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Regulation of Histone Deacetylase Activities

Nilanjan Sengupta and Edward Seto*
H. Lee Moffitt Cancer Center and Research Institute, Tampa, Florida 33612

Abstract Histone deacetylases (HDACs) are enzymes that catalyze the removal of acetyl groups from lysine
residues in both histone and non-histone proteins. They play a key role in the regulation of gene transcription and many
other biological processes involving chromatin. Significantly, recent studies suggest that HDACs are critically involved in
cell-cycle regulation, cell proliferation, differentiation, and in the development of human cancer. HDAC inhibitors
currently are being exploited as potential anti-cancer agents. As expected for vital regulators of many cellular processes,
the activities of HDACs are tightly controlled and precisely regulated by multiple mechanisms. The activities of most if not
all HDAC:s are regulated by protein—protein interactions. In addition, many HDACs are regulated by post-translational
modifications as well as by subcellular localization. Less studied, but perhaps equally important, is the regulation of some
HDACs by control of expression, availability of cofactors, and by proteolytic processing. A complete understanding of how
HDAC:s are regulated will contribute not only to our overall knowledge of chromatin structure and gene control, but will
offer tremendous insight into approaches for developing therapeutic HDAC inhibitors with improved specificity.
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The packaging of eukaryotic DNA into
chromatin poses a fundamental accessibility
problem. All reactions within the chromatin
substrate including transcription, replication,
recombination, and repair, must be initiated
and regulated by DNA-binding factors. The
interaction of these factors with their target
DNA requires chromatin to be partially
unwound. Many studies have established that
such chromatin flexibility is achieved by two
principal molecular mechanisms. First, ATP-
dependent chromatin remodeling factors alter
histone—DNA interactions such that nucleoso-
mal DNA becomes more accessible to interact-
ing proteins [Becker and Horz, 2002; Lusser and
Kadonaga, 2003]. Second, the amino-terminal
tails of the core histone proteins are subjected to
a variety of covalent post-translational modifi-
cations including acetylation, phosphorylation,
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methylation, ubiquitination, and ADP-ribo-
sylation [Strahl and Allis, 2000; Zhang and
Reinberg, 2001; Berger, 2002]. These modifica-
tions play essential roles in generating the
dynamic state of chromatin.

Acetylation, which is linked predominantly to
transcriptional activation, is the most exten-
sively studied post-translational histone mod-
ification to date. This process involves the
transfer of an acetyl group from the acetyl
coenzyme A metabolic intermediary to the -
amino group of lysine residues in histone tails,
catalyzed by a group of enzymes known as
histone acetyltransferases (HAT) [Roth et al.,
2001]. It is generally accepted that the primary
effect of acetylation is to partially neutralize the
positive charge of histones, thus decreasing
their affinity for DNA and thereby generating
a permissive structure for the binding of pro-
teins to DNA. Additionally, acetylated histone
tails can recruit other chromatin-associated
proteins.

The functional importance of acetylation lies
in its highly reversible nature that depends on
the accuracy and efficiency of the reverse
reaction, histone deacetylation, which is cata-
lyzed by a group of enzymes known as histone
deacetylases (HDACs). Broadly speaking,
HDACs promote transcriptional repression
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and silencing [Cress and Seto, 2000; Ng and
Bird, 2000; Grozinger and Schreiber, 2002;
Thiagalingam et al., 2003; Verdin et al., 2003;
Yang and Seto, 2003]. Mammalian HDACs have
been divided into three different classes (I, II,
and III) based on sequence homology to yeast
HDACs, reduced potassium dependency 3
(Rpd3), histone deacetylase 1 (Hdal), and silent
information regulator 2 (Sir2), respectively.
Class I and II HDACs are sensitive to the
inhibitor trichostatin A (TSA), whereas class I11
is insensitive to TSA and requires the coenzyme
NAD™ as a cofactor. Most HDACs do not contain
intrinsic DNA-binding activities; other cellular
factors are required for their proper recruit-
ment to specific locations in the genome. In
addition to histones, many HDACs can deace-
tylate non-histone proteins in vitro and in vivo.

