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Abstract

Accumulating evidence suggests that protein acetylation plays a major regulatory role in many
facets of transcriptional control of metabolism. The enzymes that catalyze the addition and
removal of acetyl moieties are the Histone Acetyl Transferases (HATS) and Histone Deacetylases
(HDACS), respectively. A number of recent studies have uncovered novel mechanisms and
contexts in which different HDACs play critical roles in metabolic control. Understanding the role
of Class I and Il HDAC:s in different metabolic programs during development, as well as in the
physiology and pathology of the adult organism, will lead to novel therapeutics for metabolic
disease. Here, we review the current understanding of how Class | and Class Il HDACs contribute
to metabolic control.
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Protein acetylation: a major regulatory mode of intracellular signaling

Recent advances have placed acetylation as a major regulatory mode of intracellular
signaling. A number of studies have shown that acetylation and deacetylation is a dynamic
process that occurs in a large fraction of the proteome [1-3]. Initially, the best-studied and
most abundant examples of acetylation and deacetylation were those of lysine residues, on
histones. Acetylation on the N-terminus lysine tail of histones leads to a decrease in a
positive charge and hence decreased affinity to DNA [4]. In turn, this is thought to prime
DNA for transcription, and facilitate RNA polymerase and transcription factors to bind to
the relaxed chromatin, in the promoters of actively transcribed genes. Conversely,
deacetylation of histones increases their affinity to DNA, with concomitant tightening of the
chromatin and reduction of transcriptional activity. Due to the repressive role that histone
deacetylation has on transcription, the HDACs are often referred to as transcriptional co-
repressors. However, new findings suggest that Class | and 1l HDACs also deacetylate non-
histone targets, and in some cases play an activating role in transcription. In lieu of these
novel roles of HDACSs regulating non-histone targets, several groups have suggested that
perhaps renaming the HATs and HDACSs to Lysine (K) Acetyl Transferases (KATS) or
Lysine (K) Deacetylases (KDACs) will more appropriately reflect their function. For the
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purpose of this review, we will continue to refer of them by their original abbreviated names
- HATs and HDACSs. We review here recent findings of the function of Class I and Class |1
HDAC:s in control of cellular and organismal metabolism.

Structure and Function

The HDAC:s are part of a large, evolutionarily conserved family of proteins, which dates
back to prokaryotes [5, 6]. Since the discovery of the first HDACs [7, 8], eighteen distinct
mammalian genes containing a deacetylase domain have been identified (Fig 1). These
deacetylases are divided into two families, based on sequence similarity to their yeast
orthologues, as well as co-factor dependence [9]. The first family of deacetylases can be
further sub-divided into four subfamilies, containing Class I, Class lla and Ilb, and Class 1V
enzymes, that are grouped based on sequence homology to the S. cerevisiae deacetylases
and which require zinc as a co-factor for enzymatic activity. The second family of
deacetylases is often referred to as the Class 111 HDAC family, and its members are better
known as the Sirtuin proteins. This class of deacetylases bears no sequence homology to the
zinc dependant deacetylases, and requires NAD+ as a co-factor, and will not be discussed
here.

Class | HDACs

Class | HDACs (HDAC1, 2, 3 and 8) are homologous to budding yeast HDAC Rpd3. They
are ubiquitously expressed with predominantly nuclear localization. Class | HDACs are
almost entirely comprised of a conserved deacetylase domain (Fig 1) and have minimal N-
and C- terminal domains. HDAC1 and 2, also referred to as the “canonical” HDACS, have
strong enzymatic activity towards histones. In contrast to these conventional repressive
effects on transcription, recent genome wide binding studies found these HDACs associated
with active, as well as inactive chromatin [10]. Moreover, recent studies placed Class |
HDACSs on the map as key regulators of non-histone proteins, controlling deacetylation of
transcription factors [11-16]. While first studied in depth for transcription factors such as
p53 [17] and Stat3 [18], it has become clear that many, if not most, transcription factors and
their co-regulators are controlled via acetylation. Like phosphorylation, in some instances
acetylation can be activating for the target transcription factor whereas in others, this is an
inactivation event. In addition to targeting transcription factors, Class | HDACs were also
recently reported to deacetylate the AMP-activated Protein Kinase (AMPK), a central
energy sensor with conserved roles in metabolism across all eukaryotes [19]. Similarly,
HDACS was recently discovered as a major deacetylase of the cohesin subunit SMC3,
whose proper deacetylation during anaphase is required to ensure proper regulation of sister
chromatids [20].

