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Eukaryotic complexity and thus their ability to respond to diverse cues are largely driven by varying
expression of gene products, qualitatively and quantitatively. Protein adducts in the form of post-translational
modiﬁcations, most of which are derived from metabolic intermediates, allow ﬁne tuning of gene expression
at multiple levels. With the advent of high-throughput and high-resolution mapping technologies there has
been an explosion in terms of the kind of modiﬁcations on chromatin and other factors that govern gene
expression. Moreover, even the classical notion of acetylation and methylation dependent regulation of
transcription is now known to be intrinsically coupled to biochemical pathways, which were otherwise
regarded as ‘mundane’. Here we have not only reviewed some of the recent literature but also have
highlighted the dependence of gene regulatory mechanisms on metabolic inputs, both direct and indirect. We
have also tried to bring forth some of the open questions, and how our understanding of gene expression has
changed dramatically over the last few years, which has largely become metabolism centric. Finally,
metabolic regulation of epigenome and gene expression has gained much traction due to the increased
incidence of lifestyle and age-related diseases.
Keywords. AMPK; chromatin; epigenetics; epitranscriptome; gene expression; metabolism; mitochondria;
RNA; Sirtuins; TOR

1. Introduction
Phenotypic variations and onset/progression of diseases
have been associated with alterations in gene expression,
either causally or consequentially. While genetic polymorphisms and/or mutations are major determinants, the
contributions by modiﬁcations on DNA/RNA and of
proteins that bind them, have emerged as key. Since
many articles in this special issue have elaborated on
chromatin, we have highlighted the interplay between
gene expression and metabolism, which is bidirectional
and is elicited at multiple levels.
Environmental inputs have a huge impact on gene
expression and is best exempliﬁed by phenotypic dif-
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ferences in isogenic strains or monozygotic twins who
are otherwise genetically identical. While dietary alterations are considered as one such input, emerging literature has established that most of the modiﬁcations that
we have come to appreciate (on cellular proteins and
speciﬁcally of chromatin) are derived from metabolic
intermediates (Gut and Verdin 2013). Moreover epigenomic alterations are also associated with onset of diseases and aging within an individual (Maniyadath et al.
2018; Sen et al. 2016; Zhang et al. 2018). This is
important, given that non-communicable diseases are on
the rise and have been associated with altered dietary
habits (Branca et al. 2019; Ezzati and Riboli 2013).
Thus, we have attempted to brieﬂy describe the current
understanding of gene expression changes brought about
by cellular metabolism. We have also highlighted the
importance of epigenetic/epigenomic mechanisms in
dictating emergent biological traits.
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2. Metabolic regulation of gene expression
The dynamic nature of the epigenome goes hand-inhand with its responsivity to cell extrinsic and intrinsic
signals. Classical signal transduction pathways,
including those emanating from intracellular organelles
like the mitochondria, have been known to impinge on
transcription (Ho et al. 2013; Whelan and Zuckerbraun
2013). However, increasing evidence have clearly
established nutrient status or intracellular metabolite
concentrations to be key determinants of chromatin
landscape and gene expression (Reid et al. 2017). This,
in retrospect, is not surprising since majority of regulatory modiﬁcations, such as methylation, acetylation,
etc. on histones and mediators of transcription are
directly or indirectly controlled by metabolic ﬂux (Gut
and Verdin 2013; Sabari et al. 2017). Metabolic intermediates are the major source of carbon chain derived
modiﬁcations on histones and non-histone chromatin
associated proteins (CAPs), and this account for the
bulk of epigenomic-metabolic interaction (Gut and
Verdin 2013; Sabari et al. 2017; Ye and Tu 2018).
Thus, in addition to the classical view of chromatin
regulating metabolic pathways, metabolism is now
established as a key driver of gene expression itself.
Therefore, reciprocal regulation of metabolism and
epigenome has gained immense traction in the ﬁeld
with respect to the control of normal- and pathophysiology (Kaelin and McKnight 2013).
2.1 Metabolic intermediates regulate gene
expression via post-translational modiﬁcations
(PTMs)
It is important to note that in addition to histone
modiﬁcations, PTMs happen on proteins, which regulate gene expression at transcriptional and post-transcriptional levels (Chen et al. 2017; Filtz et al. 2014;
Roundtree et al. 2017). Interestingly, the activities of
enzymes that mediate PTMs (kinases, lysine acetyl
transferases (KATs), lysine de-acetylases (KDACs)
etc.) are themselves regulated by similar or divergent
PTMs (Filtz et al. 2014; Yang 2005). Even though
regulation of histones by epigenetic modiﬁcations has
been discussed elsewhere in this issue, we have brieﬂy
enlisted the modiﬁcations that are largely driven by
metabolic ﬂux in the cells (scheme 1).
2.1.1 Acetylation or acylation: Acetyl- and acyl-CoA:
Acetylation is one of the predominant modiﬁcation on
cellular proteins and histone acetylations are critical for

establishing an open chromatin conformation (Eberharter and Becker 2002). Acetyl-CoA metabolism/
levels, which involves all the major catabolic pathways
including oxidation of glucose, fatty acids and branched chain amino acids (BCAA), has been shown to
impinge upon acetyltransferase activities (Pietrocola
et al. 2015; Ye and Tu 2018). Studies in yeast as well as
in mammalian cell lines have shown global and locispeciﬁc changes in histone acetylations and associated
gene expression when acetyl-CoA metabolism is
affected as in the case of ablation of enzymes like
acetyl-CoA synthetase (ACS), acetyl-CoA carboxylase
(ACC) etc. (Chow et al. 2014; Wellen et al. 2009).
Additionally, cancer linked mutations in tri-carboxylic
cycle (TCA) enzymes like isocitrate dehydrogenases
(IDH1/2), succinate dehydrogenase (SDH), etc. have
been shown to be causal for histone acetylation changes (Baraille et al. 2015). Moreover, high fat diet
induced suppression of ATP citrate lyase (ACLY) has
been associated with altered histone acetylation at
speciﬁc residues in mice tissues (Carrer et al. 2017).
Furthermore, recent studies using omics based
approaches have identiﬁed acyl intermediates derived
from acetyl-CoA (like succinylation, malonylation and
hydroxyl-butyrylation) and fatty acid derived myristoylation and crotonylation as novel histone modiﬁcations, whose functional implication on chromatin
dynamics is still under research (Sabari et al. 2017; Tan
et al. 2011). Notably, butyryl-CoA levels are known to
affect chromatin and gene expression by dual control,
(a) butyrylation of chromatin or transcription components (Dutta et al. 2016) and (b) inhibiting KDACs,
which would ultimately lead to increased acetylation
(Steliou et al. 2012). A recent study discovered that
crotonylation of H3K9 residues are necessary for
robust transcriptional induction, along with H3K9
acetylation (Li et al. 2016). This observation envisages
the possibility of different acyl-CoA pools, based on
their cellular concentrations, impinging upon transcriptional regulation as a graded response and thus
enabling ﬁne-tuned control of cell physiology (Sabari
et al. 2017). However, we still lack a comprehensive
understanding of Kms of KATs, and differential acylCoA pools across tissues and metabolic states, which
would together determine the global as well as speciﬁc
acylation changes.
2.1.2 Methylation: S-adenosyl methionine (SAM):
Mono-, di- and tri-methylation of speciﬁc sites on
histones, largely at the N-terminal tails, have been
associated with either activation or repression of gene
expression (Li et al. 2007). The one carbon cycle that
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Scheme 1. Metabolic pathways and intermediates that are involved in post-translational modiﬁcations. RThe boxed
metabolites acts as substrates for modifying proteins. Whereas NAD? and a-Ketoglutarate are used as co-substrates by
Sirtuins for de-acetylation/de-acylation and de-methylases for removing methylation, respectively.

