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Epigenetic regulation of the thermogenic adipose program

Audrey Sambeat!, Olga Gulyaeval-2, Jon Dempersmierl, and Hei Sook Sul:23
!Department of Nutritional Science & Toxicology, University of California, Berkeley, CA 94720

2Endocrinology Program, University of California, Berkeley, CA 94720

Abstract

In contrast to white adipose tissue (WAT) that stores energy in the form of triglycerides, brown

adipose tissue (BAT) dissipates energy by producing heat to maintain body temperature by burning

glucose and fatty acids in a process called adaptive thermogenesis. The presence of an inducible
thermogenic adipose tissue, and its beneficial effects for maintaining body weight and glucose and
lipid homeostasis, have raised intense interest in understanding the regulation of thermogenesis.
Elucidating the regulatory mechanisms underlying the thermogenic adipose program may provide
excellent targets for therapeutics against obesity and diabetes. Here, we review recent research on
the role of epigenetics in the thermogenic gene program, focusing on DNA methylation and
histone modifications.
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Brown and beige adipocytes, and adaptive thermogenesis

Brown adipose tissue (BAT) (see glossary) is an adipose depot with the capacity to regulate
body temperature via adaptive thermogenesis. BAT is enriched in mitochondria whose
inner membrane harbors Uncoupling protein 1 (UCP1) that uncouples oxidative respiration
from ATP synthesis to dissipate energy in the form of heat. However, in addition to BAT,
upon cold exposure or activation of p-adrenergic receptor (B-AR), clusters of adipocytes that
express UCP1 can be detected in white adipose tissue (WAT) [1], so called beige or brite
(hereafter beige) adipocytes [2, 3]. While human infants are known to have BAT to maintain
body temperature, it was thought to undergo rapid involution in early childhood. Recently,
however, substantial depots of thermogenic adipose tissue have been detected in adult
humans upon cold exposure or activation of p-AR [4-6]. Moreover, increased mass of these
depots has been associated with lower body weight and improved glucose [7] and lipid [8, 9]
homeostasis.
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The reversible process by which beige cells in WAT are induced to express UCP1 and other
BAT-enriched genes to develop thermogenic capacity is referred to as browning of WAT
[10]. Beige adipocytes can express UCP1 at levels comparable to those found in classic
brown adipocytes, and become thermogenic. However, they do not appear to arise from the
same cell lineage [11] and, to date, it is still debated whether beige adipocytes derive from
de novo differentiation of precursors [12, 13], or arise from transdifferentiation of mature
white adipocytes or reactivation of “masked” beige cells [14]. Despite the controversy in
their distinct developmental origin, accumulating evidence suggests that brown and beige
adipocytes share common transcriptional regulators involved in the activation of
thermogenic genes [15]. Considering the potential beneficial metabolic effects of enhancing
energy expenditure and glucose homeostasis, efforts are directed toward elucidating the
signaling pathways and transcriptional mechanisms that regulate the thermogenic adipose
program.

Transcriptional activation and signaling in thermogenic gene induction

Identifying effectors involved in the commitment and differentiation of precursors to brown
or beige lineage, and the induction of the thermogenic program in mature cells is a
compelling but challenging area of research. The co-regulator PR domain containing 16
(PRDM16), which is enriched in BAT compared to WAT, was the first effector reported to be
critical for thermogenic gene program. PRDM16 has been shown to be recruited to the
promoter regions of BAT-enriched genes, such as UCP1, Deionidase 2 (Dio2) or Cell death-
inducing DNA fragmentation factor alpha-like effector A (Cidea), by various transcription
factors, including Peroxisome Proliferator Activated Receptor Gamma (PPARY) [16],
PPARy coactivator 1-alpha (PGC1la) [17], CAAT-enhancer-binding protein § (C/EBPB)
[18] and Zinc finger protein 516 (Zfp516) [28], to potentiate transcriptional activation. In
addition, PRDM16 has been reported to enhance transcription through recruitment of the
MED1/Mediator complex to BAT-enriched genes [19, 20]. Transgenic mice overexpressing
PRDM16 in all adipose depots displayed beige cells in their WAT and had increased energy
expenditure [21]. Conversely, whereas deletion of PRDM16 in all adipose depots impaired
beige adipocyte function [22], deletion in brown adipose precursor cells using Myf5-Cre
demonstrated its role in BAT maintenance in adults, but not in BAT development [23].
Although PPARy is critical for both brown and white adipogenesis, genome-wide chromatin
immunoprecipitation combined with sequencing (ChlIP-seq) in BAT and WAT revealed that
approximately 10% of PPARy binding sites are depot-specific [24]. BAT-specific targets
included UCP1, PPARa and PRDM16. Treatment with PPAR-y agonists in mice induces
UCP1 and other thermogenic genes by stabilization of PRDM16, thus promoting browning
of WAT [25]. In addition, Early B-cell factor 2 (EBF2), a transcription factor which is
expressed at higher level in BAT and beige adipocytes compared to white adipocytes, has
been shown to bind at/or near the PPARY sites of the BAT-enriched genes to potentiate
PPARy binding [24] and to activate the thermogenic gene program [24, 26]. The critical role
of EBF2 was evidenced by the impaired BAT development in EBF2 knockout (KO) embryos
[24], whereas development of beige adipocytes in WAT was enhanced in EBF2 transgenic
mice [24, 26]. Interferon regulatory factor-4 (IRF4), a transcription factor which is induced
by cold exposure in BAT and WAT and by cAMP treatment in primary brown adipocytes

Trends Endocrinol Metab. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sambeat et al.

