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ABSTRACT

Background: ATP-dependent chromatin remodelers are evolutionarily conserved complexes that alter nucleosome positioning to influence many
DNA-templated processes, such as replication, repair, and transcription. In particular, chromatin remodeling can dynamically regulate gene
expression by altering accessibility of chromatin to transcription factors.

Scope of review: This review provides an overview of the importance of chromatin remodelers in the regulation of metabolic gene expression.
Particular emphasis is placed on the INO80 and SWI/SNF (BAF/PBAF) chromatin remodelers in both yeast and mammals. This review details
discoveries from the initial identification of chromatin remodelers in Saccharomyces cerevisiae to recent discoveries in the metabolic re-
quirements of developing embryonic tissues in mammals.

Major conclusions: INO80 and SWI/SNF (BAF/PBAF) chromatin remodelers regulate the expression of energy metabolism pathways in
S. cerevisiae and mammals in response to diverse nutrient environments. In particular, the INO80 complex organizes the temporal expression of
gene expression in the metabolically synchronized S. cerevisiae system. INO80-mediated chromatin remodeling is also needed to constrain cell
division during metabolically favorable conditions. Conversely, the BAF/PBAF remodeler regulates tissue-specific glycolytic metabolism and is
disrupted in cancers that are dependent on glycolysis for proliferation. The role of chromatin remodeling in metabolic gene expression is
downstream of the metabolic signaling pathways, such as the TOR pathway, a critical regulator of metabolic homeostasis. Furthermore, the
INO80 and BAF/PBAF chromatin remodelers have both been shown to regulate heart development, the tissues of which have unique requirements
for energy metabolism during development. Collectively, these results demonstrate that chromatin remodelers communicate metabolic status to
chromatin and are a central component of homeostasis pathways that optimize cell fitness, organismal development, and prevent disease.

© 2020 The Author. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. CHROMATIN MODIFICATIONS ELICIT ADAPTIVE
ENVIRONMENTAL RESPONSES

The coordination of cellular function with the environment is essential
for adaptation and survival. For example, cells have a remarkable
ability to sense diverse (that is, nutrient-rich or -limiting) environments
and reprogram their energy metabolism and proliferative capacity
accordingly. Dynamic nutrient environments are ubiquitous throughout
nature and include competitive growth environments of proliferating
microorganisms and tissue niches in multicellular organisms. Failure
to adapt can lead to cell death, developmental defects, and disease.
Indeed, energy metabolism alterations are a major contributing factor
for many pathologies, including cancer, cardiovascular disease, and
diabetes.

Adaptive cellular responses are often achieved by inducible changes in
gene expression programs [1]. An ideal mechanism to achieve dy-
namic gene expression is through modification of chromatin because
they are rapid, responsive, and reversible. Chromatin is a complex
structure that is dynamically reorganized to facilitate DNA-templated
processes such as transcription, chromosome segregation, DNA
replication, and DNA repair. Enzymes that restructure the chromatin
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environment are critical components of epigenetic maintenance and
can contribute to disease when disrupted. Included among chromatin
modifiers are enzymes that post-translationally modify histones and
ATP-dependent chromatin remodelers that alter the position and his-
tone composition of nucleosomes. Chromatin modifiers are evolu-
tionarily conserved and regulate diverse processes required for normal
cell function and organismal development [2,3].

Moreover, chromatin modifications are intimately tied to metabolic
processes, as many intermediary metabolites are required co-factors
for histone post-translational modification [4]. For example, not only
is acetyl-CoA, which is produced in the TCA cycle, required for
biosynthesis of fatty acids, sterols, and amino acids, but it is also a
required cofactor for histone acetylation. Histone acetyltransferases
use nuclear acetyl-CoA during high glucose conditions to acetylate
histones, creating a permissive state for transcription [5]. Histone
acetylation also promotes the expression of genes involved in the TCA
cycle [6], thereby creating a feedback mechanism that supports the
acetyl-CoA production pathway. Furthermore, histone acetylation
regulates the expression of genes involved in cell growth and prolif-
eration, namely ribosome biogenesis, translation, and amino acid
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metabolism, further demonstrating the link between high nutrient
environments and the promotion of cell proliferation.

