA synthetase to either the cytosol or the nucleus is sufficient to
maintain histone acetylation [15]. Moreover, reducing acetyl-CoA use in fatty acid synthesis
by inhibition of acetyl-CoA carboxylase increases histone and transcription factor
acetylation in yeast and mammalian cells, further indicating that nuclear and cytosolic pools
interact [71-74]. Nevertheless, metabolite diffusion can be constrained in the cell by
macromolecular crowding, and the nucleus in particular contains very high concentrations of
proteins and DNA. Thus, the complex intracellular milieu could render spatial coordination
of metabolism critical for specific functions [75,76].

Indeed, recent evidence suggests that lipid synthesis in the cytosol and histone acetylation in
the nucleus may not access a uniform nuclear-cytosolic pool of acetyl-CoA. A kinetic flux
analysis of 13C-glucose, 13C-glutamine, and 13C-acetate use for fatty acid synthesis under
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hypoxic conditions found that the demand for acetyl-CoA for lipogenesis was 2-3 fold
higher than the rate of acetate uptake into the cell, suggesting that upon entering the cell,
much of exogenous acetate is promptly captured for lipid synthesis in the cytosol by ACSS2,
as well as for use in the TCA cycle by ACSS1 [32]. Although 13C-acetate use for histone
acetylation increased in hypoxia, it remained a minor contributor to new histone acetylation,
relative to glucose and glutamine [32]. Notably, hypoxia or low glucose conditions promote
ACSS2 nuclear translocation. Under these conditions, nuclear ACSS2 facilitates the
recycling of the acetate produced by HDAC reactions, instead of incorporating exogenous
acetate [32,57]. These data indicate that ACSS2 in the nucleus may primarily rely on a
locally generated acetate pool for histone acetylation, while ACSS2 in the cytosol accesses
acetate taken up from the environment for lipid synthesis (Figure 5). Accordingly, silencing
of ACSS2in hypoxia suppresses global histone acetylation levels and promotes loss of
acetate from the cell, in a manner reversible by HDAC inhibition [32].

Consistent with these findings, evidence from Ac/y—-/-mouse embryonic fibroblasts (MEFs)
also points to an inefficient use of exogenous acetate for histone acetylation [22]. Genetic
deletion of Aclyin MEFs potently inhibited 13C-glucose incorporation into fatty acids,
HMG-CoA (an intermediate in the mevalonate pathway), and histone acetylation. At a
physiologically relevant concentration of exogenous acetate (i.e. 100 uM), ACLY-deficient
cells switched from using predominantly glucose-derived acetyl-CoA to mainly using
acetate-derived acetyl-CoA for fatty acid and HMG-CoA synthesis. Despite the fact that
extra-mitochondrial acetyl-CoA was maintained by acetate in Ac/y—/— MEFs, histone
acetylation levels remained low and exogenous acetate was inefficiently used for histone
acetylation; Acly—/-cells required substantially higher concentrations of acetate (i.e. 1 mM)
to restore histone acetylation levels to that in wild type cells [22]. Together, these data
support a model in which nuclear and cytosolic acetyl-CoA pools may be to a large extent
functionally distinct and suggest that acetyl-CoA might need to be produced in close
proximity to where it is used (Figure 5).

Spatiotemporal regulation of acetyl-CoA producing enzymes

ACLY

If local production of acetyl-CoA is needed for histone acetylation, then specificity in gene
regulation and other chromatin-dependent processes could be achieved through spatial and
temporal control of acetyl-CoA producing enzymes. Indeed, recent studies have revealed
that the nuclear accumulation of these enzymes, as well as their specific recruitment to target
genes, is subject to precise regulation.

ACLY is present in both the nucleus and cytosol, although it lacks a canonical nuclear
localization signal (NLS) and the conditions governing its nuclear localization remain poorly
understood. Initial insight into the spatial and temporal regulation of ACLY within the
nucleus has come from recent examination of its role in the DNA damage response [77].
Upon exposure to ionizing radiation, nuclear ACLY is dynamically phosphorylated at S455,
a modification that enhances its activity [78], in an ataxia telangiectasia mutated (ATM)- and
AKT-dependent manner [77]. Acetylation of histone H4 lysine 16 and H2A lysine 15 at
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nucleosomes flanking sites of DNA double strand breaks (DSBs) promotes repair by
homologous recombination (HR) by interfering with the binding of non-homologous end
joining (NHEJ) factor 53BP1, allowing recruitment of the pro-HR factor BRCA1 [79,80].
ACLY was found to be required for damage- induced histone H4 acetylation near DSBs, and
in the absence of ACLY, BRCA1 recruitment and repair by HR were impaired. Moreover,
ACLY failed to promote BRCA1 recruitment if it was excluded from the nucleus or if S455
was mutated to prevent phosphorylation, pointing to a tight spatial and temporal control of
acetyl-CoA production during the DNA damage response. Intriguingly, nuclear ACLY levels
were found to oscillate over the cell cycle, accumulating in S- and G2- cell cycle phases,
thus potentially allowing cells to provision acetyl-CoA near DSB sites to promote histone
acetylation and HR in S and G2, when HR is favored [77] (Figure 6).