Page 3

[27], increases expression of, and interacts with, PGCla to activate thermogenic genes in
brown adipocytes [27]. IRF4 overexpression in all adipose depots enhanced thermogenesis,
hence causing resistance to diet induced obesity. Deletion of IRF4 using UCP1-Cre blocked
browning of WAT and decreased thermogenesis and energy expenditure [27]. Moreover,
Zfp516, a BAT-enriched_zinc-finger transcription factor, has been identified by screening
known and putative transcription factors at a global level for activation of UCP1 promoter.
Zfp516 is induced upon cold exposure or B-adrenergic stimulation and activates numerous
BAT genes, including UCP1 and PGCla, to induce thermogenic gene program during BAT
development and also browning of WAT [28]. Interestingly, Zfp516, not only directly
interacts with PRDM16, but also with Lysine-Specific histone Demethylase 1 (LSD1),
which contributes to thermogenic gene activation by removing repressive marks on H3K9
residues [28, 29].

It is well established that thermogenesis is induced by cold exposure through activation of -
ARs via sympathetic stimulation [10]. The p38 mitogen-activated protein Kinase (MAPK)
and ATF2/CREB pathways are known to be downstream effectors of B-AR stimulation in
brown adipocytes [28, 30]. Many of the transcription factors and coregulators that are
involved in activation of thermogenic genes, such as PGCla [31], IRF4 [27], Zfp516 [28]
and LSD1 [29, 32], are all induced in response to cold or B-AR stimulation also. However,
PRDM16 is not cold inducible [17].

While sympathetic stimulation of thermogenesis involves B-AR, growth factors, such as
bone morphogenic factor 7 (BMP7) [33] and fibroblast growth factor 21 (FGF21) [34]
induce thermogenesis through p-AR-independent mechanisms. BMP7 induces brown
adipogenesis by activating the BAT gene program. BMP7 is the first factor reported to
promote the commitment of mesenchymal progenitors into brown adipocytes /in vitro [33].
BMP7 deletion in mice showed its requirement for BAT development and thermogenesis /in
vivo [33]. Notably, BMP7 is secreted also by brown adipocytes and thus can act through an
autocrine loop [35]. FGF21, secreted mainly by the liver, is released also by BAT [34] and
by WAT [36] upon cold exposure in mice. FGF21 activates thermogenic genes and thus
FGF21 KO mice exhibit impaired cold tolerance and reduced browning of WAT [34, 36].

Epigenetic modifications for activation of thermogenic genes and

biogenesis of thermogenic adipocytes

Epigenetic regulation is a heritable mechanism affecting gene transcription without changes
in DNA sequence. Epigenetic regulation includes DNA modifications, mainly DNA
methylation (see Box 1), and histone modifications (see Box 2), as well as regulation by
small and long non-coding RNAs. While exploring new regulators of thermogenic
adipocytes, the role of epigenetic regulation on the BAT gene program and thermogenesis
has been uncovered. The study of epigenetics in thermogenic tissue represents an emerging
field that will help unveil the molecular mechanisms underlying activation of the
thermogenic adipose program and also adipose tissue plasticity. This review focuses on the
contribution of DNA methylation and histone modifications in the regulation of thermogenic
adipocytes.
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DNA methylation

Previous /n vitro studies suggested a role for DNA methylation (see Box 1) in the
commitment of precursor cells into the adipocyte lineage [37, 38]. Treatment of mouse
fibroblasts with an inhibitor of DNA methylation was shown to induce differentiation of
cells into the adipose lineage. More recently, a genome-wide DNA methylation profiling
showed noticeable changes during adipocyte differentiation of 3T3-L1 cells, suggesting a
dynamic regulatory mechanism for adipogenesis [39]. In addition, global methylation
profiles of both white and brown adipocyte precursors showed a distinguishable methylation
pattern [40]. However, few studies have demonstrated a clear relationship between DNA
methylation and gene expression in the context of adipogenesis. During differentiation,
demethylation at the promoter regions of leptin and glucose transporter type 4 (Glut4), two
late markers of both WAT and BAT differentiation, has been shown to correlate with gene
activation [41, 42]. Moreover, in rodents under high fat diet, DNA methylation at the leptin
promoter region has been associated with lower circulating leptin levels and higher body
weight [43]. In humans, DNA methylation at specific loci of markers for low or high
response to caloric restriction was correlated with weight changes [44]. However, genome-
wide studies comparing DNA methylation profiles between white and brown (or beige)
adipocytes are yet to be reported. Nevertheless, several studies demonstrated the potential
role of DNA methylation for regulation of BAT-enriched and thermogenic genes. An early
study exploring the silencing of UCP1 involving the corepressor receptor-interacting protein
140 (RIP140) [45] suggested that DNA methylation, along with histone H3K4 modification
described in the later section of this review, are involved in transcriptional repression in
white adipocytes [46]. Indeed, the methylation status of the UCP1 promoter region has been
shown to be important for its tissue-specific and regulated expression in BAT in comparison
to visceral WAT. In addition, cold exposure has been reported to induce chromatin
remodeling at the UCP1 promoter region toward a more active state, consistent with the
increased UCP1 expression [47]. Furthermore, upon ablation of Jak kinase Tyk2 in mice,
DNA hypermethylation was observed in addition to decreased histone H3K4 trimethylation
(H3K4me3) at the UCP1 and Cidea promoter regions, correlating with reduced gene
expression and defective thermogenesis [48]. More recently, studies on global epigenetic
marks showed an increased global DNA methylation in addition to decreased histone
acetylation (H3K23Ac) correlating with the repression of thermogenic genes in BAT of
hibernating rodents, limiting energy expenditure [49]. Although these studies show evidence
that variations in DNA methylation are associated with thermogenic gene expression, further
investigation is needed to understand how fate of thermogenic cells is controlled through
DNA methylation, and to identify specific epigenetic effectors that are involved. It would
also be important to study interplay between gene expression and environmental conditions
that may affect DNA methylation in brown and beige adipocytes /n vivo.