In particular, the chromatin of ribosomal DNA (rDNA) loci needs to be
highly modulated in coordination metabolic pathways and stress re-
sponses, as ribosome biogenesis is one of the most energy demanding
processes in eukaryotic organisms [7,8]. It has been proposed that
approximately 60% of total Saccharomyces cerevisiae transcription is
devoted to rRNA production and 50% of Pol Il transcription is involved
in ribosomal protein expression in nutrient-rich environments [9]. While
acetyl-CoA production and histone acetylation of rDNA loci increases in
high glucose environments, in glucose-limiting environments,
NAD + begins to accumulate as the TCA cycle slows. High
NAD -+ levels activate SIRT1 histone deacetylase (HDAC) to deacetylate
histones at the rDNA loci [10], thereby slowing growth in coordination
with limiting nutrients.

2. CHROMATIN-REMODELING COMPLEXES REGULATE ENERGY
METABOLISM

Not only are histone modifications directly linked to energy meta-
bolism, but chromatin remodelers are as well. Chromatin remodelers
are part of superfamily 2 (SF2) helicases that contain DEAD-box
ATPase subunits [11]. These complexes utilize the energy of ATP to
alter the contacts between histones and DNA to reposition or edit
nucleosome composition [12]. Current research demonstrates that
chromatin remodelers have diverse roles in many DNA-templated
processes, such as transcription, DNA repair, and replication [2,13].
The first characterized ATP-dependent remodeling complex was the
S. cerevisiae SWI/SNF complex [14,15]. However, subunits of the SWI/
SNF (switch/sucrose non-fermenting) complex were originally identi-
fied as transcriptional regulators of genes involved in growth in the
presence of alternative fermentable carbon sources, such as sucrose
[16,17].

The SWI/SNF complex is highly conserved and regulates energy
metabolism in both yeast and mammals. Mammalian SWI/SNF com-
plexes are a family of BRG-/BRM-associated factor (BAF) and
polybromo-associated BAF (PBAF) complexes. The link between BAF/
PBAF and mammalian disease has been repeatedly demonstrated, as
loss of function contributes to developmental abnormalities and many
subunits are mutated in cancer [3,18,19].

In mammalian skeletal muscle, the subunit Baf60c regulates glyco-
Iytic metabolism [20]. Skeletal muscle contains both slow-twitch and
fast-twitch myofibers that generate ATP through diverse mechanisms.
Slow-twitch myofibers are mitochondria-rich and utilize oxidative
phosphorylation, while fast-twitch fibers utilize glycolysis for ATP
production [21]. In mice, muscle-specific transgenic expression of
BAF60C results in increased expression in fast-twitch fibers
compared to slow-twitch fibers [20]. Transgenic BAF60C mice also
displayed elevated levels of glycolytic capacity and reduced mito-
chondrial mass. Interestingly, transgenic mice were less susceptible
to diet-induced insulin resistance and glucose intolerance, demon-
strating the disease relevance of Baf60c’s role in glucose homeo-
stasis and diabetes.

Glycolytic metabolism is not only important for muscle metabolism, but
has also been observed in cancer cells where aerobic glycolysis is
utilized to feed growth pathways, such as lipid and protein biogenesis,
to increase proliferative capacity and make new cells [22]. In other
studies, cancer cells have been found to exhibit plasticity in energy
metabolism, as they can switch their metabolism between fermenta-
tion and respiration depending on nutrient and oxygen availability
[23,24].

There are intriguing similarities between the metabolism of cancer
cells and that of S. cerevisiae in that both are optimized for rapid
proliferation in diverse environments. S. cerevisiae have also evolved
metabolic diversity in carbon catabolism pathways. Specifically, in
glucose-rich environments, budding yeast preferentially utilize
glycolysis followed by fermentation. When glucose is limiting, cells
undergo a diauxic shift to respiration [25]. Growth in high glucose
results in “glucose repression,” which is characterized by transcrip-
tional repression of genes involved in alternate carbon source meta-
bolism, including those in sucrose metabolism and respiration [26].
The state of “glucose repression” is not unlike that of the “Warburg
effect,” where cancer cells utilize aerobic glycolysis to feed growth
pathways, such as lipid and protein biogenesis, over energy production
via respiration [22].

One type of cancer that is dependent on the Warburg effect is clear cell
renal cell carcinoma (ccRCC), named after its cellular histological
appearance caused by elevated glycogen and lipid storage caused
increased glycolysis. Approximately 46% of ccRCCs have mutations in
polybromo-1 (PBRM1) [27], another subunit of the PBAF complex. It is
the second most mutated gene after the Von Hippel-Lindau (VHL) tu-
mor suppressor gene, which is mutated in 48% of ccRCCs. A mouse
model of ccRCC caused by inactivation of both PBRM71 and VHL
recapitulated the histological features of patient-derived ccRCCs [28].
Importantly, increased glycogen storage and decreased expression of
genes in the oxidative phosphorylation pathway are dependent on loss
of PBRM1 and VHL. In addition, reintroduction of wild type PBRMT into
a ccRCC cell line decreased glucose uptake and proliferation [29],
further demonstrating that PBRM1 plays a critical role in the regulation
of cancer cell metabolism.