ACSS?2 is also present in both the nucleus and cytosol, and increased nuclear localization is
observed under conditions of oxygen and/or glucose limitation [32,57,81]. As noted above,
AMPK was recently shown to interact with and promote phosphorylation of ACSS2 at a
conserved serine residue (S659), leading to ACSS2 nuclear translocation. Within the
nucleus, ACSS2 interacts with transcription factor EB (TFEB), which binds to a consensus
motif in promoters of autophagy and lysosomal biogenesis genes. This interaction with
TFEB enables ACSS2 to recycle acetate produced in the nucleus by HDACs in order to
facilitate local histone acetylation at TFEB target genes [57] (Figure 3).

Nuclear ACSS2 is also observed in neurons, where it is implicated in memory formation.
ACSS2 was found to promote neuronal gene expression in a differentiation model, and
ChIP-Seq analysis of its binding to chromatin revealed that 80% of ACSS2 peaks were
overlapping with or were near H3 and H4 acetylation peaks, pointing to a role for ACSS2 in
providing a localized acetyl-CoA pool for site-specific histone acetylation [82]. ACSS2
silencing in the mouse hippocampus suppressed expression of memory-related genes and
impaired the formation of spatial memories [82].

Finally, there is evidence in yeast that Acs2, the orthologue of mammalian ACSS2, exists as
a larger complex of metabolic enzymes called SESAME that associates with the Setl
histone methyltransferase complex to mediate dynamic chromatin modification in a manner
responsive to glycolysis and serine synthesis. SESAME-- which includes the yeast homolog
of PKM2 (Pyk1), Acs2, and various metabolic enzymes involved in serine and SAM
synthesis-- is recruited to target genes such as PYKZ, facilitating a positive feedback loop
[83].

Pyruvate dehydrogenase complex (PDC) is a multi-enzyme complex crucial for conversion
of pyruvate to acetyl-CoA in mitochondria. The presence of a functional PDC in the nucleus
was recently identified [19], and the PDC has been found to enter the nucleus during
conditions of mitochondrial stress, in response to growth factor or oncogenic signaling, and
at distinct developmental stages [19-21]. Nuclear PDC enables direct production of acetyl-
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CoA from pyruvate and can thus bypass the canonical ACLY-dependent production of
acetyl-CoA [19] (Figure 2).

Nuclear PDC has been found to form a complex with the arylhydrocarbon receptor (AhR),
the acetyltransferase p300, and PKM2 to regulate histone acetylation at AhR target genes
and promote their expression. The data suggest that PKM2 produces pyruvate in proximity
to the PDC to enable local acetyl-CoA production and histone acetylation [84], providing
additional evidence that multi-step metabolite channeling within nuclei may be engaged for
chromatin modification and gene regulation.

Conclusions

The dynamic regulation of the post-translational modification and nuclear localization of
acetyl-CoA-producing enzymes suggest a need for spatiotemporal control of acetyl-CoA
generation for different functions. While only a few studies to date have described the
recruitment of acetyl-CoA producing enzymes to specific genomic loci using chromatin
immunoprecipitation experiments, the available data suggest that the provisioning of acetyl-
CoA locally may be a key mechanism of gene regulation. Considering constraints on
metabolite diffusion within the nucleus, actively regulating acetyl-CoA production at the
right time and place may be crucial to ensuring that substrate is available to KATs when
needed.

A key goal for future investigation will be to delineate the advantages gained by cells
through engaging ACLY, ACSS2, or PDC for chromatin regulation in different conditions.
For example, it is notable that when nutrient availability is high and cells are proliferating,
ACLY regulates histone acetylation by controlling net acetyl-CoA input, while acetate
recycling by ACSS2 becomes important when metabolic resources (glucose, oxygen) are
limited (Fig 3). The proximity of mitochondria to the nucleus may facilitate the nuclear
provisioning of citrate to allow the ACLY-dependent regulation of histone acetylation to
occur in concert with ACLY-dependent lipid synthesis in the proliferating cell (Fig 3). On
the other hand, when nutrients are limited, cells may rely on acetate recycling in order to
devote available nutrients to ATP production rather than to chromatin regulation.
Dependence on ACSS?2 for histone acetylation in cells that are not proliferating (such as
post-mitotic neurons) could also simply reflect a lesser need for net carbon input into histone
acetylation. Nuclear PDC has been found to be important during a distinct developmental
stage (2-cell embryo in mice) in which mitochondria are thought to be minimally active, as
well as in cancer cells in response to stimuli such as mitochondrial stressors [19,20]. It is
thus tempting to speculate that cancer cells may coopt a mechanism normally employed at
discrete times in embryonic development to bring the PDC to the nucleus, potentially
enabling new acetyl-CoA input into histone acetylation to sustain survival, growth, and
proliferation when faced with mitochondrial stress. Further work will be needed to better
understand the interplay between these enzymes and their capacity to compensate for one
another during stress responses and in disease.