Histone modifications

In addition to DNA methylation, histone modifications (see Box 2) represent an important
mode of epigenetic regulation of transcription in directing cell lineage specification and
establishment of tissue-specific gene expression [50]. Here, we focus our discussion on
histone acetylation and methylation. Specific epigenetic writers and erasers for histone
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modifications and readers that recognize these modifications govern transcription, and as
such, contribute to regulation of the thermogenic adipose program (See key Figure).

Histone acetylation—Histone acetylation is dynamically regulated by histone
acetyltransferases (HATS) and deacetylases (HDACS) (see Box 3). Histone
acetyltransferases, Gen5 and its homolog PCAF, were found to be critical for brown
adipocyte differentiation in culture by promoting elongation of PPARy transcript and by
facilitating recruitment of RNA polymerase 1l to PRDM16 promoter region [51]. Thus,
downregulating HDACs has shown to stimulate adipocyte differentiation in culture [52].
Treating genetically obese mice with class | HDAC inhibitors was shown to induce PGCla
and mitochondrial biogenesis, enhancing oxidative metabolism and increasing BAT mass
and browning of WAT, likely through inhibition of HDAC3 [53]. However, others reported
promotion of the thermogenic program by class | HDAC inhibitors, via inhibition of HDAC1
which was found at lower level in BAT compared to WAT, and was suppressed upon cold
exposure or p3-adrenergic stimulation [54]. Moreover, B-adrenergic stimulation of brown
adipocytes in culture induced dissociation of HDAC1 from BAT-specific genes, resulting in
increased H3K27 acetylation, followed by H3K27me3 demethylation thus allowing
transcription [54]. Similarly, ablation of a class Il deacetylase, HDAC9, in mice increased
energy expenditure and adaptive thermogenesis by inducing beige adipocyte formation in
subcutaneous WAT [55]. Collectively, accumulating evidence demonstrated a role of histone
acetylation in the transcriptional control of BAT gene program and thermogenesis. However,
recruitment of specific HATs or HDACs and regulation of the thermogenic gene program,
and the molecular consequences of the acetylation of specific lysine residues need to be
defined to better understand the underlying molecular details.

Unlike the class | and 11 HDACs the class 111 deacetylases Sirtuin 1 (Sirtl) and Sirt3, may
affect thermogenic function, not by histone deacetylation, but by deacetylating PGCla.
Thus, in contrast to the activated thermogenic function by inhibition of HDAC activity
described above, mice overexpressing Sirtl exhibited enhanced BAT activity and
thermogenesis, resulting in increased energy expenditure and improved glucose homeostasis
[56]. Notably, this effect did not arise from enhanced brown adipogenesis, but from higher
transcriptional response of mature cells to B3-adrenergic stimulation. In this regard, the
cAMP-PKA pathway induced both PGCla expression and Sirtl deacetylase activity
independent of NAD*, leading to deacetylation of PGCla that, in turn, activated genes
associated with fatty acid oxidation and energy expenditure [57]. In addition, Sirt3
overexpression in brown adipocytes in culture increased mitochondrial respiration and
expression of UCP1 and PGCla [58]. However, the sirtuin family of deacetylases has been
shown to have specific HDAC activity. For example, H3K57 is a target of Sirt1/Sirt2 [59].
Therefore, the potential function of Sirtuin family in epigenetic regulation of thermogenic
program via histone deacetylation needs to be further examined.

Histone methylation—Several histone methyltransferases (HMTs) and demethylases that
govern histone methylation status (see Box 3) have been implicated in BAT development
and the thermogenic gene program. The histone methyltransferase, MLL3 (KMT2C), and its
paralog MLL4 (KMT2D) may function at the enhancer regions for cell type specific gene
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expression by catalyzing methylation of H3K4. MLL3 ablation in mice caused changes in
gene expression, in both WAT and BAT. In BAT, more than 500 genes were altered, 46% of
them being involved in metabolism, suggesting a potential role of H3K4 methylation status
and MLL3 in the regulation of BAT function [60]. Notably, these mice exhibited lower body
weight, improved glucose tolerance and insulin sensitivity, and increased energy
expenditure. More recently, MLL4 was identified to be a methyltransferase promoting H3K4
mono and di -methylation (H3K4me1/2), having partial functional redundancy with MLL3
and required for adipogenesis. MLL4 ablation in cells markedly decreased H3K4me1/2, as
well as H3K27 acetylation, at the enhancer regions for tissue specific gene expression [61].