HDAC1 and HDAC?2 often have overlapping functions and predominantly act as part of
transcriptional repressor multiprotein complexes, such as the Sin3 complex, the nucleosome
remodeling and deacetylating (NuRD) complex, and the co-repressor for element-1-
silencing transcription factor (COREST) complex [21]. In addition to the Class | HDACs,
some of the large repressor complexes also consist of other chromatin modifying enzymes.
For example, the NURD complex contains lysine specific histone demethylases (LSD1),
which allows the complex to serve several congruent functions in chromatin remodeling
[10].

HDACS3 is usually found in a complex with two highly related hormone nuclear receptor co-
repressors, namely Nuclear Receptor co-Repressor (NCoR1) and Silencing Mediator of
Retinoic and Thyroid receptors (SMRT/NCoR2), and binding of NCor/SMRT to HDAC3 is
required for its catalytic activity and recruitment to specific promoters, in vitroand in vivo
[22-25]. Like HDAC1 and 2, HDAC3 was initially thought to solely act on histones and
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mediate transcriptional repression. However, recent studies suggest that HDAC3 may also
have non-histone targets and does not always repress transcription. NCoR1/SMRT-bound
HDACS3 can form a complex with the Class Ila HDACs [26], with HDAC3 being the major
deacetylase activity in those complexes. Recent studies in mouse liver have shown that
HDAC3/NCoR associates with circadian clock components, and control hepatic metabolism
by repressing downstream target genes, in a circadian fashion [27]. It will be of interest to
define the relative abundance of HDAC3 and the rest of the Class | HDACs in different
transcriptional complexes, following different stimuli, as well as their subcellular and
subnuclear localization, their promoter occupancy, and their relative roles on transcription,
via effects on acetylation of histones vs. non-histone targets.

Class Il HDACs

The mammalian Class II HDACSs are most homologous to budding yeast HDAL and are
further subdivided into two classes — Class Ila (HDACA4, 5, 7, 9) and Class IIb (HDAC6 and
HDAC10). Class Ila HDACs 4, 5, 7 and 9 have a very highly conserved deacetylase domain
in their C-terminus (Fig. 1), and possess extensive N-terminus adapter domains that contain
multiple conserved regulatory phosphorylation sites and protein binding domains[5, 28].
Distinct from the rest of the subclasses in the HDAC superfamily, the Class Ila HDACs can
shuttle in and out of the nucleus, based on the phosphorylation status of few key serine
residues in the N-terminus. Depending on the cell/tissue type and upstream stimulus,
multiple kinase families including the Ca+/CaM-dependent protein kinases (CaMKs),
Protein Kinase D (PKDs), and LKB1 dependent kinases of the AMPK family, can
phosphorylate and regulate the localization of the Class 1la HDACs [29-34]. Indeed,
phosphorylation on conserved serine residues within the N-terminus adapter domain
promotes binding of the Class Ila HDACs to 14-3-3 adapter proteins, which promotes their
nuclear export [35-38].

Class lla HDAC:s also interact with the HDAC3/SMRT/NCoR complex [39-41]. In fact, the
Class lla HDACs are thought to bear minimal intrinsic deacetylase activity and any robust
deacetylase activity has been attributed to their association with HDAC3 [42] [43].
Interestingly, evolutionary substitution of a key catalytic tyrosine residue (to histidine) that
is conserved in all Class | HDACs, but not in vertebrate Class lla HDACs, might account for
their weak enzymatic activity, in conventional deacetylation assays [44]. Reversion of
histidine to tyrosine, in mammalian HDAC4, increased deacetylase activity by 1,000 fold.
This unveils a more specific role of vertebrate Class lla deacetylases, which selects for low
enzymatic activity and perhaps specificity towards largely undiscovered protein targets.