Additional investigation is needed to elucidate the mechanisms through which acetyl-CoA
producing enzymes are trafficked in and out of the nucleus, to define their compartment-
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specific interacting partners, and to understand the distinct mechanisms of regulation (i.e.
activity, stability, etc.) of these enzymes within each compartment- see outstanding
questions. In addition, it will be important to consider how systemic changes in metabolism
can impact the activity of acetyl-CoA producing enzymes. Food intake, dietary composition,
alcohol consumption, and changes in the compaosition of the gut microbiome can all alter
acetyl-CoA abundance and chromatin modification within tissues [25,48,54,85]. Thus, while
ACSS2 and ACLY levels are regulated by nutrition, how changes in their levels impact the
transcriptome in different tissues is an open question. From a therapeutic perspective, there
is growing interest in targeting metabolic enzymes, including ACLY and ACSS2, in cancer
and metabolic diseases [61,86]. Delineating how these enzymes co-operate and compensate
for one another within distinct cellular compartments will be crucial for effective targeting
of these enzymes in oncology. Our understanding of the spatiotemporal control of acetyl-
CoA metabolism is still in its infancy; yet, recent advances in this area provide an impetus
for further research into the roles of local metabolite production in epigenetic regulation.

Outstanding questions box

. What are acetyl-CoA concentrations within the nucleus and how is nuclear
production of acetyl-CoA impacted by nutrient availability and signaling
cues?

. Do niches exist within the nucleus where the production of acetyl-CoA is
concentrated?

. What are the mechanisms regulating the nuclear localization and chromatin

recruitment of acetyl-CoA producing enzymes?

. What other proteins physically interact with acetyl-CoA producers within the
nucleus?

. How rapid is acetyl-CoA turnover in the cell? Are the kinetics of acetyl-CoA
production and utilization different in the nucleus and cytosol?

. Can acetate deposited on chromatin be mobilized for use in metabolic
processes depending on the needs of the cell?
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PDC Pyruvate dehydrogenase complex. Multi-subunit complex comprised of three
enzymes (E1, pyruvate dehydrogenase; E2, dihydrolipoyl transacetylase; E3,
dihydrolipoyl dehydrogenase) that converts pyruvate into acetyl-CoA in the
mitochondria. PDC can also be localized and functional in the nucleus.
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Acyl-CoA synthetase short-chain family member 1, catalyzes ATP-
dependent ligation of acetate to CoA to generate mitochondrial acetyl-CoA.

ATP-citrate lyase. Enzyme that catalyzes the production of acetyl-CoA and
oxaloacetate from citrate and CoA, in an ATP-dependent manner, in the
cytosol and nucleus.

Acyl-CoA synthetase short chain family member 2, catalyzes ATP-
dependent ligation of acetate to CoA to generate acetyl-CoA in the cytosol
and nucleus.

Histone deacetylase, catalyzes the removal of acetyl groups from acetylated
lysine residues of histone and non-histone proteins.

Serine/threonine protein kinase, also called protein kinase B (PKB). The
name AKT is derived from the mouse strain used (Ak) and for the
transformative potential of the kinase to generate thymic lymphomas (t).
AKT is a key activator of pro-proliferative and pro-survival pathways.

Lysine (K) acetyltransferase. KATs use acetyl-CoA as a substrate to catalyze
the transfer of acetyl groups to lysine residues on histones and non-histone
proteins.

CREB binding protein. CBP is a lysine acetyltransferase and functions as a
transcriptional coactivator, scaffolding protein, and chromatin remodeler.
CBP acetylates both histone and non-histone proteins and has diverse
biological roles.

Dissociation constant for formation of the enzyme-substrate complex. The
Kyis a measure of affinity, with a high Kindicating lower affinity. Thus,
the K of an enzyme for its substrate indicates the concentration of substrate
at which half of the molecules of enzyme are associated with substrate.

Serine/threonine protein kinase encoded by the gene ataxia telangiectasia
mutated (ATM). ATM belongs to the PI13/P14-kinase family and
phosphorylates numerous substrates in response to activation of the DNA
damage response pathway. ATM also regulates cell cycle progression in
response to DNA damage.
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Trend Box

. Global levels of histone acetylation are responsive to acetyl-CoA abundance.
Acetyl-CoA production has been shown to modulate transcriptional responses
in various conditions and cell types, although the mechanisms underlying
specificity in gene regulation by acetyl-CoA have been unclear.