The H3K9 methylation status has also been shown to affect thermogenesis in various studies
on H3K9 demethylases. Firstly, two independent studies have reported a role for the histone
lysine demethylase Jhdm2a (also known as Jmjdla or Kdma3a) in regulating metabolic genes
and energy homeostasis. Mice carrying a disruption of the Jndm2a gene exhibited obesity
and hyperlipidemia due to impaired fatty acid metabolism [62] and reduced energy
expenditure [63]. Their BAT function was altered with decreased expression of
mitochondrial genes, causing reduction in oxygen consumption. The authors reported that
induction and binding of Jndm2a at PPAR Responsive Elements (PPRES) upon p-adrenergic
stimulation not only decreases H3K9 demethylation but also facilitates the recruitment of
PPARy and PGCla at the UCP1 and fatty acid oxidation gene promoters. In addition, upon
B-adrenergic stimulation, Jhdm2a is phosphorylated at serine 265 (S265) by PKA that
increases its interaction with the SWI/SNF chromatin-remodeling complex and DNA-bound
PPARy, providing an additional role of Jndm2a besides H3K9 demethylation [64].
Furthermore, via direct interaction with Zfp516, the histone demethylase LSD1 is recruited
to activate thermogenic genes and to promote thermogenic adipose program /n7 vivo [29].
LSD1 ablation in mice using UCP1-Cre impaired BAT development and BAT function,
resulting in the “whitening” of BAT. Besides, compromising the thermogenic function,
LSD1 ablation in all adipose tissues using adiponectin-Cre prevented browning of WAT.
While LSD1 is known to be involved in both repression and activation of transcription,
LSD1 specifically induces demethylation of H3K9me1/2 for transcriptional activation of the
thermogenic adipose program in adipose tissue through its interaction with Zfp516 [29].

Euchromatic histone N-lysine methyltransferase 1 (EHMT1), that catalyzes H3K9 di or tri-
methylation (H3K9me2/3), has also been reported to be part of PRDM16 complex to control
BAT cell fate. Ablation of EHMTL in brown adipocytes caused loss of brown adipocyte
characteristics, whereas EHMT1 expression promoted BAT selective thermogenic program
via stabilization of PRDM16 protein [65]. Notably, adipose-specific deletion of EHMT1
driven by adiponectin-Cre in mice led to a marked reduction of BAT-mediated adaptive
thermogenesis, leading to obesity and systemic insulin resistance. This study suggests
EHMT1 as an essential switch that may control brown adipose cell fate and energy
homeostasis. Notably, expression levels of BAT-enriched genes in human brown adipocytes
were correlated with the formation of PRDM16-EHMT1 complex [66]. Additionally, the
repressive mark H3K9me2 induced by methyltransferase G9a was selectively enriched on
the entire PPARy locus. Interestingly, both G9a expression and H3K9me2 mark have been
reported to decrease during adipogenesis, and deletion of G9a or inhibition of its
methyltransferase activity promoted brown adipogenesis [67].
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Tetratricopeptide repeat on chromosome X (UTX), a histone demethylase for H3K27me2/3,
is induced during brown adipocyte differentiation and by cold exposure in both BAT and
WAT [68]. Upon p-adrenergic stimulation of brown adipocytes, UTX was recruited to UCP1
and PGCla promoters to decrease H3K27me3 and to interact with the HAT CBP, that
increased H3K27 acetylation, thereby inducing a switch from a repressive to an active state
for thermogenic gene activation. Additionally, mice overexpressing Jmjd3, a demethylase
targeting H3K27me3, were shown to have reduced body weight, whereas overexpression of
dominant negative Jmjd3 reduced cold tolerance [69]. H3K27me3 was reported to
distinguish a subset of BAT-enriched genes from common adipose genes in both brown and
white preadipocytes. Moreover, recruitment of Jmjd3 for H3K27me3 demethylation was
required for BAT gene expression and browning of WAT. Thus, the authors proposed that
H3K27me3 may be an epigenetic mark discriminating BAT from WAT lineage, and Jmjd3
may regulate fate between BAT and WAT [69].

Altogether, a growing number of studies show a role for histone modifications in regulating
the thermogenic adipose program and plasticity of WAT (See key Figure). However, it will
require not only better understanding of the molecular mechanisms but also validation of
their physiological relevance for brown and beige adipocytes /n vivo. Epigenetic effectors
may represent relevant targets in brown and beige adipocytes to increase energy expenditure
and prevent obesity and development of related metabolic diseases, including diabetes and
dyslipidemia.

Regulation of epigenetic modifications

Expression,

Histone madifications are controlled at various levels, such as expression levels of chromatin
modifiers, their posttranslational modifications that may affect their activities or interactions
with specific proteins for recruitment, as well as by the availability of intracellular
metabolites that function as co-substrates or cofactors.

posttranslational modifications and recruitment of chromatin modifiers

Several reports documented that, in adipose tissue, particularly in BAT, the expression of
enzymes involved in posttranslational modifications of histones is altered during
differentiation. More specifically, the demethylase Jnhdm2a is induced by B-AR signaling in
brown adipocytes [62]. LSD1 is also induced by cold exposure in both WAT [32] and BAT
[29], as well as during brown adipocyte differentiation [29]. Sirt3 expression has been
reported to be higher in BAT compared to WAT, to be induced by cold-exposure and caloric
restriction, but to be downregulated in BAT of genetically obese mice [58].

The histone deacetylase Sirtl is phosphorylated and activated in BAT after acute cold
exposure through the cCAMP/PKA pathway. Phosphorylation of serine 434 (S434) at the
catalytic domain increases Sirtl deacetylase activity, independent of NAD*, leading to
deacetylation of PGCla [57]. Casein kinase 2 (CK2) phosphorylates and activates class |
HDACS in white adipocytes where it inhibits thermogenesis [70].

Interestingly, transient hyperglycemia has been reported to promote the recruitment of LSD1
to the NFxB p65 promoter in vitro, inversely correlating with H3K9 methylation at the
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promoter region [71]. In brown adipocytes, by direct interaction with cold-inducible Zfp5186,
LSD1 is recruited to the UCP1 promoter where it functions as a co-activator by decreasing
H3K9 methylation. Therefore, Zfp516 knockdown prevents the binding of LSD1 at the
UCP1 promoter region, which is required for transcriptional activation [29].

