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PREFACE

Forty years ago, Vince Allfrey discovered the reversible acetylation of histone
proteins and proposed that this posttranslational modification could regulate gene
expression (/). The role of histone acetylation in transcriptional regulation remained
controversial until 1996, when two papers reported the identification of the first
acetyltransferase, GCN5 (2) and the first histone deacetylase, HDAC1 (3). The
realization that these enzymes were homologous to previously identified yeast
transcriptional regulators established histone acetylation as a key regulatory
mechanism for gene expression.

These discoveries have triggered a wave of interest in histone posttranslational
modifications and have led to the discovery of 18 potential human histone
deacetylases in the past eight years. Human histone deacetylases are divided into
three families, Class I (HDACI, -2, -3, and -8) and Class Il HDACs (HDAC4, -5,
-6,-7,9,-10, and -11), are homologous to the yeast histone deacetylases Rpd3 and
Hdal, respectively, and share some degree of sequence homology. In contrast, the
Class III histone deacetylases are homologous to the yeast protein Sir2 and use NAD
as a cofactor. The human class Il HDACs are called sirtuins (SIRT1-7). In many
cases, these deacetylases target nonhistone proteins for deacetylation, suggesting
that their biological activities go beyond gene regulation. Despite the youth of this
research field, the firstinhibitors of histone deacetylases are in clinical trials as novel
anticancer agents.

The purpose of Histone Deacetylases: Transcriptional Regulation and Other
Cellular Functions is to summarize this rapidly evolving field. Much has been
learned about these proteins, including the identification of the enzymes, the
elucidation of their enzymatic mechanisms of action, and the identification of their
substrates and partners. Structures have been solved for a number of enzymes, alone
or in complex with small-molecule inhibitors. Several HDAC genes have been
knocked out in mice and their biological roles have been defined. Despite these
impressive advances, our knowledge is still fragmentary and much remains to be
done.

We hope that this book will serve as a landmark survey of what has been
accomplished in these first eight years. We also hope that we have successfully
outlined for our readers a clear agenda of what needs to be done in the next few years
to define fully the role of HDACS in biology and in disease.

Eric Verdin, Mp

1. Allfrey VG, Faulkner R, Mirsky AE. Acetylation and methylation of histones and
their possible role in the regulation of RNA synthesis. Proc Natl Acad Sci USA
1964;51:786-794.
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SUMMARY

HDAC1 was the first histone deacetylase identified in mammals and
is considered the prototype of this large family of enzymes.
Transcriptional repression mediated by HDAC1 plays a crucial role in
the regulation of a variety of biological processes, including cell cycle
progression, proliferation, and differentiation. Interestingly, HDAC1 can
also influence other cellular activities, such as DNA replication and chro-
mosome segregation, via mechanisms that do not involve transcriptional
repression. In addition, HDAC1 is essential for embryonic development

From: Cancer Drug Discovery and Devel opment
Histone Deacetylases: Transcriptional Regulation and Other Cellular Functions
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Acronyms and Abbreviations

BRCA1 Breast cancer 1 gene

CoREST Corepressor of REL1 silencing transcription factor

EED Embryonic ectoderm development protein

EZH2 Enhancer of zeste homolog 2 (Drosophila)

HAT Histone acetyltransferase

HDA-1 Histone deacetylase 1 (Yeast)

MAD MAX dimerization protein

MAX MY C-associated factor X

MBD3 Methyl-CpG-binding domain protein 3

MDM2 Mouse double minute 2

Mi-2-alpha, Dermatomyositis-specific autoantigen 2 alpha, also called
(CHD3) chromodomain helicase DNA-binding protein 3

Mi-2-beta, Dermatomyositis-specific autoantigen 2 beta, also called
(CHD4) chromodomain helicase DNA-binding protein 4

MTA1, MTA2 M etastasis-associated gene 1, metastasis-associated gene 2

MYC Myelocytomatosis oncogene

NF-Y Nuclear transcription factor Y

P/CAF p300/CBP-associated factor

RPD3 Reduced potassium dependency 3

SAP18 SIN3-associated polypeptide, 18 KDa

SAP30 SIN3-associated polypeptide, 30 KDa

SIN3 SWI-independent 3

SP1, SP3 Specific protein 1, specific protein 3

YY1l Yingyang 1

and appears to play a critical role in cellular defense against viral infec-
tion. Finally, increasing evidence points toward the importance of
HDACL in tumor formation and/or progression, and cumulative observa-
tions indicate that the enzyme is a crucial target for HDAC inhibitorsin
cancer therapy.

Key Words: Histone deacetylase 1, HDAC1, transcriptional repression,
biological function, cell cycle regulation, proliferation, differentiation,
replication, mitosis, development, cancer, chromatin.

HISTONE DEACETYLASE 1: A BRIEF HISTORY

Histone deacetylase 1 (HDAC1) was the first protein found to possess
histone deacetylase activity in mammals. Taking advantage of the recent
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discovery of trapoxin, a potent inhibitor of HDAC activity (1,2), Taunton
and colleagues (3) isolated HDAC1 from a human T-cell line using a
trapoxin-based affinity matrix. HDACL1 was subsequently identified as a
growth factor-inducible enzyme with HDAC activity in mouse T-cells (4).
Sequence analyses revealed that both the human and mouse HDAC1
proteins are highly homologous to the Saccharomyces cerevisiae RPD3
protein (3-5), a known transcriptional regulator (6). Although mouse
HDACIL failed to complement the yeast rpd3A deletion (4), extensive
investigations since then have clearly demonstrated the crucia role played
by HDACL1 in the transcriptional repression of a variety of mammalian
genes involved in cell cycle progression, proliferation, differentiation,
development and cancer.

EVOLUTIONARY CONSERVATION OF HDAC1

The mammalian HDACL protein belongs to an ancient family of enzymes
highly conserved throughout eukaryotic and prokaryotic evolution.
Eukaryotic HDACs have been divided into three classes—I, |1 and |11—based
on sequence similarity (7,8). HDACI, together with HDAC2, HDAC3, and
HDACS, belongs to the RPD3-like class | of HDACs. A recent phylogenetic
analysis has revealed that class | can be further divided into an
HDAC1/HDAC?2 and an HDAC3 subclass (9). The HDAC1/HDAC2 sub-
class consists of the vertebrate HDAC1 and HDAC2 proteins, the single
Drosophila melanogaster RPD3 protein, and a pair of proteins in
Caenorhabditis elegans. HDAC1-related proteins have also been identified
in severa other organisms, including chicken (10), Xenopus laevis (11),
Danio rerio (12), Arabidopsis thaliana (9), maize (13,14), and bacteria (4).

The existence of an HDACL/HDAC?2 subclass within class | highlights
the high degree of similarity that exists between these two enzymes: in
mammals, HDAC1 and HDAC2 exhibit approx 82% identity, and their
genomic organization is aimost identical (15,16). This indicates that
HDAC1 and HDAC?2 arose from arelatively recent gene duplication and
suggests that they have probably undergone little functional divergence
either from their common ancestor or from each other (9). Indeed, both
HDAC1 and HDAC?2 are widely expressed nuclear proteins, they are found
in similar protein complexes (see the section entitled HDAC1-Associated
Protein Complexes, below), and they have been shown to heterodimerize
(16-18). Furthermore, HDAC1 appears to influence the expression of
HDAC2, and vice versa (see the section entitled HDAC1 and the Regulation
of Cell Cycle Progression, Proliferation, and Differentiation). However, the
observation that HDACL deletion leads to embryonic lethality in the mouse
(19) indicates that, despite some functional overlap, HDAC1 and HDAC2
also have distinct and nonredundant biologica functions.
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STRUCTURAL AND FUNCTIONAL
CHARACTERISTICS OF HDAC1

Structural Organization and Transcriptional
Regulation of the HDAC1 Gene

Sequence analysis and chromosomal fluorescent in situ hybridization
have shown that HDAC1 maps to mouse chromosome 4 and human chro-
mosome 1p34.1; in both cases, linkage to the genes encoding the myris-
toylated alanine-rich protein C kinase substrate (MARCKS)-related
protein (MRP) and lymphocyte-specific protein tyrosine kinase (LCK) is
conserved (5,15). In mammals, the HDACL gene is about 30 kb in length
and comprises 14 exons interrupted by 13 introns (15). The HDACL1 open
reading frame is 1446 bp long and encodes a 482-amino acid protein with
amolecular mass of approx 55 kDa (3-5).

The HDACL1 promoter is rich in GC, lacks a TATA box consensus
sequence, and contains two transcription factor binding sites that are cru-
cia for itsfull activity: a CCAAT box that is recognized by the transcrip-
tional regulator NF-Y and a distal GC box to which members of the SP
family can bind (20). NF-Y and SP1/SP3 have been found to regulate the
transcriptional activation or repression of HDAC1 synergistically by
recruiting either histone acetyltransferases (HATs) or HDACS, respec-
tively, to the HDAC1 promoter. This indicates that the HDAC1 gene itself
is regulated by the balanced action of acetylating and deacetylating
enzymes. In particular, HDACL1 has been found to be recruited to its own
promotor by NF-Y and SP1/SP3, thereby mediating its own repression via
a negative feedback loop (20). HDAC1 transcription has also been shown
to be induced by a two-step mechanism involving stabilization of histone
H3 phosphoacetylation by growth factor-mediated activation of the
mitogen-activated protein (MAP) kinase pathway and remova of HDACs
and/or recruitment of HATs at the HDAC1 promoter (21).

Structural and Functional Organization
of the HDACL1 Protein

HDACL is a metalloenzyme containing three important functional
domains: (1) an N-terminal HDAC association domain (HAD; residues
1-53), which is essential for HDAC1 homodimerization, association with
HDAC?2 as well as other proteins, and catalytic activity (18); (2) a central
zinc-binding catalytic domain termed HDAC consensus motif (residues
25-303), which contains several conserved histidine and aspartate residues
and forms the active site pocket of the enzyme (18,22); and (3) a C-termind
lysine-rich domain (residues 438-482) containing the core nuclear local-
ization signal (NLS) KKAKRVKT (18) and the IACEE motif involved in
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the interaction with the pocket proteins pRB, p107, and p130 (23-25).
Interestingly, atruncated HDAC1 protein lacking the NL S can still translo-
cate into the nucleus through association with an intact HDACL protein
(18), and Taplick and colleagues (18) have therefore proposed that homod-
imerization plays a pivotal role in the activity of the enzyme. The HDAC1
protein is also atarget for various posttrandational modifications (26-28).
Phosphorylation of serine residues in the C-terminal portion of the protein
appears to promote HDAC1 enzymatic activity (27), whereas sumoylation
of lysine residues in the same domain seems to be required for transcrip-
tional repression by HDACL (28). Acetylation of the protein also appears
to enhance its enzymatic activity (J. Taplick and C. Seiser, unpublished
data).

TRANSCRIPTIONAL REPRESSION MEDIATED
BY HDAC1

HDACL1 Substrate Specificity

HDACSs are believed to repress transcription mainly through deacetyla-
tion of the histone tails that protrude from the nucleosomes, resulting in
local modification of chromatin structure (7). HDAC1 has been shown to
deacetylate all four core histones in vitro and appears to preferentially
deacetylate specific lysine residues on histone H4 (29). The enzyme has
also been found to deacetylate a subset of histones H3 and H4 in vivo (19).
In addition to histones, HDAC1 can also deacetylate nonhistone proteins,
such as the tumor suppressor p53 (30,31), the transcription factors E2F1
(32,33) and YY1 (34), and proliferating cell nuclear antigen (PCNA) (35).

HDAC1-Associated Protein Complexes

HDAC1, together with the closely related enzyme HDAC?2, is generally
found in multiprotein complexes that are recruited to DNA by various
transcription factors. To date, three complexes containing HDAC1 and
HDAC2 have been characterized in mammals. the corepressor complex
SIN3, the nucleosome remodeling and deacetylase complex (NuURD), and
the CoREST complex (8). The SIN3 and NURD complexes both contain
HDAC1, HDAC?2, retinoblastoma-associated protein (RbAp)46, and
RbAp48, a protein originally copurified with human HDACL (3). In addi-
tion, mSin3A, SAP18, and SAP30 are associated with the SIN3 complex,
whereas Mi-20/Mi-2[3 (also called CHD3/CHD4) and MTA2 are found in
the NURD complex. The CoREST complex also contains both HDAC1
and HDAC?2, as well as CoREST and LSD1, arecently identified lysine-
specific histone demethylase (8,35a).

A large number of transcription factors have been identified that recruit
HDAC1-associated complexes to specific promoters in order to mediate
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transcriptional repression. These include regulators of cell cycle progres-
sion, proliferation, differentiation, and development (7,8,16,36,37). In
addition to transcriptional repression through protein complexes, HDAC1
can also fulfil its repressive function through direct interaction with DNA
binding proteins such as SP1/SP3, YY 1, PCNA, the pocket proteins pRB,
p107, and p130, and the tumor suppressors p53 and BRCA1 (7,30,38).

HDAC1 AND THE REGULATION OF CELL
CYCLE PROGRESSION, PROLIFERATION,
AND DIFFERENTIATION

HDAC1 was originally identified in the mouse as a growth factor-
inducible protein (4) and its expression has been found to correlate with
proliferation in various tissues, embryonic stem (ES) cells, and several
transformed cell lines (4,19), thereby suggesting a link between HDAC1
and regulation of cellular proliferation. Indeed, both overexpression of
HDAC1 in mouse fibroblasts and disruption of the genein mouse embryos
and ES cells have been shown to severely perturb proliferation and cell
cycle progression (4,19), indicating that maintenance of cell type-specific
deacetylase levelsis crucial for unrestricted proliferation. In line with this
idea, HDAC2 and HDAC3 protein levels have been found to be upregu-
lated in the absence of HDACL (19), and loss of HDAC2 appears to cause
overexpression of HDACL1 (S. Chiocca, personal communication). It is,
however, important to note that the effects of HDAC1-mediated transcrip-
tional repression on the regulation of cell cycle progression, proliferation,
and differentiation are diverse and seem to be dependent on HDAC1
molecular partners, as will be discussed in the following sections.

HDAC1 and the Pocket Proteins

The involvement of HDACL in the control of cell cycle progression is
underscored by its interaction with the three members of the retinoblas-
toma family of transcriptional repressors, the pocket proteins pRB, p107,
and p130, via the IACEE motif (23-25,39,40). Hypophosphorylated
pocket proteins recruit HDACL early in G1 and repress cell cycle progres-
sion by binding to and inhibiting members of the E2F family of transcrip-
tion factors. Upon phosphorylation of pocket proteins by cyclin-dependent
kinase (CDK)/cyclin complexes, the HDAC1/pocket protein/E2F complex
is abrogated, allowing E2F factors to activate a series of genes required
for G1/S phase transition and DNA synthesis, including cyclin A and
cyclin E (41). CDK4/6/cyclin D2 complexes have been shown to be par-
ticularly effective at phosphorylating pRB and consequently inhibiting the
pRB-HDAC1 interaction at the G1/S phase transition, thus promoting
cyclin E expression (42). Although recruitment of HDACL1 by pRB is
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clearly crucial for repression of E2F-responsive genes, a recent report
has shown that HDACL1 does not cooperate with pRB to repress E2F1-
mediated cell death. In contrast, in this particular case, HDACL inhibits
the effects of pRB on E2F1 by a mechanism that does not involve deacety-
lase activity but requires the IACEE motif (43).

HDACL1 and the MAD/MAX Heterodimer

A further indication of the role of HDACL in the control of cell growth
and proliferation is its association with the MAD/MAX heterodimer. In
proliferating cells, MYC/MAX heterodimer activates transcription of
genes required for cellular growth. Upon differentiation, however, MYC is
replaced by MAD, and the MAD/MAX heterodimer represses transcrip-
tion of the growth-stimulatory genes through recruitment of the
SIN3/HDAC1/2 corepressor complex (44-47).

Promotion of Cellular Proliferation by HDAC1

The recruitment of HDAC1 by the pocket proteins and the MAD/MAX
complex clearly demonstrates the involvement of the protein in repression
of cellular proliferation. However, targeted disruption of HDACL in the
mouse has revealed that the enzyme is also essential for unrestricted pro-
liferation (19). HDAC1 homozygous mutant (—/—) embryos are severely
growth retarded and exhibit a proliferation defect that is associated with
elevated levels of the CDK inhibitors p21 and p27 and with a decrease in
cyclin-associated activity. Similar phenotypes were also observed in
HDAC1—/—- ES cells. Consistent with these findings, the p21 promoter has
been found to be associated with hyperacetylated histones in the absence
of HDAC1 (19), and HDAC1 has been shown to be recruited to the p21
promoter by direct interaction with the transcription factor SP1 (48). The
tumor suppressor p53 is known to activate p21 in response to DNA dam-
ages, thereby inducing cell cycle arrest and apoptosis (49). Interestingly,
p53 is also recruited to the p21 promoter through direct interaction with
SP1 (48,50) and has been shown to compete with HDACL for the regula
tion of p21 expression following DNA damage (48). Taken together, these
findings indicate that HDACL is a crucia negative regulator of p21 tran-
scriptional activity, although the possibility cannot be excluded that other
HDACs may aso be involved in the repression of p21 (51).