HDAC proteins are critical regulators of
fundamental cellular events, including cell-
cycle control, differentiation, and apoptosis,
and their misregulation is involved in tumor-
igenesis[Marksetal., 2001c]. HDACs have been
implicated in mediating the function of onco-
genic translocation products in specific forms of
leukemia and lymphoma [Melnick and Licht,
2002]. Importantly, HDAC inhibitors can
induce growth arrest, differentiation, and/or
apoptosis of transformed cells and therefore, are
being explored as therapeutic agents for the
treatment of certain forms of cancer [McLaugh-
linetal., 2003; Secrist et al., 2003; Yoshida et al.,
2003].

As expected with proteins that occupy an
essential physiological role, the activities of the
HDAC proteins are highly regulated by multi-
ple distinct mechanisms. However, much of the
work so far on HDACs has gone into under-
standing their functions and mechanisms of
action, and how they relate to cancer. Less effort
has been made in elucidating how these pro-
teins are regulated. The focus of this article is to
provide a much-needed overview and discussion
of our current knowledge regarding the regula-
tion of HDACs. A thorough evaluation of HDAC
regulation will eventually improve our overall
understanding of the biology of HDACs.

REGULATION BY PROTEIN
COMPLEX FORMATION

The activity of HDACs can be separated into
two areas, enzymatic activity (the ability to
deacetylate histones or other non-histone pro-

tein substrates), and functional activity (the
ability to regulate transcription, for example).
Several HDACs exist as a component in stable
large multi-subunit complexes, and most if not
all HDACs interact with other cellular proteins.
Results from many studies in different labora-
tories suggest that with the exceptions of yeast
HOS3 and mammalian HDACS8, most purified
recombinant HDACs are enzymatically inactive
[Carmen et al., 1999; Hu et al., 2000; Lee et al.,
2004]. Any protein that associates with HDACs,
therefore, has the potential to activate or inhibit
the enzymatic activity of HDACs. Likewise,
HDACSs, in general, have no DNA binding
activity, therefore, any DNA-binding protein
that targets HDACs to DNA or to histones
potentially can affect HDAC function.

Early studies of human HDAC1 and HDAC2
revealed that they exist together in at least
three distinct multi-protein complexes called
the Sin3, the NuRD/NRD/Mi2, and the CoOREST
complexes [Hassig et al., 1997; Laherty et al.,
1997; Zhang et al., 1997, 1998b; Tong et al.,
1998; Ayer, 1999; Ng and Bird, 2000; Humphrey
et al., 2001; You et al., 2001]. Sin3 and NuRD
complexes share a core comprised of four
proteins: HDAC1, HDAC2, RbAp46, and
RbAp48. In addition, each complex contains
unique polypeptides (Sin3, SAP18, and SAP30
in the Sin3 complex; Mi2, MTA-2, and MBD3 in
the NuRD complex). The first clue underscoring
the importance of associated proteins in mod-
ulating HDAC enzymatic activity came from
purification studies of the NuRD complex. In an
elegant reconstitution approach using purified
subunits, Zhang et al. [1999] showed that the
HDAC activity of the core complex was severely
compromised compared to the native holo-
complex. The addition of MTA2 to the core
complex was sufficient to direct the formation
of an enzymatically active complex. MBD3,
another component of the NuRD complex, was
found to mediate the association of MTA2 with
the core HDAC complex. Shortly afterwards,
another study in yeast identified Sds3p as an
integral component of the Sin3/Rpd3 HDAC
complex [Lechner et al., 2000]. Using an sds3A
strain, the authors showed that in the absence
of Sds3p, the Rpd3p complex lacks HDAC
activity. Additionally, Sds3p could promote the
integrity of the Sin3 complex, and the associa-
tion of Sin3p with Rpd3p was severely compro-
mised in the absence of Sds3p. Subsequently,
another study extended these findings and
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identified mammalian SDS3 as a key compo-
nent of the Sin3 corepressor complex that
augments enzymatic activity of HDAC1 in vivo
[Alland et al., 2002]. Like MTA2 and SDS3, in
the CoREST complex, the association of
HDAC1/2 with CoREST is essential for HDAC
enzymatic activity [You et al., 2001].