uses dietary or de novo derived folate to produce amino
acids like methionine and cysteine, donates the methyl
group required for all cellular methylations, via the
intermediate S-adenosyl methionine (SAM) (Sereﬁdou
et al. 2019). The Km of histone methyl-transferases that
is within the range of cellular SAM concentration,
suggests that their activities could be affected by
changes in the levels of methyl-donor (Sereﬁdou et al.
2019; Ye and Tu 2018). Interestingly, recent studies
have shown altered histone methylations in tissues of
mice fed on methionine restricted diet (Mentch et al.
2015). The activities of DNA methyl transferases are
also dependent upon SAM levels (Liu and Ward 2010;
Zhang 2018). Studies have elucidated the effect of high
methionine intake as well as methionine restricted diet
on tissue DNA methylations, speciﬁcally impacting the

imprinting patterns, in mice (Niculescu and Zeisel
2002; Waterland 2006).
2.1.3 Deacetylation or deacylation: Nicotinamide
adenosine dinucleotide (NAD?): Sirtuins are a family
of protein de-acylases, whose activity depends upon
the cellular oxidizing agent NAD?, as a co-substrate
for de-acylation reaction (North and Verdin 2004).
Unlike other KDACs, sirtuins are highly conserved
across evolution right from prokaryotes (that express
CobB de-acylase) (North and Verdin 2004). The
mammalian Sirtuins, SIRT1, SIRT6 and SIRT7, which
are predominantly localized in the nucleus, have been
shown to have signiﬁcant histone de-acetylation
activities on sites like H3K9, H3K56 and H3K18,
associated with transcriptional repression (Jing and Lin
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2015). Cellular ﬂuctuations in NAD? during dietary
restriction or aging have been reported to affect SIRT1
activity (Aguilar-Arnal Et Al. 2016). Interestingly, the
activity of SIRT6 has also been shown to be allosterically regulated by free fatty acids (Feldman et al.
2013).
2.1.4 Demethylation: Flavin adenine dinucleotide
(FAD) and a-ketoglutarate (a-KG): De-methylases of
the Lysine de-methylase (LSD) family, Jumonji C
(JmjC) domain containing family and TET family of
proteins, requires metabolic co-substrates/-factors to
remove methyl groups from proteins or DNA (Etchegaray and Mostoslavsky 2016). While riboﬂavin
derived FAD is used as co-factor by LSDs, JmjC
domain proteins and TETs utilize iron (Fe2?) as cofactor and a-KG as co-substrate (Etchegaray and
Mostoslavsky 2016). However, the effect of changes in
cellular concentrations of a-KG on the activity of these
enzymes, and global methylation patterns remains
elusive. Nevertheless, as discussed above, cancermutations in IDH1 that convert a-KG into 2-hydroxyglutarate (2-HG), have been shown to alter demethylation of H3K9 in a loci and cell-type-speciﬁc
manner (Lu et al. 2012; Raineri and Mellor 2018). Loss
of function mutation in succinate dehydrogenase
(SDH) was also reported to impair histone de-methylations and gene expression (Laukka et al. 2016).
Additionally, ascorbate (vitamin C) functions as a cofactor to enhance TET activity by promoting Fe2?recycling, thus highlighting the importance of micronutrients in shaping the epigenome (Etchegaray and
Mostoslavsky 2016).

and directly reﬂects changes in cellular glucose levels
to link intermediary metabolism with epigenetics
(Akella et al. 2019).
Apart from being co-substrates for epigenetic modiﬁcations, allosteric inhibition of the epigenetic
enzymes have also been observed to be brought about
my small-molecule metabolites. TCA intermediates
like fumarate or succinate that are downstream to a-KG
has been shown to inhibit the functions of protein and
DNA de-methylases (Jeltsch and Jurkowska 2016).
Interestingly, a by-product of de-acetylation activity,
nicotinamide (NAM), competitively inhibits sirtuin
functions (Yuan and Marmorstein 2012). Glycolytic
products, pyruvate and lactate have been shown to
inhibit HDACs and thus promote histone acetylation
(Thangaraju et al. 2006). The activity of class I HDACs
is affected by ketone body metabolism, wherein b-hydroxybutyrate, a by-product of fatty acid oxidation,
acts as an endogenous and speciﬁc inhibitor (Shimazu
et al. 2013).
Thus, an interconnection between metabolic ﬂux/
status and epigenomic mechanisms is reﬂected upon
chromatin dynamics and the downstream gene
expression. However, a lack of a global change in
histone or non-histone protein modiﬁcations in
response to varying metabolite concentrations strongly
support the multi-level epigenome regulatory mechanisms. In this regard, the discovery of differential subcellular concentrations of metabolites and the hypothesis of chromatin micro domains or niches with local
replenishment of metabolite as substrates, could possibly aid in insulating speciﬁc loci against spontaneous
metabolic shifts (Reid et al. 2017).

2.1.5 Other metabolite driven epigenomic modiﬁcations: In addition to Sirtuins, the family PARPs are
major consumers of NAD? during the ADPR transfer
reaction. Various studies have elaborated the role of
PARPs in depleting cellular NAD? during DNA
damage dependent heightened PARylation activity
(Gupte et al. 2017). Thus, there is enough literature
elucidating the interplay between Sirtuins (speciﬁcally
SIRT1) and PARPs (speciﬁcally PARP1), wherein they
negatively impinge upon each other’s activity (KolthurSeetharam et al. 2006; Luna et al. 2013).
One of the recently identiﬁed epigenetic modiﬁcation
on histones and non-histone proteins, which is reﬂective of the metabolic state of the cell is O- GlcNacylation (glycosylation) using the substrate UDP-glucose
(Dehennaut et al. 2014; Yang and Qian 2017). Hexosamine biosynthesis pathway is an alternative branch
of glucose metabolism, which generates UDP-glucose

2.1.6 Nuclear localization of metabolic enzymes: Recent studies have shown that many metabolic enzymes
that typically localize in cytoplasm or mitochondria, to
be also present in the nucleus (Li et al. 2018)
(scheme 2). These enzymes include the ones involved
in acetyl CoA production, like pyruvate kinase M2
isoform (PKM2), pyruvate dehydrogenase complex
(PDC), ATP citrate synthase (ACLY) and Acetyl CoA
synthetase short- chain family member 2 (ACSS2). In
nucleus ACSS2, ACLY and PKM2-PDC produce distinct pools of acetyl CoA that regulate local histone
acetylation and thus the expression of speciﬁc set of
genes (Li et al. 2017; Sutendra et al. 2014; Wellen
et al. 2009). Similar to acetylation, de-acetylation has
also been shown to be regulated locally at gene promoters. In case of the NAD? dependent deacylase
SIRT1, the NAD salvage pathway enzymes Nicotinamide Phosphoribosyl transferase (NAMPT) and
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Scheme 2. Nuclear localization of metabolic enzymes tinker histone/TF modiﬁcations. As detailed in the review, metabolic
enzymes/complexes (as indicated) are recruited to speciﬁc loci to generate metabolic intermediates that either modify proteins
(acetylation, methylation, phosphorylation and succinylation) or remove acyl groups by producing NAD? (co-substrate for
Sirtuins) (Li et al. 2018; Zhang et al. 2009). Mechanisms that lead to recruitment of these enzymes to speciﬁc loci need to be
unraveled.

