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Abstract

Nucleocytoplasmic shuttling of histone deacetylases is emerging as a major step in determining the
composition, and hence the activity, of the corresponding nuclear regulatory complexes. This shuttling
process is one of the distinctive characteristics of these enzymes, themselves belonging to structurally
and functionally different classes. Considering the specific features of each class of deacetylases, it is
possible to determine how each member can contribute to particular cellular functions.
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Introduction

Specific lysines present in the tail of core histones, as well as in other cellular and viral proteins, are
sites of reversible acetylation. In the case of histones, this post-translational modification appears to
constitute a signal [1] that may function in combination with other covalent modifications to generate
an epigenetic code. This information is, in turn, interpreted in terms of modified states of chromatin
structure and function [2, 3 and 4]. This specific signal is reversed by machinery containing an
essential group of enzymes, known as histone deacetylases (HDACs). The understanding of the
nature and function of this machinery relies on the identification of the catalytic subunits, as well as on
that of the partner proteins. In different species, an increasing number of HDACs are being identified
[5], implying that they might be involved in specialized functions. The identification of the first HDAC [6]
revealed the existence of a family of proteins in higher eukaryotes related to a known yeast protein,
RPD3 [7]. These proteins exhibit a similar domain organization [8] and could be grouped in a class,
now known as class | HDACs. As other HDACs, distinct from RPD3, were found in yeast [9], an
analogous situation was expected in higher eukaryotes. A search for other HDACs resulted in the
discovery of a second class of HDACs related to yeast HDA1, first in mouse [10], and then in human
[11 and 12]. Interestingly, another yeast protein, SIR2, was shown recently to be a HDAC and its
mammalian homologues have also been identified as HDACs [13, 14 and 15]. Therefore, SIR2-related



proteins could form a third class of HDACs in higher eukaryotes. The diversity of histone deacetylases
has also been observed in plants; indeed, classes other than the well conserved RPD3-related class |
HDACs have been characterized, containing enzymes unrelated to RPD3 [16]. The diversity of HDACs
strongly suggests that members of each class may be involved in distinct, and perhaps overlapping,
functions. The aim of our review is to evaluate how the diversity of HDACs could be linked to distinct
functions in the animal kingdom.

Functional diversity in the class | histone deacetylases

To date, four enzymes, HDAC1, 2, 3 and 8 [5 and 17], are the known members of the class |
deacetylases, including different splice variants of HDAC3 [18]. Members of this class contain a well-
conserved catalytic domain that in HDAC1, 2 and 3 encompasses almost two thirds of the protein. The
remaining carboxy-terminal portion contains the most divergent sequences and is a distinguishing
feature among these different members [8]. HDAC1 and HDAC2 were identified as components of two
multiprotein complexes known as Sin3/HDAC and NuRD/Mi2/NRD [19]. The catalytic domains of
these two HDACs are highly similar [8] and the reason for the simultaneous presence of these two
enzymes in different complexes is not clear. The functional differences between HDAC1 and HDAC2
are therefore difficult to assess. Recent studies, however, suggest that they may be involved in distinct
cellular functions. In a chicken B cell line, the disruption of HDAC2 resulted in an altered expression of
several genes whereas disruption of HDAC1 had little effect on gene expression [20].

HDAC3 appears to be functionally distinct from the first two members. This enzyme was not found in
either Sin3/HDAC or NURD/Mi2/NRD core complexes [19] and therefore may not be directly involved
in processes controlled by these complexes [21]. Its major function seems to be tightly linked to the
activity of nuclear receptor co-repressors. Indeed, increasing evidence points to HDAC3 being a
member of the stable core of the SMRT- and N-CoR-containing complexes [22, 23, 24, 25 and 26]. In
contrast to HDAC1 and HDAC2, HDACS3 is an essential protein of established chicken B cells as these
cells cannot survive without this deacetylase [27]. Moreover, within the class | deacetylases, HDAC3 is
the only enzyme known to shuttle between nucleus and cytoplasm and this shuttling process appears
to be an essential feature of its function [27].