Recently, it has also been suggested that phosphorylation of the serine residues 278 and 279,
located within the nuclear localization signal (NLS) of HDACS5, might regulate nuclear
import/export. Mutating these serine residues to alanines redirects HDACS to the cytoplasm
[45], thus decreasing its association with the HDAC3/NcoR1/SMRT complex, and
indicating that these phosphorylation sites are important for nuclear import. Furthermore,
serine 279 of HDACS can be phosphorylated by PKA, which in turn negatively regulates
nuclear export [46].

Class 1Ib HDACs (HDAC6 and HDAC10) have less well-established functions, although
HDACES is considered the major cytoplasmic deacetylase and is the only deacetylase from
the superfamily that contains two deacetylase domains in addition to a ubiquitin binding
domain at its C-terminus (Fig 1). HDACS is thought to regulate the deacetylation of a.-
tubulin, cortactin, chaperones, and IFNaR [47-52], and has recently been implicated in
regulating autophagy as well as hepatic metabolism [53, 54]. Very little is currently known
about the function of HDAC10 [55-58].
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Role of the HDACs in physiology and metabolism

Transcriptional control of metabolism is a dynamic process that has been extensively studied
over the past couple decades. Emerging evidence suggests that in addition to acetylation and
deacetylation of histones, a number of transcription factors, co-activators, and repressors are
also robustly controlled through acetylation and deacetylation.

Class I and Il HDACS in cardiac and skeletal muscle physiology and metabolism

Recent findings have placed Class | HDACs in the heart of metabolic control of various
tissues (see Figure 2). Hdac 1 and 2 were shown to play important but redundant roles in
cardiac development and growth; complete genetic deletion of Hdacl or Hdac2led to
embryonic or postnatal lethality respectively [59-61], however, inactivation of HdacZ by
lacZ mediated disruption produced viable mice, most likely attributed to the gene trap
approach utilized [62]. Conditional deletion of both Hdac and HdacZin cardiomyocytes led
to lethality shortly after birth, due to arrhythmia and inappropriate upregulation of calcium
channels and contractile proteins [60]. Interestingly, even a single copy of Hdacl or Hdac2
in the conditional mouse model was able to sustain mice through normal development. In
adult mice, inhibition of Class | HDACs with apicidin derivative (API-D), an anti-parasitic
agent and an HDAC inhibitor, prevented mice from getting cardiac hypertrophy by the
thoracic aortic constriction pressure-overload model [63]. In addition, myocardial fibrosis
was reduced by the HDAC inhibitors trichostatin A (TSA) and sodium valproate, in mice
with left ventricular hypertrophy induced by aortic banding [64].

Conditional deletion of Hdac3under the control of the a-myosin heavy chain (a.-MHC)
promoter caused cardiac hypertrophy and re-programming of cardiomyocytes [65]. These
mice had an increase in fatty acid uptake and oxidation, which led to significant myocardial
lipid accumulation attributed to inappropriate increase in PPARa activity and PPARa target
gene expression, suggesting that repression of this nuclear receptor by the NCoR/SMRT
complex is lost in the absence of Hdac3. In a separate study, deletion of Haac3in the cardiac
and skeletal muscle under the muscle creatine kinase (MCK) promoter, which allows for
cardiac and skeletal muscle specific deletion postnatally, resulted in mice with no
abnormalities, until challenged with a high fat diet (HFD) [66]. Upon switching to HFD,
these mice presented with robust hypertrophic cardiomyopathy and heart failure, and a
decrease in fatty acid metabolism genes, as well as a decrease in genes with functions in the
electron transport chain and TCA cycle. These findings highlight the importance and
differences in temporal regulations, even within the same gene and tissue. Furthermore,
mice deficient in Haac5and Hdac, Class Ila HDACs, presented with severe cardiac
hypertrophy in response to cardiac stress [67, 68]. Collectively, these studies suggest that,
despite redundant roles amongst some of the HDAC family members, the function of the
Class I and Il HDAC:s in developmental and postnatal transcriptional programs is quite
complex.