Perhaps the best example of HDAC regula-
tion by protein—protein interaction emanated
from studies of HDAC3. Data from early studies
suggested that nuclear receptor corepressors,
silencing mediator of retinoid and thyroid
receptor (SMRT) and nuclear receptor corepres-
sor (N-CoR), function as platforms for recruit-
ment of HDACs [Alland et al., 1997; Heinzel
et al., 1997]. Surprisingly however, the interac-
tion between HDAC3 and SMRT/N-CoR
resulted in the stimulation of HDAC3 enzy-
matic activity [Wen et al., 2000; Guenther et al.,
2001; Zhang et al., 2002]. No enhancement of
HDACS3 activity was seen with an N-CoR
mutant that did not bind HDACS3. Thus, it
appearsthat the enzymatic activity of HDAC3 is
specifically regulated by the availability of inter-
acting SMRT/N-CoR. The activation of HDAC3
is mediated by a deacetylase-activating domain
(DAD) present in SMRT and N-CoR. This
domain was found to be necessary and sufficient
for HDAC3 enzymatic activation in reconstitu-
tion experiments using purified components.

A more recent study by Guenther et al. [2002]
identified an additional level of HDACS3 regula-
tion. They showed that the enzymatic activation
of HDAC3 by SMRT requires an energy-depen-
dent prior priming of HDAC3 by the protein
folding machinery, TCP-1 ring complex (TriC).
Upon SMRT binding, TriC dissociates from
HDAC3, yielding an enzymatically active
HDAC complex. Incidentally, another ATP-
dependent chaperone protein, HSP70, has been
implicated in enhancing the catalytic activity of
HDACI, 2, and 3 [Johnson et al., 2002]. Unlike
HDACS3, the class I HDACs cannot be activated
by SMRT/N-CoR. Instead, Fischle et al. [2001,
2002] showed that the enzymatic activity of
HDACA4, 5, and 7 is dependent on the association
with the HDAC3/SMRT/N-CoR complex. These
studies point toward a model in which HDAC4,
5, and 7 are not active deacetylases but rather,
exert their functional effects by recruiting
preexisting enzymatically active SMRT/N-CoR
complexes containing HDACS3.

The three proteins that activate class I HDAC
activities, MTA2, CoREST, and SMRT/N-CoR

all possess SANT domains. The SANT domain is
a putative DNA binding domain present in a
number of transcriptional regulators, including
SWI3, ADA3, N-CoR, and TFIIIB. Both SMRT/
N-CoR and CoREST contain two SANT do-
mains, of which only one is necessary for
activating HDAC enzymatic activity. In the
case of SMRT, the second SANT motif regulates
HDACS3 by targeting the enzyme to histones [Yu
et al., 2003]. Deletion of the HDAC-interacting
SANT domain results in loss of HDAC enzy-
matic activity thereby reinforcing the idea that
SANT domain proteins clearly are important
regulators of HDAC activity. However, not all
HDAC complexes contain SANT domain pro-
teins. For example, SANT domain-containing
proteins have not been identified in the well-
characterized Sin3/HDAC complex. It is con-
ceivable that the HDAC activator SDS3 may
function by recruitment of a SANT domain
protein. Alternatively, other components in
the Sin3 complex can substitute for the function
of a SANT domain protein to activate HDAC
activity.

REGULATION BY
POST-TRANSLATIONAL MODIFICATIONS

Phosphorylation

Phosphorylation is a leading post-transla-
tional mechanism for controlling many enzyme
activities. In germinating Zea mays embryos,
HD1 can be separated into multiple forms by
HPLC. Phosphorylation of one of these enzyme
forms, HD1-A, causes a change in substrate
specificity of the enzyme [Brosch et al., 1992].
Another maize deacetylase, HD2, consists of
three polypeptides, one of which, p39, is phos-
phorylated by protein kinase CK2 [Lusser et al.,
1997].

All mammalian HDACs possess potential
phosphorylation sites and many of them have
been found to be phosphorylated in vitro and in
vivo. In one study, human HDAC1 was analyzed
by ion trap mass spectrometry, and two phos-
phorylated residues, Ser*?! and Ser*?3, located
in the protein’s C-terminal, were identified
[Pflum et al., 2001]. The protein kinase CK2
was shown to phosphorylate HDACI1 in vitro.
Site directed mutations of Ser*?! and Ser*?? to
alanine in HDACI1 reduced enzymatic as well as
transcriptional repression activity, and similar
results were obtained with a C-terminal dele-
tion mutant of HDAC1. Importantly, complex
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formation, including association with RbAp48,
MTA-2, mSin3A, and CoREST, is severely
impaired in these mutants. There are two non-
mutually exclusive possibilities to explain how
phosphorylation can affect HDAC activity. Con-
ceivably, phosphorylation of HDAC1 can alter
its conformation into a more favorable enzyma-
tically active form. Alternatively, phosphoryla-
tion might increase the ability of HDAC1 to
interact with proteins, such as MTA2 and SDS3,
which can activate its activity and consequently
enhance its enzymatic activity.