Nicotinamide mononucleotide adenylyl transferases
(NMNAT-1) have been shown to localize to nucleus
providing local pools of NAD?, which enhances
SIRT1 activity at target promoters (Zhang et al. 2009).
In addition, some of these metabolic enzymes have
been shown to have non-canonical functions in the
nucleus. For example, PKM2 functions as a protein
kinase to phosphorylate H3T11 (Gao et al. 2012). The
yeast PKM2 homolog, Pyk1, is a part of a complex
named Serine-responsive SAM-containing Metabolic
Enzyme complex (SESAME), which is involved in the
local production of SAM for histone methylation (Li
et al. 2015). Another interesting metabolic enzyme that
localizes to the nucelus is glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), which converts glyceraldehyde 3-phosphate into 1,3-bisphosphoglycerate in the
glycolytic pathway. In the nucleus, GAPDH has been
shown to bind histone promoters and regulate their
expression (Zheng et al. 2003). TCA enzymes such as
a- ketoglutarate dehydrogenase (a-KGDH) and

fumarase have also been shown to be present in the
nucleus, where they produce local pools of succinyl
CoA and fumarate (Yogev et al. 2010). These local
pools either directly facilitate histone PTMs like succinylation, or they alter the activity of histone modifying enzymes as in the case of fumarate inhibiting aKG dependent de-methylases (Wang et al. 2017; Xiao
et al. 2012).
2.2 Combinatorial code: Metabolic ﬂux
and overlapping modiﬁcations
It is now well understood that multiple modiﬁcations
can impinge upon the same residues in proteins, some
of which leading to opposite functional outputs
(Lothrop et al. 2013; Maniatis and Reed 2002; Yang
2005). Given that metabolite dependent PTMs are
predominant, several of these modiﬁcations also compete with each other (scheme 3). For example,
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Scheme 3. Overlapping modiﬁcations of chromatin and associated factors. Multiple PTMs happen on proteins like histones,
TFs, RNA polymerase etc. as shown in the schematic (Barascu et al. 2012; Carlson et al. 2017; Chen et al. 2018; Filtz et al.
2014; Fuchs et al. 2009; McKay and Johnson 2010; Schroder et al. 2013; Sims et al. 2011; Snider and Omary 2014; Spickett
and Pitt 2012; Wood et al. 2010; Zhang and Wang 2008; Zhao and Garcia 2015; Zheng et al. 2019). Some of these
modiﬁcations can compete for each other at the same residue (Bannister and Kouzarides 2011; Leney et al. 2017). Distinct
modiﬁcations can lead to opposing effects on protein structure and function, with signiﬁcant impact on expression of genes
downstream. Given that metabolic pathways are interconnected, it will be exciting if change in ﬂux of one or the other
pathway mediate a complex PTM code. Moreover, while some of these modiﬁcations can be brought about nonenzymatically, afﬁnity constants for ‘writers and erasers’ for these metabolites and potential allosteric regulation needs to be
unraveled.

phosphorylation and glycosylation on Serine/Threonine residues (Ruan et al. 2013; van der Laarse et al.
2018), and acetylation, crotonylation, butrylation and
methylation on lysine residues (Yang 2005; Yang and
Seto 2008). However, if/how altered cellular metabolic
ﬂuxes generate a combinatorial code on histone and
non-histone proteins remains to be unravelled. Future
research should bring out the interplay between metabolism and PTMs in both spatial and temporal manner.
More importantly, whether metabolic perturbations that
signiﬁcantly affect the intracellular concentrations of
these metabolites impinge upon plasticity and memory
of gene expression remains to be understood.

metabolism regulates these TFs. Firstly, the regulation
of TF activity via PTMs derived from metabolites,
second being the endocrine or nutrient signalling inputs
that culminate on to these TFs, and the third is via
direct binding of metabolites to receptors that function
as ligand activated TFs. Most of the TFs are dependent
on both metabolic signalling, which is either extracellular (such as those mediated via insulin/IGF1, glucagon,
ﬁbroblast
growth
factors
and
other
neuroendocrine inputs) signals and intracellular metabolic sensors such as AMPK, TOR and Sirtuins (Gut
and Verdin 2013; Reid et al. 2017; Yu et al. 2018).
However, it is still unclear if there is coincidence
detection for regulating their transcriptional activities.

3. Metabolic control of gene expression
at transcriptional level

3.1 Metabolic regulation of transcription factors

Transcriptional control of gene expression is regulated
mainly at two levels: accessibility of chromatin and
activity of transcription factors (TFs). In the previous
session we have already discussed about the direct and
indirect effects of metabolite derived PTMs on chromatin. However, there are three major modes by which

3.1.1 Regulation via metabolites: Nuclear receptors
(NRs) are ligand dependent TFs that are activated by
steroid hormones (like estrogen), retinoic acid, metabolic substrates (like FAs, cholesterols) and intermediates (like oxysterols) (Bain et al. 2007; Huang et al.
2010; Robinson-Rechavi et al. 2003). Once activated,
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they bind to the DNA at speciﬁc response elements at/
near promoters of target genes. NRs share a common
structural organization and they function as homodimers or as heterodimers with RXR, a common NR
(Huang et al. 2010). A unifying theme in the regulation
of transcriptional activity of NRs is their dependence
on co-activators or co-repressors to up- or down-regulate gene expression, respectively (Bulynko and
O’Malley 2011). Interestingly, ligand binding is known
to expose the binding interface that interacts with
LxxLL motifs within co-activators or co-repressors
(Savkur and Burris 2004). Despite decades of work,
stoichiometric abundances and heterogeneity of NR
complexes that mediate transcription of a vast majority
of genes has not been unravelled. NRs, as any other TF,
are also modulated by regulatory PTMs such as phosphorylation, SUMOylation and acetylation that possibly determine protein-ligand and protein-protein
interactions (Han et al. 2009). Here again, it should be
noted that a modiﬁcation like acetylation is known to
impact the activity of same class of NRs differentially
(Wang et al. 2011).
List of nuclear receptors, their identiﬁed ligands,
DNA binding elements and the effect on metabolic
transcription, are tabulated below (table 1).
Sterol regulatory element binding proteins (SREBPs)
are transcription factors whose post-translational processing, localization and activity are tightly regulated
via cholesterols (Gott and Emeson 2000). SREBP1a,
SREBP1c and SREBP2 are the three mammalian