In addition to inhibition of p21, HDAC1 has also been shown to repress
p53 function by direct deacetylation of the protein (30,31). Acetylation of
p53 stabilizes and activates the protein in response to genotoxic stress,
while deacetylation appears to provide a rapid mechanism to inhibit p53-
mediated cell cycle arrest and apoptosis and to restore normal cell
growth once DNA repair is completed (52). This probably occurs
through recruitment of HDAC1 by MDM2—a key negative regulator
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of p53—thereby inducing p53 deacetylation and allowing MDM2 to ubig-
uitinate the protein, which is then targeted for degradation (53). Although
acetylation clearly activates p53 function, it appears not to be essential for
the transactivation of p21 following DNA damage; however, p53 acetyla-
tion strongly enhances its binding to the p21 promoter in vivo (52,54).

HDAC1 and Nuclear Receptors

Nuclear receptors are alarge family of ligand-induced transcription
factors that regulate a variety of physiological processes, including devel-
opment and differentiation. Furthermore, nuclear receptors are well-
characterized examples of HDAC-recruiting proteins (55). Thyroid hormone
receptors and retinoic acid receptors have been shown to repress transcrip-
tion through recruitment of the SIN3/HDACL/2 complex in the absence of
ligand (7). HDACL has a so been found to associate with avariety of tran-
scriptional cofactors that bind to and block nuclear receptors in the pres-
ence of agonists, such as MTA1 (56), receptor-interacting protein 140
(RIP140; 57), and the repressor of estrogen receptor activity (REA; 58).
Furthermore, arecent report has shown that HDACL can directly interact
with and suppress the transcriptional activity of estrogen receptor-o
(ER-0) in breast cancer cells (59).

HDAC1 and Differentiation Processes

The involvement of HDACL in differentiation processesis highlighted
by its interaction with the myogenic activator MyoD. In undifferentiated
myoblasts, HDAC1 associates with MyoD, leading to repression of
genes involved in skeletal muscle differentiation. Upon induction of
myablast differentiation, the interaction between HDACL1 and MyaD is
abrogated, allowing MyoD to activate the myogenic program (60,61). It
has been shown that hypophosphorylated pRB can displace HDAC1
from MyoD upon differentiation, thereby reducing the repressive effect
of HDAC1 on MyoD; subsequently, HDAC1/pRB complexes are found
in differentiated myotubes, where they appear to maintain irreversible
cell cycle arrest (61). In particular, Mal and Harter (62) have shown that
HDAC1 and MyoD are present at the myogenin promoter in undifferen-
tiated myoblasts and that replacement of HDAC1 by the HAT P/CAF
leads to MyoD-mediated differentiation, thereby suggesting that acetyla-
tion is an important step in skeletal muscle differentiation. Recently, a
role for HDAC1 and HDAC?2 in the regulation of intestinal epithelium
differentiation has also been demonstrated in vivo: expression of both
proteins was found to decrease upon differentiation of the intestinal
epithelium, whereas their overexpression blocked the expression of certain
differentiation markers (63).
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OTHER BIOLOGICAL FUNCTIONS OF HDAC1

Transcriptiona repression mediated by HDACI clearly plays a crucia
role in regulation of cell cycle progression, proliferation, and differentia-
tion. However, increasing evidence indicates that HDAC1 can also influ-
ence various other biological processes by mechanisms that do not
necessarily involve transcriptional repression, as will be discussed in the
following sections.

HDAC1 and DNA Replication

PCNA is a crucial component of the DNA replication machinery
(64). Physical interaction between HDAC1 and PCNA has been found
to cause deacetylation of the protein and appears to be linked to disso-
ciation of PCNA from the DNA and completion of replication (35,38).
This suggests that HDAC activity is essential for the formation of proper
chromatin structure following DNA synthesis. Whether deacetylation is
the cause, or the consequence, of PCNA dissociation from the DNA
polymerase remains, however, to be elucidated. HDACL1 has also been
shown to interact directly with the enzyme DNA topoisomerase Il in
the context of the NURD complex (65,66). Topoisomerase |1 isinvolved
in DNA unwinding during replication and transcription and also partic-
ipates in genetic recombination, chromosome condensation, and apop-
tosis (67). The association between the two enzymes appears to be
essential for apoptosis induced by the DNA topoisomerase |1 poison
eposide, and it has been proposed that chromatin remodeling by the
NuRD/HDAC1 complex is necessary for topoisomerase |1-mediated
DNA rearrangements (66).

HDAC1 and the G2/M Checkpoint

A link between HDAC1 and the G2/M checkpoint has been suggested
by the finding that the enzyme forms a complex with Husl and Rad9, two
Rad proteins that are involved in the mitotic checkpoint induced by DNA
damage or DNA replication block (68). It has been proposed that the Rad
proteins/HDAC1 complex could associate with PCNA to form aring-like
structure around the DNA at the G2/M checkpoint. This complex could
then recruit the nucleosome remodeling NURD complex to facilitate DNA
repair and/or restore the native chromatin conformation once DNA has
been repaired (68).

Additional evidence for the involvement of HDACL in mitotic processes
comes from the observation that the protein associates with human and
mouse metaphase centromeres, as well as with all other major regions of
pericentric and nonpericentric heterochromatin (69). In particular,
HDAC1 and MBD3, a component of the NURD complex, have been found



12 Meunier and Seiser

to colocalize with Aurora A, a kinase that is crucia for centrosome sepa-
ration and bipolar spindle assembly (70), at the centrosomes in the early
M phase (71). Furthermore, the SIN3/HDAC1/2 complex-associated pro-
tein Sds3 has recently been shown to be essential for deacetylation of peri-
centric heterochromatin histones and proper chromosome segregation
(72), suggesting that HDAC1 and/or HDAC2 play an important role in
mitotic processes.

HDAC1 and Chromatin Modifications

Increasing evidence indicates that HDACL is an intrinsic part of the
epigenetic circuit regulating chromatin modification and remodeling.
Consistent with this idea, various reports have shown that HDACL1 inter-
acts with several other chromatin and DNA-modifying enzymes. For
instance, it has recently been reported that HDACL is recruited by the
HAT p300 and interferes with the p300-dependent transcriptional activa-
tion of p53 and MyaoD, thereby suggesting that HATs and HDACs could
associate to control gene expression (73). A link between histone methyla-
tion and deacetylation has been demonstrated by the finding that HDAC1,
HDAC?2, and HDACS interact with the histone methyltransferase Suv39H1
(74). Association of HDACs and Suv39H1 could play a role in hete-
rochromatin silencing and/or transcriptional repression by pRB. In addi-
tion, the Polycomb group (PcG) complex EED/EZH2 has been found to
interact with HDAC1 and HDAC?2 (75). The EED-EZH2 complex medi-
ates transcriptional repression in part viaitsintrinsic histone methyltrans-
ferase activity (76), and its silencing function appears to require HDAC
activity (75). Recently, work by Shi and colleagues (76a) has also raised
the possibility that, within the COREST complex, the HDAC activity of
HDACL1 and HDAC2 may collaborate with the histone demethylase activity
of LSD1 to create arepressive chromatin environment. Conflicting results
have however been reported (76b) and discrepancies between the two
studies still need to be resolved.

In addition to histone methylation, DNA methylation has also been
found to cooperate with histone deacetylation to modulate chromatin
remodeling and transcriptional silencing (77). Methyl-CpG binding pro-
teins such as MeCP2 and MBD2 have been shown to interact with HDAC1
and to repress transcription in an HDAC-dependent manner (77).
Furthermore, HDAC1 has been found to mediate transcriptional repres-
sion through association with the DNA methyltransferases DNMT1
(78,79), DNMT3A (80), DNMT3B (81), and DNMT3L (82). In particular,
HDAC1 has been shown to form a complex with DNMT1, pRB, and
E2F1 to repress transcription from promoters containing E2F1 binding
sites (79).
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Defense Mechanisms Against Viral Infection

In recent years, evidence has emerged that HDAC1 is involved in
cellular defense against viral infection. For example, viral transcription
mediated by open reading frame 50 (ORF50), an activator of early and
late genes in the lytic cycle of the Kaposi’s sarcoma-associated her-
pesvirus, is repressed upon association with HDACL1 (83,84). Furthermore,
inhibition of HDAC activity appears to be important for viral infection.
For example, Gam1, an early gene product essential for the replication of
the avian adenovirus CELO, can interact with HDAC1 and inhibit its enzy-
matic activity (85). The bovine herpesvirus 1 immediate-early protein
(bICPO) has also been shown to associate with HDACL1 and activate tran-
scription by interfering with MAD/M A X -dependent transcriptional repres-
sion, thereby promoting viral infection in differentiated cells (86). Viral
transforming proteins such as the human papillomavirus oncoprotein E7
are al'so known to interfere with the binding of HDACL to pRB, thereby
promoting cell cycle progression (23-25). Although blocking of HDAC
activity appearsto be important for viral activity, it may aso have negative
consequences for the virus, as HDAC inhibition has been reported to acti-
vate cellular mechanisms to fight against the viral infection (87). In line
with this idea, a recent clinical study by Lerhman and colleagues (87a)
has suggested that inhibition of HDACL in resting CD4+ T cells could
contribute to elimination of human immunodeficiency virus (HIV) infection
in human patients.

HDAC1 Is Essential for Mouse Embryonic Development

Various studies have demonstrated the role of the HDAC1-containing
complexes SIN3 and NURD in specific developmenta processes (36). Direct
evidence for the crucia role of HDACL itself during embryonic develop-
ment comes from the analysis of an HDAC1 knockout mouse model (19).
Whereas the absence of one HDACI alele does not impair mouse viability,
targeted disruption of both HDAC1 alleles severely perturbs embryonic
development and leads to lethality before E10.5. In addition to reduced
cellular proliferation (see section entitled Promotion of Cellular Proliferation
by HDACL1), HDAC1—/— embryos display various developmental defects
such as abnormal head and allantois formation. Although increased levels of
HDAC?2 and HDACS3 proteins have been found in HDAC1—/— embryos and
ES cells, these two class | enzymes could not complement the loss of
HDACL. Accordingly, the deacetylase activity of the SIN3 and NURD com-
plexeswas significantly reduced in HDAC1—/—ES cells (19). Taken together,
these findings indicate that HDAC1 plays a crucia and unique role during
mouse embryonic development and that the integrity of HDAC1-containing
complexesis essential for proper devel opment.
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Additional evidence for the crucial role of HDAC1 during devel opment
comes from the analysis of HDAC1 mutation in other organisms. Mutation
of the HDAC1 ortholog RPD3 in Drosophila melanogaster perturbs seg-
mentation and resultsin embryonic lethadity (88). In Caenorhabditis elegans,
inhibition of maternal and zygotic HDA-1 expression also leads to embry-
onic lethality (89), whereas mutation of zygotic HDA-1 only causes
defects in postembryonic gonadogenesis (90). Embryonic lethality is also
associated with deletion of HDAC1 in Danio rerio (91), and a detailed
analysis of the mutant phenotype has revealed that HDACL is specifically
required to maintain neurogenesis in the zebrafish central nervous system
during embryogenesis (12).

HDAC1 and Cancer

Extensive studies have shown that HDAC inhibitors induce cell cycle
arrest, differentiation, and/or apoptosis in a variety of transformed cell
lines, as well as in tumor-bearing animals. Consequently, these inhibitory
compounds are currently in phase | and Il clinical trials for antitumor ther-
apy (92,93). Several mechanisms can be proposed to explain the antitumor
effects of HDAC inhibitors. The general view is that accumulation of
acetylated histones and nonhistone proteins leads to activation or repres-
sion of a specific subset of genes and molecular pathways crucial for
repression of tumor cell growth. This mechanism is consistent with the
finding that the expression of only a limited number of genes is affected
by HDAC inhibitors (94). With increasing evidence for HDACs involve-
ment in molecular and cellular processes other than transcriptional regula
tion, it is also reasonable to hypothesize that HDAC inhibitors exert their
effects by directly interfering with DNA replication or mitotic division.
Finally, based on the observation that tumor cells (which by definition
exhibit alterations in various molecular pathways involved in cell growth
and differentiation) are much more sensitive to the effects of HDAC
inhibitors than normal cells (92), we propose that activation or repression
of specific genes and pathways by HDAC inhibitors may generate con-
flicting signals in tumor cells, leading to cell death or apoptosis.

The antitumor effects of HDAC inhibitors clearly suggest that HDACs
play a mgjor role in cancer development. However, as most HDAC
inhibitors affect the activity of several enzymes, it is difficult to identify
the particular HDACs involved in tumor formation. One way to evaluate
the importance of specific HDACs in cancer is through analysis of their
expression levelsin tumors. Recent reports have indicated that HDACL is
upregulated in gastric and prostate cancers (95-98), and in both cases, its
overexpression has been shown to correlate with downregulation of gelsolin
(97,98), a known target of HDAC inhibitors (94). Furthermore, HDAC1
knockdown in human cervical carcinoma cells has been found to induce
changes in cellular morphology and to inhibit proliferation, thereby
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suggesting that HDACL is essential for tumor cell survival (99).
Interestingly, downregulation of HDAC1 expression has been shown to be
associated with cellular differentiation in a variety of human breast tumor
cell lines (100).

One mechanism by which HDAC inhibitors appear to repress tumor
cell growth isthrough the activation of the tumor suppressor p21, whichis
required for inhibition of cell cycle progression (92). As noted above (see
section entitled Promotion of Cellular Proliferation by HDAC1), HDAC1
isacrucial negative regulator of p21. A recent report has shown that tran-
scriptional activation of p21 by the HDAC inhibitor suberoylanilide
hydroxamic acid (SAHA) is accompanied by a marked reduction in
HDACL1 bound at the p21 promoter (51). Furthermore, displacement of
HDACL1 from the p21 promoter by the pRB binding protein Che-1
(101,102) has been shown to activate p21 and consequently inhibit prolif-
eration in human colon carcinoma cell lines (103). Taken together, these
findings strongly suggest that HDAC1 could promote tumor formation
through selective repression of p21. Another mechanism by which HDAC1
could promote tumorigenesis is via suppression of ER-o. (see the section
entitled HDACL and Nuclear Receptors), whose loss is known to be critica
for breast cancer progression (59). Finally, it has been reported that
HDAC1 expression can be induced by hypoxiain a lung carcinoma cell
line, leading to downregulation of the tumor suppressors p53 and von
Hippel-Lindau factor and stimulation of hypoxia-induced angiogenesis
(104). These findings suggest that HDAC1 could influence tumor progres-
sion by promoting angiogenesis.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

The crucial role of HDACL in the regulation of cell cycle progression,
proliferation, and differentiation via transcriptional repression of spe-
cific target genes has clearly been demonstrated since the identification
of the protein in 1996. In addition, evidence has recently emerged show-
ing that HDAC1 can influence various cellular processes, such as DNA
replication and chromosome segregation, independently of transcrip-
tional repression. Moreover, HDAC1-mediated transcriptional activation
of interferon-stimulated genes (ISGs) has recently been reported
(105,106) and HDAC1 with its associated enzymatic activity has been
found to be necessary for the proper induction of the 1SGs interferon
regulatory factor 1 (IRF1) and guanylate binding protein 2 (GBP2)
(G. Zupkovitz and C. Seiser, unpublished data). Importantly, cumulative
observations indicate that HDAC1 is involved in tumor formation and/or
progression and is a crucial target for HDAC inhibitorsin cancer therapy.
The development of selective inhibitorsis critical to better understand
the exact role played by HDACL in normal and neoplastic cells. In this
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respect, it is interesting to note that the HDAC inhibitors MS-27-275
and SB-429201 have recently been shown to preferentially inhibit
HDACL1 (107) and so may prove extremely useful for future analyses of
the biological functions of HDACL.
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SUMMARY

Histone deacetylases perform an important role in the regulation of
transcription by modifying the histone components of chromatin. This
imparts specific restrictions to transcription and contributes to the
proper coordination of gene expression. In order to perform these func-
tions and to achieve proper modulation of their activity, HDACs associ-
ate with other proteins, and in some cases, even with themselves. The
purification and analyses of these complexes during the last few years
has changed our view of the functions of these enzymes, as well as how
they are regulated and interconnect with other chromatin-related activi-
ties. We are starting to understand how a limited number of HDACs can
perform such a variety of functions. Here we review all the known
HDAC-containing complexes including classes I, |1, and 111 and we
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Acronyms and Abbreviations

Abf-1 Activated B-cell factor-1

ACF1 ATP-utilizing chromatin assembly and remodeling factor 1

ADA3 Transcriptional adapter 3

ALL-1, (sameas Acute lymphoblastic leukemia 1

MLL, HRX, HTRX)

AP-1 Activator protein 1

APPL-1,-2 Adaptor protein containing PH domain, PTB domain, and
leucine zipper motif 1,2

ASAP Apoptosis- and splicing-associated protein

BAF57,-60a,-170 BRG1-associated factor 57, 60a, 170

BCH110 BRAF-HDAC component 110

Bcl6 B-cell lymphoma 6

BRG1 Brm/SWI2-related gene 1

BTB/POZ BR-C, ttk, and bab/poxvirus and zinc finger

CaMK Ca?*/calmodulin-dependent kinase cells

CoREST Corepressor of REST

Cprlp Cyclophilin A peptidyl-prolyl isomerase

C-Ski Sloan-Kettering virus isolates

CtBP Carboxyl-terminal binding protein

CTCF CCCTC-binding factor

CTIP2 Chicken ovalbumin upstream promoter transcription
factor-interacting protein 2

DNMT1 DNA (cytosine-5)-methyltransferases

Ebi Epidermal growth factor receptor regulator

Eto Eight twenty-one transcription factor

EuUHMT Euchromatic histone-lysine N-methyltransferase

FAD* Flavin adenine dinucleotide

FLO10 Flocculation factor 10

FOXO Forkhead box

G9a Euchromatic histone-lysine N-methyltransferase

GSP2 G protein pathway suppressor

HES Homeobox genein ES

HML Silent mating type loci L

HMR Silent mating type loci R

(Continued on p. 26)
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summarize the implications of their composition to the function for
HDACSs in vivo.