Metabolite availability

The availability of metabolites, such as acetyl-CoA, FAD and NAD™ that serve as co-
substrates or cofactors for histone modifying enzymes, offers an additional level of control
of epigenetic modifications. For example, HATS use as co-substrate, acetyl-CoA, whose
level is known to be sensitive to glucose availability, to affect histone acetylation during
white adipocyte differentiation [72]. Thus, physiological changes in nutrient levels may
regulate histone acetylation that in turn, affects metabolic and thermogenic gene expression.
In this regard, a recent study established that N-acetyl aspartate (NAA), generated by
acetylation of aspartate using acetyl-CoA, regulates thermogenic gene expression and
lipolysis. NAA affects acetyl-CoA levels and thus histone acetylation in brown adipocytes
[73]. Interestingly, in BAT, an increase in NAD™ levels affects Sirt1 activity to activate
transcription of thermogenic genes, including PGCla, and enhances oxidative metabolism
[74]. Besides, cellular NAD™ levels can be affected by caloric restriction or by high fat diet
[75, 76]. More recently, nicotinamide N-methyltransferase (Nnmt) has been identified as a
regulator of adiposity and energy expenditure in WAT, decreasing S-adenosine-methionine
(SAM) and NAD+ levels, that affect histone methylation and Sirtl activity, respectively [77].
Furthermore, during white adipogenesis, the cellular content of FAD was reported to
increase markedly to affect LSD1-dependent transcription [78]. These studies indicate that
cellular metabolite levels, that reflect the metabolic status of the cell affect the epigenome,
hence altering gene regulation to contribute to adaptations to the environment. Thus, acetyl-
CoA and FAD are examples of metabolites whose intracellular concentrations are affected
by glucose and fatty acid metabolism, and that also control epigenetic regulation. Moreover,
recent investigations have uncovered other types of histone modification [reviewed in [79]],
which require as co-substrates metabolites generated during fatty acid and amino acid
metabolism such as butyrate, propionate, glutarate or hydroxybutyrate, and predicting to also
participate in epigenetic regulation. By serving as co-substrates or cofactors for epigenetic
effectors, metabolites could provide a feed-back loop in regulating the expression of
metabolic enzymes and other proteins to adapt to physiological changes [80]. In adipocytes,
such interplay may represent a finely-controlled mechanism integrating information from
different environmental signals to regulate gene expression (See key Figure).

Epigenetics of thermogenic adipose tissue in humans

Genome-scale DNA methylation analysis from human DNA samples indicated that variably
methylated regions exhibited covariation with body mass index (BMI), and that those
regions were located near or in genes known to regulate body weight [81]. Few human
studies have investigated changes in DNA methylation in adipose tissue samples as marker
of epigenetic adaptation. Significant differences in DNA methylation were found in WAT of
obese subjects between low and high responders to calorie restriction, suggesting that the
epigenetic profile could predict weight loss upon diet [82]. Furthermore, changes in DNA
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methylation have been reported in subcutaneous WAT between monozygotic twins
discordant for type 2 diabetes [83]. In line with these results, a study of the global
methylation of H3K4 in obese subjects with or without type 2 diabetes showed that
H3K4me3 was higher in diabetic compared to non-diabetic subjects, whether obese or lean
[84], suggesting that the H3K4 methylation status might affect insulin sensitivity in humans.
Interestingly, a large-scale genome-wide analysis showed association between increased
BMI and methylation of hypoxia inducible transcription factor 3A (HIF3A) gene in adipose
tissue [85].

As mentioned above, metabolically active BAT or BAT-like tissues can be detected in
humans after cold exposure, and the level of activation is inversely correlated with adiposity
and BMI [86]. Seasonal temperature-dependent variation in BAT thermogenesis was also
reported in this study, suggesting plasticity of the BAT program. In addition, a recent study
confirmed that repeated intermittent cold exposure induces BAT activation and is associated
with increased adaptive thermogenesis [87]. Moreover, cold exposure increases BAT activity
and energy expenditure even in subjects exhibiting a low basal BAT activity [88]. To date,
however, there is no study establishing an association between epigenetic changes and BAT
program in humans. From early life to adulthood, humans are exposed to various
environmental factors such as varied nutritional conditions, hormonal signals or temperature
stress that may trigger chromatin remodeling. Thus, epigenetic mechanisms, inherited or
acquired, could contribute significantly to the regulation of the thermogenic adipose
program to maintain energy homeostasis. Further studies in humans are required to establish
causal link between epigenetic modifications and thermogenic fat activation. Finally,
although the therapeutic potential of WAT browning in humans requires more investigation,
epigenetic effectors may represent attractive targets to induce thermogenic reprogramming
in WAT.