7

SREBPs, which are synthesized as precursors that
remain in the ER, bound to an ER localized chaperone
called SCAP (Jeon and Osborne 2012). While higher
sterol concentrations are inhibitory for their activation,
a drop in cholesterol level enhances SREBP/SCAP
transport to the Golgi complex, where the precursor TF
gets cleaved into mature form. Mature/processed
SREBPs translocate to the nucleus where they bind to
speciﬁc sterol regulatory elements (SREs) and activate
transcription. SREBP1c and SREBP2 are the predominant forms in the liver and they activate fatty acid and
cholesterol biosynthesis, respectively (Jeon and
Osborne 2012). While studies on PTM mediated regulation of SREBPs are limited, they have been shown
to be regulated at the transcriptional level and also via
self-regulatory feed-forward loops (Xiaoping and Fajun
2012).
Carbohydrate response element binding protein
(ChREBP) is a glucose responsive TF, which under
high glucose conditions is regulated by both allosteric
(glycolytic intermediates) and PTM based mechanisms
(de-phosphorlation by PP2A) (Dentin et al. 2012).
Activation of ChREBP leads to its nuclear translocation, wherein it facilitates transcription of genes that are
crucial for uptake and utilization of carbohydrates via
glycolysis and lipogenesis (Abdul-Wahed et al. 2017).
It binds to carbohydrate response element (ChoRE) at
the gene promoters (Abdul-Wahed et al. 2017; Baraille
et al. 2015). ChREBP transcriptional activity is also
regulated by PTMs like O-glycosylation (mediated by

Table 1. List of metabolite induced nuclear receptors

Nuclear receptor
Peroxisome
proliferator-receptors
(PPARa, PPARb,
PPARd)
PPARc
Liver-X-receptor
(LXR)

Activator/ligand
Fatty acids and
derivatives
Fatty acids and
derivatives
Oxysterols and
oxygenated cholesterols

Response element on
DNA

Downstream gene
expression

Peroxisome
proliferator hormone
response element
(PPRE)
PPRE

FAO, PPARa also
transcribes gluconeogenic
and ETC component genes

Zardi et al.
(2013)

Lipogenesis

Zardi et al.
(2013)
Kalaany and
Mangelsdorf
(2006)
Kalaany and
Mangelsdorf
(2006)
Lau et al.
(2018)

LXR response element Cholesterol and bile acid
(LXRE)
metabolism, lipogenesis,
glucose uptake (GLUTs)
FXR response
Bile acid metabolism and
elements (FXRE)
gluconeogenesis

Farnesoid-X-receptor
(FXR)

Bile acids

Hepatocyte nuclear
factor 4a (HNF4a)

Fatty acids bind to HNF4 HNF4 binding direct
Gluconeogenesis and FAO
a, but ligand for
repeat element
activation is unidentiﬁed
Cholesterol
ERR response element Mitochondrial biogenesis
(ERRE)
and ETC components

Estrogen related
receptor a (ERRa)

Reference

Xia et al.
(2019)

7

Page 8 of 23

Babukrishna Maniyadath et al.

OGT) and acetylation (mediated by CBP/p300) (Benhamed et al. 2014; Bricambert et al. 2010).
3.1.2 Regulation via metabolic signalling: cAMP
responsive transcription factors are activated by protein
kinase A (PKA) dependent phosphorylation and thus is
responsive to intracellular cAMP levels, as a result of
GPCR signalling induced by counter regulatory hormones like glucagon and epinephrine (Altarejos and
Montminy 2011). Activation of cAMP response element binding protein (CREB), leads to transcriptional
induction of genes involved in gluconeogenesis, fatty
acid oxidation and mitochondrial biogenesis (Altarejos
and Montminy 2011; Oh et al. 2013). CREB activates
gene expression by binding to the cAMP response
elements (CREs) near the promoters, and PEPCK, one
of the rate limiting enzymes in hepatic glucose production, is a key target (Altarejos and Montminy 2011).
CREB activity is also regulated via de-/acetylation (Lu
et al. 2003; Paz et al. 2014).
Forkhead-box-O (FOXO) transcription factors are a
family of proteins including FOXO1, FOXO3, FOXO4
and FOXO6, with FOXO1 having major roles in
metabolic gene transcription (Martins et al. 2016).
FOXO1 binds to Forkhead response elements (FHRE)
and activates starvation/stress dependent expression of
gluconeogenic and lipolytic genes. FOXO1 indirectly
inhibits glucose ﬂux into TCA, via transcriptional up
regulation of PDK4 (inhibitory kinase of Pyruvate
dehydrogenase) (Matsumoto et al. 2006; Nakae et al.
2008). Regulation of FOXO1 is predominantly via
PTMs, wherein the interplay between phosphorylation
(Insulin signalling-AKT mediated) and de-/acetylation
(SIRT1 and CBP/p300 mediated) determines both its
localization and activity (Zhao et al. 2011).
Nuclear respiratory factors (NRF1 and NRF2) are
involved in regulating the transcription of nuclear
encoded mitochondrial genes (speciﬁcally ETC components and oxidative stress responsive genes)
(Bugno et al. 2015; Ploumi et al. 2017; Tonelli et al.
2018). NRFs bind as dimers to the palindromic promoter sequences of mitochondrial genes in the presence of co-activators. The key to nuclear
mitochondrial synchrony in gene expression is the
NRF1/2 dependent transcription of mitochondrial
mtDNA transcription factors A (TFAM) and B
(mtTFB) (Dominy and Puigserver 2013; Scarpulla
2006). TFAm and mtTFBs regulate the transcription
and replication of mtDNA, thus leading to an increase
in the number of respiratory complexes as well as
mitochondrial mass (Picca and Lezza 2015; Posse and
Gustafsson 2017).