In a separate study, Cai et al. [2001] also
reported phosphorylation of HDAC1. However,
this study differs from the previous one in three
important observations: (i) a phosphorylation
site was found to exist between residues 387
and 409, (ii) a single alanine mutation in any of
the CK2 sites failed to reflect any change in the
level of phosphorylation compared to wildtype
HDAC1, and (iii) phosphorylation of HDAC1 did
not affect the deacetylase activity of the protein.

A third study took a different approach to
explore the regulation of HDACs by phosphor-
ylation [Galasinski et al., 2002]. Treatment of
cells with the phosphatase inhibitor okadaic
acid (OA) resulted in altered chromatographic
elution as well as an altered deacetylase activity
profile of fractionated HDAC1 and HDAC2.
Furthermore, the authors showed that both
HDAC1 and HDAC2 exist in three different
phosphorylation forms: unphosphorylated,
basally phosphorylated, and hyperphosphory-
lated. Mitotic arrest resulted in hyperphosphor-
ylation of HDAC2 but not HDAC1. Consistent
with the earlier observation by Pflum et al.
[2001] that phosphorylation promotes enzy-
matic activity, dephosphorylation of hyper-
phosphorylated HDACs led to a small but
significant decrease in deacetylase activities in
OA-treated cells. Unexpectedly, HDAC hyper-
phosphorylation induced by OA treatment was
found to disrupt the association of HDAC1 and
HDAC2 with each other as well as with both
mSin3A and YY1 corepressors. This observa-
tion argues that not only phosphorylation per se
but also the extent of HDAC phosphorylation in
vivo are equally important in the final physio-
logical outcome.

Like HDAC1, HDAC2 is a phosphoprotein
and phosphorylation occurs at multiple serine
residues located in the C-terminal end of the
protein [Tsai and Seto, 2002]. In HDAC2,
besides Ser*?? and Ser*?* (which correspond to

Ser*?! and Ser*?? of HDAC1), Ser®®* also can be
phosphorylated by CK2. Unlike HDAC1, which
can be phosphorylated in vitro by CK2, protein
kinase A (PKA), and protein kinase G (PKG),
only CK2 can phosphorylate HDAC2 in vitro.
Phosphorylation of HDACZ2 is necessary for both
enzymatic activity as well as for association
with the corepressors mSin3 and Mi2. However,
unlike HDAC1, phosphorylation of HDAC2 does
not affect transcriptional repression, at least in
transient transfection coupled with luciferase
reporter assays. In a study of breast cancer cells
by Sun et al. [2002], the transcriptional repres-
sors Spl and Sp3 were shown to associate with
HDAC1 and CK2-phosphorylated HDAC2.
Additionally, phosphorylation of HDAC2 asso-
ciated with Spl/Sp3 augments deacetylase
activity recruited to the estrogen-regulated
promoters.

An interesting outcome from the study by
Tsai and Seto [2002] was that in addition to
HDAC1 and HDAC2, the remaining class I
HDACs (HDAC3 and HDACS) could also be
phosphorylated. HDAC3 and HDACS are phos-
phorylated in vitro by CK2 and PKA, respec-
tively. A recent study confirmed that HDACS8
was phosphorylated in vitro and in vivo by PKA
[Lee et al., 2004], and that phosphorylation of
HDACS differs from other class I members in
two significant points. First, the site of phos-
phorylation is at a non-conserved residue, Ser®®,
located at the N-terminus of HDACS. Second,
phosphorylation of HDACS8 by PKA drastically
reduced enzymatic activity, which was reflected
in the hyperacetylation of histones H3 and H4.