Concluding Remarks and Future Perspectives

Understanding how environmental conditions can be relayed through epigenetics to the
transcriptional machinery to regulate the thermogenic adipose program and the enzymes
involved in the epigenetic regulation may be promising therapeutic targets. However,
important questions remain in integrating recently characterized epigenetic effectors into a
cohesive network in the regulation of thermogenic program. For example, studies suggest
the existence of a cell autonomous epigenetic memory in brown and beige cells in humans
and rodents, but how histone modifiers build up an epigenetic memory in beige cells
allowing for improved responsiveness to reiterated stimulation, or how an epigenetic profile
contributes to the heterogeneity and plasticity of brown, beige, and white adipocytes, is
unclear (see Outstanding Questions Box). Future research is needed to answer these
questions and to dissect pathways involving histone modifiers and readers regulating
thermogenic adipose program and browning of WAT. Accessibility to defined human
adipose samples will facilitate the examination of epigenetic profiles in association with
activation of the thermogenic program and browning of WAT during changing
environmental conditions. Furthermore, characterizing the epigenetic signature of beige cells
using developing new techniques (see Box 4) will contribute to a better understanding of
their origin, and how browning of WAT could specifically be induced in a cell fate
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reprogramming strategy. Interestingly, the epigenetic reprogramming of adult stem cells
located in WAT towards a thermogenic lineage, could offer relevant therapeutic prospects.
Finally, exploring epigenetic mechanisms allowing transition from a white adipocyte
phenotype to a thermogenic phenotype may provide therapeutic prospects for obesity and
diabetes.
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GLOSSARY BOX

Adaptive thermogenesis

also called non-shivering thermogenesis, refers to the dissipation of chemical energy to
produce heat that occurs in BAT or beige cells upon external stimuli, such as cold or stress,
to ensure the maintenance of body temperature.

Brown adipose tissue (BAT)

is an adipose depot in which glucose and fatty acids are oxidized to produce heat and ensure
thermoregulation. BAT expresses UCP1 and contributes to energy expenditure. In rodents
and newborn humans, BAT is mainly located in the interscapular region, while in adults BAT
or BAT-like depots are spread in supraclavicular, cervical and paravertebral regions. Brown
adipocytes have high mitochondrial content and multilocular lipid droplets. BAT is highly
vascularized and innervated by the sympathetic nervous system.

Beige (or brite) adipocytes

initially described as brown-like adipocytes emerging in WAT, beige adipocytes are highly
inducible under cold (or other conditions), express UCP1 at a level similar to that in brown
adipocytes upon stimulation, exhibit a multilocular morphology and high mitochondrial
content as well, but may have distinct developmental origin.

Epigenetics

refers to the study of molecular mechanisms controlling stable changes in chromatin
organization, without alterations in DNA sequence, and playing an important role in
transcriptional regulation and cell fate determination and differentiation.

Epigenetic Erasers
enzymes that catalyze removal of epigenetic marks to regulate gene transcription.

Epigenetic Readers
effector proteins that bind epigenetic marks for their recruitment to the chromatin and that
are involved in the remodeling of the chromatin landscape and/or gene regulation.

Epigenetic Writers
enzymes that catalyze addition of epigenetic marks to regulate gene transcription

Histone modifications
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enzymatic reactions catalyzed by histone modifying enzymes that are recruited to the
chromatin and are often part of larger protein complexes. The most studied covalent
modifications of histones to date are histone acetylation, methylation and phosphorylation.
However, other modifications have been described including deimination, glycosylation,
ADP ribosylation, ubiquitylation, sumoylation, as well as, propionylation, butyrylation,
crotonylation, succinylation, malonylation, glutarylation and hydroxyisobutyrylation.

Thermogenic adipocytes
adipocytes that display, constitutively or upon induction, a thermogenic function, burning
chemical energy that results in generation of heat, comprises brown and beige adipocytes.

Thermogenic adipose program
refers to the expression of BAT-enriched genes, including UCP1, in brown adipocytes and
beige adipocytes upon browning of WAT.

Uncoupling protein 1 (UCP1)

is a proton channel located in the inner mitochondrial membrane. UCP1 catalyzed proton
transport dissipates proton gradient generated by the respiratory chain, preventing ATP
production thereby generating heat. UCP1 is thus critical for the thermogenic function of
brown and beige adipocytes.

White adipose tissue (WAT)

the prominent form of adipose tissue in mammals. Its main function is to store energy in the
form of lipids when energy intake exceeds energy expenditure. There are two types of WAT
depending on their location; visceral WAT and subcutaneous WAT that can be induced to
express thermogenic genes upon cold exposure, so called browning. White adipocytes are
characterized by unilocular lipid droplets and contain only few mitochondria.
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Text box 1
DNA methylation

DNA methylation is a covalent modification occurring on position 5 of cytosine (C)
within CpG dinucleotides of the DNA sequence [89]. In mammals, 80% of CpG sites is
estimated to be methylated. DNA methylation patterns are established by de novo
methyltransferases 3 (DNMT3) and maintained by methyltransferase DNMT1. DNA
demethylation can occur by two modes. First, DNA methylation can be lost by DNA
replication. Second, ten eleven translocation (TET) family of iron-dependent
dioxygenases [89] is involved in oxidative demethylation by converting 5-methylcytosine
to 5-hydroxymethylcytosine, 5-formylcytosine, and 5-carboxylcytosine, which then can
be excised out by the thymine-DNA glycosylase (TDG), coupled with the base excision
repair (BER) for reversion to cytosine [89]. Moreover, readers of these oxidized DNA
demethylation intermediates may have a function independent of demethylation.