3.2 Transcription co-activators
Transcription c o-activators are proteins that do not
bind DNA directly, but induce transcription by facilitating the interaction of TFs with additional chromatin
regulatory factors like KATs and re-modellers (Bulynko and O’Malley 2011). Readers are encouraged to
read exhaustive reviews about co-activators (Bulynko
and O’Malley 2011; Rollins et al. 2015), however, we
have highlighted certain key features and raised open
questions in the ﬁeld.
A class of co-activators, the NCoAs, are majorly
involved in regulation of transcription downstream to
nuclear receptors (NRs) (Rollins et al. 2015). PPARc
co-activator 1 (PGC1) family includes PGC1a, PGC1b
and PGC1 related co-activator (PRC) (Finck and Kelly
2006). While PGC1a/b and PRC are involved in the
regulation of mitochondrial biogenesis (Finck and Kelly
2006; Vercauteren et al. 2006), PGC1b is involved in
fatty acid and triacylglycerols (TAGs) synthesis (Liu
and Lin 2011). PGC1a, the well-studied member of the
family, has been demonstrated to interact and co-activate almost all the members of the NRs involved in
metabolic regulation, and FOXO1 (Liu and Lin 2011).
PGC1a has been shown to be regulated at the transcription level, via multiple PTMs (acetylation,
methylation, phosphorylation etc.) (Fernandez-Marcos
and Auwerx 2011), and we have recently identiﬁed the
post-transcriptional mechanisms that regulate PGC1a,
during nutrient ﬂuctuations (Maniyadath et al. 2019).
AMPK dependent phosphorylation is the major arm of
nutrient/energetic signalling that impinges on PGC1a
functions (Canto and Auwerx 2009).
cAMP regulated transcription co-activator (CRTC)
family comprise of CRTC1, CRTC2 and CRTC3
(Altarejos and Montminy 2011). CRTCs are themselves
regulated by phosphorylation, calcium levels and acetylation which determine their nuclear localization and/or
activity (Altarejos and Montminy 2011; Liu et al. 2008).
For example, CRTCs along with CBP/p300 (HAT),
enhances CREB binding to CREs at cognate promoters
and downstream transcription (Luo et al. 2012). CRTC2
has been shown to be crucial for starvation dependent
increase in hepatic glucose production (Hill et al. 2016).
Given that TFs can be activated by many co-activators and each co-activator can interact with many
TFs, physiological contexts and molecular mechanisms
that determine speciﬁcity of interaction is still unclear.
More importantly, the interplay between cis-regulatory
elements and trans-binding of co-activators, if any, in
exerting control over transcription, speciﬁcally under
dynamic metabolic alterations needs to be unravelled.
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3.3 Transcription factor interplay and metabolic
co-regulation
There exists a metabolic gene regulatory network, not
just within a tissue but also across tissues. However,
unlike in the context of development, there are few
studies that tried to elucidate such metabolic networks
(Hirota and Fukamizu 2010; Sonawane et al. 2017).
Especially the need for multiple TFs to regulate transcription and if/how different metabolic inputs impinge
on these in a combinatorial manner, is under-appreciated. However, it is intuitive to expect that these
mechanisms would contribute to the activation of
transcription cascades, akin to signalling cascades.
Co-regulated TFs sometimes control antagonistic
pathways, like in the case of PPARa and PPARc, for
fatty acid breakdown and synthesis, respectively (Zardi
et al. 2013). Another interesting mode of TF interaction
is seen between metabolite regulated TFs, where the
activity of one leads to generation of ligands for
another. This is seen in the case SREBPs that activate
sterol biosynthesis (Shimano and Sato 2017), which are
ligands for LXRs. LXRs can facilitate synthesis of fatty
acids (Cha and Repa 2007), which in turn could activate PPARa to transcribe FAO genes and initiate a
catabolic program.
While molecular relays could be sequential or additive on the transcriptional output, we currently lack the
temporal resolution in multi-TF dynamics at any
speciﬁc gene promoter. Further, it is still unclear if/how
three-dimensional organization of chromatin impinges
on recruitment or activities of TFs. It should be
emphasized that daily physiological oscillations such
as fed-fast or light-dark cycles demand reproducible/faithful re-programming of gene expression.
Any alterations in the periodicity or the extent of
exposure to nutrients or light, could possibly contribute
to alterations in the chromatin composition/structure
and gene expression. This could lead to long-lasting
detrimental effects on physiology and ultimately result
in diseases (Chen et al. 1992; Herrero et al. 2015; Kim
et al. 2015; Kinouchi et al. 2018).
4. Metabolic control of gene expression at posttranscriptional level
4.1 RNA editing
RNA editing, which is different from RNA modiﬁcations, has been identiﬁed as changes in the coding
nucleotide sequence of the RNA which makes it
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distinct from the template DNA code. RNA editing has
been shown to affect mRNAs, tRNAs and rRNAs, with
regards to their function or coding potential (Nishikura
2010). While such revision/editing of sequences
include both insertion, deletion and conversion of
nucleotides, the mechanisms that achieve these events
are diverse (Gott and Emeson 2000; Samuel 2003).
However, majorly two kinds of mRNA editing have
been identiﬁed in eukaryotic systems that result in
Adenosine to Inosine (A-to-I editing systems) or
Cytidine to Uridine (C-to-U editing systems) conversions. RNA editing impinges on splicing and protein
expression (Nishikura 2010).
Although we know that A-to-I and C-to-U edits are
carried out by the family of RNA interacting adenosine
de-aminases (ADAR) and cytosine de-aminases
(CDAR) (Nishikura 2010), respectively, the inputs that
regulate RNA editing, or these enzyme activities, are
largely undermined. However, it is interesting to note
that a fairly recent study has demonstrated metabolic
regulation of ADAR2 in pancreatic islet cells (Gan
et al. 2006). Taken together with the role of ADARs
and CDARs in nucleotide metabolism, one could
envisage the possibility of an intricate cross-talk
between metabolism and RNA editing mechanisms,
which is yet to be explored.
4.2 RNA modiﬁcations: The epitranscriptome
Reversible chemical modiﬁcations on DNA and proteins, the components of the central dogma, have been
studied to ﬁner details. However, methyl modiﬁcations on RNA at N6-adenosine, which was initially
observed half a century ago, have been under-appreciated. Currently we know of *100 different modiﬁcations on RNAs forming the epitranscriptome,
although the functional relevance of most of these
modiﬁcations have remained a mystery until recently
(Fu et al. 2014). m6A RNA methylation, is abundant
and well-studied among the RNA modiﬁcations
identiﬁed till date (Liu et al. 2008). The methyl
transferase activity of the complex comprising of
methyl transferase like 3 (METTL3), METTL14,
Wilm’s tumour 1 associated protein (WTAP) and
KIAA1429 that catalyses m6A is also dependent on
SAM levels (Fu et al. 2014). Additionally, expression
and functions of the RNA de-methylase fat mass and
obesity-associated protein (FTO), are responsive to
nutrient ﬂuctuations (Grunnet et al. 2009; Liu et al.
2019). Hence, cellular epitranscriptome could represent a balanced cross-talk between nutrition,
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metabolic ﬂux and enzymatic activities of methyl
transferases and de-methylases.
The effect of perturbing N6 adenosine methylation
on RNAs have been shown to impact processes like
circadian rhythm, cell cycle, heat shock response, differentiation and cell fate transitions (Zhou et al. 2015).
In addition, studies have suggested an intriguing positive correlation between m6A and microRNA targeting
sites on the 3’UTR (Fazi and Fatica 2019). Interestingly, METTL3 have been shown to methylate N6adenosine on the primary transcripts of microRNAs,
which in turn enhanced the processing and promoted
miR biogenesis (Alarcon et al. 2015; Fazi and Fatica
2019). Apart from m6A modiﬁcation, m1A, 5-mC and
2’-O-methylation on all nucleosides are known to
regulate the stability and structure of tRNAs, rRNAs,
snoRNAs and the coding transcriptome as well (Helm
et al. 1999; Sharma et al. 2017; Squires et al. 2012;
Xiao et al. 2018).
4.3 MicroRNAs (miRs)
The critical role of miRs as epigenomic regulators in
ﬁne tuning gene expression being relevant for almost
all cellular pathways is undebatable (Gjorgjieva et al.
2019; Rottiers and Naar 2012). Extensive research over
the past decade has uncovered the key components of
miR biogenesis (Gebert and MacRae 2019). Despite
decades of ground-breaking research on miRs, we still
lack knowledge about physiological pathways that
bring about global or candidate-speciﬁc regulation of
their expression and processing. It is only recently that
RNA editing, modiﬁcations on miRs, PTMs on
miRNA binding proteins and regulation of miR-target
interactions have been appreciated as crucial players in
determining their biogenesis and functions (Ameres
et al. 2010; Gebert and MacRae 2019; Neilsen et al.
2012). The hallmark of most of the studies that elucidated miR expression changes is that the de-regulation
have been studied in the context of either genetic
ablation model or under pathological conditions (like
cancer, aging or metabolic diseases) (Montano 2011;
Rottiers and Naar 2012). However, the mechanistic
effect of metabolic inputs upon miR-biogenesis and
function, is still underexplored.
Nutrition and dietary components have been suggested to play signiﬁcant epigenetic roles, both in
modulating miR expression as well as circulating
serum-miR levels (Castano et al. 2018; Rottiers and
Naar 2012). In addition, studies have identiﬁed a
reciprocal regulation between microRNAs and

circadian mechanisms (Chen et al. 2013; Kojima et al.
2011; Vollmers et al. 2012). There is however, an
intricate interplay between metabolism, circadian
rhythms and homeostatic maintenance of these pathways, which is important to prevent diseases (Belancio
et al. 2014; Masri and Sassone-Corsi 2018; Maury
2019; Yan et al. 2013). In this regard, a recent study
from our lab has unravelled the crucial cross-talk
between nutrient, endocrine and circadian inputs in
regulating microRNA biogenesis and thus, organismal
metabolic homeostasis (Maniyadath et al. 2019).