Numerous studies have shown convincingly
that the functions of class II HDACs are
regulated by phosphorylation. For example,
HDAC4 and HDACS5 can block myogenesis by
associating with and inhibiting the activity of
the MEF2 transcription factor, and calcium/
calmodulin-dependent kinase (CaMK) signal-
ing prevents this inhibition by dissociating
MEF2-HDAC complexes [Lu et al., 2000a,b].
Although HDAC4 and HDAC5 can be phos-
phorylated by CaMK in vitro [McKinsey et al.,
2000a,b], a subsequent study indicated that the
class II HDAC kinase was not inhibited by
compounds that inhibit CaMK and was not
recognized by an anti-CaMKIV antibody [Zhang
et al., 2002]. In a different study, HDAC4 was
found to associate with extracellular signal-
regulated kinases 1 and 2 (ERK1/2) [Zhou et al.,
2000]. In both instances, phosphorylation of
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class IT HDACs does not appear directly to
influence the enzymatic activity of these pro-
teins; rather, it modulates their subcellular
localization.

While most studies on HDAC phosphoryla-
tion have focused on the identification and
characterization of HDAC kinases, the involve-
ment of phosphatases in regulating HDAC
activity may be equally important. Based on
the range of OA concentrations required to
increase HDAC phosphorylation and the dif-
ferential sensitivities of HDACs to different
phosphatases, it was concluded that the phos-
phorylation status of HDAC1 and HDAC2 most
likely are regulated by PP1 [Galasinski et al.,
2002]. In another study, HDAC1 was found to
associate with PP1 and promote dephosphor-
ylation of CREB, although it is not known
whether HDAC1 serves as a substrate for PP1
in this stable complex [Canettieri et al., 2003].
Using microcystin affinity chromatography to
isolate protein phosphatase complexes, Brush
et al. [2004] found that HDAC1, HDAC6, and
HDAC10 (but not HDAC2, 3, 4, and 5) are
components of active serine/threonine phospha-
tase complexes. Far-Western analysis showed
that HDACG6 binds the catalytic subunit of PP1,
but not PP2A. HDAC4 did not bind PP1 under
identical conditions confirming the selectivity of
the HDAC—PP1 interaction. Interestingly, the
HDAC inhibitor TSA was able to disrupt the
interaction of HDAC6 with PP1. The impor-
tance of PP1 in the regulation of HDACs was
reinforced in an earlier unrelated study to
identify PP1 binding proteins. Using a labeled
PP1 protein probe, Ajuh et al. [2000] screened a
human ¢DNA expression library, and out of
12 ¢cDNAs that encoded PP1l-interacting pro-
teins, two of them contained HDAC6. Taken
together, it is fair to conclude that PP1 most
likely is a major phosphatase that regulates the
state of phosphorylation of at least several
human HDACs.

Sumoylation

Besides phosphorylation, another post-trans-
lational modification that has been shown to
regulate HDAC activity and function is the
conjugation of small ubiquitin-related modifier
(SUMO-1). Unlike the protein degradation
effects of ubiquitination, SUMO-1 modification
exerts varied effects on the target protein,
including subcellular localization, protein—pro-
tein interaction, and enzymatic activity mod-

ulation. Two independent studies [Colombo
et al.,, 2002; David et al., 2002] identified
HDAC1 as a substrate for SUMO-1 modification
in vitro and in vivo at Lys*** and Lys*".
However, these two studies differed in the
functional relevance of sumoylation on HDAC1
activity. Abrogation of sumoylation by mutating
the target lysines markedly reduced HDACI1-
mediated transcriptional repression in one of
the studies [David et al., 2002], while the
repressor and enzymatic activity of the same
mutant remained unchanged in the other study
[Colombo et al., 2002]. In a separate study by
Kirsh et al. [2002], class II HDAC4 was found to
be modified by SUMO-1, and a sumoylation-
deficient HDAC4 mutant displayed reduced
repressor and deacetylase activity. More inter-
estingly, this study linked sumoylation to
nuclear import by showing that (i) nuclear
localization is a prerequisite for HDAC4 su-
moylation, (ii) nuclear pore complex protein
RanBP2 catalyzes SUMO-1 modification, and
(iii) signaling pathways like CaMK, which
induce nuclear export, abrogate SUMO-1 mod-
ification. Among other class II HDACs, HDAC6
and MITR (a variant of HDAC9) have been
shown to be SUMO-1 modified in vitro [Kirsh
et al., 2002]. It is worth noting that the reduced
repressor activity of sumoylation-deficient
HDAC1 and HDAC4 was found to be indepen-
dent of their ability to associate with known
binding proteins including mSin3A and N-CoR.
However, several recent studies have deter-
mined that sumoylation of some transcription
repressors regulates their association with
HDACs and, consequently, their capacity to
repress transcription [Girdwood et al., 2003;
Ling et al., 2004; Yang and Sharrocks, 2004].