The role of the Class lla HDACs (HDAC4, 5, 7 and 9) in muscle physiology and
metabolism has been well studied over the years. A number of studies have shown that Class
Ila HDAC:s are regulated downstream of calcium signaling through the CaMK and PKD
families, and more recently AMPK and its related kinases. Upon phosphorylation on
conserved and specific residues within the N-terminus adaptor domain, the Class 1la HDACs
bind to 14-3-3 scaffold proteins and are sequestered into the cytoplasm, where they are
largely considered to be inactive. However, when dephosphorylated and nuclear, the Class
Ila HDAC:s are thought to play a suppressive role on myogenesis and muscle fiber switch,
via MEF2 (myocyte enhancer factor 2) specific repression. MEF2 transcription factors are
believed to be key regulators for the oxidative, slow twitch (type 1) myofibers. De-repression
of MEF2 target genes downstream of Class Ila HDAC phosphorylation and calcium
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signaling allows for metabolic reprogramming. Consistent with this, genetic deletion of
multiple Class lla HDACs in skeletal muscle (due to some redundancy amongst different
family members) promoted de-repression of MEF2 target genes and conversion of glycolytic
fibers to oxidative fibers [69]. AMPK has been suggested to regulate the phosphorylation of
Class Ila HDACs in myotubes allowing for MEF2-dependent derepression and induction of
Glut4, providing one mechanism of how activated AMPK can enhance glucose uptake in the
muscle [32]. Interestingly, another possible mode of regulation of MEF2 transcription
factors could be through direct HDAC3 dependent deacetylation of MEF2 [12], which may
be recruited to MEF2 by the Class lla HDACs.

Recently, skeletal muscle specific deletion of ANCoR1 in mice presented with a largely
normal phenotype on a regular chow diet [70]. However, when challenged with a HFD, mice
had increased muscle fiber size and exercise endurance, suggesting a suppressive role of
NcoR1 in muscle reprogramming. Supporting this further, the NCoR1 KO mice on HFD had
an increase in oxidative muscle metabolism, as well as mitochondrial quantity. These
findings are consistent with the known inhibition by NCoR1 of nuclear receptors involved in
this process, including PPARS, and with the suppression of MEF2, which may be
coordinately suppressed by NCoR1. Furthermore, MEF2 dependent genes were upregulated,
which could be attributed to increased acetylation and activity of MEF2D transcription
factor in the absence of NCoR1, due to destabilization of the NcoR1/SMRT/HDAC3
complex. Interestingly, NcoR1 mRNA was decreased by low glucose or high fatty acid
levels in cells, paralleling its regulation by fasting and feeding and endurance exercise, in
vivo. In addition to total NCoR1 levels being lowered under low energy conditions, the
protein was localized in the nucleus in response to insulin, suggesting a crosstalk between
classic insulin signaling and these transcriptional regulators [71]. Future studies are needed
to dissect the molecular details of this crosstalk, in more depth. In addition, use of
conditional NCoR1 mice can provide insight to what other transcription factors and nuclear
receptors might be affected by to the loss of NCoR1, in different contexts.

Role of Class | and Il HDACs in Adipogenesis

In a recent study, the canonical Class | HDACs 1 and 2 were shown to have a novel and
unexpected role in the control of adipogenesis [71]. In this study, the authors utilized genetic
deletion of both Hdacl and Hdac2in mouse embryonic fibroblasts and demonstrated a
decrease in lipid accumulation following adipogenic induction of MEFs. Notably, deletion
of each individual Class | HDAC did not have an effect on the differentiation process,
supporting the notion that HDAC1 and HDAC?2 have redundant functions in this cellular
process.

Treatment of 3T3-L1 preadipocytes with the pan-HDAC inhibitors TSA, suberoylanilide
hydroxamic acid (SAHA), or Scriptaid, led to a block in differentiation and adipogenesis,
following induction [71]. The Class lla specific inhibitor MC1568 was also recently shown
to attenuate PPARy-induced adipogenesis in 3T3-L1 cells, while the Class I-selective
inhibitor MS275 blocked adipogenesis completely [72], consistent with other findings with
TSA, SAHA and other HDAC inhibitors [73-75]. Interestingly, Class lla HDAC9 has been
implicated as a negative regulator in the control of adipogenesis [76]. In this study, out of
the eleven HDACs examined, only HDAC9 mRNA was down-regulated during adipocyte
differentiation. Interestingly, downregulation of HDAC9 happens relatively early and
precedes the increase of expression of adipogenic genes during differentiation, suggesting
that perhaps HDACS activity may need to be decreased in order for adipogenesis to proceed.