5. Metabolic sensing and epigenomic regulation
While metabolites play a crucial role in determining
the epigenomic landscape, adaptive gene expression
in response to changes in nutrient availability and
utilization is brought about by mechanisms that
transduce these signals to chromatin. In this regard,
the role of cellular metabolic sensors in relaying the
energetic and metabolic status of the cell to modulate
gene expression regulation via epigenomic mechanisms is important (Yu et al. 2018). Insulin/IGF1
dependent Akt, AMP activated kinase (AMPK) and
mammalian target of rapamycin (mTOR) are regarded
as nodal kinases that elicit or mediate metabolic signals. Whereas, Sirtuins owing to their dependence on
NAD? as co-substrate, are metabolic sensing deacylases (scheme 4).
5.1 Insulin/IGF-1 and PI3K/Akt signalling
Insulin/Insulin like growth factor 1 signaling (IIS) is
essential for all multicellular organisms to uptake and
utilize nutrients for growth and maintenance (Sadagurski and White 2013). Classically, activation of the
phosphoinositide 2-kinase (PI3K) – protein kinase B
(PKB/AKT) pathway is intrinsically linked to high
nutritional status (Manning and Toker 2017). Being
one of the well characterized endocrine signalling
pathways, it is needless to mention that phosphorylation dependent regulation of the activities of nodal
kinases such as AKT and activation or inhibition of
transcription factors, is crucial for glucose uptake and
utilization (Manning and Toker 2017). A number of
direct/indirect mechanisms by which Insulin/IGF1-AKt
pathway affecting gene expression via transcription
factors have been charted out. Moreover, interplay
between metabolic sensing pathways is an important
aspect of co-ordinated regulation of cellular
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Scheme 4. Extra-cellular and intra-cellular metabolic cues orchestrate nuclear transcription. Non-autonomous inputs such
as insulin and glucagon signaling converge with cues generated within the mitochondria and together allow nuclear
mechanisms to regulate gene expression based on nutrient availability and energetic status of the cell. Notably, metabolic
sensors AMPK, TORC1/TORC2 and SIRTUINs link metabolism with gene expression at transcriptional, post-transcriptional
and translational level (Chang and Guarente 2014; Chaveroux et al. 2013; Mihaylova and Shaw 2011; Saxton and Sabatini
2017).

physiology. In this regard, an intricate regulatory crosstalk of IIS/Akt signalling have been established with
the mammalian target of rapamycin complexes
(mTORCs) (Huang and Manning 2009). Feed-forward/-back control of IIS and mTOR is critical for
anabolism, cell growth and proliferation (Han and
Wang 2018). It should be noted that IIS and glucose
lead to an increase in acetyl-CoA levels and thus
acetylation of proteins (Kim 2018; Lee et al. 2014).
5.2 Mammalian target of rapamycin (mTOR)
The evolutionary conserved eukaryotic mTOR complex is critical in transducing growth factor and nutrient
signals to transcriptional and translational control of
gene expression (Saxton and Sabatini 2017). mTOR is

central for cell growth, proliferation and maintenance
(Saxton and Sabatini 2017). The serine/threonine
kinase activity of mTOR along with its accessory
proteins are found as two distinct complexes: mTORC1and mTORC2 (Saxton and Sabatini 2017). By virtue
of insulin, amino acid and ATP dependent activation,
the cytoplasmic mTOR complexes are involved in
regulation of both global and target-speciﬁc translation
of proteins including those involved in metabolic
homeostasis (Saxton and Sabatini 2017). Role of
mTORC1/2 in regulating the epigenome has been
shown at multiple levels including direct and indirect
mechanisms. By altering serine metabolism and thus
cellular SAM levels, activated mTORC1 has been
shown to impinge upon DNA methylations and transcriptional silencing (Kottakis et al. 2016). mTOR
activity is essential to trigger transcription downstream
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of TFs such as SREBP, MYC and HIF1 (Saxton and
Sabatini 2017).
The interesting discovery of mTOR complexes to be
selectively localized to the nucleus (Rosner and
Hengstschlager 2008), was followed by studies that
investigated the direct nuclear functions of these
complexes and the impact on gene expression.
mTORC2-speciﬁc signalling has been implicated in
promoting H3K56Ac, speciﬁcally at the glycolytic
gene promoters by interfering with another epigenomic
regulator, SIRT6 (Vadla and Haldar 2018). On the other
hand, mTORC1 has been shown in muscle cells, to
directly bind the promoters and regulate metabolic and
mitochondrial gene expression in a PGC1a and YY1
(general transcription regulator) dependent manner
(Cunningham et al. 2007). Interestingly, genome-wide
analysis of nuclear mTOR binding sites in the liver,
revealed multiple metabolic gene targets including
those involved in TCA cycle and lipid metabolism,
which are majorly co-regulated by estrogen-related
receptor a (ERRa) (Chaveroux et al. 2013). Interestingly, mTORC1 also control post-transcriptional
mechanisms via regulating miRNA biogenesis, by both
direct and indirect modes (Sun et al. 2010; Ye et al.
2015).
5.3 AMP activated kinase (AMPK)
AMPK is a serine/threonine protein kinase that gets
activated when the cellular AMP: ATP ratio is higher,
as in conditions that result in energetic stress such as
nutrient starvation, exercise or hypoxia (reduced O2
levels) (Canto et al. 2009). AMPK activation is well
established to be key for shutting down anabolic
pathways and activating catabolic pathways, via signalling and transcriptional control of genes involved in
glucose and fat metabolism (Canto et al. 2009). AMPK
acts as a rheostat and relays these changes to the
chromatin by phosphorylating histones (for example,
H2B serine 36 at speciﬁc gene loci) and proteins to
remodel nucleosomes and thus, enhance gene expression relevant to the stress response pathway (Bungard
et al. 2010). Additionally, during acute energy deprivation such as prolonged fasting or exercise, AMPK
has been shown to associate with chromatin at promoters of genes involved in lipid and glucose metabolism (Ratman et al. 2016). AMPK directly
phosphorylates and inhibit OGT and activate PARP1 to
affect the chromatin regulatory functions of these
proteins and the downstream transcription (Gongol
et al. 2018).