Key Words: BCH110, chromatin, CoRest, HDAC1-11, deacetylation,
histone tails, MBD2, MeCP1, Mi2, MTA1, MTA2, MTA3, NCoR/SMRT,
NURD, RENT complex, repression, Sn3, Srtl1-7, TEL complex.

INTRODUCTION

The year 1996 was a momentous one for members of the chromatin
community. Two reports provided the long-awaited connection between
chromatin and the regulation of gene expression. In one report, Allis and
coworkers (1) described a histone acetyltransferase and discovered that it
was GCN5, whose gene had been previously identified in yeast using a
genetic screen that scored for transcriptional regulators. In a second report,
Schreiber and coworkers (2), reveaed that a histone deacetylase (HDAC)
residesin amammalian homolog of yeast RPD3, ageneisolated in genetic
screens scoring for transcriptional repressors. These two seminal findings,
together with subsequent observations demonstrating that the enzymatic
activities of Genb and Rpd3 are regulated through their association with
other proteins opened the door for chromatin research in the context of
transcriptional regulation. We now know that many transcription regula-
tors contain activities that covalently modify the histone tails. In this chapter
we describe the different HDACs and their regulation.

HDACs perform an important role in the proper regulation of cellular
functions through their connection with chromatin and transcriptional reg-
ulation. To perform these functions and to achieve proper modulation of
their activity, HDACs associate with other proteins and in some cases even
with themselves. The purification and analyses of these complexes during
the last nine years has changed our view of the functions of these enzymes,
as well as how they are regulated and interconnect with other chromatin-
related activities. These endeavors have begun to reveal how a limited
number of HDACSs can perform such a variety of functions (3,4).

CLASS I HDACG:s

Class | HDAC members, which are defined by their homology to the
yeast HDAC Rpd3, are HDACL, -2, -3, -8, and -11 (5). Complexes have
been described for HDAC-1, -2, and -3, whereas little is known about the
proteins interacting with HDAC8 and -11. Class | deacetylases access spe-
cific regions of DNA, yet they lack DNA binding activity. Access to DNA
is facilitated through the large number of transcription and chromatin-
related factors that interact with and recruit class | HDACSs to specific
chromosomal regions. These include the sequence-specific DNA binding
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Acronyms and Abbreviations (Continued)

Hos2p High osmolarity sensitivity two

HOXA9 Homeobox protein A9

Hstl Homolog of Sir2p, 1

HTLV-1 Type | human T-cell leukemia virus

Inil Integrase interactor protein 1

IR10 WD-repeat protein

1SWI Imitation-switch

KAP-1 KRAB-interacting protein 1

KRAB Krippel associated box

Ku70 Lupus Ku autoantigen protein p70

Mad/Max MAX dimerization protein /MY C associated factor X

MAPK Mitogen activated protein kinases

MARK Microtubule affinity regulating kinase

MBD Methyl-CpG binding domain

MeCP2 Methyl-CpG binding protein 2 gene

MEF2 Myocyte enhancer factor 2

Mi2 Dermatomyositis-specific autoantigen

MITR M EF2-interacting transcription repressor

MLL-1 Myeloid/lymphoid leukemia 1

Mnt MY C antagonist

MTA2 M etastasis-associated protein 2

Mxil Max interactor 1

Myb Avian myeloblatosis virus oncogene

Nanlp Netl-associated nuclear protein

NCoR Nuclear receptor corepressor

Netlp Nucleolar silencing establishing factor and telophase
regulator 1

NF-xB Nuclear factor x-B

NLS Nuclear localization signal

Nopl Nuclear protein one

NoRC Nucleolar chromatin remodeling complex

NuRD Nucleosome remodeling and histone deacetylase

ORC1 Origin replication complex 1

PCAF p300/CBP associated factor

(Continued on p. 28)
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factors YY1 (6), Mad-Max (7), Runx2 (8), RBP-1 (9), and Sl (10), the
insulator factor CTCF (11), the corepressors Sn3 (12,13), SMRT, and
NCoR (14,15), the DNA methyltransferase DNMT1 (16), and the H3 his-
tone methyltransferase SUv39H1 (17), among others. The retinoblastoma
protein Rb, a regulator of cell growth, also binds HDAC1 (18).
Additionally, promyelocytic leukemia is caused by an oncoprotein, pro-
duced by fusion of the PML and RAR-o. genes, which recruits class |
HDAC:s to repress transcription of specific genes (19). Class | members
exhibit very weak activity in isolation and their multiple functions require
interactions with specific factors that modulate the response to different
stimuli. Thus, class | HDACs are found in vivo as part of protein com-
plexes that provide the appropriate structural, functional, and regulatory
environment to elicit their activity.

HDAC1 and HDAC2 Complexes
THE SIN3 HDAC ComPLEX: FROM YEAST TO HUMANS

Sn3 was discovered to be a global repressor of transcription in yeast
(20). Sn3 functions as a suppressor of the transcriptional activator Swi5,
which is required for expression of the HO gene. Null mutations in Sin3
consistently relieve the requirement for Swi5 in HO expression (21,22),
implicating Sn3 as a repressor of transcription. Sn3 is a 175-kDa protein
that contains four putative, paired amphipatic helix (PAH) domains (23)
but is devoid of known DNA binding domains. Sin3 is directed to target
sites through association with other proteins. The Sin3-PAH domains have
been found to be involved in protein—protein interactions and to mediate
interactions with the DNA binding and transcriptional repressors Mad,
Mxi1, and Mnt, which are discussed later (12,13,24,25).

Yeast Rpd3 and Sin3

The histone deacetylase that defines class | HDACs is the budding yeast
enzyme Rpd3. It was shown to be the enzymatic component of a multipro-
tein complex (2,26). Rpd3 was originally isolated as a repressor of the
same set of genes repressed by Sin3 (27). This suggested a genetic link
between Sn3 and Rpd3, and, as expected, they were shown to exist
together in alarge multiprotein complex (28). As with Sin3, Rpd3 did not
exhibit DNA binding activity, indicating the need for its interaction with
DNA binding proteins to facilitate its access to chromatin for transcrip-
tional repression.

HDAC1 and HDAC2

Whether it be asingle cell of budding yeast or multicellular organisms,
the regulation of gene expression requires the same basic components,
such as HDACs.
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Acronyms and Abbreviations (Continued )

PHD Plant homeodomain

PML Promyelocytic leukemia

PPAR-y Peroxisome proliferator activated receptor, gamma

Pyr Pyrimidin-rich binding, SW1/SNF related complex

Rab5

RAD21 Radiation-sensitive mutant 21

Rapl Repressor/activator protein 1

RAR-o Retinoic acid receptor o

RAS Harvey sarcoma virus transforming gene

RbAp Retinoblastoma-associated protein

RBP-1 Retinoblastoma binding protein 1

RENT Regulator of nucleolar silencing and tel ophase

REST/NRSF RE1-silencing transcription factor/Neuronal restricted
silencing factor

RORYy Retinoid-related orphan receptor y

Rpd3 Reduced potassium dependency three

RunX2 Runt-related transcription factor 2

SA1/SA2 Stromal antigen 1/2

SANT SWI3, ADA2, NCoR, and TFIIIB B

Sap Sin3 associated protein

SBE Smad-binding element

SET SU(VAR)3-9, enhancer of Zeste, Trithorax

SFL1p Suppressor gene for flocculation 1

SID Sin3 interacting domain

Sif2p SIR4 interacting factor 2

Sin3 Switch-independent three

Sir2p Silent information regulator 2

SIRNA Small interfering RNA

SirT1 Sir2-like (Sirtuin)1

SMC Structural maintenance of chromosomes factors

SMRT Silencing mediator for retionoid and thyroid hormone
receptors

SNF2h Sucrose nonfermenting 2 homolog

Sntp Two SANT domains

(Continued on p. 30)
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Sin3 NuRD
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q L RbAp48 RbAp48
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Fig. 1. Polypeptides composing the Sin3 and NuRD corepressor complexes. The
scheme in the middle of the figure illustrates the core complex of the Sin3 and
NuRD repressor complexes, composed of histone deacetylases 1 and 2
(HDAC1/HDAC?2) and the histone binding proteins RbAp 46 and 48. This core
complex can interact with SAP30 and Sn3 or with MBD3, MTA2, and Mi2, form-
ing the Sin3 and NUuRD corepressor complexes, respectively. The Sin3 complex
interacts directly or indirectly with sequence-specific DNA binding proteins
repressing expression of specific genes. The NuRD complex represses transcrip-
tion more globally but also interacts with gene-specific transcription factors (see
Fig. 2). For abbreviations, see Acronyms and Abbreviations table. See Color Plate
1 following p. 180.

Affinity pull-down experiments using the HDAC inhibitor trapoxin
resulted in the isolation of human HDAC1 and RbAp48 and the novel find-
ing that HDAC1 contains the enzymatic activity (2). A multiprotein com-
plex was demonstrated to exist in human cells upon the isolation of a
human Sin3-HDAC complex (25,29,30). The complex contained the class
| HDAC1 and HDAC2, hSn3, and the histone chaperones retinoblastoma-
associated proteins (RbAp) 48 and 46, as well astwo novel proteinstermed
Sapl18 and Sap30 (Sin3-associated proteins of 18 and 30 kDa, respec-
tively; Fig. 1; see Color Plate 1 following p. 180). These components func-
tion together to impart specificity to the complex with respect to its
localization to certain regions of the genome as well asto regulate itstran-
sient activity. Although initial studies described Sapl8 as part of the Sin3
complex (25), the majority of Sap18 isolated from Hel a cells was actu-
aly found in a complex that did not contain Sn3 or HDACL/2; it appears
to function during apoptosis and in the regulation of splicing (ASAP) (31).



30 Vaquero, Scher, and Reinberg

Acronyms and Abbreviations (Continued)

Spl Specificity protein-1

Srg3 SWI3-related gene product 3

Sumlp Suppressor of uncontrolled mitosis

Suv39H1 Suppressior of position-effect variegation 3-9 homolog 1

Swi/Snf Switch/sucrose nonfermenting

SWI3 Matting-type switching defective mutant 3

TAFI68 TBP-associated factors Pol | 68

Tax HTLV-1 trans-acting transcriptional activator

TBL1 Transducin B-like protein 1

TBLR1 Transducin B-like related protein 1

TEL complex Telomere complex

THIIB RNA polymerase Il transcription factor B

TGF-B Transforming growth factor 3

TSA Trichostatin A

Tupl Deoxythymidine monophosphate uptake factor 1

UbcH5 E2 ubiquitin conjugating enzyme H5

Umeb6p UAS;, g Multi copy enhancer six

WCRF180 (same Williams syndrome transcription factor-related chromatin
asACFl) remodeling factor 180

XFM X-linked mental retardation, zinc finger protein 261

YIL112w Ankyrin repeats-containing protein

YY1l Yin-yang 1

Sap30 was also shown to be present and genetically linked to a Sin3
complex in budding yeast, suggesting that the Sin3 complex performs con-
served functions in all eukaryotes in terms of gene repression (32).
Analyses of Sap30 resulted in the isolation of two Sin3-containing com-
plexes from human cells, the Sin3 complex described above and a complex
containing the p53 binding candidate tumor suppressor p33'NG1 (33). The
interaction of p33'NGl with Sn3 is mediated through Sap30. Interestingly,
our studies (33) aswell asthose of others (34) revealed that the Sin3-HDAC
complex can also interact with the Swi/Snf chromatin remodeling com-
plex. Again, Sap30 was found to link the Sin3-HDAC complex to Swi/Snf
(33). Sap18 was not isolated in these complexes, providing further evidence
that it is probably not a member of the Sin3 complex.

It is clear that the class | HDACs present in the complex provide the
enzymatic activity, whereas Sin3 appears to function as a switchboard that



Chapter 2 / Biochemistry of Multiprotein HDAC Complexes 31

coordinates the interaction between HDACs and segquence-specific DNA
binding proteins (see Fig. 1 and the NurD section). The RbAp proteins
appear to have arolein stabilizing the interaction of this complex with the
core histones present in nucleosomes. The Sin3-HDAC complex may also
impart substrate specificity once it is recruited to chromatin. Its role in
vivo was confirmed with chromatin immunoprecipitation (ChlP) experi-
ments performed in a yeast strain in which Rpd3 was deleted. This strain
exhibited increased acetylation of all histone residues, except for H4
lysine-16 (35). In vitro, the human Sin3-HDAC complex was able to
deacetylate al of the core histones when in isolation, but not when com-
posing nucleosomes, suggesting that chromatin remodeling precedes
deacetylation in vivo (32).

Sn3 protein from human or yeast is large and capable of multiple inter-
actions. In yeast, the DNA binding and transcriptional repressor of mei-
otic genes Ume6p interacts with the Sin3-HDAC complex and specifically
interacts with Sin3 in ayeast two-hybrid screen (36). Repression by Ume6p
depends on the enzymatic activity of Rpd3.

In higher organisms, a number of transcriptional regulators were shown
to bind the Sin3 complex and direct it to specific genes. These are the zinc
finger DNA binding proteins Ikaros and Aiolos (37), the helix-loop-helix
heterodimers of the Mad family Mad/Max and Mxil/Max, and the Sin3-
interacting domain (SID) containing the protein Mnt, which interacts with
Max (38). C-Ski was also found to interact with Sn3. C-Ski is part of a
complex containing Smad3/4 that binds to the Smad DNA binding ele-
ment (SBE) and isinvolved in transforming growth factor (TGF)-B signal-
ing (39). NoRC, an SNF2h-containing nucleolar chromatin remodeling
complex that represses ribosomal gene transcription, has also been shown
to recruit Sn3 (40). MeCP2, a methyl binding domain (MBD)-containing
protein that binds to and represses promoters containing methylated CpG,
also appears to recruit the Sin3 complex specifically (41). The corepres-
sors NCoR/SMRT bind to unliganded nuclear hormone receptors and
recruit the Sin3 complexes to repress transcription at the receptor-targeted
genes (14,15,20). The interaction with NCoR is mediated through both
Sn3 and Sap30, as Sap30 appears to stabilize the interaction with
NCoR/SMRT (42).

Interaction between the class | HDACs and the corepressor COOH-
terminal binding protein (CtBP) has been reported. CtBP was originally dis-
covered based on its interaction with the C terminus of the adenovirus E1A
protein and was later found to bind the Drosophila DNA binding proteins
Hairy, Shail, Krippel, and mammalian Krippel-like factor 3 (BKLF/KLF3).
Interestingly, CtBP-mediated repression of transcription has been reported
to be senditive to the HDAC inhibitor TSA at some promoters and insensi-
tive at others (43). CtBP was found to retain transcriptional repression
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in Drosophila embryos deficient in Rpd3, suggesting that CtBP can repress
transcription through aternate means (43).

Class | HDACs are thus highly regulated by virtue of their association
with Sin3. Thisis evident by Sin3-mediated interaction with disparate
sequence-specific DNA binding proteins and also through Sn3 interaction
with other corepressors such as CtBP and NCor/SMRT that interact with
other sequence-specific DNA binding proteins. HDACs are thus directed
to target genes and participate in their regulation during differentiation
and development and in response to specific environmental stimuli.

NuRD

In higher eukaryotes, there is another group of complexes comparable
in abundance and diversity of function to Sin3-containing complexes. The
term nucleosome remodeling and deacetylase complex (NuRD; also
NURD or NRD) encompasses a group of complexes from Caenor habditis
elegans to mammals that are involved in gene silencing, cell cycle pro-
gression, and development (44—48). NuRD contains the core components
of the Sin3 complex (Fig. 1), but associates with a different set of polypep-
tides (Mi2, MTA2, and MBD3), which target the complex to different sites
in the genome. Additionally, NURD can associate with different polypep-
tides, resulting in the formation of “supra’-NuRD complexes exhibiting
diverse NURD-dependent functions. NURD imparts a new strategy to the
functioning of HDAC complexes as it contains two different types of
chromatin-modifying activities. histone deacetylation (regulation through
covalent modification of histones) and ATP-dependent chromatin remod-
eling activities (nucleosome mobilization/alteration). Thus, in the NuRD
context, optimal deacetylation involves the ATP-remodeling machinery
such that the histone tails are presented in the proper configuration (49).
The presence of an activity that mobilizes/alters nucleosome structure in
NuRD is compatible with its having a more general function in the main-
tenance of globa chromatin structure.