A recent report showed that deletion of NCoR1 in adipocytes leads to increased insulin
sensitivity and reduced inflammatory response, in mice, despite excessive weight gain when
challenged with a HFD [77]. These mice had a phenotype similar to the phenotype of mice
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treated with thiazolidinediode (TZD), a potent PPAR~y agonist. Considering that HDAC3
may bind the NCoR1/SMRT co-repressor complex, it would be of interest to compare the
phenotypes of HDAC3 adipose-specific knockout mice (KO) with the NCoR1 adipose-
specific KO. Further genetic deletion analysis of single family members and combinations
of the Class | and Class Il HDACs in adipocytes in the intact mouse, will help us gain a
better understanding the roles of the Class | HDACs in adipose tissues.

Role of Class | and Il HDACs in liver metabolism

A number of recent studies have implicated a role for HDAC3 in the control of hepatic lipid
metabolism. Conditional liver-specific KO of Hdac3in adult mice resulted in severe hepatic
steatosis with elevated expression of lipogenic enzymes [27, 78]. Genome-wide analysis of
Hdac3 occupancy on lipogenic genes revealed a circadian binding pattern that inversely
correlated with histone acetylation at these loci. Comparisons of Hdac3 cistromes to
cistromes of its binding partner NCoR1 revealed high overlap, which was also shared with
that of Rev-erba, a nuclear receptor under circadian control, and a critical part of the core
circadian clock machinery. The recruitment of HDACS3 to lipogenic gene loci, in liver,
required Rev-erba., as this binding and the circadian expression of these loci was lost when
Rev-erba was deleted. Strikingly, the binding of HDAC3 to genomic loci was extremely
diurnal, with 99% binding observed during the day, when mice were not feeding.
Collectively, the data suggest that Rev-Erba recruits HDACS3 to lipogenic genes to repress
their expression during the day (see Figure 3b). Whether HDAC3 catalytically acts on
histones and/or additional targets in this context remains a subject for future studies.

The accumulation of hepatic lipids in HDAC3 liver specific KO mice fits with another study
that used both inducible whole body KOs of HDAC3 in adult mice, and liver-specific KO
starting during embryogenesis [78]. HDAC3 liver KO mice had lower fasting blood glucose
and insulin levels, and an upregulation of a number of genes involved in lipid and fatty acid
metabolism and cholesterol synthesis. The authors speculated that this may be due to
increased activity of PPAR-y [79], which was previously shown to recruit the HDAC3/
NCoR1 complex [79, 80]. Inhibition with the PPARy antagonist GW9662 in the HDAC3
null livers partially alleviated the lipid accumulation in these mice [78].

Interestingly, loss of Hdac3 in the liver activated the mammalian target of Rapamycin
Complex 1 (mTORCL) pathway, and treatment of these mice with the mTORCX inhibitor
Rapamycin partially alleviated some of their fatty liver phenotype. Consistent with
activation of such a pro-growth pathway, extended deletion of HDAC3 in the liver led to
hepatocellular carcinoma (HCC) [81]. NCoR1 was down-regulated in tumors of these mice,
suggesting that the heterotrimeric complex needs to stay intact to be functional. The cause of
HCC was attributed to cumulative DNA damage [81], although deregulated liver
metabolism and chronic stress from the fatty liver phenotype also could be considered a
contributing factors.