Indirect effects of AMPK have been studied on
histone de-/acetylations and methylations. Stimulating
AMPK activity by treatment with a chemical analogue
of AMP (AICAR) and resultant phosphorylations that
inhibit ACC (enzyme converting acetyl-CoA to malonyl-CoA) and activate ACSS2 have been shown to be
associated with increased histone acetylations (Bulusu
et al. 2017; Gongol et al. 2018). While AMPK controls
the cellular acetyl CoA pools by stimulating fatty acid
oxidation and thus impinge upon histone acetylations,
heightened FAO leads to increase in allosteric inhibitors of HDACs (b-OHB) (Mihaylova et al. 2011;
Shimazu et al. 2013). Additionally, by its ability to
alter both TCA enzymes and the ﬂux through the cylce,
AMPK has been shown to negatively impinge upon
histone methylations at speciﬁc promoters of genes
involved in mitochondrial functions and stress resistance (Yang et al. 2016). AMPK also increases the
cellular ratio of NAD?/NADH by activating the NAD?
salvage pathway. This indirectly increases SIRT1 deacetylase activity and thus enhances mitochondrial
biogenesis (Ruderman et al. 2010).
A very recent study has demonstrated the effect of
AMPK alterations on miR expression levels in pancreatic b-islets, which possibly impinges on insulin
secretion and glucose metabolism (He et al. 2017;
Martinez-Sanchez et al. 2018; Meng et al. 2016).
However, the mechanism and the physiological relevance of this AMPK mediated regulation have not been
investigated.
5.4 Sirtuins
Sirtuins are SIR2-homologous evolutionary conserved
family of NAD? dependent de-acylases (Aparicio et al.
1991). Seven Sirtuins (SIRT1-7) have been identiﬁed
in the mammalian context. These include SIRT6 and
SIRT7 localized in the nucleus, SIRT3, SIRT4 and
SIRT5 localized in the mitochondria, SIRT2 in the
cytoplasm and SIRT1 that is found to be shuttling
between the nucleus and cytoplasm in response to
regulatory cues (scheme 4) (Bai and Zhang 2016;
Chattopadhyay et al. 2019; Michan and Sinclair 2007).
Independent studies have demonstrated different Sirtuins to possess varied substrate speciﬁcities (Feldman
et al. 2012). Sirtuins have been implicated in various
aspects of epigenomic regulation, by virtue of their vast
and diverse set of substrates (Bai and Zhang 2016;
Chattopadhyay et al. 2019; Li and Kazgan 2011;
Michan and Sinclair 2007). Interestingly, some members of the Sirtuin family have overlapping de-

Metabolic choreography of gene expression: nutrient transactions with the epigenome Page 13 of 23

acylation targets, and thus convergent functions (Chang
and Guarente 2014).
By far the most well studied Sirtuin, SIRT1, deacetylates both histone and non-histone proteins to
modulate the structure, function, stability and localization of the substrates (Li 2013; Mei et al. 2016;
Zhang and Kraus 2010). While the role of SIRT1 in
regulating cellular and organismal physiology is
expansive, its dependence upon NAD? for deacylation activity enables it to link metabolism to diverse
aspects from development to organismal behaviour
(Deota et al. 2019; Fujita and Yamashita 2018; Li
2013; Mei et al. 2016; Zhang and Kraus 2010). From
the perspective of this review, regulation of epigenome via SIRT1 is mediated by de-acetylation of histones, acetyl transferases, methyl transferases and
demethylases (Jing and Lin 2015). Despite having a
direct repressive effect on chromatin, SIRT1 activity
is now known to negatively and positively affect the
functions of a plethora of TFs, and thus exerts a bidirectional control over gene expression (Zhang and
Kraus 2010). The readers are encouraged to refer
earlier articles by us and others, where SIRT1 targets
and functions in chromatin regulation and metabolism
have been reviewed extensively (Li 2013; Zhang and
Kraus 2010).
Unlike in the case of SIRT1, our understanding is
limited regarding the gene regulatory functions of
SIRT2, which re-localizes to the nucleus from cytoplasm under certain physiological contexts (Gomes
et al. 2015). Transcription factors like FOXO1/3,
HIF1a and c-MYC have been reported to be regulated
by SIRT2 (Jing and Lin 2015). SIRT6 could be considered to be exclusively nuclear, in the absence of any
study showing context dependent re-localization till
date. The gene repression mediated by SIRT6 have
been mostly dependent on its histone deacetylase
activity (of H3K9Ac) at the gene promoters (Tasselli
et al. 2017). SIRT6 gets recruited to and suppress the
transcription of genes downstream to MYC, NF-jB,
c-JUN and FOXO3 (Tasselli et al. 2017). SIRT6 deacetylation activity has been reported to regulate TFs,
co-regulators and epigenetic modulators like FOXO1,
PGC1a and GCN5 (Tasselli et al. 2017). SIRT7 is
abundantly localized to the nucleolus and has relatively
weak de-acetylation activity in comparison to other
nuclear Sirtuins (Michishita et al. 2005). However, via
de-acetylation of H3K18 at promoters, SIRT7 is
involved in transcriptional repression (Barber et al.
2012). While SIRT7 negatively regulates RNA Pol II
dependent transcription by associating with different
TFs, it de-acetylates and activates RNA Pol I
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dependent transcription of rRNAs (Jing and Lin 2015;
Michishita et al. 2005).
Sirtuins, SIRT3, SIRT4 and SIRT5, have been shown
to be critical modulators of mitochondrial functions
including, energetics and metabolism, by virtue of their
local de-acylation functions (Lombard et al. 2011).
However, several studies have identiﬁed the role of
SIRT3 in modulating nuclear/mitochondrial gene
expression and epigenetics, via de-acetylating transcription factors like CREB and p53 (Lee et al. 2018;
Shi et al. 2005) and modulating stress responses
(Iwahara et al. 2012; Sundaresan et al. 2008). SIRT4
on the other hand, is the only Sirtuin that is exclusively
localized to the mitochondria. Studies from our lab and
others have been instrumental in demonstrating the
critical functions of SIRT4 in mediating retrograde
signals via ATP, BCAA and glutamine, to impinge
upon nuclear transcription of mitochondrial genes and
metabolic signalling (Anderson et al. 2017; Ho et al.
2013; Shaw et al. 2019). These ﬁndings further substantiates the basis of nuclear-mitochondrial cross-talk
in regulating epigenome, metabolism and cell survival.
Although Sirtuins are considered to be regulated by
metabolic status, their expression and activity are
known to be under transcriptional, post-transcriptional
and post-translational mechanisms (Buler et al. 2016).
For example, our recent study has demonstrated the
intricate interplay between SIRT1-SIRT3-PGC1a and
microRNA based post-transcriptional regulation in
mediating metabolic oscillations and mitochondrial
functions (Kottakis et al. 2016). Albeit Sirtuins, and
SIRT1 in particular, are known to control the activities
of a plethora of transcription factors, whether these
interactions affect microRNA biogenesis has not been
addressed thus far.
6. Nuclear mitochondrial cross-talk
6.1 Metabolites as signalling molecules
Epigenetic control of nuclear gene expression is
dependent on mitochondria as it produces most of the
substrates for the PTMs and cofactors required for
enzymes that modify chromatin components and transcriptional regulators. Mitochondria, in turn is regulated by the nucleus and studies have shown the
importance of anterograde and retrograde signalling in
mediating cellular homeostasis. In essence nuclearmitochondrial crosstalk can be thought of as being
central for regulating metabolism and transcription
iteratively.
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Mitochondrial biogenesis depends on nuclear transcription factors like PPARa, PPAR-c, NRF1/NRF2,
and ERRa and all of these transcription factors are
critically dependent on PGC1a for their activity, as
mentioned earlier (Boland et al. 2013). It is noteworthy
that these transcription factors are regulated by
upstream metabolic and mitochondrial inputs.
As mentioned earlier, nuclear acetyl CoA pools are
generated from citrate which is exported from the
mitochondria. Recently characterized acyl-modiﬁcations like propionylation, butyrylation, crotonylation,
succinylation, malonylation, 2-hydroxyisobutyrylation,
glutarylation, b-hydroxybutyrylation and benzoylation
are dependent on acyl-CoAs derived from mitochondrial metabolism (Sabari et al. 2017). Mitochondria
maintains cellular levels of metabolites like NAD?,
FAD and a-KG that acts as co-substrate for histone
modifying enzymes like Sirtuins, PARPs, mono-ADP
ribosyltransferases (ARTs) and de-methylases, as
mentioned earlier (Picard et al. 2013). Work from our
lab, and others in the ﬁeld have established the
importance of NAD? sensing, both in the nucleus and
mitochondria (Anderson et al. 2017; Banerjee et al.
2013; Fanibunda et al. 2019; Ho et al. 2013; Shaw
et al. 2019; Zhang and Kraus 2010).
6.2 Communication via other second messengers
Ca2?, ATP and reactive oxygen species (ROS) also
play an important role in the retrograde signalling that
emanates from mitochondria (Boland et al. 2013;
Zhang et al. 2016). Mitochondrial calcium buffering
impinges on gene expression via transcription factors
like CREB, NF-jB, Activating Transcription Factor 2
(ATF2) and Nuclear Factor of Activated T-Cells
(NFAT) (Boland et al. 2013). Reduction in ATP
synthesis or transport by mitochondria, activates
AMPK that activates a transcriptional program to
restore homeostasis, as described in the previous
section (Boland et al. 2013). ROS, being majorly
derived from mitochondria, acts as signalling molecules and exerts control over transcription factors such
as HIF1, FOXO3a, NRF2 etc (Zhang et al. 2016).
Interestingly, recent studies have highlighted the role
of mitochondrial derived peptide, MOTS-c, in retrograde signaling. Under stress, this peptide is induced
and it translocates to the nucleus to regulate the
transcription of stress responsive genes (Kim et al.
2018; Lee et al. 2015). Mitochondrial unfolding
response (mtUPR) also triggers nuclear gene expression, to not only rescue mitochondrial dysfunctions