BAF/PBAF are not the only chromatin remodelers known to regulate
energy metabolism. The INO80 complex, originally identified for its role
in inositol metabolism [30,31], also regulates the glycolytic and
respiration pathways in budding yeast. Mutant strains of the INO80
complex exhibit deregulated expression of nearly 15% of the tran-
scriptome with significant enrichment in biological processes that
pertain to cellular metabolism [32]. Similar to the SWI/SNF complex,
the INO80 complex also regulates “glucose repression” in yeast cells.
In nutrient-rich environments, mutants of the INO80 complex display
increased expression of nearly every gene involved in the electron
transport chain, while genes in glycolysis are decreased [32].
Accordingly, mitochondrial potential and oxygen consumption are
increased in INO80 mutants. These alterations of metabolic activity in
the mutants are observed in both glucose-containing media when
oxidative phosphorylation is normally repressed and ethanol-
containing media when oxidative phosphorylation is normally active.
Thus, INO80 mutants have constitutively increased rates of respiration,
regardless of carbon source availability.

INO80’s role in cellular metabolism was again confirmed in a genetic
screen that elucidated the functional composition of different subunits
in the INO80 complex [33]. Known functions of INO80 subunits were
captured in the genetic screen, such as chromatin modification,
transcriptional regulation, and chromatin assembly. However, genetic
interactions of specific INO80 subunits were significantly enriched in
metabolic processes, such as amino acid biosynthesis and mito-
chondrial inheritance. Indeed, defects in mitochondrial inheritance
were found in INO80 mutant cells compared to wild type [33]. Thus,
INO8O regulates glucose repression [32], which is largely dependent
on glycolysis, and it also influences mitochondrial inheritance, which is
necessary for respiration [33]. Taken together, INO8O appears to be
critical for the maintenance of diverse energy metabolism pathways to
improve survival and proliferation in fluctuating nutrient environments.
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3. CHROMATIN REMODELING LINKS METABOLIC
HOMEOSTASIS WITH PERIODIC GENE EXPRESSION

The connection between metabolic status and gene expression can be
systematically examined using a metabolically synchronized contin-
uous growth system in S. cerevisiae [34]. In this system, cells are
grown in a chemostat, or bioreactor, and are metabolically synchro-
nized through nutrient deprivation, followed by the constant perfusion
of glucose-containing media. Following reintroduction of glucose to the
culture, cells collectively undergo continuous respiration oscillations
that characterize the yeast metabolic cycle (YMC) [35,36]. The YMC is
defined by temporal separation of glycolysis during low oxygen con-
sumption, oxidative phosphorylation during high oxygen consumption,
followed by DNA replication and cell division during the subsequent
transition from low oxygen to high oxygen consumption [36] (Figure 1).
Remarkably, these diverse metabolic states are largely driven by pe-
riodic fluctuations in metabolic gene expression that are exquisitely in
tune with environmental conditions (Figure 1). Indeed, over 50% of all
genes are periodically expressed at different phases in the YMC.