A novel and unexpected role for the Class I1a HDACs in hepatic glucose metabolism was
recently revealed. Treatment of mice with metformin or insulin, which respectively activate
AMPK or related family members including Salt-Inducible Kinase 2 (SIK2), resulted in the
phosphorylation of two key amino acids (Ser259 and Ser498 - using human HDAC5
numbering), in each of the Class 1la HDACs (Fig 1), and in nuclear exclusion of HDAC4,
HDACS, and HDACY7, in liver [34, 82]. Conversely, under fasted conditions in mouse liver,
or in isolated hepatocytes treated with the fasting hormone glucagon, HDAC4, HDACS, and
HDACTY underwent rapid dephosphorylation and nuclear accumulation (<15 minutes). To
examine what genes the Class 1la HDACSs regulates upon nuclear entry following glucagon
treatment, unbiased microarray analysis was performed, revealing the unexpected finding
that loss of these HDACSs led to near complete loss of glucagon-induced expression of
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gluconeogenic genes. Surprisingly, the most HDAC-regulated gene on the entire whole
genome microarray following glucagon or treatment with the cAMP agonist forskolin, was
the catalytic subunit of Glucose 6 Phosphatase (G6pc). In this setting, the Class Ila HDACs
appear to act as activators, a role opposite of their repressive function on MEF2 transcription
factors. Further analysis demonstrated that Class lla HDACs, through recruitment of
HDACS, regulated the acetylation and activity of the Foxo transcription factors, known
inducers of the gluconeogenic transcription program [34]. Consistent with the recruitment of
endogenous Class Ila HDACs to the promoters of the gluconeogenic genes Gépcand Pckl
in response to glucagon, the Class Ila HDACs were also required to recruit HDAC3 to these
promoters (see Fig. 3c). In line with previous studies showing that acetylation of FOXO
results in its inactivation [83, 84], hyperacetylation of FOXO1 in Class IIA HDAC shRNA
expressing liver was accompanied by loss of FOXO target gene expression, like G6pc. As
seen in the FOXO1 KO and G6PC liver-specific KO mice, mice bearing sShRNAs that block
Hdac4/5/7 expression in liver, showed increased glycogen accumulation and decreased
blood glucose, in multiple murine models of metabolic syndrome (adb/db, ob/ob, and C57B/6
mice on a HFD). This phenocopies the human Glycogen Storage Disease Type | or Von
Geirk’s disease, where G6PCc is inactivated due to mutations [85, 86]. Consistent with the
finding that HDAC3 was the catalytic deacetylase regulating FOXO acetylation, a reduction
of fasting blood glucose was also previous reported in the HDACS3 liver specific KO mice
[78]. It remains to be seen what is the long-term consequences and phenotype of mice with
liver specific deletions of the Class lla HDACSs. Interestingly, this mechanism was found to
be conserved in fruit flies and the Drosophila orthologue dHDAC4 plays an important role
of metabolic homeostasis of the fat body, in response to glucagon-like fly hormones [82].
Finally, though its connection to the above observations remains unclear, it was recently
reported that HDAC6 may play a role in hepatic glucose metabolism as well [54].

Taken together, data on the role of Rev-ERB and HDACS3 in lipogenesis and on the role of
Class lla HDACs and HDAC3 in gluconeogenesis support the hypothesis that HDAC3 may
only be bound to chromatin sites during fasting, whereas HDAC3 may associate with
distinct activating and repressive transcriptional complexes during fasting. For example, for
lipogenic genes and during the fasting period, Rev-Erb might recruit HDAC3 and NCoR to
inhibit their expression. At the same time, Class Ila HDACSs are activatively translocated
into the nucleus by the fasting hormone glucagon where they recruit HDAC3/NCoR to
deacetylate FOXO at gluconeogenic genes (see Fig 3c). One prediction of this model is that
HDACS3 is at some promoters acting as a co-activator for gluconeogenic genes, while at the
same time it is bound on promoters of lipogenic genes where it serves as a transcriptional
repressor. Besides the presence and absence of Rev-ERB and the Class lla HDACs, it will
be important to define what other proteins are in the complexes that reside on the lipogenic
and gluconeogenic promoters, and how fasting and feeding signals may regulate them.

As a final point, HDAC3’s binding partner NCoR1 has been reported to actively translocate
to the nucleus of myocytes, following insulin treatment or refeeding [71], which was also
observed in the livers of mice were the insulin-dependent mTORC1 pathway was
genetically hyperactivated [70, 87]. At face value, if both signals are operational in liver at
the same time, this would suggest that NCoR1 is shuttling into the nucleus under fed or
insulin-stimulated conditions when the Class Ila HDACs may be shuttling out, though much
further work is needed to fully investigate the regulation of HDAC3, NCorl, and Class lla
HDAC:s following distinct hormonal inputs in metabolic tissues.