. Despite the permeability of nuclear pores to acetyl-CoA, recent metabolic
evidence suggests that nuclear and cytosolic pools of acetyl-CoA may be, in
large part, functionally distinct.

. The acetyl-CoA producing enzymes ACLY, ACSS2, and PDC are present in
the nucleus, and the nuclear accumulation of each of these enzymes is
regulated by specific stimuli.

. Recent studies have found that ACSS?2 is recruited to chromatin, where it
facilitates local histone acetylation and gene regulation.
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Figure 1. Acetyl-CoA production and utilization in mitochondria, cytosol, and nucleus
Glucose, fatty acids, and amino acids can all contribute to mitochondrial acetyl-CoA

production. Transfer of acetyl-CoA produced in mitochondria to the cytosol and nucleus
relies on citrate export and cleavage by ACLY. ACSS2 generates acetyl-CoA from acetate in
the nucleus and cytosol. The mitochondrial PDC has also been shown to translocate to the
nucleus and to produce nuclear acetyl-CoA directly from pyruvate [9,11].
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Figure 2. Acetyl-CoA availability is nutrient-dependent and dynamically regulates histone
acetylation levels

(A) Acetyl-CoA abundance correlates with global histone acetylation [13,14,27]. (B) ACLY,
ACSS2, and PDC within the nucleus contribute to production of acetyl-CoA for histone
acetylation, influencing gene transcription and DNA repair[15,16,19]. Substrates of these
enzymes presumably can enter the nucleus through nuclear pores. The close proximity of
mitochondria to the nucleus may facilitate citrate nuclear entry, possibly underlying the
dominant role of ACLY in supplying acetyl-CoA for histone acetylation in many cell types.
Acetate is produced within the nucleus by deacetylation of histones.
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Figure 3. Acetyl-CoA production supports proliferation when nutrients are abundant and
survival when resources are limited

(A) Under abundant nutrient and oxygen conditions, ACLY is the predominant source of
acetyl-CoA in the cytosol and nucleus. ACLY may support proliferation by coordinating
acetyl-CoA production for lipid synthesis and histone acetylation in concert. High acetyl-
CoA abundance correlates with expression of growth and/or cell cycle genes [13,14,22,41].
(B) Under glucose and/or oxygen limited conditions, acetate becomes an important
contributor to acetyl-CoA in the cytoplasm and nucleus, via ACSS2. ACSS2 promotes
survival under metabolic stress conditions through leveraging extracellular acetate to supply
acetyl-CoA for lipid synthesis and by utilizing acetate salvaged from deacetylase reactions
to regulate histone acetylation at and expression of autophagy and lysosomal biogenesis
genes [60,66,57]. ACLY also contributes to lipid synthesis in hypoxia using citrate generated
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by glutamine reductive carboxylation [87,88]. When phosphorylated at S455 (an AKT site),
ACLY also promotes sustained histone acetylation under glucose limitation [14].
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Figure 4. ACLY mediates a feed-forward mechanism to regulate GLUT4 levels in response to

glucose uptake in adipocytes

Adipocytes take up glucose in response to insulin via the GLUT4 glucose transporter.
Glucose-dependent lipid synthesis and histone acetylation are ACLY-dependent, and GLUT4
expression is regulated in an ACLY-dependent manner in adipocytes[16,22,25]. Both

adipocyte de novo lipogenesis and adipocyte GLUT4 expression are associated with

improved systemic insulin sensitivity [35,36,38]. Since ACLY levels in adipocytes are

suppressed by high fat feeding and obesity [25], it is plausible that low ACLY levels

contribute to development of insulin resistance via ACLY’s dual roles in gene regulation and

lipid synthesis.
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In hypoxia or in the absence of ACLY, ACSS?2 is upregulated. Exogenous acetate becomes
an important source of acetyl-CoA for fatty acid synthesis, and recent evidence indicates that
it is inefficiently used for histone acetylation. Nuclear ACSS2 may instead primarily utilize

acetate produced locally by HDAC reactions, allowing the recycling of acetate for the

turnover of histone acetylation. Thus, acetyl-CoA may be produced very near to the site of

its utilization [22,32].
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Figure 6. Nuclear ACLY provides acetyl-CoA for histone acetylation near DNA double strand
break sites to promote DNA repair by homologous recombination

Nuclear ACLY S455 phosphorylation, which occurs downstream of ATM and AKT
following exposure of cells to ionizing radiation, promotes histone acetylation near double
strand break sites to enable BRCAL recruitment and double strand break repair by
homologous recombination [77].
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