Functional diversity in the class Il histone deacetylases: linkage between their
nucleocytoplasmic shuttling and their functions

The class || HDACs, comprising HDACs 4-7, were identified on the basis of their catalytic domain
homology to yeast HDA1 protein. They possess several features that distinguish them from the class |
members: they are larger (almost twice the size) and the catalytic domain of HDAC4, 5 and 7 is
located in the carboxy-terminal half of the protein (Fig. 1). HDACG6 is a unique deacetylase, possessing
two catalytic domains [10 and 12] and is probably a functionally distinct member of the family [28].
Some of the functions of HDAC4, 5 and 7 appear to be shared with class | members. Indeed, it has
been shown that specific nuclear bodies defined as the MADB (matrix-associated deacetylase body),
visualized after over-expression of HDAC4, 5 and 7, contain certain members of NURD and Sin3
complexes, as well as class | HDACs, HDAC1, 2 and 3. Nuclear receptor co-repressor, SMRT and N-
CoR have also been found in these bodies [29]. It is therefore possible that HDACS5 and 7 participate,
with the class | members, in nuclear-receptor-mediated silencing [30 and 31]. Class Il members do not
seem to participate, however, in the two major well-characterized deacetylase complexes—
Sin3/HDAC and NuRD/Mi2/NRD. Indeed, none of the class |l HDACs was found to interact with the
Mi2 proteins [12 and 29] and although there is some evidence for the recruitment of HDAC7 by Sin3A
[30], this HDAC has not been found in the canonical Sin3/HDAC complex [19].

Although a combination of class | and Il HDACs are found in nuclear complexes, the involvement of
each member in various nuclear functions is dependent on an additional level of regulation controlling
their intracellular localization. Indeed, one of the most interesting characteristics of the class 1| HDACs
is the regulated nucleocytoplasmic shuttling of all known members [28, 32, 33 and 34] ( Fig. 2). In
specific cell lines, HDAC4 and 5 are retained in the cytoplasm depending on the activity of the 14-3-3
anchoring protein [33 and 34]. Consequently, the nature and the activity of nuclear complexes
containing HDAC4 and 5 depend on the intracellular localization of these HDACSs. There is at least one
example of such a situation: both HDAC4 and 5 interact directly with and repress the transcriptional
activity of members of the MEF2 transcription factors [32, 35 and 36], depending on their presence in
the nucleus [33 and 34]. HDAC?7, which is related to HDAC4 and 5, also appears to control MEF2
transcriptional activity depending on a similar nucleocytoplasmic shuttling process (H-Y Kao, personal
communication).



HDAC6 has also been shown to have a regulated intracellular localisation [28]. Although the
ectopically-expressed protein, like HDAC4 and HDACS5, is capable of CRM1-dependent
nucleocytoplasmic shuttling, however, the endogenous HDACSG is essentially cytoplasmic and only a
fraction of the protein is found in the nucleus after treatment of cells with CRM1-specific inhibitor
leptomycin B or upon the arrest of cell proliferation [28]. Moreover, the HDAC activity of HDAC6 was
found to be resistant to trapoxin, a well-known inhibitor (M Yoshida, personal communication), strongly
suggesting that this enzyme possesses distinct properties.

Class Ill histone deacetylases: enzymes linking cell metabolism to the control of histone
acetylation

SIR2, a yeast repressor of transcription has been shown recently to have an in vitro NAD'-dependent
HDAC activity [13, 14 and 15]. Here again, as with yeast RPD3 and HDA1 [8], a large domain of the
protein shows significant sequence homology with a group of prokaryotic enzymes [37 and 38]. Yeast
SIR2 can be considered, therefore, as a founding member of a large family of related proteins present
in higher eukaryotes that we will refer to here as class Ill HDACs. A detailed analysis of all the
homologous proteins found in higher eukaryotes has revealed the presence of at least four distinct
groups. For instance, in humans these groups encompass seven genes, encoding different proteins
named SIRT1-7 [38]. Although the discovery of the deacetylase activity of SIR2 is recent and no
complexes containing this enzyme have yet been characterized, it can be easily assumed that the
class Il members are involved in functions not shared with the class | and Il deacetylases. First of all,
there could be a direct link between their deacetylase activity and the cellular energy and redox states.
Second, in contrast to RPD3 and HDA1, a large fraction of the yeast SIR2 protein is found within the
nucleolus, associated with the tandem rDNA repeats, where it ensures various critical functions [39].
Third, besides the HDAC activity, another enzymatic activity, ADP-ribosyltransferase, is associated
with SIR2 [13 and 40]. All these characteristics suggest that SIR2-related proteins are members of a
functionally distinct class of HDACs. The challenge would be now to define the functional specificity of
each member. Interestingly, as with class | and class || members, several SIR2-related proteins have
been found in the cytoplasm [41 and 42].