Asin the case of the SiIn3-HDAC complexes, NURD complexes must be
brought to the chromatin vicinity to perform their function. Thisis accom-
plished in different ways (Fig. 2; see Color Plate 2 following p. 180). First,
specific DNA binding transcription factors can recruit NURD to specific
genes, as in the case of the HOX genes (50,51). Second, certain factors
with broader DNA hinding capacity, such as the CpG-methyl binding pro-
tein MBD2, recruit NURD to certain genomic regions containing methy-
lated-DNA (Fig. 2), such that the target may outreach a single gene (52).
Third, some studies have shown that NURD complexes can perform house-
keeping roles in the general regulation of chromatin, through a constitutive
association that is independent of recruiters (53). This may contribute to
the more general dynamics of chromatin structure through the processes
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Fig. 2. The NURD complex. This complex can interact with sequence-specific
DNA binding proteins and thus be directed to specific genes, as illustrated on the
right side. NURD can also interact with MBD2 and a polypeptide that exist in
phosphorylated (p68) and unphosphorylated (p66) forms. This arrangement of
polypeptides composes the MeCP1 complex. The MBD2 subunit tethers the com-
plex to CpG-methylated DNA. For abbreviations, see Acronyms and Abbreviations
table. See Color Plate 2 following p. 180.

of acetylation and deacetylation. This function is probably related to the
capacity of NURD to bind to the histone H3 tails (54,55).

That NURD can be recruited to sites independent of sequence-specific
DNA binding proteins may be related to its association with an activity
that alters/mobilizes nucleosomes. Thisisin contrast to the Sin3 complex
that is recruited to specific promoters through interactions with sequence-
specific DNA binding proteins, although, in general, these proteins can
also recruit factors that alter the structure of nucleosomes. Although the
NuRD complex can target specific genes through interaction with
sequence-specific DNA binding proteins, this appears to be much more
restricted relative to the case of Sin3. NuRD appears to function in a
more global manner, based on its recruitment to the histone H3 tail and
CpG-methylated DNA.

Components of the NURD Complexes

All NuRD complexes share a similar organization that includes a core
complex identical to that of Sin3, containing HDAC1 and HDAC2 in mam-
mals (or Rpd3 in lower organisms) and RbAp46/48. In the case of NuRD,
however, the complex also contains MBD3 and MTA1/2 and the ATP-
dependent chromatin-remodeling protein Mi2 (Fig. 1). In fact, many
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NURD complexes with different properties and specificities have been
isolated (56).

This heterogeneity is one of the defining traits of NURD complexes. It
is evidenced not only by the presence or absence of certain factors but also
by the variability among family members of the components that are inte-
gral. The most logical explanation of this phenomenon is an evolutionary
one: the proteins that were unique in lower organisms diversified to per-
form new specific functionsin a progressively more complex environment
within the context of these complexes (48).

With regard to the NURD-specific proteins, Mi2 (the dermatomyositis-
specific autoantigen) exhibits the least variability. Mi2 existsin two forms,
Mi2o (or CHD3) and Mi2p (or CHD4) (57). Although the predominant
form in the NURD complexes is Mi2, reports indicate the presence of
Mi2o. in some of the complexes (46,56). Mi2 isimportant for NURD enzy-
matic activity and for recruiting NuRD to multiple targets. Thus, Mi2 can
interact with multiple factors like the corepressor KAP-1 through its
KRAB domain (58), the retinoid-related orphan receptor (RORg) (59), the
zinc finger transcription factor lkaros in lymphocytes (51), and the
Drosophila transcriptional repressors Tramtrack69 (60) and Hunchback (50).

Probably the most important paradigm of variability in proteins com-
posing NURD is the MTA family of metastasis-associated proteins (or
MTAS). These have three members in vertebrates, MTA1-3, that have been
implicated in cancer progression, metastasis, cell differentiation, and cell
type-specific transcription (56, 61). MTAL and MTA3 are present in differ-
ent isoforms, bringing the total number of proteins to six (MTAL, MTA1s,
MTA1-ZG29p, MTA2, MTA3, and MTA3L) (62). All three MTAS have been
found in NURD complexes and, based on their distinctive patterns of
expression and performance, they may be responsible for one level of speci-
ficity in the functioning of the NURD complexes. For instance, MTAL and
MTA3 expression is cell type specific, in contrast to the ubiquitous MTA2
(56,61,63). This suggests that MTA2 may be involved in the housekeeping
functions of NURD, whereas the other two components may participate in
specialized repression. MTA2, for example, interacts with the multifunctional
transcription factor YY1, whereas MTAL does not (61).

MTAL is detected in multiple cancer cells and its presence is associated
with the uncontrolled growth and invasive properties of multiple types of
tumors (56,61,64). Although its main function is not completely known, it
is commonly believed that it may involve the recruitment of the NURD
complex to specific genes.

MTA3 seems to be highly expressed in breast cancer, and its expression
and function seem to be dependent on the activation of the estrogen recep-
tor. In particular, MTAS inhibits the expression of the transcription factor
Shail by bringing NuRD to its promoter (65). Shail is a key factor for the
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expression of the E-cadherin glycoproteinsinvolved in cell adhesion; thus
defectsin Snail expression would impact on tumor suppression, development,
and cell polarity (56,65).

Similar to Mi2, in addition to their recruitment function, MTA proteins
are also important for NURD activity. Reconstitution studies showed that
the core NURD complex has a remarkably weak HDAC activity and that
its optimal activity in vitro requires the presence of the MTA2 SANT
domain (52). SANT domains (from SWI3, ADA3, NCoR, and TFII-IB)
(66) resemble the DNA binding domains of Myb-related DNA binding
proteins and are also present in transcription factors and in proteins asso-
ciated with HDAC class | complexes like COREST and SMRT (see sec-
tions entitled COREST Complex and HDAC3 Complexes below).

Finally, another important component of the NURD complex is a mem-
ber of the MBD family of methyl-DNA (mCpG) binding proteins found in
higher eukaryotes and involved in transcription repression and DNA repair
(67). Of the four different MBD proteins (MBD1-4) found in mammals,
only MBD3 seems unable to bind to CpG methyl-DNA directly (52). This
isin spite of its extensive homology to the well-studied CpG methyl-DNA
binding protein MBD2 and the fact that the MBD3 orthologs in lower organ-
isms can bind to CpG-methylated DNA (68). MBD3 is the only member of
the family that is present congtitutively in the NURD complexes.

Although MBD2 is not a component of the NURD complexes, it can
recruit NURD to CpG-methylated DNA regions (Fig. 2). MBD2 copurifies
with NUuRD in the large supercomplex termed MeCP1 (52,69, see that sec-
tion just below). Notably, the link between DNA methylation and NuRD
activity suggests a functional link between histone deacetylation and
methylated DNA regions.

Interestingly, the composition of the NURD complexes found in lower
organisms provides a clue to the common origin of MBD2 and MBD3. For
instance, the Drosophila NURD complex contains MBD2/3, an ortholog to
MBD2 and MBD3 that possesses characteristics of both proteins
(4,48,56,70).

Supra-NuRD Complexes

In some cases, NURD has been found as part of larger complexes, or
supercomplexes, that incorporate a considerable number of factors and
that, in general, seem to be involved in highly specific functions.

MEecpPl CompPLEX. The MeCP1 complex is able to bind to CpG-methylated
DNA containing more than 10 methyl-cytosines and participates in gene
repression (71). MeCP1 isformed by an MBD3-containing NURD complex
in conjunction with MBD2 and the two associated proteins p66 and p68
(Fig. 2). The p68 protein is a posttrandationally modified version of p66,
and both seem to be implicated in the recruitment of MeCPL to specific loci
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(72). MeCP1 can adso interact with APPL1 and APPL2, two effectors of
the GTPase Rab5 that are involved in signal transduction and endocytosis
(73). Although the functional relevance of these interactions is currently
unknown, they may signify a new level of regulation by MeCP1 upon cel-
lular exposure to external stimuli.

CoHEsIN ComPLEX. Recent studies suggest that NURD might be involved
in functions other than transcriptional silencing, as a cohesin complex was
isolated in association with NuRD (74). The isolated complex contains
the ISWI-type of ATP-dependent remodeling factor SNF2h, the MBD3-
containing NURD complex, MBD2, and the core-cohesin complex. The
core cohesin complex is formed by SMC1, SMC3, SA1/SA2, RAD21
(75,76), and WCRF180, also known as Acfl, which is the partner of
SN\F2h in the human and Drosophila ACF/WCRF complex (77).

ChlIP studies identified regions of Alu repeats within the X chromo-

some that are in association with the isolated NURD-cohesin complex (74).
The role of NuRD in this context has yet to be characterized.
ALL-1 CompLEX. The largest complex described thus far as containing
NURD is ALL-1. This complex is apparently composed of approx 30
polypeptides and is probably greater than 3 Mdain size (78). The trithorax
protein ALL-1 (also known as MLL, HRX, or HTRX) contains a histone
lysine methyltransferase activity with specificity for lysine-4 of the his-
tone H3 tail (79). ALL-1isessential for the development of hematopoietic
stem cells (80). Leukemias involving translocation phenomena generate
chimeric proteins containing ALL-1 fused to other partners (80).

The putative ALL-1 complex also included subunits of the RNA poly-
merase |l-associated TFIID complex, as well as subunits of the chromatin
remodeling complexes SNF2h, Swi/Shf, NuRD, and Sin3. Apparently, all
these components were found to coexist at the promoter of the HoxA9 gene
invivo (78). However, itisour belief that ALL-1 may not represent aunique
complex. From the data reported thus far, we cannot exclude the possibility
that this group of distinct, but functionally related, complexes associate
transiently, rather than as a biochemically stable entity in the cell.

The ALL-1/MLL-1 proteins function in transcriptional activation as
ALL-1to methylate lysine-4 of histone H3, which is known to be involved
in transcription activity (78). The presence of HDACs is consistent with
the need to deacetylate specific residuesin histone H3 for their subsequent
methylation. However, the exact role of NURD is unclear given that NURD
is displaced from the histone H3 tail upon methylation of histone H3
lysine-4 (55). Moreover, duplication in activities in this supracomplex is
perplexing. For example, the Sin3 complex is also present, and, in addi-
tion to Mi2, the complex also has two additional ATP remodeling activi-
ties, Swi/Snf and SNF2h. The existence of this supracomplex in vivo
would appear to require additional validation.
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Fig. 3. BCH10-containing complexes. This lesser known group of HDAC1/2-
containing proteinsis formed by the complexes COREST and XFIM. Both contain
acore of HDAC1/2 and BCH110, a FAD™ hinding protein with unknown function.
COREST participates together with the Sin3-containing complex in repression
mediated by the factor REST, which is responsible for silencing of the neuronal-
specific genes (right). The CoREST complex can bind to DNA through the HMG
domain of BRAF35. The XFIM complex isinvolved in the control of basa c-fos gene
repression (left) and is probably recruited to the c-Fos promoter by serum response
factor (SRF) which interacts with the DNA-binding factor TFII-I. For abbreviations,
see Acronyms and Abbreviations table. See Color Plate 3 following p. 180.

PYR. PYR is a SWI/SNF-related complex that binds to DNA contain-
ing pyrimidine-rich sequences |ocated between the human fetal and adult
-globin-like genes (81). Interestingly, this DNA binding activity is specific
to adult hematopoietic cells. The complex contains the lymphocyte-specific
transcription factor Ikaros, the NURD core complex except for HDACL, and
at least five SWI/SNF complex-related proteins—Brgl, Baf57, Baf60a,
g3, Inil, and Baf170 (82). The function of PYR is not known, but it might
be involved in the switch between fetal and adult 3-globin expression.

BHC110-CoNTAINING COMPLEXES

In recent years, a new group of HDAC1/2-containing-complexes has
been described (83-86). They all contain a core complex formed by
HDACZL/2 and the FAD™ binding protein BHC110 (Fig. 3; see Color Plate
3 following p. 180). The complexes aso contain other proteins that confer
specificity of function. Two complexes have been described thus far, but
preliminary data are suggestive of more to come (86). These complexes
areinvolved in transcriptional repression, although, in contrast to NuRD- and
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Sin3-containing complexes, the subset of genes affected is more restricted,
with repression seemingly more specialized (85,87,88).

CoREST Complex

The CoREST/BHC mammalian complex was identified by different
investigators as a group of proteins that cofractionated with CoREST, a
corepressor of the transcription factor REST/NRSF (83-85). REST is
responsible for the maintenance of long-term repression of neuronal-
specific genes in nonneurona cells (89). REST exerts its function by binding
to the Sin3-containing complex through its N-terminal domain (90) and
also the CoREST complex through its C-terminal region (91). The
CoREST complex is formed by six subunits: the core complex, CoREST,
BRCA2-associated factor 35 (BRAF35), and BHC80 (Fig. 3) (85).

COoREST containstwo SANT domains, only thefirst of which (SANT1)
isinvolved in the interaction with HDACSs, being essential for HDAC1
activation (83). The other component of the CoOREST complex, BRAF35,
was originally discovered as a component of the breast cancer-related fac-
tor BRCA2 complex, in which it plays a structural role (92). Its main fea-
ture is the presence of an HMG domain that confers an ability to bind
DNA, which is critical for the repressive activity of the COREST complex
in vivo (85).

There is not much known about BHCB80, except that it contains one
PHD and two leucine zipper domains (85,93), all of which areinvolved in
protein—protein interactions. However, in contrast to the ubiquitous
BRAF35, the presence of BHC80 is highly tissue specific, perhaps reflec-
tive of a specialized role (85,93).

Interestingly, a supracomplex that contains the COREST complex was
isolated through affinity purification of the corepressor CtBP (94,95).
Among the factors comprising this complex are two histone methyltrans-
ferases responsible for dimethylation of lysine-9 in the histone H3 tail,
i.e.,, GO9A and EuHMT (96,97). However, asin the case of the ALL-1 com-
plex, there are outstanding issues regarding the existence of such a native
complex. These include the fact that the complex seems to contain all of
CoREST and that CtBP is capable of engaging in interaction with multiple
factors; therefore, whether the studies uncovered a supracomplex or a
mixed population of CtBP complexes remains an open question. Once
again, this species may actually be a composite isolated in vitro rather
than an entity that exists in vivo. This remains to be clarified.

XFIM Complex

The XFIM complex contains, in addition to the same core complex as
CoREST, the factor XFIM, a candidate for X-linked mental retardation,
and the DNA binding protein TFII-1 (Fig. 3) (86). Interestingly, this com-
plex of about 1 MDa contains four molecules of XFIM and is specifically
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Fig. 4. HDAC3 complex. On the one hand, the core HDAC3 complex consisting
of NCoR/SMRT and HDAC3 can form a complex together with TBL1, TBLR1,
and GSP2 (left part of the figure), although they have not been found in all cases.
On the other hand, interaction with SWI/SNF proteins together with KAPL,
SAP130, and SAP3al20, has been described. The role of the first complex is
repression of specific genes recruited by transcription factors and by nuclear
receptors (NRs). However, reports have also described the involvement of the
complex in activation, in the case of retinoic acid receptor (RAR) binding to the
DR-1 elements. For abbreviations, see Acronyms and Abbreviations table. See
Color Plate 4 following p. 180.

recruited to the c-Fos promoter by TFII-1 (98,99). The XFIM complex
seems to be involved in the tight control of c-Fos gene expression (86).
Whereas c-Fos levels are tightly repressed, growth factors and other stim-
uli induce an immediate activation of c-Fos gene expression, which then
returns to the repressed state soon after the stimulus is gone. ChiP studies
have shown that, in vivo, components of the XFIM complex are present at
the promoter before and after the stimuli, but not during activation, suggesting
an important role for the complex in maintaining a repressed state (86).

HDAC3 Complexes

Like HDAC1 and HDAC2, HDAC3 isinvolved in transcriptional repres-
sion, but HDAC3 function seems to be less global. In fact, HDAC3 is
involved in repression of a specific group of genes, in particular those
connected with nuclear receptor signaling (Fig. 4; see Color Plate 4 fol-
lowing p. 180) (100-102). Interestingly, some reports have also found
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arolefor HDAC3 in the transcriptional activation of specific genes respon-
sive to the retinoic acid hormone receptor (103; Fig. 4). In accordance
with this, hos2, the HDAC3 homolog in yeast, has been reported to be
involved in both repression and activation of specific genes (104).

This more restricted function is also reflected by the nature of the
HDAC3-containing complexes. So far, different groups have described the
purification of several HDAC3-containing complexes (102,105-108), and
although it is still not clear whether al the subunits reported actually com-
pose the same or disparate complexes, the common constituents are
HDAC3 and the nuclear hormone corepressors NCoR/SMRT (109).

Most of the HDAC3-containing complexes described are rather large
(1-2 MDa), most of them contain many common subunits, and the com-
bined sizes of the subunits described do not match the complex size
observed by gel filtration chromatography (105,108). These observations
suggest that there might actually be only a few disparate HDAC3 com-
plexes, in contrast to the case with NURD. The most convincingly studied
complex (105-108) appeared to contain HDAC3, NCoR/SMRT, transducin
B-like protein (TBL1), transducin B-like related protein (TBLR1), and the
G-protein pathway suppressor 2 (GSP2). Other associated proteins were
present in substochiometric amounts, for example, the coronin-like actin
binding protein IR10 (Fig. 4). Although most reports found TBL1 as part
of the complex (105-108), others did not (102). Discrepancies also
involved GSP2 and TBLR1, which were reported by only one (107) and
two (107,108) groups, respectively. Additional work is needed to clarify
the nature of these complexes.