REGULATION BY
SUBCELLULAR LOCALIZATION

Inorder to deacetylate histones and to repress
transcription, HDACs must reside in the
nucleus. Therefore, signals that enhance HDAC
nuclear localization positively regulate HDAC
activities. In contrast, signals that increase
cytoplasmic localization of HDACs negatively
regulate their activities. HDAC1, 2, and 8 are
predominantly nuclear proteins, and at this
time, it appears that these three class I HDACs
are not regulated by subcellular localization. In
contrast, HDAC3 can be found both in the
nucleus and cytoplasm and the nuclear/cyto-
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plasmic ratio depends on cell types and stimuli.
In response to IL-1f signaling, the N-CoR/
TAB2/HDAC3 corepressor complex undergoes
nuclear to cytoplasmic translocation, resulting
in derepression of a specific subset of NF-kB-
regulated genes [Baek et al., 2002].

Class IIHDACs 4, 5, 7, and 9 shuttle between
the nucleus and the cytoplasm [Miska et al.,
1999; Grozinger and Schreiber, 2000; McKinsey
et al., 2000a; Wang et al., 2000; Kao et al.,
2001; Zhang et al., 2001], and they associate
with 14-3-3 proteins. The binding of HDACs
to 14-3-3 is absolutely dependent on phosphor-
ylation of conserved N-terminal serine resi-
dues of HDACs, and the association results in
sequestration of HDACs to the cytoplasm.
Derepression of myocyte enhancer factor
(MEF2)-dependent transcription by sequestra-
tion of HDACs is well-characterized. Mutation
of the conserved N-terminal serine residues of
HDAC4 and HDACS5 abolishes the HDAC4/5-
14-3-3 association and enhances repression of
MEF2A-dependent transcription. The phos-
phorylated serines at the N-terminus of class
II HDACs closely resembles the consensus
phosphorylation sites for CaMK protein
kinases, and studies have shown that CaMK-
mediated phosphorylation of HDACs 4, 5, 7, and
9 promotes their association with 14-3-3 pro-
teins resulting in increased retention of HDACs
in the cytoplasm.

While 14-3-3 proteins negatively regulate
class II HDACs by excluding them from the
nucleus, additional sequences located at the C-
terminal of HDAC4 function as a nuclear export
signal [McKinsey et al., 2001; Wang and Yang,
2001]. Both 14-3-3 binding and nuclear export
are required for the cytoplasmic retention of
HDAC4. Also, a conserved nuclear import
signal has been mapped to the N-terminal of
HDACs 4, 5,7, and 9, and binding of 14-3-3 has
been suggested to mask the nuclear localization
signal, thereby inhibiting nuclear targeting
[Wang and Yang, 2001]. 14-3-3 binding also
interferes with the association of importin-o
with HDAC4 [Grozinger and Schreiber, 2000].
The nuclear export sequences of HDACs 4, 5,
and 7 are signal-responsive and are activated
upon CaMK-dependent binding of 14-3-3 pro-
teins to the N-terminal phospho-serine residues
of class Il HDACs [McKinsey et al., 2001; Wang
and Yang, 2001]. As discussed earlier, experi-
ments in cardiomyocytes suggest the existence
of an unknown stress responsive kinase that

targets class II HDACs with substrate specifi-
city similar to CaM kinase [Zhang et al., 2002].
Furthermore, HDAC4 was shown to associate
with components of the Ras-MAPK signal
transduction pathway, ERK1/2, and such
activation resulted in increased nuclear locali-
zation of HDAC4 [Zhou et al., 2000]. However,
whether this increased nuclear localization
stimulates transcriptional repression is yet to
be determined.

HDACG6, present predominantly in the cyto-
plasm, is capable of nucleo-cytoplasmic shut-
tling like most class II HDACs. Although
HDACG6 does not bind 14-3-3, the subcellular
localization of HDAC6 also appears to be
regulated, as cell-cycle arrest results in partial
translocation of the protein into the nucleus
[Verdel et al., 2000]. It is important to note that
the primary physiological substrate of HDAC6
and SIRT2 are the cytoplasmic a-tubulin pro-
tein and not histones [Hubbert et al., 2002;
Matsuyama et al., 2002; North et al.,
2003; Zhang et al., 2003]. Thus, signals or
molecules that positively regulate HDAC6 and
SIRT2 promote cytoplasmic localization of the
proteins.