An analogous system that coordinates periodic gene expression with
metabolic status and cell division is the circadian cycle that is driven by
day/night cycles [37—40]. Indeed, periodic gene expression is evolu-
tionarily conserved and has been observed in individual yeast cells,
plants, flies, and mammalian tissues [41]. This temporal organization
has distinct energy conservation advantages, in that gene expression
can be activated just prior to the time at which the encoded protein is
needed in a specific metabolic or cell cycle pathway [42—45]. An
example of this is seen during the regulated expression of genes
involved in protein synthesis (for example, ribosome biogenesis),
which are energetically demanding as they are highly expressed and
involve several rDNA genomic loci [9,46]. During the YMC, the
expression of ribosome biogenesis genes occurs at the same time
when ATP levels are highest, to provide energy for synthesis, and just
prior to cell division, to constrain biomass production until commitment
to new cell production [36,47].
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Figure 1: Respiration and gene oscillations in the yeast metabolic cycle (YMC).
Metabolically, synchronization is facilitated by growing cells to saturation followed by
continuous batch feeding of the culture with low glucose media in a closed bioreactor
environment. The YMC is divided into three phases depending on respiration as
monitored by dissolved oxygen (DO) in the culture. mRNA expression plots are shown
as determined from reference [36]. n = number of genes previously determined to
undergo periodic gene expression [36].
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In the YMC, genes encoding proteins with similar metabolic function
are activated and repressed at approximately the same time, sug-
gesting that they are under tight control by shared transcriptional
mechanisms. One demonstrated transcriptional mechanism that reg-
ulates YMC periodic gene expression is chromatin remodeling.
Nucleosome repositioning by chromatin remodelers is a critical feature
of dynamic gene expression in the YMC [48]. Specifically, chromatin
remodelers, such as SWI/SNF, reposition nucleosomes to regulate the
accessibility of promoters to transcription factors. The extent of
nucleosome repositioning closely reflects the amplitude of dynamic
gene expression. Moreover, nucleosomes at genes involved in growth
pathways, such as those at the rDNA locus, undergo acute nucleosome
repositioning just before DNA replication and cell division [48].

The INO80 complex also plays critical roles regulating the YMC. Cells
lacking subunits of the INO80 complex exhibit disrupted YMC respi-
ration cycles and gene expression oscillations [49]. More specifically,
while the periodic timing of many gene oscillations remains intact, the
amplitude is substantially dampened. The YMC gene expression de-
fects observed in INO80 mutant cells are linked to alterations in
chromatin accessibility [49]. Assay for transposase-accessible chro-
matin using sequencing (ATAC-seq) was used to determine chromatin
accessibility throughout the YMC in both wild type and INO80 mutants.
ATAC-seq uses a hyperactive Tn5 transposase that preferentially in-
serts adaptors in regions with accessible chromatin [50]. Global de-
fects in the chromatin structure were observed in INO80 mutants, in
that wild type cells exhibited periodic oscillations in accessibility that
could be observed along entire chromosomes [49]. However, acces-
sibility in INO80 mutants is much more static, with large chromosomal
domains exhibiting persistent increased or decreased accessibility
throughout the YMC. Similar results were observed when investigating
transcription factor motif accessibility. Wild type cells displayed os-
cillations in accessibility that corresponded to gene activation, while in
INO80 mutants, these regions did not oscillate and periodic expression
was dampened. Taken together, these results demonstrate the
importance of chromatin remodeling for the regulation of pathways
that control adaptive gene expression and metabolic homeostasis.

4. CHROMATIN REMODELERS FUNCTION IN METABOLIC
SIGNALING PATHWAYS

Interestingly, the accessibility of several transcription factor motifs
regulated by the INO80 complex are downstream effectors of the
metabolic signaling TORC1 pathway. The target of the rapamycin (TOR)
signaling pathway responds to environmental cues and coordinates
stress and growth responses in both yeast and mammals. The
mammalian TOR (mTOR) kinase is deregulated in numerous metabolic
disorders [51]. In S. cerevisiae, TOR complex 1 (TORC1) and TOR
complex 2 (TORC2) connect nutrient availability to cell growth and
division [51]. TOR signaling also regulates adaptive transcription in
response to nutrient availability. For example, during nutrient depri-
vation, TOR alters carbon metabolism gene expression [52] and in-
fluences chromatin structure and the expression of ribosomal genes
[53].

INO8O regulates the accessibility of Msn2 and 4 transcription factor
motifs [49] that are phosphorylated by TORC1 to regulate their nuclear
localization [52]. Msn2 and 4 activate the expression of genes involved
in carbon metabolism and stress responses [54—58]. In addition,
INO80 controls the accessibility of Doté and Tod6 binding, which are
phosphorylated in a TORC1-dependent manner to increase the
expression of ribosome biogenesis genes [59]. Interestingly, the global
transcriptional profiles of cells lacking INO80 subunits are similar to
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Figure 2: INO80 complex is a component of the TOR signaling pathway that
regulates metabolic gene expression. The model illustrates the INO80 complex at
promoters targeted by Msn2/4, Tod6, and Dot6 that are phosphorylated in the TORC1
signaling pathway and regulate ribosome biogenesis, nitrogen metabolism, and stress
responses. The INO8O complex is @ model of the electron microscopy-derived structure
bound to a nucleosome (PDB and 6FML) [84]. DNA is shown in green and the INO80-
bound nucleosome in red. The INO80 complex regulates promoter accessibility and
histone acetylation at target genes. TORC1 signaling regulates Msn2/4 subcellular
localization and Tod6/Dot6 chromatin recruitment.