NCoR and SMRT have been extensively studied because of their wide-
ranging role in transcriptional repression from general to cell-type spe-
cific, mediated through their interaction with a variety of transcription
factors, such as nuclear factor-xB (NF-xB) (110), Eto (111), AP-1 (112),
homodomain-containing factors (113), and others. However, they also
have a particularly important function in hormone receptor signaling
(109,114,115). Interestingly, NCoR/SMRT binds to class || HDACs (see
below). The enormous implications of the multiple functions associated
with NCoR/SMRT fit well with the embryonic lethality observed in NCoR
knockout mice, with defectsin development and cell differentiation (103).
In the context of the HDAC3-containing complexes, NCoR/SMRT are not
only important for the function of the complexes and for interaction with
the hormone receptor machinery and other regulators (see above), but are
also required for proper HDAC3 activity. Asin the case of the MTA pro-
teins in NURD and of REST in the CoOREST complex, the presence of
SANT domains in SMRT is required for full HDAC3 enzymatic activity
(116). However, of the two SANT domains contained in each of these
proteins, only the first seems to be involved in this function, in both
cases (117).
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TBL1 has intrinsic transcriptional repressive activity and is highly
related to Ebi, a regulator of epidermal growth receptor signaling in
Drosophila (118). TBL1 contains six WD40 repeats that apparently confer
chromatin binding ability (105,108). WD40 repeats are also found in
eukaryotic corepressors such as Streptomyces cerevisiae Tupl (119) and
Drosophila Groucho (120), and they can recruit HDACs (Rpd3) (121).
Tupl and Groucho aso exhibit an intrinsic repressive activity, independ-
ent of HDACSs, which may be related to their interactions with the basal
transcription machinery (122,123). The role of TBL1, together with
TBLR1, may be analogous to the histone chaperones RbAp46/48 in
HDAC1-containing complexes.

TBLR1 is highly related to TBL1 in that it aso contains six WD40
repeats and possesses chromatin binding ability (105,108). Using specific
siRNA methodology, TBL1 and TBLR1 were found to be necessary, but
functionally redundant, when tested for repression by unliganded thyroid
hormone receptor (108). However, other studies on natural promoters in
vivo suggested that TBLR1 is actually required for clearance of the com-
plex. This entails the recruitment of an ubiquitination complex consisting
of the conjugating enzyme UbcHS5 that brings along components of the
19S proteasome degradation system (110,112).

GSP2, or AMF-1, isinvolved in the regulation of the RAS/MAPK path-
way (124), interacts with the viral transcription factor Tax encoded by T-cell
lymphotrophic virus type | (HTLV-I) (107), and can also repress JNK1-
activating activity (107,124).

IR10 contains three WD40 repeats, although it is not highly related to
TBL1 or TBLR1 (125). IR10 interacts with NcoR, but not SMRT (107). It
is found in substochiometric amounts in association with the HDAC3 core
complex formed by HDACL1/2 and BCH110 (Fig. 3); its function remains
unknown. Interestingly, arelated complex has been found in yeast, SET3C
(126). SET3C contains: the SET and PHD domain containing protein
Set3p, Hos2p, the homolog of HDAC3, Sif2p, a WD40-repeat protein
homolog of TBL1, Shtp, which, like NCoR/SMRT, is a SANT domain-
containing protein, and YIL112w, which contains ankyrin repeats involved
in protein-protein interactions. It also contains Cprlp and the class 111
HDAC Hst1 (see Class |11 HDACs section).

One group aso reported the purification of another HDAC3-
NCor/SMRT-containing complex that included the core of the ATP-
dependent chromatin-remodeling SWI/SNF complex, the corepressor
KAP-1, the splicing-related factor SAP130, and the splicing factor 3a120
(127). The SWI/SNF core complex is formed by the SWI/SNF enzyme
BRG1 and associated proteins Baf170, Baf155, and Baf47 (Fig. 4) (128).
Although functional data are lacking, the presence of the SWI/SNF core
complex may facilitate access of the deacetylase to the chromatin sub-
strate, as in the case of Mi2 in NuRD.
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CLASS II HDAC:s

The budding yeast Hdal is the enzyme that defines this family (24). In
humans, class Il HDACs are subdivided into classes Ilaand |1b (129). As
with the class | HDACSs, the enzymes of this family perform a wide vari-
ety of highly regulated functions. These enzymes also do not contain DNA
binding activity, suggesting interactions with other proteins in order to
repress transcription (1,3,129). This aspect of class || HDACs will be
discussed.

HDAC Classlla

Class Ila HDACs consist of HDACA4, -5, -7, -9, and a splice variant of
HDACS9 that contains only the N-terminus region of the protein, desig-
nated myocyte enhancer factor 2 (MEF2) interacting transcription
repressor (MITR) (130). Many interactions regul ate the ability of classlla
HDACS to repress transcription (see next section). A striking feature of
class Ila HDACs, however, is their ability to shuttle between the nucleus
and cytoplasm (1,3,129). The cytoplasmic chaperon protein 14-3-3 (131)
is responsible for cytoplasmic sequestration of class Ila enzymes. 14-3-3
binds to the HDAC that is phosphorylated on one or two of the three N-
terminal serines by calcium calmodulin-dependent protein kinase (CaMK),
which is activated after Ca?* release (132; Fig. 5; see Color Plate 5 follow-
ing p. 180). Once the HDAC reaches the cytoplasm and is thus phospho-
rylated, complex formation with 14-3-3 sequesters the enzyme in the
cytoplasm, thwarting its ability to repress transcription.

CLAss | |A INTERACTING PROTEINS

Many of the interactions that allow the different class Ila HDACs to
repress transcription have been discovered (Fig. 5) (1,3,129,130). Class
Ila enzymes bind to the corepressor SMRT/NCoR complex described ear-
lier (which includes HDAC3) (116,133). SMRT/NCoR can also be
recruited by the human protooncogene Bcl6 (134). Bcl6 is a BTB/POZ-
zinc finger transcriptional repressor that, upon overexpression, protects B-
cell lines from apoptosis induced by DNA damage. In keeping with this
activity, recent studies have shown that overexpression of Bcl6 suppresses
p53 expression (135). However, it has aso been reported that Bcl6 binds
to the N-terminus of class Ila HDACs (136). This suggests that Bcl6 can
recruit either the SMRT/NCoR complex, which can then recruit aclasslla
HDAC, or the class Ila HDAC directly. Class Ila HDACs do not exhibit
enzymatic activity in isolation (129,130) but only in complex with the
SMRT/NCoR corepressor complex (137). However, given that this core-
pressor complex contains the class | HDAC3, and that it is enzymatically
active without class l1a enzymes, the class Ila HDACs may be redundant.
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HDAC 4,5,7,9

= NCoR/SMRT

Fig. 5. HDAC llainteractions. The domain structure of class [la HDACs is shown.
The MITR domain is illustrated. Serines that can be phosphorylated by CaMK are
represented by S. The phosphorylated proteins (MITR, HDACs 4/5/7/9) interact with
14-3-3. Other interaction partners of the class liaHDACs areillustrated. For abbrevi-
ations, see Acronyms and Abbreviations table. See Color Plate 5 following p. 180.

More likely, the enzymatic activity of the full complex (containing both
HDACSs) may target histone polypeptides as well as nonhistone substrates.
This remains to be elucidated.

MEF2 is an important DNA binding transcriptional regulator (138). It
isinvolved in the regulation of myogenesis, in negative selection of devel-
oping thymocytes, and in transcriptional regulation of the Epstein-Barr
virus (EBV) (139). Class IlaHDACs bind to MEF2 through a highly con-
served 17-amino acid N-terminal motif (Fig. 5) (129,130,140). When a
class Ila HDAC is present in the nucleus bound to MEF2 at a promoter,
the geneisrepressed (140,141). However, when the HDAC becomes phos-
phorylated, the interaction is lost and the HDAC becomes sequestered in
the cytoplasm, inducing activation of myogenesis in muscle cells, for
example (139,141,142). Another protein that was found to interact with
HDAC4, -5, and MITR, through specific regions of their N-termini, is the
transcriptional repressor CtBP (143), which was discussed earlier toward
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the end of the section entitled HDAC1 and HDAC?2, as it also interacts
with class | HDACs. Heterochromatin protein 1 (HP1) has been reported
to interact with HDACA4, -5, and MITR through a distinct region in their
N-termini (Fig. 5) (144). HP1 binds methylated histone H3 lysine-9 and
interacts with histone lysine methyltransferase SUV39H1 (145,146). The
interaction between HP1 and HDACH4, -5, and MITRislost following phos-
phorylation of the class IlaHDACs by CaMK. Because silent MEF2 genes
are methylated at lysine-9 of histone H3 (144) and this methylation has
been shown to be a chromatin repressive mark, these findings suggest a
possible mechanism whereby deacetylation by a class IlaHDAC precedes
methylation to allow for repression (144).

A recent finding illustrates a tissue-specific role for class 1| HDACs.
HDAC4 gain of function and loss of function mutants display similar phe-
notypes as the corresponding mutants of RUNX2, the DNA binding tran-
scription factor that isinvolved in bone development; HDAC4 and RUNX2
were aso shown to interact physically (147).

HDAC Class|1b

Class I1b consists of HDAC6 and -10. As an HDAC10 complex has not
been described, this section focuses on HDAC6. HDAC6 was found to be a
o-tubulin deacetylase (149,150); it aso binds polyubiquitin chains on mis-
folded proteins. Recently, alink with Parkinson's disease was revealed when
HDACS6 was found to interact with cytoplasmic dynein, a microtubule minus
end-directed motor protein (148) necessary for the transport of misfolded
proteins (148). This evidence suggests that HDACS6 is an adapter protein that
allows aggregated, misfolded, and polyubiquitinated proteins (151) to come
together with dynein (152), with subsequent transport to aggresomes.
Tubulin hyperacetylation is correlated with more stable microtubules (130).
Thus acetylation and deacetylation of tubulin may beimportant for the move-
ment of such misfolded proteins along the microtubules, highlighting the
role of HDACS in this transport. Moreover, HDAC6 colocalizes with ubiqui-
tin conjugates and a-synuclein in structures resembling neuronal inclusion
bodies, i.e., Lewy bodies, a defining feature of Parkinson’s disease (153).

CLASS III HDAC:s

Class |1l HDACs arerelated to the yeast NAD*-dependent HDAC silent
information regulator 2 (Sir2p), which is involved in gene silencing
through the generation of heterochromatin-like compacted chromatin that
is hypoacetylated in histone H3 and H4 tails. Yeast has four SIR silent
information regulator (SIR) proteins, all involved in the formation of spe-
cialized repressed chromatin, but only Sir2p possesses enzymatic activity
on its own (154-156).



Chapter 2 / Biochemistry of Multiprotein HDAC Complexes 45

Spreading of Histone Deacetylation

HMR, HML

Fig. 6. Sequential model of Sr2p action at the mating-type Loci. (A) Srlpis
responsible for establishment of silencing of the loci, by binding to the factors
Raplp, Abflp, and the origin replication complex (ORC). (B) Sir3p and Srdp are
then recruited and bind directly to histone tails. (C) Sr3p and Sr4p recruit, in
turn, Sir2p. (D) Deacetylation and compaction of chromatin occurs in the pres-
ence of NAD*. The initial assembly of the triplex Sir2p-Sir3p-Sirdp induces the
recruitment of more molecules whose spread extends over a few kilobases. For
abbreviations, see Acronyms and Abbreviations table. (Adapted from ref. 160.)
See Color Plate 6 following p. 180.

Class I11 HDACs include homologs of Sr2p in all higher organisms,
including 7 homologs in humans (SrT1-7) (157,158). In addition, proteins
with some similarity to Sr2p have been found in bacteria (157). In yeast, a
family of four proteins with similarity to Sr2p called homologs of Sir2p
(Hst)1-4p has aso been defined, although not much is known about their
function (158). Interestingly, Hstps are probably the true orthologs of the
class Il members of higher organisms because the SIR machinery is absent
in higher eukaryotes. Other evidence supporting this ideais the cellular
localization and specificity of these proteins. For instance, Hst1lp might be
the ortholog of SrT1 and Hst2p the ortholog of SrT2 and SrT3 (158,159).

Yeast Sir2p

Together with the other Sir proteins, Sr2p is involved in the formation
of specialized compacted chromatin regions in three specific loci in yeast:
telomeres, mating-type (HML and HMR) and rDNA repeats in the nucle-
olus (160). However, only Sr2p is required in all three loci. Sr3p and
Srdp are involved in mating-type loci regulation and telomeres, whereas
Sripisonly involved in mating-type loci (161).

Genetic and biochemical studies suggest a model of sequential
recruitment in Sir2p-mediated silencing (Fig. 6; see Color Plate 6
following p. 180) (154,155,162). For instance, in the mating-type loci,
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Fig. 7. Sr2p-containing complexes. (A) TEL complex components are not fully
identified but contain Sr2p and Sirdp and perhaps partialy challenge the sequen-
tial model. However, these two models need not be exclusive and together may
explain the arrival of the TEL complex at the chromatin. The “A” arrow indicates
that TEL could bind independently to chromatin through Sr4p, and the “B” arrow
shows that Sir3p would be responsible for recruitment of the complex to chro-
matin. (B) The RENT complex and its subunits bound to rDNA genes. The func-
tions of the RENT subunits are indicated. For abbreviations, see Acronyms and
Abbreviations table. See Color Plate 7 following p. 180.

Sirlp isinvolved in the establishment of silencing by binding to the
origin replication complex subunit 1 (ORC1), Rapl, and Abf-1. After
Sirlp binding, Sr3p and Sr4p bind to chromatin through interactions
with histones H3 and H4 and bring in Sir2p (154,155,162).

However, the situation seems to be more complex than this model
would suggest. Some studies found that Sr2p is essentially present in two
large complexes in the cell (163-165). The first one is called the TEL
complex (163), alarge species of about 800 kDathat contains Sr2p, Sirdp,
and other uncharacterized proteins, but not Sir1p or Sir3p (Fig. 7; see
Color Plate 7 following p. 180). The presence of Sr2p and Sirdp in the
TEL complex suggests that the arrival of Sr2p at the chromatin is depend-
ent on the capacity of Sr4p to bind chromatin. However, because Sr3p
bindsto Sr4p (166,167), it is also possible that Sr3p mediates the recruit-
ment of the TEL complex. Additional studies are required to reconcile
these observations.

The second complex is called regulator of nucleolar silencing and
telophase exit (RENT) (164,165), which is only present in the nucleolus
and contains Sr2p, Cdc14p, Netlp, and Netl-associated nucleolar protein
(Nanlp) (Fig. 7). RENT isinvolved in mitotic exit control, rDNA silenc-
ing, and nucleolar localization of Nop1, a factor involved in nucleolar
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pre-rRNA processing (168). Cdcl4p is a protein phosphatase that belongs
to the mitotic exit network (MEN) (169). Netlp isakey factor inthe RENT
complex, asit is responsible for tethering the complex to the nucleolus
(165). Because of the presence of Netlp, Sr2p and Cdcl4p localize to the
nucleolus, where they can exert their function. It is possible that Netlp is
also the factor responsible for bringing Sr2p to the rDNA repeats. Netlp
can aso stimulate RNA polymerase | activity by binding directly to the
enzyme (170).

Hstl and SirT1

Hst1p is probably the best known of the Hst proteins. Hst1p isthe clos-
est member of the class Il HDACs to Sir2p, and its main function seems
to be related to the repression of middle sporulation genes (171,172).

Hstlp forms two different complexes in yeast cells (Fig. 8; see Color
Plate 8 following p. 180). One such complex (171,172), together with the
DNA binding transcriptional repressor Sumlp, participates in middle
sporulation gene repression and accounts for almost all the cellular Hst1p
(173). The second complex that has been described is SET3C (126), the
yeast counterpart of HDAC3-containing NCoR/SMRT in higher organ-
isms that also participates in meiotic repression and sporulation. However,
Hst1p does not seem to be responsible for the activity of the complex,
leaving open the possibility that this complex participates in other func-
tions (126). Interestingly, Hos2p and Set3p have also been found to be
involved in the transcriptional activation of certain genes (104). It is
unknown whether this function is mediated by SET3C or by an alternative
complex that contains both subunits.

SRT1

SrT1 is the member of the human Sir2 family that is closest to Sr2p,
and it has been reported to deacetylate histones and nonhistone substrates
(174). All core histones are substrates in vitro, but SrT1 exhibits a prefer-
ence for acetylated lysine-16 of histone H4 and acetylated lysine-9 of his-
tone H3 as well as acetylated lysine-26 of histone H1b (or H1.4) in vitro
and in vivo (175). The nonhistone targets are p53 (176,177), TAFI68 (178),
BCL6 (179), FOXO transcription factors (180,181), Ku70 (182), and NF-xB
(RelA/p65) (183).

SirT1 functions in transcriptional repression and heterochromatin
formation, muscle differentiation (184), inhibition of senescence and
apoptosis induced by p53 (176,177), life span extension (182), stress
response (180,181), and inhibition of axonal degeneration (185). SrT1
interacts with multiple factors, most of them transcription factors, which
seem to recruit SrT1 to chromatin specific regions. Among these are
p53 (176,177), CTIP2 (186), HESL and HES2 (187), FOXO (180,181),
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A SUM1-HST1

Middle Sporulation Genes

Fig. 8. Hst1p complexes. Two complexes have been described that contain Hst1p.
(A) Hst1lp sumlp participatesin the repression of middle sporulation genes by the
binding of Sum1p to the middle sporulation elements (MSEs). (B) Hstlp was
found to be part of SET3C, a complex containing Hos2p that also participates in
middle sporulation gene repression. However, Hst1p is not required for the activ-
ity of the complex. For abbreviations, see Acronyms and Abbreviations table. See
Color Plate 8 following p. 180.