CpG methylation is generally associated with gene silencing, whereas demethylation is
thought to be permissive for transcription. Methylation and demethylation of CpG sites
on DNA have been proposed as regulatory mechanism for tissue-specific gene expression
and cell fate determination and differentiation [90]. Methylated DNA provides binding
sites for Methylated CpG binding proteins (MBDs and MeCP2) and BTB/POZ family of
proteins that are presumed to mediate the effects of DNA methylation, and these proteins
are often associated with chromatin remodeling or transcription repressor complexes.
However, certain DNA-binding transcription factors have been identified to bind
methylated DNA for transcriptional activation. Interestingly, there is a complex interplay
between DNA methylation and histone modifications for the regulation of chromatin
remodeling and gene regulation [50, 89]. This crosstalk involves interactions between
epigenetic readers, histone modifying enzymes and DNA methylation marks.
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Text box 2
Histone modifications

The most studied epigenetic mechanisms are histone modifications that affect chromatin
organization. The first level of chromatin organization involves nucleosomal particles
containing histone octamers that consist of two copies of each core histones, H2A, H2B,
H3B, and H4, around which 145-147 base pairs (bp) of DNA is wrapped. Nucleosomal
particles are maintained by linker histone H1 that stabilizes the chromatin structure
thereby forming a nucleosome, the fundamental repeated unit of chromatin. The N-
terminal tail region of histone H3 and H4 is flexible and protrudes from the nucleosome,
thus is more accessible and, as such, undergoes posttranslational modifications that
impact transcription through two mechanisms. First, directly, histone tail modifications
affect interactions between nucleosomes and DNA and thus alter chromatin condensation
and structure. Decompacted chromatin is transcriptionally active, whereas compacted
chromatin is less accessible and thus transcriptionally inactive. In addition, histone
modifications have been shown to affect binding of various chromatin-associated
effectors.

Acetylation, the transfer of an acetyl group to e-amino groups of lysine (K) side chains of
histones, decreases the positive charge thus weakens electrostatic interactions between
histones and DNA, and reduces chromatin compaction. For example, H3K9 and H3K27
acetylation are activation marks [91]. Furthermore, acetylated lysines bind
bromodomains that are often found in chromatin remodeling enzymes, thus directing
their recruitment. Histone methylation mainly occurs on e-amino groups of specific
lysine (K) and at the terminal guanidinyl group of arginine (R) residues. Lysines may be
mono-, di- or tri-methylated, whereas arginines may be mono-, symmetrically or
asymmetrically di-methylated. Unlike histone acetylation, histone methylation does not
alter the electronic charge of histone proteins but rather affects DNA accessibility to the
binding of chromatin modifiers, transcription factors or epigenetic readers. For instance,
effector proteins bearing a chromodomain or a plant homeodomain (PHD) are
differentially recruited to the chromatin to either activate or repress transcription,
depending on the number of methyl groups added. Thus, H3K4me2/3 and H3K9me2/3 at
the tail region of histone H3 are best known as activation and repressive marks for
transcription, respectively [92]. However, the combined effects of histone modifications
are context-dependent, and are also determined by chromatin effectors that specifically
bind these modifications. While much effort has been devoted to histone tail
modifications, histone core regions, including those on the lateral surface of the
nucleosome have been reported to be modified, as well. These modifications appear to
affect transcription and nucleosome stability (reviewed in [93]).
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Text box 3
Histone modifying enzymes

Histones modifications are catalyzed by histone modifying enzymes that are recruited to
the chromatin and are often part of larger protein complexes.

Histone acetylation is a dynamically regulated process involving HATs and HDACs [91].
HATS catalyze the transfer of an acetyl group onto lysine residues, neutralizing their
positive charge, to affect electrostatic interactions leading to the destabilization of
chromatin structure. Decompacted chromatin structure allows transcription and, as such,
HATS are generally associated with transcriptional activation. Conversely, HDACs
catalyze removal of acetylation marks restoring the compacted structure of chromatin and
predominantly repressing transcription. HATS are diverse and are classified into
subgroups including HAT1, Gen5/PCAF, MYST and CBP/p300 families. Notably, the
HAT1 group acetylates free histones for their organization into chromatin, however,
thereafter, these marks are removed. There are four classes of HDAC: class |
(HDAC1-3,8), class Il (HDACA4-7,9-10), class IV containing only HDAC 11 and lastly
class 111 also referred to as Sirtuins (Sirt1-7) that, unlike the other classes, uses NAD™ as
a cofactor.

Histone methylation mainly occurs on specific lysine and arginine residues and is
catalyzed by HMTs, while the reverse reaction is catalyzed by histone demethylases
(reviewed in [94]). HMTs are organized in two families; lysine-specific and arginine-
specific methyltransferases that both utilize S-adenosyl methionine (SAM) as a cofactor.
EHMT1, G9a (also known as EHMT2) and MLL3-4, mentioned in the review, belong to
the lysine-specific methyltransferase family. HMTs exhibit relative specificity towards
the residue they target (H3K4 or H3K9 for instance) and the degree of methylation they
catalyze (mono, di or tri-methylation). Histone demethylases are also divided into two
families. The first family referred to as KDM1 comprises only two members LSD1 (or
KDM1A) and LSD2 (or KDM1B), which are FAD-dependent amino oxidase enzymes.
Using FAD as a cofactor, these lysine-specific histone demethylase enzymes target mono
and di -methylated lysine K4 and K9 on histone H3, where LSD1 acts on both H3K4 and
H3K9, whereas LSD2 targets only H3K4. The second, larger, family, called Jumonji-type
histone demethylases, is characterized by a conserved Jumonji C (JmjC) catalytic domain
and comprised of the KDM2 to KDM?7 subgroups. These enzymes are 2-oxoglutarate
oxygenases and depend on iron (Fe) as cosubstrate. Jmjd3, Jmjdla and UTX mentioned
in this review belong to this family. Both histone methyltransferases and demethylases
exhibit specificity due to intrinsic enzyme properties and specific interaction with
regulatory complexes.
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Text box 4
Developing techniques in epigenomics