Msn2/4

those of cells treated with rapamycin, a potent inhibitor of TORC1, and
include dramatic alterations of genes in Msn2/4-response genes,
ribosome biogenesis, and nitrogen metabolism [33,49].

The genetic screens that confirmed the roles of INO80 in cell meta-
bolism also identified novel connections between INO80 and TOR
signaling [33]. Specifically, subunits of both TORC1 and TORC2 and the
Sch9 downstream signaling kinase have positively correlated genetic
interaction profiles with INO80 subunits. Moreover, INO80 subunits are
located within highly connected genetic nodes with TORC1 signaling
components, supporting a central role for INO80 in TORC1 signaling to
chromatin [33]. Treatment with rapamycin markedly reduced the
strength of these genetic interactions, confirming that they are specific
to nutrient-rich conditions and are significantly reduced when TORC1
signaling is inhibited.

As mentioned, INO80 chromatin remodeling is needed to regulate
chromatin accessibility of transcription factors in the TOR signaling
pathway. Another way in which INO80 can facilitate TOR-dependent
gene expression is by regulating histone acetylation status, thus
transcriptional potential. As previously described, histone acetylation
requires metabolic intermediate acetyl-CoA and high levels of histone
acetylation are present on genes that regulate the energy metabolome
[60,61]. Thus, a feedback loop likely exists, whereby the expression of
metabolome regulators promotes acetyl-CoA production, which then
subsequently increases histone acetylation and gene expression of
metabolome regulators. INO80 genetically interacts with both acetyl-
transferases and deacetylases [33]. In particular, both Rpd3L deace-
tylase and acetylated H3K56, the product of Rtt109 acetyltransferase
activity, are in the TORC1 signaling pathway [59,62,63] and genetically

interact with the INO80 complex [33]. In addition, the genome occu-
pancy of INO80 and acetylated H3K56 correlate, as do many histone
acetyl marks, and loss of INO80 reduces histone acetylation at
metabolic loci. Thus, INO80 may also function to promote histone
acetylation on growth genes downstream of TORC1 signaling [33]. A
summary of INO80’s function in the regulation of metabolic gene
expression is shown in Figure 2.

Metabolic signaling is also needed for tissue-specific regulation of
BAF/PBAF function. Specifically, the previously described role of
Baf60c in muscle glycolytic metabolism induces Akt signaling [20], a
key metabolic signaling kinase that enhances glycolytic metabolism in
muscle [64,65]. In addition, in ccRCC, where PBRM1 is commonly
mutated, mTOR activation was found as a critical contributor to ma-
lignant transformation [28]. Collectively, these results demonstrate
how chromatin remodelers, such as INO80 and BAF/PBAF, cooperate
with signaling pathways to reprogram metabolic gene expression for
proper tissue function and disease prevention. Chromatin remodelers
have been previously found to be integral components of signaling
pathways in DNA damage responses [66], thus these complexes are
ideally positioned to enact rapid changes in the chromatin environment
in response to different cellular stimuli and environments.

5. INO80 CHROMATIN REMODELING CONNECTS CELL DIVISION
WITH METABOLIC HOMEOSTASIS

The coordination of energy metabolism with cell division is essential to
regulate proliferation in competitive nutrient environments. The inter-
dependence of these processes has long been recognized and several
yeast mutants originally identified as having defects in cell cycle
progression were later also found to have metabolic deficiencies [67—
69]. Indeed, many cell division cycle (CDC) genes are involved in en-
ergy metabolism and the biosynthetic pathways [6]. For example,
Cdc53 is a both a component of the SCF complex involved in the G1-S
transition and also a regulator of methionine biosynthesis genes that
produce S-adenosylmethionine (SAM), a required cofactor for histone
methylation [70].

Furthermore, diverse biosynthetic pathways are needed to successfully
accomplish cell division. For example, the TCA cycle provides essential
intermediary metabolites for nitrogen utilization in building amino acids
and nitrogenous bases in nucleic acids. In addition, ATP is needed for
the energy-demanding process of ribosome biogenesis [9,46] as
previously mentioned. In the YMC, glycolysis, TCA cycle activation and
oxidative phosphorylation are all temporally compartmentalized. The
timing of DNA replication and cell division in the YMC is restricted to a
specific temporal window following biomass production [36]. DNA
replication that occurs outside of this window results in genome in-
stabilities and reduced fitness [71].