NF-xB (183), NCoR and SMRT (188), PPAR-y (188) and the histone
acetyltransferase PCAF (184). Importantly, SirT1 also interacts with his-
tone H1b (175), and recent studies have demonstrated that recruitment of
SrT1 to specific genes results in the formation of repressed chromatin
(175). This includes the recruitment of histone H1b and the modification
of the histone H3 and H4 tails with “marks” that are the signature of
repressed chromatin.

The native form of SrT1 is a homomultimer of about 350-400 kDa
that most likely corresponds to a trimer (175), although minor amounts of
the enzyme may be present in other complexes. This fits well with predic-
tions of trimer formation based on structural studies of other members of
the class Il family (189).
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Hst2p, SirT2, and SirT3

Hst2p is ahomolog of Sr2pin yeast and is part of the class |11 NAD*-
dependent HDACs (157). It has been shown to be one of the most enzy-
matically active of theclass |1l enzymes (190). It is completely sequestered
in the cytoplasm, suggesting a substrate other than histones (191). The
function of Hst2p remains largely unknown, as a multiprotein complex
has not been isolated. Some evidence suggests that Hst2p is involved in
the cell cycle aswell asin epigenetic regulation of a select group of genes
(174,192). However, given its cytoplasmic localization, it is unclear how
and when Hst2p could travel to the nuclel to participate in these functions.

SIRT2

In humans, SrT2 and SirT3 appear to have the closest homology to
Hst2p (157,158). SrT2 may be most homologous, given its amost exclu-
sive localization to the cytoplasm (190,193). SrT2 was shown to colocal-
ize with tubulin as well as to be able to deacetylate acetylated o-tubulin
(193). Immunoprecipitation experiments with SrT2 brought down the
other known tubulin deactylase HDACS, suggesting a functional complex
between these proteins (193). This is an interesting function that must
have been acquired during evolution considering that acetylated tubulin
has not been found in budding yeast. This also suggests that human SrT2
and Hst2p may share an even more basic function. Multiprotein complexes
containing SirT2 have not yet been characterized. SrT2 has been shown to
be upregulated during mitosis and can affect the cell cycle when overex-
pressed (194). Both Hst2p and SirT2 have been shown to inhibit starfish
oocyte maturation in microinjection experiments, and Hst2p was also
shown to delay starfish embryonic cell division in similar experiments
using daughter blastomeres (195).

It is also a possibility that SrT2 and Hst2p silence genes. Both Hstlp
and Hst2p are recruited specifically by S11p to a specific region of the
FLO10 promoter located near the telomere and are required for silencing
of the gene (191). Deletion of Sir2p had no effect on this silencing. Both
of these findings suggest that Hst1lp and Hst2p (and probably SirT2)
participate in complex protein interactions yet to be discovered.

SIRT3

SrT3isan equally interesting protein. Although it is closely related to
Hst2p and SirT2, it has been reported to be a mitochondrial protein
(196,197). SrT3 has not been found in a multiprotein complex, leaving its
role unclarified for the present. SrT3 has been shown to be cleaved at the
N terminus by an interaction with matrix-processing peptidase (MPP)
once it has reached the mitochondria, resulting in a truncated form of
SrT3(196,197).
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SRT4-7
SrT4-7 have the least homology to Sr2p and remain virtually unstudied.
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SUMMARY

Histone deacetylase 3 (HDAC3) is one of four members of the human
class | histone deacetylases that repress transcription by deacetylation of
histones. This review describes our current knowledge regarding its struc-
ture, function, mechanisms of action, and regulation.

Key Words: HDACS3, transcription regulation, histone modification,
NCoR/SMRT.
INTRODUCTION

In 1996, a major breakthrough in the study of histone deacetylase
(HDAC) came with the purification and cloning of the first human HDAC
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Acronyms and Abbreviations

AML-MTG16
Arg

Bmall

cDNA

ChiP
COUP-TF
CRM1

DAD

DAX1

DFNA1
DIkl
EGF
ER-a
FISH
GATA-1
GDF11
GM-CSF
GPS2
GRIAL
HDA
HDAC
HOS
HSP70
HSPC
HTLV1
ICSBP
IE1
IFN-y
IL-1B8
IxkBa
JDP2
JINK
KLF6

Acute myelogenous leukemia-myeloid translocation gene 16
Arginine

Brain and muscle Arnt-like protein 1

Complementary DNA

Chromatin immunopreci pitation

Chicken ovalbumin upstream promoter transcription factor
Chromosome region maintenance 1

Deacetylase-activating domain

Dosage sensitive sex reversal (adrenal hypoplasia congenita
gene on the X chromosome)

Deafness, autosomal dominant nonsyndromic sensorineural 1
Deltalike 1

Epidermal growth factor

Estrogen receptor-o.

Fluorescence in situ hybridization
GATA-binding transcription factor 1
Growth/differentiation factor 11
Granulocyte/macrophage colony-stimulating factor
G protein pathway suppressor 2

Glutamate receptor, ionotropic, AMPA 1
Histone deacetylase A

Histone deacetylase

HDA one similar

Heat shock protein 70

Hematopoietic stem progentior cell

Human T-cell leukemia virus type 1

Interferon consensus sequence-binding protein
Immediate-early 1

Interferon-y

Interleukin-13

Inhibitor of x Ba

Jun dimerization protein 2

¢-Jun amino-terminal kinase

Krippel-like factor-6

(Continued on p. 64)
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enzyme, HDAC1 (originally called HD1) (1). The predicted amino acid
seguence derived from the complete cDNA sequence of HDAC1 revealed
a high degree of similarity to the yeast transcriptional regulator RPD3 (2).
That same year, a transcriptional corepressor protein (later called
HDAC?2), also with high homology to yeast RPD3, was identified from a
yeast two-hybrid experiment with the human Y'Y 1 transcription factor (3).
Similar to previous experiments used to characterize HDAC1, immuno-
precipitation of HDAC2 from human cells followed by enzymatic assays
showed that HDAC2 contained HDAC activity (4). HDAC1 and HDAC2
exist together in multiprotein complexes, and many transcription factors
target HDAC1 and HDAC?2 to specific promoters to repress transcription
(reviewed in refs. 5 and 6).

The excitement in the HDAC field did not end with the discoveries of
HDAC1 and HDAC2. Shortly afterward, three papers independently
reported the findings of an additional human HDAC, HDAC3. By screen-
ing the NCBI database of expressed sequence tags, two groups found sev-
eral cDNAs that encode a protein, HDAC3, with similarity to the yeast
RPD3 yet distinct from HDAC1 and HDAC?2 (4,7). Using mRNA differ-
ential display, a third group independently identified HDAC3 in phyto-
hemaggtutinin (PHA)-activated T cells (8). The discovery of HDAC3
immediately introduced another layer of complexity to the studies of
HDAC and opened up new opportunities to explore additional mecha-
nisms by which HDACs might regul ate gene expression. Many unexpected
and exceedingly interesting findings resulted from attempts to understand
the functions and mechanisms of action of HDAC3. In the following sec-
tions, | will review the work from many different laboratories that con-
tributed to our current understanding of this fascinating protein.

GENE AND PROTEIN STRUCTURE OF HDAC3

The predicted amino acid sequence of HDAC3 has an open reading
frame of 428 residues with a theoretical molecular mass of 49 kDa and a
calculated isoelectric point of 4.9 (4,7,8). A protein motif search
(http://hits.isb-sib.ch) revealed that HDAC3 has a conserved HDAC
domain (residues 4-316) and one repeat unit of the Pumilio RNA-binding
domain (residues 182-200). The RNA binding domain of the Drosophila
Pumilio protein regulates mRNA translation and stability by binding to a
specific sequence in the 3’ untranslated region of mRNA (9-13). It con-
sists of eight imperfect repeats of about 35 amino acids and has been found
in a number of eukaryotic proteins. The significance of the presence of a
single repeat in HDAC3 is not known at this time.

In humans, close to 20 HDACSs have been identified to date, and they
can be divided into at least three classes (14-18). Within class | HDACs
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MAPKK Mitogen-activated protein kinase kinase

MusTRD1/BEN Muscle transcription factor 11-1 repeat domain-containing
protein 1/binding factor for early enhancer

MYC Myelocytomatosis oncogene

NCBI National Center for Biotechnology Information

NCoR Nuclear receptor corepressor

NF-xB Nuclear factor kB

PBMC Periphera blood mononuclear cell

PHA Phytohemagglutinin

PIAS Protein inhibitor of activated STAT

Pit-1 Pituitary-specific transcription factor

PMA Phorbol-12-myristate-13-acetate

PP4 Protein serine/threonine phosphatase 4

PPAR-y Peroxisome proliferator-activated receptor-y

Rb Retinoblastoma tumor suppressor protein

RbAp48 Rb-associated protein 438

RBP1 Retinoblastoma-binding protein 1

RelA v-rel reticuloendotheliosis viral oncogene homolog A

RIP140 Receptor-interacting protein 140

RPD3 Reduced potassium dependency 3

SANT SWI-SNF, ADA, NCoR, TFIIB

SET Suppressor of position effect variegation 3-9,
enhancer-of-zeste, trithorax

siRNA Small-interfering RNA (also known as short-interfering RNA)

SIRT Sirtuin

SMRT Silencing mediator of retinoid and thyroid hormone receptors

SNP Single-nucleotide polymorphism

SSCP Single-strand conformation polymorphism

STAT1 Signa transducer and activator of transcription 1

SUMO Small ubiquitin-like modifier

TAB2 TAKZ1 (transforming growth factor-B-activated
kinase 1)-binding protein 2

TBL1 Transducin-B-like protein 1

TBLR1 TBL1-related protein

(Continued on p. 66)
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overall identity

with HDAC3

4 316 429

HDAC3 |
10 321 492

HDAC1 [ 65.8% | | 62.3%
11 322 499

HDAC2 ||  64.5% | |  61.0%
15 324 377

HDAC8 ||  44.2% [ | 40.9%

Fig. 1. Schematic representation of the relationship between the different human
class| HDACs. HDAC3, HDAC1, HDAC2, and HDACS8 sequences were obtained
from GeneBank accession numbers U75697, U50079, U31814, and AF230097,
respectively. Percentages refer to the amino acid sequence identities as calcul ated
by the LASERGENE Navigator sequence analysis program. The putative HDAC
catalytic domains are shaded.

(HDAC1, HDAC2, HDACS3, and HDACS8), HDAC3 shares more similarity
with HDAC1 and HDAC2 than with HDACS (Fig. 1). Uniquely, HDAC3
lacks a small segment corresponding to the extreme N termini of HDAC1,
HDAC?2, and HDACS8. Regionsthat correspond to the C termini of HDAC1
(residues 399-482) and HDAC2 (residues 400-488) also are absent in
HDACS3, and the last 34 residues of HDAC3 have no similarity to any
known proteins. These observations suggest that the two ends of the
HDACS3 protein possess unique functions that are distinct from other class
| HDACs.

Like all other class | HDACs, the HDAC domain in human HDAC3
(residues 4—-316) possesses homology to the HDAC domains in human
class Il HDACs (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, and
HDAC10) and to HDAC11, but the homology does not extend outside the
conserved HDAC domains. Also similar to other class | HDACSs, no sig-
nificant homology exists between HDAC3 and the class Il enzymes
(SIRT1-7).

Both HDAC3 mRNA and protein are ubiquitously expressed in a wide
variety of human cell lines and tissues (4,7,8). In addition to humans,
HDACS3 has been identified (and in most cases cloned) in many different
organisms including mouse (19,20), rat (21), Drosophila (22), and
Caenorhabditis elegans (23,24). As expected for a protein with critical
biological functions, human and mouse HDAC3 are nearly identical, and
the conservation extends to lower organisms. Phylogenetic analysis sug-
gests that the existence of HDAC3 may even extend to single-cell organ-
isms (18). In yeast, HOS1, HOS2, and HOS3 share similarity with RPD3
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Acronyms and Abbreviations (Continued)

TCP-1 T-complex protein 1
TEL Translocation-ETS-leukemia (or ETV6)
TFII-I Transcription factor [1-1
THAP7 Thanatos-associated protein 7
TNF-o Tumor necrosis factor-o
TR/RXR Thyroid hormone receptor/retinoid X receptor
TriC TCP-1 ring complex
WD Tryptophan, aspartic acid
YY1l Yinyang 1
Table 1
HDACS3 Identity Between Humans and Other Species
Species [ dentity (%)
Mus musculus 99.8
(NP034541)
Rattus norvegicus 99.5
(NP445900)
Drosophila melanogaster 66.7
(NP651978)
Caenorhabditis elegans 55.1
(NP493026)
Saccharomyces cerevisiae 58.1/52.4
RPD3/HOS2
(NP014069/NP011321)

and HDA1 (25,26). Besides RPD3, human HDACS3 displays significant
homology to yeast HOS2 (Table 1).

Isolation and a detailed analysis of human HDAC3 genomic clones
showed that HDAC3 is a single-copy gene that spans over 13 kb and con-
tains 15 exons ranging in size from 56 to 657 bp (27). Fluorescence in situ
hybridization (FISH) unambiguously localized the HDAC3 gene to chro-
mosome 5931, a region of the genome implicated in many human disor-
ders including asthma, inherited deafness, acute myelogenous leukemia,
large cell lymphoma, and myelodysplastic syndrome (see http://ncbi.nim.
nih.gov/Omim/getmap.cgi 1604417). Identical FISH results were obtained
using human HDAC3 cDNA probes (20,28). Further high-resolution phys-
ical mapping localized human HDAC3 exactly between the CD14 and
GRIA1 genes within the 5g31.1 subband (29). Using in situ hybridization,
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the mouse HDAC3 gene was localized to chromosome 18B3, which is
syntenic with the distal portion of human chromosome 5q (30). Single-
strand conformation polymorphism (SSCP) analysis together with the
NCBI Map Manager program confirmed the location of the mouse
HDACS3 gene at chromosome 18 (20).

The initia cloning of human HDAC3 uncovered cDNAs with different
5’ ends that potentially encode two additional HDAC3s with dlightly dif-
ferent N termini (4). Whether these two different forms of HDAC3 mRNA
are caused by alternative splicing or other posttranscriptional modifica-
tions and whether they are expressed as protein products in the cell is not
known at thistime. Another isoform of human HDACS3, in which exon 3is
aternatively spliced from the rest of the transcript, was later identified by
Gray et al. (31).

The genomic region of human HDAC3 contains seven mapped single-
nucleotide polymorphisms (SNPs) near its locus, one of which fallswithin
the coding region. A G-to-C substitution at nucleotide 849 that results in
an arginine to proline change in residue 265 of the HDAC3 protein has
been reported (32). Because Arg265 of HDACS is conserved in HDAC1
and HDAC2, and this position is occupied by prolinein HDACS8 and most
class || HDAC:S, it was speculated that this SNP might be functionaly rel-
evant to the HDACS3 protein.

To facilitate the identification of structural-functional motifs in
HDACS3, Yang et al. (33) constructed a series of HDAC3 deletion mutants
and assayed for their histone deacetylation activities, abilities to repress
transcription, nuclear/cytoplasmic localization, and abilities to oligomer-
ize. The results indicated that some activities reside in independent,
nonoverlapping domains within HDAC3 (Fig. 2). An HDAC3 point mutant
reveals that the conserved HDAC domain within HDACS3 is required for
deacetylase activity (34). However, it is not known whether the HDAC
domain aone is sufficient for enzymatic activity. Clearly, small deletions
in the extreme C terminus of HDAC3 outside of the conserved HDAC
domain significantly reduced enzymatic and transcriptional repression
activity, suggesting that the nonconserved portion of HDAC3 contributes
to the overall activity of the protein (33,35). It also is possible that HDAC3
activity is highly sensitive to structural conformation and that deletion of
the extreme C terminus of HDAC3 changes the natural conformation of
the protein, rendering it inactive. To clarify the exact function of the HDAC
domain, it would be useful to perform experiments involving swapping
HDAC domains between HDAC3 and other HDACs.

In most cell types, HDAC3 is located both in the nucleus and cyto-
plasm, and its subcellular distribution is regulated by competing nuclear
import and export signals. Although a sequence present at position 29 to
41 of HDAC3 (LALTHSLVLHYGL) resembles the canonical nuclear



68 Seto

SMRT DAD
binding
1 20 SMRT DAD
b.H%I.A binding
1.'”—'”3.6 391 429
TR2 TFII-I
TR2 GATA-2 binding binding
-mg—- M 270 320 373 401
1 70 132 180 izati
oligomerization nuclear export n‘w.n
i 122 180 313 428
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4 316

Fig. 2. Schematic diagram of the HDAC3 protein with multiple functional
domains indicated. In the case of protein binding regions, the amino acid residues
indicate only the minimal essential sequences. In most cases, additional sequences
are required for efficient protein-protein interactions. For abbreviations, see
Acronyms and Abbreviations, pp. 62, 64.

export signa, the actual functional nuclear export signal resides between
residues 180 and 313 (33). In addition, residues 313 to 428 of HDAC3 are
crucial for nuclear localization. HDAC3 can self-associate into dimers and
trimersin vitro and in vivo. Analysis of the same deletion mutants for elu-
cidation of import/export domains revealed that the N terminus of HDAC3
(residues 1-122), aregion essential for cell viability (35), is necessary and
sufficient for HDAC3 oligomerization. Therefore, the HDAC3 protein can
be divided roughly into three parts, with the N-terminal portion important
for oligomerization, the middle part for nuclear export, and the C-terminal
segment for nuclear localization.