REGULATION BY CHANGE
IN GENE EXPRESSION

The mouse HDACI1 gene originally was iso-
lated as an interleukin-2-inducible gene in a
differential mRNA display experiment [Bartl
et al., 1997]. Mouse HDAC1 mRNA expression
was reported to be low in Gy but increased at the
G1/S boundary after growth stimulation. In
addition, transcription of mouse HDACI is
strongly induced by anisomycin and the HDAC
inhibitor TSA [Hauser et al., 2002]. The expres-
sion of mouse HDACI is autoregulated by
recruitment of the mouse HDAC1 protein to
its own promoter via the transcription factors
NF-Y and Spl [Schuettengruber et al., 2003].
Interestingly, HDAC2 and HDACS3 protein
levels increase in HDAC1-deficient ES cells,
suggesting that HDACI1 regulates not only its
own expression but also that of other class I
HDACs [Lagger et al., 2002].

The expression of human HDAC3 mRNA is
activated by PHA, PMA, and «-CD3; but
repressed by GMCSF [Dangond et al., 1998].
Different isoforms of human HDAC3 mRNA
may exist, although the mechanisms that re-
gulate the expression of these different HDAC3
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isoforms are not known at this time [Yanget al.,
1997]. A splice variant of the HDACS3 transcript
in which exon 3 is alternatively spliced from the
mRNA, has been reported [Gray et al., 2003].
Expression of this novel HDACS splice variant
is regulated by many different extracellular
stimuli, and, curiously, human and mouse
HDACS splice variants are regulated by differ-
ent signals. Besides HDACS3, splice variants
exist for HDAC9 and HDAC10 [Fischer et al.,
2001; Guardiola and Yao, 2001; Zhou et al.,
2001; Kao et al., 2002; Tong et al., 2002; Petrie
et al., 2003].

REGULATION BY AVAILABILITY
OF METABOLIC COFACTORS

Unlike class I and IT HDACs, the SIR2-like
enzymes that comprise class III HDACs require
the coenzyme NAD™ for catalytic activity. In
this reaction, nicotinamide is liberated from
NAD™ while the acetyl group of the substrate is
transferred to cleaved NAD™, generating O-
acetyl-ADP-ribose. The exact physiological reg-
ulator of the SIR2 enzymes has not been
confirmed as yet. However, studies have sug-
gested two alternative models of SIR2 activa-
tion: (i) increasing the NAD"/NADH ratio by
increasing NAD" or by reducing the level of
NADH, a competitive inhibitor of SIR2 [Lin
et al., 2004], or (ii) decreasing the level of
nicotinamide, an inhibitory product of SIR2
[Bitterman et al., 2002; Anderson et al., 2003].
Whatever the case, the requirement of NAD"
for SIR2 activity provides a unique mechanism
for regulating class III HDACs in response to
the metabolic status of the cell.

REGULATION BY PROTEOLYTIC PROCESSING

One of the human SIR2 homologs, hSIRTS, is
synthesized as an inactive precursor, which
then is imported into the mitochondria and
subsequently cleaved by matrix processing
peptidase to yield the enzymatically active form
[Schwer et al., 2002]. Similarly, maize deacety-
lase Hdal is converted to an enzymatically
active form by proteolytic processing of a
precursor [Pipal et al.,, 2003]. Furthermore,
the HDAC1/mSin3A corepressor complex can
be depleted by targeting HDAC1 for proteo-
some-mediated degradation during steroid-
induced preadipocyte differentiation [Wiper-
Bergeron et al., 2003]. The HDAC3-associated
protein N-CoR can be targeted for proteosomal

degradation by mSiah2 in a cell type-specific
manner [Zhang et al., 1998a]. Since N-CoR
plays a role in activating HDACS3 activity,
targeted proteolysis of N-CoR may represent a
potential indirect mechanism for controlling
HDACS activity.

SUMMARY AND PERSPECTIVES

In the past 8 years, tremendous progress has
been made in the identification and functional
characterization of HDACs. Results from many
studies overwhelmingly dictate that HDACs
are key regulators of gene expression. However,
the means by which HDACs themselves are
regulated remain to be completely defined and
the gap in our knowledge in this area presents a
challenge to those of us in this field. Here, we
summarize the key findings from many differ-
ent laboratories over the years (Fig. 1).