but also to protect from cellular stress (Boland et al.
2013).
7. Future perspectives
7.1 Speciﬁcity of metabolic control of gene
expression
As illustrated in this article, it is now clear that metabolic ﬂux is one of the major determinants of gene
regulation. While altered ﬂuxes and/or intracellular
concentrations of metabolites contribute to differential
modiﬁcations, relatively less is known about the
afﬁnity constants of enzymes such as KATs and KMTs
for acetyl-CoA and SAM. Thus locus or proteinspeciﬁc modiﬁcations will be a cumulative outcome of
changes in concentrations along with the kinetic
parameters. Further, it is still unclear how upstream
regulators such as Sirtuins or other KATs/KDACs
achieve substrate choices/speciﬁcities. Emerging literature including from our lab has raized the possibility
of PTMs (such as acetylation and glycosylation) in
exerting such speciﬁcities (Chattopadhyay et al. 2019).
Tissue-speciﬁc epigenetic signatures and non-autonomous control: Metabolic intermediates involved in
regulation of gene expression are derived from pathways operating at different ﬂuxes. For example, concentrations of acetyl-CoA, SAM, lactate and
b-hydroxybutyryl-CoA vary between liver, muscles,
brain and adipocytes and also differentially under fed
and fasted conditions (Korsholm et al. 2017; Shi and
Tu 2015; Wells et al. 2018). Given this, it will be
exciting to uncover whether changes in metabolic
ﬂuxes bring about alterations in modiﬁcations. Studies
from our lab and a few others, have highlighted that
metabolic sensing and the consequential change in
gene expression in one tissue, impacts that of distant
tissues (Banerjee et al. 2012a; Banerjee et al.
2012b, 2013; Banerjee et al. 2017; Maniyadath et al.
2019). However, there is still a paucity of information
about long-range impact of metabolic alterations in one
tissue affecting gene expression in another. This is
relevant since inter-organ communication is essential
for maintaining organismal homeostasis (scheme 5).
7.2 Metabolism and 3D-architecture
Cellular metabolism affects gene expression at multiple
levels which have been discussed in previous sections.
Even though decades of research have elucidated the
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Scheme 5. Nuclear-mitochondrial interplay maintains organism wide physiological homeostasis. This scheme illustrates
work from our lab and the importance of NAD-dependent nuclear SIRT1 and mitochondrial SIRT4 which interestingly are
induced under fasted and fed states, respectively. While SIRT1 in the nucleus directly regulates transcription, mitochondrial
SIRT4 mediates a retrograde signaling via ATP-AMPK and Glutamine-TORC1 (Banerjee et al. 2013; Fanibunda et al. 2019;
Ho et al. 2013; Shaw et al. 2019). Notably, loss of SIRT1 in the liver/equivalent tissue induces lipogenic genes and the
consequent increase in fatty acids impinges on insulin signaling and gene expression in a distant tissue (Banerjee et al. 2013).
Considered as an upstream/master regulator of gene expression, SIRT1 is itself regulated by glucose metabolism via
glycosylation that alters its substrate speciﬁcity, localization and ultimately leads to its degradation (Chattopadhyay et al.
2019). This highlights the intricate interdependence of autonomous and non-autonomous metabolic signaling in regulating
physiology.

role of metabolism in establishing epigenetic modiﬁcations, it still remains under appreciated if metabolic
inputs can also affect the three dimensional (3D)
architecture of chromatin. Various PTMs have been

identiﬁed on the nucleoskeleton proteins like lamins
and chromatin architectural proteins like cohesins,
condensins and MAR (matrix attachment region)
binding proteins (Wood et al. 2010). Among these only
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phosphorylation have been characterized and it would
be interesting to uncover if metabolite derived PTMs
on these proteins could alter the 3D arrangement of
chromatin and nucleus. One interesting example is the
NAD? sensing SIRT1, de-acetylating MAR binding
protein SATB1, to alter the higher order chromatin
structure during erythroid differentiation (Xue et al.
2012).
7.3 Metabolic sensing and trans-generational
inheritance
Recent evidence have clearly highlighted trans-generational inheritance of traits speciﬁcally in the context of
metabolic diseases (Stegemann and Buchner 2015).
Despite these studies, mechanisms that mediate subtle
changes in epigenomic modiﬁcations that allow such
inheritance is not understood. While it is intuitive to
expect the usual players such as histone/DNA modiﬁers to be involved, where and how such modiﬁcations
are brought about need to be investigated. Speciﬁcally,
if there are threshold signals, which could originate
from somatic tissues or the germ cells themselves that
set the tone for transmittance of parental phenotype to
the off-springs will be exciting to uncover.
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