INO80 mutants not only exhibit altered metabolic gene expression, but
also defects in the timing of cell division in the YMC [49]. In mutant
cells, genes involved in the cell division pathways exhibited peak
expression in a different phase of the YMC compared to wild type cells
[49]. As a result, cell division occurred throughout the YMC and was no
longer coupled to metabolic status, resulting in dramatically impaired
cell fitness. The result is not unlike that of cancer cells that prioritize
proliferation over metabolic and genome stability.

6. INSIGHTS INTO CHROMATIN REMODELING, METABOLISM,
AND DEVELOPMENT

The INO80 complex coordinates the timing of cell division not only in
the YMC, but also during mammalian development. While INO80-
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deficient mice are embryonically lethal [72], tissue-specific knockouts
can be utilized to investigate its role in development. INO80 was
individually deleted from three different cell types in the heart [73].
Similar to many organs, the development of the heart is extremely
complex as it transforms from a single tube into a mature structure
consisting of endothelial, epicardial, and myocardial tissues.

In tissue-specific INO80-deficient mice, the most apparent phenotype
occurred in embryos with endothelial-specific deletions. These mutant
mice displayed a dramatic cardiac phenotype resembling ventricular
non-compaction (LVNC), the third most common human cardiomyop-
athy, the etiology of which is not entirely known [74]. LVNC patients
have increased risk of heart failure due to compromised heart function.
LVNC is believed to arise from incomplete developmental maturation of
the heart muscle, which normally transitions from a loose meshwork of
fibers early in embryogenesis to dense and compact layers of cells that
are capable of pumping blood late in development.

Paradoxically, in mice with endothelial-specific deletion of INO8O, the
most pronounced defects were observed in the neighboring myocardial
tissue [73]. Some endocardial-derived paracrine factors have been
identified that support myocardial development [75,76], although these
were not found to be obviously defective in INO80-deficient hearts [73].
Instead, in INO80-deleted endothelial cells, coronary vascularization
was defective with incomplete sprouting and migration of vessels.
Mechanistically, INO80 deletion increased the expression of E2F-
activated genes and S-phase occupancy of endothelial cells, demon-
strating that cell cycle regulation is critical to the execution of devel-
opmental transitions in the heart.

Further research is needed to determine if metabolic dysfunction ac-
companies the cell cycle alterations observed in INO80-deficient
endothelial cells. Indeed, energy metabolism can regulate the devel-
opment of tissues within complex organs and contribute to develop-
mental abnormalities when disrupted. This is particularly true of
tissues in the developing heart. For example, early in development,
myocardial muscle cells rely on glycolysis to fuel the production of new
cell building blocks during proliferation. As the myocardium tissue
develops, oxidative phosphorylation and fatty acid oxidation are utilized
to fuel energy requirements for active muscle function [77]. In addition,
the endothelial cells that induce vessel sprouting during cardiac
vasculature development rely heavily on glycolysis despite their
proximity to oxygenated blood [78]. These endothelial cells exhibit
profound metabolic plasticity in that they can remain quiescent for
prolonged periods followed by quick transition to glycolysis to promote
proliferation and migration. Notably, glucose consumption of cardiac
endothelial cells in vitro is comparable to that of the “Warburg effect”
in cancer cells that exhibit glucose addiction to feed glycolytic path-
ways [79].

Similar to the ability of chromatin remodelers to enact rapid gene
expression programs in changing nutrient environments, remodelers
can also facilitate developmental transitions coordinated with tissue-
specific metabolic demands. Mutations in chromatin modifiers were
found in human patients with congenital heart defects (CHD) [80].
Moreover, defects in BAF/PBAF chromatin remodeling have been
shown to cause defective mouse cardiac development [3,81]. For
example, the previously introduced Baf60c regulates glycolytic meta-
bolism in muscle [20] as well as embryonic cardiac development.
Specifically, knockdown of Baf60c during development impairs heart
expansion and cardiac muscle differentiation [82].

Although metabolic specification is critical for developmental transi-
tions and organ function, very little is known about epigenetic pro-
gramming of metabolism in different tissues. However, it is known that
the consequences of deregulated metabolic signaling often result in
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disease. Indeed, energy metabolism alterations are a major contrib-
uting factor for many pathologies, including cancer, cardiovascular
disease, and diabetes, which together account for half of all deaths in
industrialized nations [83]. Future research will help illuminate the
intersection of epigenetic-regulated metabolic homeostasis and
development and disease prevention.
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