The best-studied mechanism of HDAC reg-
ulation is regulation by protein complex forma-
tion. Many class I HDAC complexes have been
isolated, thoroughly analyzed, and have pro-
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Fig. 1. A schematic illustration showing the multiple different
mechanisms that could regulate the activities of Histone
deacetylases (HDACs). All known processes that regulate
HDACs are marked in bold. For simplicity, post-translational
modifications and protein—protein interactions are shown in the
cytoplasmic compartment; but in reality, many HDAC post-
translational modifications and protein—protein interactions
occur in the nucleus of the cell.
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vided remarkable insights into how some class I
HDAC activities could be activated. To further
our understanding of how HDACs are regu-
lated, there are several obvious questions that
need to be addressed. First, do additional
HDAC1/2 or HDAC3 complexes exist and
remain to be discovered? Second, if stable
multi-subunit class II, or class III HDAC
complexes exist, we must rigorously isolate all
the endogenous complexes and ask what com-
prises each of these complexes and how they
might regulate the activities of HDACs within
each of the complexes. Third, many different
cellular proteins interact with HDACs without
participating in stable multi-subunit com-
plexes, and we need to continue to identify
novel HDAC-interacting partners and system-
atically determine their functions.

The discovery of HDAC regulation by phos-
phorylation/dephosphorylation is only the
beginning. Besides CK2, PKA, CaMK, ERK1/
2, and PP1, there are almost certain to be
additional kinases and phosphatases that reg-
ulate the phosphorylation status of HDACs and
consequently, the activities of HDAC enzymes.
Furthermore, in addition to phosphorylation
and sumoylation, there are many more poten-
tial post-translational modifications that can
exist for each HDACs and potential cross-talk
can take place between the different modifica-
tions. Just as an example, in HDACS a potential
N-glycosylation site is present at Asn'36, and it
is conceivable that phosphorylation of Ser®®
may affect glycosylation of Asn'®® and vice
versa. Future experiments to decipher and
confirm additional modifications of HDACs
and learn how they might affect HDAC activ-
ities will guide us closer to a complete under-
standing of regulation of the HDAC enzymes.

Generally speaking, class I HDACs are
ubiquitously expressed while the expression of
many class II enzymes are tissue-specific. A
natural question, then, is what are the signals
and mechanisms that regulate the tissue-
specific expression of some HDACs? With the
availability of cDNAs and antibodies to all class
II HDACSs, the stage is set to intensively pursue
the answers to these critical questions.

Although the different mechanisms of HDAC
regulation are separated into different sections
in this article for clarity, they actually are
interconnected. For instance, phosphorylation
of HDACs affects their ability to form protein
complexes. Reciprocally, protein—protein inter-

actions can affect phosphorylation of HDACs.
Similarly, regulation of HDACs by subcellular
localization is heavily dependent on phosphor-
ylation, and where HDACs are localized
will no doubt affect whether they will be phos-
phorylated or dephosphorylated. This inherent
complexity of regulatory networks presents
additional unique challenges that will require
some time to discern.

One of the chief motivations for studying
HDAC regulation is the expectation that such
understanding will contribute to our overall
knowledge of the biology of HDACs, which in
turn will increase our understanding of gene
regulation in eukaryotic cells. However, equally
important is the urgent need to take what we
learn and apply it in the context of deacetylases
in health and disease. HDAC proteins are vital
regulators of fundamental cellular events, and
extensive connections between HDACs and
cancer exist. HDAC inhibitors are currently in
clinical trials for the treatment of leukemia and
solid tumors [Marks et al.,, 2001a,b,c, 2003;
Johnstone, 2002; Johnstone and Licht, 2003].
Additionally, drugs that target HDACs poten-
tially may be useful against malaria and
toxoplasmosis, and for treatment of Hunting-
ton’s disease [Darkin-Rattray et al., 1996;
Steffan et al., 2001]. Knowledge gained from
understanding how HDACs are regulated will
provide invaluable insight into better
approaches for developing HDAC inhibitors. A
thorough understanding of HDAC regulation is
required, therefore, not merely for the sake of
interest in chromatin structure and gene reg-
ulation alone, but because HDACs are inti-
mately involved in a myriad of normal and
abnormal cellular processes that impact human
health.
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