Progress in high-throughput DNA sequencing and, recently, development of next-
generation sequencing methodologies provided larger scale genome-wide profiling of
chromatin landscape enabling to better understand the role of epigenetic modifications in
regulating and maintaining cell identity. With bisulfite-based sequencing, detecting
changes in CpG island methylation at a single nucleotide resolution [95], or chromatin
immunoprecipitation (ChlP) identifying posttranslational histone modifications [96], it is
possible to characterize tissue-specific or lineage-specific changes in epigenomics at a
global level (ChIP-Seq). Mikkelsen et al., [97] compared histone methylation and
acetylation of lysines K4, K27 and K36 on histone H3 (H3K4me3/me2/mel,
H3K27me3/ac, and H3K36me3) of two models of adipogenesis, murine 3T3-L1 cells and
human adipose stromal cells. Dynamic changes in epigenetic marks were significantly
correlated with the expression pattern of genes directly related to the cell phenotype. By
comparing adipose precursors and mature brown and beige adipocytes at different stages
of differentiation, such approach would allow the mapping of histone modifications
crucial for thermogenic adipocyte biogenesis. However, the identification of epigenetic
determinants with thermogenic potential in beige cells within WAT requires examination
of dynamic changes during cell-fate transition at a single-cell resolution. A new
fluorescent protein-based reporter system may allow visualization of endogenous DNA
methylation dynamics at a single-cell level [98]. The system is based on a gene promoter
sequence that exhibits an inherent sensitivity to the methylation state of adjacent genomic
regions and drives the expression of green fluorescent protein (GFP). Combining this
technique with other conventional strategies, such as conditional knockout or a gene
reporter system, could allow epigenetic lineage-tracing of beige adipocytes and
elucidation of epigenetic reprogramming of thermogenic adipocytes in WAT. Moreover,
methods using CRISPR-Cas9 system and epigenome editing may be employed to target
histone modifiers to specific gene loci to test the significance of specific histone
modifications [99]. Genome wide screening using CRISPR-Cas9 system may also allow
identification of modifiers critical for thermogenic gene program. Advances in proteomic
techniques may enable us to identify other, low frequency, histone modifications such as
propionylation, butyrylation or crotonylation. Moreover, using locus specific ChIP-mass
spectrometry (MS) methods, it would be possible to identify single gene locus associated
proteins, including specific histone modifiers, as well as chromatin effector and possibly
proteins that provide co-substrates [100].

Trends Endocrinol Metab. Author manuscript; available in PMC 2018 January 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sambeat et al.

Page 20

OUTSTANDING QUESTIONS BOX

How do environmental and external stimuli affect the availability and activity of
chromatin modifiers modulating the chromatin landscape in thermogenic adipose tissue?
What are the signaling pathways that mediate chromatin remodeling in brown and beige
cells?

Do epigenetic effectors represent metabolic sensors integrating external stimuli into
thermogenic response at the transcriptional level? In humans, as in rodents, activation of
brown or beige adipocytes has been associated with improved glucose and lipid
clearance. Hence, at the interface between nutrient status and gene regulation, does
epigenetics contribute to the effects of brown/beige adipocytes on systemic glucose and
lipid homeostasis?

Do brown, beige, and white adipocytes display a distinct epigenetic profile contributing
to their heterogeneity and plasticity? The study of epigenetic marks and corresponding

chromatin writers and readers in white, brown and beige adipocytes could be crucial in

better understanding cell fate determination and may also address the open question on
the origin of beige adipocytes.

Do histone modifiers build up an epigenetic memory in beige cells allowing for improved
responsiveness to reiterated stimulation? Induced by prolonged or intermittent cold stress,
and likely other environmental factors, specific epigenetic profiles could explain how
cells are more efficiently recruited or activated and, globally more responsive in inducing
thermogenic genes. Such an adaptive mechanism relying on epigenetic effectors in BAT
and WAT raises new perspectives to induce cells whose function is protective against
hyperglycemia and dyslipidemia.
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TRENDS BOX

Recent progress in our understanding of thermogenic adipose development and function
has suggested a role for epigenetic mechanisms in the regulation of thermogenic adipose
program and browning of WAT.

Characterizing the establishment of differential epigenetic signatures between adipose
cell types may allow to better understand thermogenic cell fate determination and
differentiation.

Environmental stimuli that are known to affect brown and beige adipocyte development
and function have been shown to also alter epigenetic effector activity and thus chromatin
landscape and gene regulation.

A bi-directional interplay exists between metabolism and chromatin remodeling through
metabolites, with epigenetic effectors playing a role in the integrative control of gene
regulation for energy homeostasis.
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Key Figure. Epigenetic regulation of thermogenic adipose program
Both the expression and activity of epigenetic effectors are modulated by environmental

signals and external stimuli such as cold temperature and nutritional or hormonal status.
Chromatin-modifying enzymes add (writers) or remove (erasers) epigenetic marks on lysine
(K) residues of histone H3, such as histone methylation (Me) or acetylation (Ac), thereby
affecting transcription of the thermogenic genes and also metabolic enzymes in adipocytes.
Thus, epigenetics allows the integration of various external stimuli leading to activation (+)
or repression (=) of the thermogenic adipose program that contributes to energy
homeostasis. Intracellular metabolic pathways regulate, in a feedback loop, epigenetics at
the level of metabolites such as FAD, NAD+ and acetyl-CoA but also thermogenesis by
impacting on fatty acids and glucose availability. However, more effort is required to further
elucidate epigenetic molecular mechanisms and their specific targets and validate their
physiological relevance for thermogenic adipose program.
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