It will be of great interest to also evaluate the role of Class | and Class Ila specific HDACs
as targets for potential anti-diabetic therapies, using existing mouse models of diabetes. To
this point, in spite of apparent lack of enzymatic activity, inhibitory compounds that directly
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bind to and induce degradation of Class Ila HDACs have been reported [88], and can be
readily tested in models of metabolic dysfunction.

Role of Class | and 1l HDACs in Autophagy and other metabolic processes

Multiple recent reports suggest a role for both Class I and 1l HDACs in the regulation of
autophagy [53, 89]. Conditional deletion of Hdac1 and HdacZin muscle led to myofiber
degeneration and shared partial phenotypes with mice that are deficient in autophagy.
Interestingly, deletion of both Hdac1/21ed to an increase in the levels of the polyubiquitin-
binding protein p62 levels in skeletal muscle of neonatal animals, which was further
enhanced when animals were fasted, implying a block in autophagy. The Class 11b HDAC6
has also been demonstrated to play a role in autophagy-mediated clearance of aggregated
proteins and defective mitochondria [53, 90], though the specific target of its deacetylation
in that process is not yet known. Notably however, HDACS is required for chlorogine-
induced autophagy but not starvation-induced autophagy, suggesting a selectivity of
HDACS for the “quality control” form of autophagy, which is basally required for the
disposal of protein aggregates and damaged organelles [91]. Accordingly, the ubiquitin
binding domain of HDACG6 (“zf-UBP” in Figure 1) is required for its ability to bind
ubiquitinated protein aggregates and required for autophagosome-lysome fusion [86].

Another recent connection to autophagy control emerged from an unbiased RNAI screen, in
which HDAC1 was discovered to be robustly controlling the acetylation of three lysine sites
in the AMPK catalytic subunits AMPKal (PRKAAL) and AMPKa2 (PRKAA2) [17].
Deacetylation of the AMPK catalytic subunits led to their tighter association with the
upstream kinase LKBL1 that resulted in enhanced AMPK phosphorylation and activation [19]
(see Fig 3a). This parallels previous studies showing acetylation control of the AMPK beta
subunit Sip2 in budding yeast [92]. Considering that AMPK is a central regulator of
metabolism and a key target of diabetes therapeutics [93-96] it would be interesting to
further investigate whether the de-acetylation of AMPK in metabolic tissues is governed by
HDACYL, and whether it is regulated by hormonal signals. Another core component of
autophagy, which is activated by AMPK and inhibited by the mTORC1, is the autophagy
kinase ULK1/Atg1, which itself was recently shown to be regulated by acetylation [97].
Indeed, a number of critical metabolic enzymes were shown to be regulated through
reversible acetylation recently, including PEPCK [98], pyruvate kinase M2 [99] and a
number of other metabolic enzymes [3, 10]. Whether Class | or Il deacetylases control these
events /n vivo, remains to be investigated, though it is important to note that metabolic
regulators beyond AMPK were found to be regulated by HDAC1 in the aforementioned
study [19].

Finally, several reports have shown that HDAC3 complexed with NCoR1/SMRT plays a
key role in macrophage activation, which is a major contributor to obesity induced
inflammation [100-102]. Interestingly, while many early studies focused on the role of the
HDAC3-NCorl complex in the repression of Nuclear Receptors [103] and other
transcription factors in macrophages [100], more recent studies suggest complex roles for
HDAC3/NCorl in the induction of a large percentage of inflammatory genes in
macrophages through effects on interferon gene expression [104].

Concluding Remarks

Many recent studies have defined the role of acetylation and deacetylation as an abundant
and dynamic process, integral to chromatin remodeling, as well as to the control of a great
number of transcription factors and metabolic enzymes. Considering these crucial functions,
it is necessary to further define the protein targets and functional roles each of the ten Class |
and Class Il HDACs play in metabolism during development, as well as in the physiology
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and pathology of adult tissues. The discovery that a vast percentage of metabolic enzymes
are regulated by acetylation is particularly intriguing, though thus far most of these events
have been suggested to be controlled by the Sirtuin/Class 11l HDAC family [105]. However,
given recent studies discovering central metabolic regulators like AMPK as substrates for
Class | HDACs [16], it will now be critical to re-examine how often Class | and Il HDACs
may control acetylation of non-histone targets. In addition, recent studies have uncovered a
variety of new lysine modifications in histones, including lysine crotonylation,
succinylation, and malonylation [106]. More recently, HDAC3 bound to NCorl was
reported to harbor decrotonylase activity in vitro [107], suggesting that the Class | and 11
HDACSs may indeed hold novel activities and functions beyond what was imagined
previously.