TARGETS OF HDAC3

Immediately after the identification of HDAC3, two questions became
obvious: (1) Why is there more than one HDAC? and (2) Does HDAC3
uniquely deacetylate a subset of histones or certain lysines on histones dif-
ferently from those of HDAC1 and HDAC2? Using an immunoprecipi-
tated HDAC3 complex and purified nucleosomes, Emiliani et al.
concluded that HDAC3 deacetylates histone H4 more efficiently than
HDAC1 (7). In a similar study, HDAC3 immunocomplexes completely
deacetylated H2A, H4K5, and H4K 12, but only partially deacetylated H3,
H2B, H4K8, and H4K 16 (36). Interestingly, compared with immunopre-
cipitated HDAC1, HDAC3 immunoprecipitated from Hel a cells preferen-
tially deacetylated H4K5, H4K12, and H2AKS5. These studies provided
reasonable evidence that HDAC3 has substrate specificity and might pos-
sess unique functions that are not shared with HDAC1 and other HDACs.
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However, it is known that immunoprecipitated HDAC3 complexes contain
many other proteins with HDAC activity (37-39), thereby complicating
the interpretation of these earlier results. In fact, in a study with homozy-
gous chicken HDAC3-deficient DT40 cells, the acetylation levels of H4K8
and H4K 12 remained intact compared with wild-type cells, suggesting
that histone H4 might not be a major target of HDAC3 (35). Also, inanin
vitro reconstituted chromatin system, an HDAC3-containing protein com-
plex selectively deacetylated histone H3, whereas a complex containing
HDAC1/2 deacetylated both histones H3 and H4 (40).

Using chromatin immunoprecipitation (ChlP) assays with hos24,
rpd34, and hos24rpd3A mutant yeast strains, it was found that disrup-
tion of HOS2 and RPD3 resulted in a preferential hyperacetylation of
all lysines tested on histones H3 and H4 in the ERG11 gene (41).
Hyperacetylation owing to disruption of HOS2 is especially pronounced
for H4K 16. Unlike Saccharomyes cerevisiae, depletion of HDAC3 with
RNAI in HeLa cells had no effect on the overall acetylation status of
histones H3 or H4 or the acetylation of H4K8 or H4K 12 (42). However,
expression of HDAC1 or HDAC3 siRNA (but not HDAC2 siRNA)
increased the acetylation of H3K9 and H3K18. HDAC3 siRNA
increased the acetylation of H3K9 to a greater extent than did HDAC1
siRNA, whereas the reverse was true for H3K 18. Although these diver-
gent results are quite confusing, they do support the general conclusion
that the function of HDACS3 is not redundant. The possibility that
HDACS targets specific lysinesin certain histones warrants a more com-
prehensive investigation.

Consistent with the predicted function for HDACs, HDACS3 represses
transcription when targeted to promoters and serves as a corepressor of
multiple nuclear hormone receptors (4,43). It is reasonable to say that
some of the chief targets of HDAC3 are nuclear hormone receptor-
regulated genes. Overexpression of HDAC3 by transient transfection can
repress many cellular and viral promoters, as determined by reporter
assays. Presumably, many more target genes regulated by HDAC3 under
physiological conditionsin the cell remain to be determined. In one study,
Zhang et a. found that the growth/differentiation factor 11 (Gdf11) gene
was downregulated by overexpression of HDAC3 but not by any other
HDACs tested (42). Importantly, depletion of HDAC3 with RNAi in HeLa
cells resulted in activation of the Gdf11 promoter.

Paradoxically, HDAC3 also is required for transcriptional activation of
at least one class of retinoic acid response elements (44). Furthermore,
silencing of HDAC3 using RNAI markedly decreased interferon-y (IFN-y)-
driven gene activation, and overexpression of HDAC3 enhanced signal
transducer and activator of infection 1 (STAT1)-dependent transcriptional
activity (45). In a search for genes whose acetylation state is altered upon
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deletion of HOS2, Wang et al. found that within the yeast genome, HOS2
preferentially associates with the coding regions of genes with high tran-
scriptional activity (41). Furthermore, HOS2 is important for activation of
GAL1 and INO1 genesin vivo. It was hypothesized that HOS2 is required
for gene activation by reverting disrupted chromatin to the original per-
missive state required for efficient transcription. Because HOS2 possesses
significant homology to HDAC3 and is directly required for gene activa-
tion, the assumption that HDACS is targeted to genes for repression may
be oversimplified. Clearly, there is a definite need to decipher human
HDACS3 target genes in more detail and to determine how these genes are
regulated by HDACS3.

HDAC3 INTERACTING PROTEINS

One of the biggest challenges in the study of HDAC3, asin the study of
other HDAC:s, is to understand the exact mechanisms by which HDAC3
changes gene expression and how it affects the functions of the transcrip-
tional machinery. Early in the studies of HDACs, the identification and
characterization of HDAC1/2 binding proteins were tremendously useful
in elucidating the mechanisms of action and functions of these two
HDACSs. Following similar strategies, Wen et a. isolated a large HDAC3-
containing multisubunit complex using anti-HDAC3 immunoaffinity chro-
matography (Table 2) (34,46). The purified endogenous HDAC3 complex
from HelLa cells contained nuclear receptor corepressor (NCoR) and
silencing mediator for retinoid and thyroid receptors (SMRT) proteins. In
parallel, NCoR and SMRT were identified in an anti-Flag affinity-purified
complex from nuclear extracts of a cell line expressing Flag-tagged
HDACS3 (47). Further evidence that HDACS3 stably associates with SMRT
and NCoR came from the purification of SMRT/NCoR complexes using
anti-SMRT/NCoR affinity chromatography (47-51). HDAC3 and SMRT
were also copurified through multiple conventional chromatographic steps
and coeluted from gel-filtration columns as 1 to 2-MDa complexes. The
yeast analog of the mammalian HDAC3/SMRT/NCoR complex, SET3C,
contains HOS2 and a large protein with the SANT domain, SNT1, remi-
niscent of NCoR/SMRT (52).

Originally, NCoR and SMRT were identified in yeast two-hybrid
screens using unliganded thyroid hormone receptor (TR) and retinoic
acid receptor (RAR), respectively, as bait (53,54). They associated with
and served as effective corepressors not only for DNA-bound, unli-
ganded nuclear hormone receptors, but also for many other transcription
factors including Rev-Erb, chicken ovalbumin upstream promoter tran-
scription factor (COUP-TF), DAX1, MAD, and Pit-1 (55,56). Although
NCoR/SMRT have been reported to partner with HDAC1, -2, -4, -5, and -7
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Table 2
HDACS3 Protein Complexes
Reference Protein source Purification method Proteins identified
34,46 HelLawhole cell Anti-HDAC3 HDAC3
extract immunoaffinity NCoR/SMRT
TFI-I
47 Nuclear extract Anti-Flag HDAC3
from Flag-HDAC3 immunoaffinity  NCoR/SMRT
HelLa stable cell line TBLL/TBLR1
GPSs2
48,49 Hel anuclear extract  Conventional HDAC3
chromatography SMRT
followed by TBL1
anti-SMRT
immunoaffinity
49,51 HelLanuclear extract  Conventional HDAC3
chromatography NCoR
followed by TBL1/TBLR1
anti-NCoR IR10
immunoaffinity  GPS2
50 HelLanuclear extract  Conventional HDAC3
chromatography N-CoR
followed by SWI/SNF related
anti-NCoR BAF170

immunoaffinity ~ BAF155
Splicing factors
KAP-1
BAF47
52 Extract from TAP HOS2
HOS2-TAP SNT1
transformed YIL112
yeast cells SET3
SIF2
HST1
CPR1
TriC complex

(38,39,50,57-61), HDAC3 appears to form the most stable complex with
NCoR/SMRT. Therefore, it is reasonable to predict that HDAC3 is the
main component recruited by DNA binding factors that utilize NCoR or
SMRT to repress transcription. Indeed, microinjection of antibodies
against HDACS3 led to the relief of NCoR/SM RT-dependent repression by
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Pit-1 and TR/RXR (46,49), and knockdown of HDAC3 by siRNA
markedly inhibited repression by TR and Rev-Erb (43,51). Furthermore,
using ChIP, it was demonstrated that HDAC3-containing SMRT and
NCoR complexes are actively recruited by unliganded TR (43,49).
Together, these results impart an unsophisticated model whereby SMRT
and NCoR function as platforms for recruitment of HDAC3 to deacetylate
chromatin and consequently repress transcription.

TBL1, atransducin-f like protein that contains six WD-40 repeats, and
a TBL1-related protein (TBLR1) are components commonly found asso-
ciated with the HDAC3/SMRT/NCoR complex (47-49,51). TBL1 and
TBLR1 are equally represented in both immunopurified HDAC3 and
NCoR complexes (47). Although it has been suggested that TBL1 pos-
sesses histone binding activity (48,51), at this time, the exact functional
role of TBL1 in the HDAC3/NCoR/SMRT complex remains to be deter-
mined. However, it isintriguing that mutation of the human TBL1 geneis
associated with X-linked late-onset sensorineural deafness (62) and deaf-
ness is one of the phenotypes in mice with a deleted TR gene (63). Also,
the DFNAL gene responsible for the autosomal dominant, fully penetrant
and nonsyndromic sensorineural progressive hearing loss in a large Costa
Rican family was localized to chromosome 5¢31, the same region as the
HDACS3 gene (64,65).

In the immunoaffinity purification using anti-HDACS3, in addition to
NCoR/SMRT, the transcription factor TFII-1 copurified with HDAC3 (34).
TFII-1 was originally isolated as a basal transcription factor that binds to
and activates transcription from the initiator element (66). Subsequent
studies, however, suggest that TFI1-I is an inducible factor that selectively
regulates gene expression when activated by a variety of extracellular sig-
nals (67). Immunoprecipitation of a TFII-1 complex revealed HDAC activ-
ity, and HDAC3 was demonstrated to regulate TFII-1 transcriptional
activity negatively (34). In a separate study, Tussie-Luna et al. discovered
that TFII-1 and a related protein, hMusTRD1/BEN, physically and func-
tionally interact with HDAC3 (68). Interestingly, a TFlI-1-binding protein,
PIASXPB which is involved in the small ubiquitin-like modifier (SUMOQ)
pathway, also interacts with HDAC3 and relieves the transcriptional
repression exerted by HDAC3 upon TFlI-I-mediated gene activation.
Together, these two studies suggest that HDAC3 is akey regulator of TFII-
| activity.

Results from severa studies, mostly relying on overexpression coupled
with coimmunoprecipitation, suggest that HDAC3 binds HDAC4, -5, -7,
-9, and -10 (37-39,69-71). It was proposed that class || HDACSs, particu-
larly HDACH4, -5, and -7, are strictly dependent on their ability to interact
with SMRT/NCoR and HDACS3 proteins in order to exhibit HDAC activity
(39). However, it isimportant to note that isolation of endogenous HDAC3
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or NCoR/SMRT complexes containing high HDAC activity did not yield
any class Il HDACs, implying that the interactions of HDAC3 with
HDACH4, -5, and -7 could be transient or that only a very small fraction of
HDACS3/NCOR/SMRT complexes might associate with class Il HDACs
under physiological conditions. Until successful purification of endoge-
nous class I HDAC complexes, it will be difficult to assess the exact con-
tribution of HDAC3 to class |1 enzymatic activity. Conceivably, association
with HDAC3 is only one of many mechanisms by which some class |1
HDAC activities could be regulated. In addition to class II HDACs,
HDACS3 has a'so been reported to interact with HDACL in vitro, although
the significance of thisinteraction is entirely unknown at thistime (72,73).

Besides proteins that copurified with the HDAC3/NCoR/SMRT com-
plex, along list of proteins has been reported to associate with HDAC3
without participating in a stable multisubunit complex. Proteins that bind
HDACS3 and, in some cases, recruit deacetylase activity as a negative reg-
ulator of transcription include YY1 (4), RIP140 (74,75), TR2 (76,77),
PPAR-y (78,79), ER-a (80), cyclin D1 (81,81a), TEL (82), ICSBP (83),
AML-MTG16 fusion (84), GATA-1 (85), GATA-2 (86), Rb (87), RbAp48
(88), RBP1 (87,89), Suv39H1 (90), c-Jun (91), JDP2 (92), RelA (93), and
Hsp70 (36). In the case of the HDAC3-TR2 interaction, the HDAC-inter-
acting domain is located in the zinc finger DNA binding region of the
nuclear receptor; and the receptor-interacting domains of HDAC3 were
mapped to residues 1 to 70 and 270 to 320 of HDACS3 (Fig. 2) (77,94).
Unlike HDAC3-TR2, the interaction of HDAC3 with GATA-2 requires
residues 132 to 180 of HDAC3 (86).

Most of the HDAC3-interacting proteins associate with other HDACs
in addition to HDAC3. For example, YY1, RBP1, RbAp48, Suv39H1, and
Hsp70 bind HDAC1 and HDAC2, in addition to partnering with HDACS3.
As mentioned before, NCoR/SMRT, which partners with HDAC3, also
forms separate complexes with HDACL, -2, -4, -5, and -7. In conclusion,
itisclear at this point that many proteins function through interaction with
HDAC3 and that HDAC3 is a major player in transcriptional repression.
Efforts in the field should now be directed toward the identification of
developmental and signaling pathways that could be activated or repressed
by the different repressor/corepressor-HDAC3 complexes.

HDACS3 IN SIGNALING PATHWAYS

GPS2 (G protein pathway suppressor 2) cDNA was originally isolated
from yeast as a suppressor of lethal G-protein subunit-activating muta-
tions in the pheromone response pathway (95). When overexpressed in
mammalian cells, GPS2 potently suppressed RAS- and mitogen-activated
protein kinase-mediated signals and interfered with INK activity. Human
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GPS2 has the ahility to bind to the HTLV-1 oncoprotein Tax, and suppress
Tax activation of INK1 (96). GPS2 also hinds the acetyltransferase p300
and facilitates its recruitment into complexes with the papillomavirus E2
protein for transcriptional activation (97). The E6 protein of papillo-
mavirus might attenuate the function of p300 by suppressing GPS2 (98).
Finally, GPS2 was reported to associate with p53 and augment p53-
dependent transcription (99). Interestingly, GPS2 is a stoichiometric
subunit of the NCoR/HDAC3 complex (47,51). A Gal4-GPS2 fusion
protein was demonstrated to repress transcription, and high HDAC
activity is associated with endogenous GPS2. GPS2 facilitates the
assembly of a complete GPS2/TBL1/NCoR/HDAC3 complex, and the
GPS2-containing NCoR/HDAC3 complex can actively suppress intra-
cellular INK activation. NCoR strongly potentiated GPS2-mediated
JNK1 inhibition, and JNK inhibition by GPS2/NCoR is independent of
JINK expression but may occur through modulation of JINK phosphory-
lation by JNK-specific MAPKK. GPS2 therefore provides a connection
between the NCoR/HDAC3 corepressor complex and the intracellular
JINK signaling pathways.

HDAC3 aso physically interacts with the N-terminal region of c-Jun
and is dissociated by INK-mediated phosphorylation (91). At this time,
it is not known whether the HDAC3/c-Jun complex shares components
with the HDAC3/NCoR/GPS2 complex. However, it is tempting to spec-
ulate that a regulatory circuit exists in which the release of HDAC3 from
c-Jun by IJNK phosphorylation allows HDAC3 to participate in the
HDAC3/NCoR/GPS2 complex to suppress JNK signaling and conse-
guently favors the reestablishment of HDAC3/c-Jun complexes.

Chen et al. showed that the RelA subunit of nuclear factor-xB (NF-kB)
transcription factor interacts with HDAC3 (93,100). HDACS3 inhibits
tumor necrosis factor-a (TNF-a) activation of NF-xB by deacetylation of
RelA, which enhances the RelA-l1kBao interaction and consequently pro-
motes nuclear export of the NF-xB complex. Although RelA was also
found to interact with HDAC1 and HDAC2 (101-103,103a), it appears
that only HDAC3 is able to deacetylate RelA. Thus, in addition to regulat-
ing the INK pathway through GPS2, HDAC3 is a negative regulator of the
NF-xB pathway by a distinct mechanism.

Finally, one of the HDACS interacting proteins, TBL1/ebi, is highly
conserved in Drosophila and appears to be involved in the epidermal
growth factor (EGF) receptor signaling pathway, suggesting that HDAC3
might also participate in this signaling pathway.

REGULATION OF HDAC3

As expected for an enzyme with important cellular functions, the
activity of HDACS3, like that of al other HDACsS, is highly regulated by
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multiple mechanisms. Expression of the human HDAC3 gene can be
induced by treatment of peripheral blood mononuclear cells (PBMCs)
with PHA, PMA, and a-CD3 (8). In addition, HDAC3 is expressed at
higher levels in the embryonic form of biliary atresia compared with the
perinatal form (104). In nude mice bearing human ovarian carcinoma
xenografts, treatment with Taxol (paclitaxel) increases expression of
HDACS3 (105). Furthermore, the expression of mouse HDAC3 is induced
in HDAC1-deficient cells (106). In contrast, treatment of PBMCs with
granul ocyte/macrophage colony-stimulating factor (GM-CSF) downregu-
lated the levels of human HDAC3 mRNA (8).