Conclusions

Different members of class | and/or class || HDACs are found together in various nuclear complexes.
Unfortunately, up to now there has been no hint regarding the significance of the participation of
multiple HDACs in one regulatory complex. One might expect, however, the activity of a specific
complex to be dependent on the presence of a particular combination of HDACs. Accordingly, the
regulation of the intracellular localization of all the class I HDACs through a controlled
nucleocytoplasmic shuttling is highly relevant. 14-3-3 appears to be a key player that regulates the
intracellular localization of HDAC4 and HDACS [33 and 34] and possibly HDACT7. Interestingly, 14-3-3
proteins may play a similar role in the control of the intracellular localization of Hat1 acetyltransferase
[43]. This indirect control of the composition, and hence activity, of nuclear HDAC- and maybe histone
acetyltransferase-complexes via 14-3-3 establishes a direct link between two important signalling
processes: protein acetylation and phosphorylation. Indeed, in general, 14-3-3 proteins bind ligands
containing phosphorylated consensus binding sites and this activity is known to participate in the
control of the cell cycle, cell death and mitogenesis [44]. Moreover, the presence of at least one
member of the class I, all members of the class Il, as well as several members of the class |l HDACs
in the cytoplasm strongly suggests that, besides their well-documented involvement in chromatin
silencing, these enzymes may play distinct and specific roles in this compartment that remain to be
elucidated.

Update

Endogenous HDACS present in the nucleus of C2 myoblasts is efficiently exported into the cytoplasm
upon their differentiation into myotubes. The phosphorylation of HDAC5 by the calcium/calmodulin-
dependent protein kinase, CaMK, is found to play an essential role in the nuclear export of HDAC4
and 5 and therefore in the control of myogenesis [45]. Moreover, this CaMK-dependent
phosphorylation of HDACS5 enhances its binding to 14-3-3 and its retention in the cytoplasm [46]. In
contrast, the activation of Ras-mitogen-activated protein kinase (MAPK) signal transduction pathway
results in an accumulation of HDAC4 in the nucleus of C2C12 myoblast cells [47]. These findings
show that kinases linked to independent signaling pathways govern the intracellular localization of



HDAC4 and 5 and that, depending on the type of kinase involved, the protein can be either
cytoplasmic or nuclear.

In contrast to other HDACSs, the histone deacetylase activity of HDACG6 is found to be resistant to
trapoxin and to a new potent deacetylase inhibitor, CHAP1, whereas, like other HDACs, HDACG6
deacetylase activity is inhibited efficiently by trichostatin A [48].
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Fig. 1. Identified animal kingdom HDACs can be grouped into three distinct classes each
related to a yeast founding member. Class | deacetylases are related to RPD3, class Il to
HDA1 and class lll to SIR2. Boxed regions represent the conserved deacetylase domain.
'The shuttling of the ectopically expressed HDAC7 has been observed (H-Y Kao, personal
communication). %In the case of HDACSB, the endogenous protein has been shown to shuttle
between the cytoplasm and the nucleus but this investigation indicated that the protein is
essentially cytoplasmic *Variants of HDAC3 have been reported [18]. TThe sequence of
human HDACY has not been published. A sequence has, however, been identified as human
HDAC7 of 855 aa (GenBank accession number AF239243). ND, not determined.
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Fig. 2. The specific function of a nuclear deacetylase complex might be dependent on the
presence of a particular combination of class | and Il HDACs. Accordingly, the
nucleocytoplasmic shuttling of histone deacetylases can control their participation in, and
hence the activity of, various nuclear complexes. This process specifically links the activity of
these nuclear complexes to signals directing 14-3-3/HDAC4 and 5 interactions. The
possibility of cytoplasmic protein deacetylation by the shuttling deacetylases should also be
considered seriously. In the case of HDACS, the thick arrow towards the cytoplasm indicates
the efficient CRM1-dependent nuclear export of this protein.