Defining the optimal therapeutic window for HDAC inhibitors in different disease states
remains an urgent and ongoing area of investigation. It will be of great importance to
determine if more specific HDAC inhibitors (HDACI) can be utilized for the treatment of
metabolic disorders and the plethora of ailments associated with the metabolic syndrome
[108]. In addition to the potential for harnessing HDAC modulation in the treatment of
metabolic disease, it will be of great interest to explore what function these proteins might
have in controlling metabolism in cancer cells, especially considering the re-emergence of
cancer cell metabolism as a critical hallmark of tumorigenesis [109, 110] and the fact that
two HDAC inhibitors were recently approved by the FDA as anti-cancer therapies [111-
113]. Combining recent genetic dissections of HDAC function in mice with new
biochemical and RNAI screens to decode their substrates, the next few years will no doubt
reveal many new insights and new mysteries for this family of enzymes.
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Figure 1. The subclasses of the HDAC superfamily

Class | HDACs are comprised almost entirely of a conserved deacetylase domain (shown in
blue boxes). All Class 1A HDACs contain a long N-terminal adapter domain with myocyte
enhancer factor 2 (MEF2) —binding sites (purple squares) and multiple phosphorylation sites
(red circles) that are 14-3-3 chaperone protein binding sites, and a conserved deacetylase
domain. HDACS is unique because it contains two deacetylase domains and a C-terminal
zinc finger ubiquitin binding domain.
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Deletion of both HDACL1 and 2 in mouse fibroblasts leads to a decrease in lipid
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accumulation following, adipogenic induction. Class lla HDACS9 has also been implicated as

a negative regulator in the control of adipogenesis. Class Ila HDACs are involved in

myogenesis and deletion of multiple Class Ila HDACs in skeletal muscle de-repressess
MEF2 targets resulting in an increase of slow myofibres. HDAC1 and 2 deletions in the
myocardium result in lethality caused by dilated cardiomyopathy and arrhythmias. Class lla

HDACS and 9 have a role in suppressing cardiac growth in response to stress stimuli.

Deletion of HDAC3 increases lipogenesis in the liver and causes severe hepatic steatosis.
Class lla HDACs regulate hepatic gluconeogenisis by recruitment of HDACS3, facilitating
the deacetylation and activation of Foxo transcription factors during fasting. Other studies

also implicate HDAC3 and HDACY in the control of inflammation.
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Figure 3. Molecular modelsfor some of the metabolic processesregulated by Class| and |1
HDACs

A) HDAC1 deacetylates AMPK and enhances its physical interaction with the upstream
kinase LKB1. De-acetylated AMPK is more readily phosphorylated and activated. Activate
AMPK positively regulates cellular processed that will replenish ATP in the cell and
negatively regulates ones that are high in energy consumption. B) Rev-erba recruits
HDACS3 to lipogenic gene targets and globally regulates lipogenesis in the liver. HDAC3
recruitment to the genome displays a circadian rhythm and deletion of HDC3 in the liver
leads to hepatic steatosis. C) Under fasting conditions, the hormone glucagon triggers
dephosphorylation and nuclear recruitment of Class l1la HDACs, which in turn recruit the
HDAC3/NCoR complex to deactylate FOXO family transcription factors. As acetylation
inhibits FOXO binding to DNA, deacetylation of FOXO promotes its DNA binding and
expression of its target genes. In the fed or metformin treated state, kinases of the AMPK
family phosphorylate Class Ila HDACs and Akt phosphorylates FOXO, leading to 14-3-3
binding to both the Class Ila HDACs and FOXO, redirecting them in the cytoplasm and
inactivating them.
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