A splice variant of the HDAC3 transcript in which exon 3 is alterna-
tively spliced from the mRNA has been reported, and this spliced tran-
script is upregulated by treatment of cells with HDAC inhibitors (31). The
expression of thisnovel HDAC3 splice variant is regulated by many kinase
inhibitors and by osmotic shock in mouse IMCD cells but not in human
Hep3B or CRL-1611 cells.

Like most HDACs, HDAC3 has no DNA binding activity; therefore,
proteins that target HDAC3 to DNA or to histones can indirectly regulate
the activity of HDACS3. As stated before, extensive evidence supports the
idea that some repressors/corepressors target HDAC3 to DNA through
NCoR/SMRT. Unexpectedly, however, SMRT and NCoR not only bind
HDACS3 but can stimulate HDAC3 enzymatic activity (46,47,107). To test
the possihility that the interaction between HDAC3 and NCoR modifies
the activity of HDAC3, Wen et a. (46) expressed HDAC3 together with
various NCoR deletion mutants and examined its deacetylase activity. An
NCoR fragment (residues 267-549) with high affinity for HDAC3 in vitro
significantly increased the deacetylase activity of HDAC3, whereas NCoR
fragments that do not bind or bind weakly to HDAC3 had no effect. It was
concluded that the enzymatic activity of HDAC3 is specifically regulated
by the availability of interacting NCoR. In more elaborate studies, the
deacetylase-activating domain (DAD) was mapped to residues 395 to 439
of SMRT and residues 403 to 497 of NCoR (107), with an essential eight-
amino acid region (residues 420-427 of NCoR) identified as critical for
interaction (47). The DAD was found to be necessary and sufficient for
HDAC3 enzymatic activation in reconstitution experiments using purified
components. However, HDAC3 interacts with SMRT in vivo only after
priming by cellular chaperones, including the TCP-1 ring complex (TRiC)
(108). Both the N and C termini of HDACS3 are required for interaction
with the SMRT DAD (Fig. 2). Together, the results from these three inde-
pendent |aboratories provide sound evidence that NCoR and SMRT not
only serve to recruit HDAC3 to DNA but also function as dynamic regu-
lating cofactors.

In most cell types, HDAC3 is distributed in both the nucleus and cyto-
plasm, and the subcellular locdization of HDAC3 is regulated by competing
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nuclear import and export signals (33). Treatment of Hel a cells with lep-
tomycin B, an inhibitor of the CRM1/exportinl-related export pathway,
caused accumulation of HDAC3 in the nucleus. In CV1 cells, asignificant
portion of nuclear HDAC3 was shifted into the cytoplasm together with
NCoR and the NCoR-interacting protein TAB2 upon stimulation with
interleukin-1p (IL-1B), which activates the NF-xB pathway (109). The IL-
1B-induced cytoplasmic appearance of the HDAC3/NCoR/TAB2 complex
can be blocked by treatment with leptomycin B. Interestingly, the protein
folding inhibitor geldanamycin prevented formation of the HDAC3/TRIC
complex and also inhibited nuclear localization of HDAC3 (108). It
appears, therefore, that an active CRM 1 export pathway regul ates the cyto-
plasmic localization of HDAC3 via an IL-1 signal-dependent mecha-
nism, whereas the nuclear localization of HDAC3 may be regulated by the
TRiC multiprotein chaperone complex.

IxBa. is an inhibitory protein that sequesters NF-xB dimersin the cyto-
plasm of unstimulated cells. In a surprising finding, cytoplasmic IxBo
was reported to associate with HDAC3 and sequester it in the cytoplasm
(110). RelA can disrupt the interaction between 1kB and HDAC3. Thus, a
reciprocal regulatory process might exist in the HDAC3/NF-xB network
in which HDACS3 deacetylates RelA and negatively regulates NF-xB acti-
vation whereas | kB negatively regulates the DNA- and histone-related
activities of HDAC3 by sequestering HDACS3 to the cytoplasm.

BIOLOGICAL ROLES OF HDAC3

In the human virology arena, HDAC3 has been shown to regulate
cytomegalovirusinfection by repression of the viral major immediate early
promoter in nonpermissive cells (111). In yeast, loss of HOS2 affects
acetylation at ribosomal protein gene promoter regions, implying that
HDAC3 might be important in the control of ribosome biogenesis (112).
Unfortunately, no HDAC3 animal knockout models are currently avail-
able, and our knowledge of the biological function of HDAC3 in verte-
brates is extremely limited. Overexpression of HDAC3 in THP-1 or HelL a
cells led to increased cell size, aberrant nuclear morphology, and G2/M
cell cycle arrest, suggesting the involvement of HDACS3 in cell cycle con-
trol (8,20). In HelLa cells, siRNA-mediated HDAC3 knockdown also
caused significant morphological changes and inhibited cell proliferation
(113). From these studies, it is clear that a critical concentration of HDAC3
isrequired for normal cell survival.

SUMMARY AND PERSPECTIVES

Given our current knowledge of HDACS, it isindisputable that this fac-
tor (like other HDACS) is critically involved in gene regulation. Enormous
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benefits can be gained from a thorough understanding of the mechanisms
of action, functions, and regulation of HDAC3 activity.

Although the HDAC3 gene has been cloned in many different organ-
isms, research on nonhuman HDACS3 has certainly been lagging. The
successful generation of mice harboring mutations or deletions of
HDACS3, for example, will be tremendously helpful in addressing the
biological function of HDAC3. Likewise, although much has been
learned about the structure of class | HDACs based on the crystal struc-
tures of the bacterium Aquifex aeolicus HDAC-like protein and the
human HDACS8 (114,115,115a), currently there is no structural infor-
mation for HDAC3. Therefore, structural studies on HDACS, either
alone or together with NCoR/SMRT will lay an essential foundation for
future work.

Our past understanding of the biology of HDAC3 has often been
extrapolated from our knowledge of HDAC1 and HDAC2. However,
HDAC3 possesses many unique characteristics that are not shared by
HDACL/2 or other HDACSs. Biochemically, HDAC3 forms several pro-
tein complexes that are not found with other HDACs. Remarkable
progress has already been made in understanding the relationship
between HDAC3 and NCoR/SMRT. The time isripe to characterize other
HDAC3-interacting proteins. For example, do these other proteins stim-
ulate (similar to NCoR/SMRT) or antagonize HDAC3 activity? Also,
does HDACS3 reciprocally modify the function of these HDAC3 binding
proteins?

Currently, only a few cellular genes that are regulated by HDAC3
have been defined. A good start will be to couple siRNA (to deplete
HDAC3 in a cell) with gene expression profiling to determine globally
what genes are up- or downregulated in the absence of HDAC3. With
regard to HDAC3 substrates, a key question is what nonhistone proteins
are targets for HDAC3. Because HDAC3 is found in the cytoplasm, the
possibility that some cytoplasmic proteins can serve as substrates for
HDAC3 cannot yet be ruled out. In addition, there is an immediate need
to systematically evaluate and obtain a comprehensive picture of
deacetylation sites on histones by HDAC3. With the continuous devel op-
ment of site-specific antibodies that recognize particular histone acetyla-
tion and the ever-increasing usefulness of mass spectrometry to characterize
acetylation of histones, the answer to this important question is on the
horizon.

Finally, besides the need to increase our understanding of gene regula-
tion in eukaryotic cells, aleading motivation for studying HDAC3, as with
other HDACSs, is the hope that a thorough understanding of HDAC will
guide usinto the devel opment of better and more specific HDAC inhibitors
for treatment of cancer and other diseases. Understanding how HDAC3



78 Seto

activity can be regulated will undoubtedly provide alternative and unique
opportunities to target HDACs effectively.

UPDATE

The previous notion that HDAC3 possesses substrate specificity is now
reinforced by the discovery of a precise order for lysine deacetylation in
H4 tails by HDAC3 (116). Interestingly, the HDAC3 H4 lysine substrate
preference matches the H4 binding specificity of NCoR/SMRT. In addi-
tion, the DLK1 (117), TNF (118), osteocalcin (119), and Bmall (120)
genes have recently been reported to be repressed by HDAC3 in associa-
tion with other cellular proteins.

The solution structure of the HDAC3 activation domain (DAD) from
SMRT has recently been reported (121). In one surprising case, a mutant
of DAD that still interacted with HDAC3 failed to activate, giving evi-
dence that simply binding to the DAD is insufficient to activate HDAC3.
Reports of proteins that interact with HDAC3 continue to expand at arapid
pace including KLF6 (117), MAPK 11 (p38 B-isoform) (118), PP4 (122),
SRY (aY chromosome-encoded DNA binding protein) (123), Runx2
(119), THAPY7 (124), and the cytomegalovirus IE1 and |E2 (125). The
consequence of these interactions varies widely. For example, by binding
to KLF6 and Runx2, HDACS3 is recruited to the DLK1 and osteocalcin
promoters, respectively, to repress transcription. By physical association
with SRY, HDAC3 deacetylates SRY and induces its cytoplasmic delocal-
ization. Partnering with HDACS, IE1 inhibits the activity of HDAC3.
Likewise, the interaction between HDAC3 and PP4 results in a downregu-
lation of HDAC3 activity.

In a differential gene expression profiling experiment, HDAC3 was
found to be differentially expressed in umbilical cord blood HSPCs com-
pared with their progenies (126). Similarly, by comparing gene expres-
sion microarray data from the Stanford microarray database, Pilarsky
et a. (127) found that HDAC3 is commonly upregulated in many solid
tumors. Furthermore, using antibody microarrays Bartling et al. (128)
found that HDAC3 protein is upregulated in squamous cell lung
carcinoma, suggesting the potential role of HDAC3 as a marker for
discriminating malignant from normal lung tissue. In addition, using
immunoscreening of tumor-derived cDNA expression libraries, Sheb-
zukhov et al. (129) identified HDAC3 as a serologically defined anti-
gen in colon cancer. Finally, in an interesting new twist, two groups
reported that HDACS protein expression levels are significantly down-
regulated following treatment with HDAC inhibitors, suggesting that
the expression of HDACS itself is regulated by histone deacetylation
(130,131).
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dence indicating that this HDAC is selectively expressed by cells showing
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smooth muscle cell differentiation, including smooth muscle, myofibro-
blastic, and myoepithelial cells. The possible involvement of HDACS in
the regulation of the smooth muscle cytoskeleton is also presented and
discussed.

Key Words: Histone deacetylase, transcription, cytoskeleton, smooth
muscle, actin, contractility.

HDACS8: THE FOURTH IDENTIFIED CLASS I HDAC

In 2000, database searches of expressed sequence tags showing high
similarity with class | human histone deacetylases (HDACs; HDAC1-3)
led three independent groups to clone a cDNA encoding a novel human
histone deacetylase (1-3). This fourth identified class | HDAC was called
HDACS because at that time seven human HDACs had aready been dis-
covered, faling into class | (HDAC1-3) and class || (HDACA4-7).

HDAC8 mRNA encodes 377 amino acid residues with a predicted
molecular mass of 45,240 Daltons (1-3). It possesses no apparent
hydrophobic leader sequence but contains a stretch of basic region from
Arg!®4 to Lys!®® (RLRRK), which may serve as a nuclear localization
signal (1).

Sequence Comparisons Reveal Significant Differences
Between HDACS and Other Class| HDACs

Amino acid sequence comparisons have indicated that HDACS is most
similar to HDAC3 (1,2), with 34% amino acid identity and 54% similarity,
when one considers conservative amino acid substitutions (2). HDACS8
contains a shorter C-terminal extension relative to the other class | mem-
bers (2) and in fact constitutes the second shortest human HDAC, after
HDAC11 (347 amino acid residues) (4). In this respect, HDACS8 is similar
to the HDAC-like protein (HDLP) from the hyperthermophilic bacterium
Aquifex aeolicus, an enzyme with no known function that shares approx
31% sequence identity with HDACS (5).

Phylogenetic tree analyses have placed HDACS close to the evolution-
ary boundary between the class | and class Il HDACs (1,3). In fact,
HDACS8 seems to have diverged from other class | human HDACs early in
evolution, and it may, therefore, represent a key point that distinguishes
class | and class Il HDACs in humans (1).

Thefirst 34 N-terminal amino acids of HDACS considerably differ from
those of HDAC1 to 3, as do the last 30 C-terminal amino acids (3). In
addition, a distinct stretch of mainly acidic amino acids at position 83 to
95 in HDACS, possibly involved in protein-protein interactions, is absent
in HDACL to 3 (3). The sequence conservation is, however, higher at
the catalytic domain. Indeed, as in most HDACs (5), HDACS has nine
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conserved blocks and two histidine residues (His!#2 and His!43) that are
presumably important for its catalytic activity (1-3).

Compared with other class| HDACs, HDACS lacks a 50- to 111-amino
acid C-terminal domain that extends from the catalytic domain (6). In
HDACI1 to 3, the C-termina domains participate in the recruitment of the
enzymes to protein complexes that modul ate their enzymatic activities and
localization (7,8). In addition, the activities of these class | HDACs are
regulated by posttranslational modifications to the C-terminal extension,
such as phosphorylation (9,10) and sumoylation (11). Given these differ-
ences, it has been suggested that HDACS either does not require to be
recruited to protein complexes to function, or its recruitment utilizes
entirely different regions of the protein surface (6).

Unlike Other Class| HDACs, HDAC8 Can Be Phosphorylated
in the N-Terminus by Cyclic AMP-Dependent Protein Kinase

Several potential posttranslational modification sites of HDACS8 have
been identified. They include a putative N-glycosylation site (NWS) at
Asn!36, a cyclic AMP-dependent protein kinase (PKA) phosphorylation
site (KRAS) at Ser3, and two potential casein kinase Il phosphorylation
sites at Ser®® and Ser83 (1). However, unlike other class | members,
HDACS is not phosphorylated by CK2 (10). In fact, HDACS8 can be phos-
phorylated by PKA, a serine-threonine kinase, both in vitro and in vivo,
with consequent reduction of its deacetylase activity (12). In contrast to
HDAC1 and HDAC2, which are phosphorylated on C-terminal residues,
HDACS is phosphorylated in the N terminus at Ser3?, a nonconserved
residue among class | HDACs (12). Thus, HDAC8 phosphorylation may
have consequences distinct from those resulting from the phosphorylation
of other class | HDAC enzymes (12). In agreement with this suggestion,
phosphorylation of HDAC1 and HDAC2 increases their deacetylation
activity (9,10,13), whereas phosphorylation of HDACS8 by PKA reduces
HDACS's activity (12). It is currently unknown whether HDACS8 phos-
phorylation levels are modul ated by phosphatases.

Analysis of Human HDACS8's Crystal Structure Sheds Light
on Potential Differences in Substrate Specificity Across
the HDAC Family

The three-dimensional structures of HDACS, including crystal struc-
tures of HDAC8 complexed with four structurally diverse hydroxamate
HDAC inhibitors, have been recently described (6). The structure of
HDACS has been shown to set strong constraints on how catalysis occurs
in this family of enzymes (HDAC classes | and 1) and has led to a pro-
posed mechanism of deacetylation reaction (6) that is similar to the mech-
anism suggested for HDLP (5).
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HDACS8 comprises a single o/ domain that includes an eight-stranded
parallel B-sheet sandwiched between 13 a-helices (6). Comparisons of the
structures of HDAC8 and HDL P, coupled with analysis of the sequence
alignments of the class | HDACs and HDLP, have revealed that HDAC8 is
structurally and, as a conseguence, functionally unique in several important
aspects (6).

Among others, a presumably important feature that distinguishes
HDACS from HDLP and HDACL1 to 3 is the size and composition of the
N-terminal L1 loop (residues 30-36). The L1 loop in HDACS, asin HDLP,
lines alarge portion of one face of the active site pocket and extends to the
protein surface but is two residues shorter than its counterpart in HDLP,
resulting in a wider active site pocket with a larger surface opening. In
fact, a comparison of the structures of four HDACS inhibitor complexes
has revealed considerable structural differences in the protein surface in
the vicinity of the opening to the active site, mainly mediated by the L1
loop, suggesting that this region is highly malleable and able to accommo-
date binding to a variety of different ligands, such as acetylated lysines
presented in different structural contexts. HDACS flexibility may contrast
with the more conformationally static active sites of the other class |
human HDACS, as suggested by extrapolations of structural comparisons
between HDACS8 and HDLP and sequence alignments of HDACS with
HDACL1 to 3 (6).

The HDACS8 Gene Is Localized to the Long Arm
of Chromosome X
The HDACS8 geneisorganized into 11 exons over atotal length of 242.7
kb (3). Fluorescence in situ hybridization studies and linkage analysis
after radiation hybrid mapping have localized the HDACS8 gene to the long
arm of chromosome X, at position g21.3 or q13 (2,3). HDACS8 isthus, like
HDACS6, an X-linked HDAC.

EXPRESSION OF HDACS IS RESTRICTED TO CELLS
SHOWING SMOOTH MUSCLE DIFFERENTIATION
IN NORMAL HUMAN TISSUES

Expression Profile of HDACS8 Transcript Suggests
That HDACS I's a Ubiquitous HDAC

Initial data on HDACS expression have been generated through the
analysis of its transcript expression. The abundance and distribution of
HDAC8 mRNA has indeed been examined by Northern blot, real-time
guantitative reverse transcriptase-polymerase chain reaction (RT-PCR),
and serial analysis of gene expression (SAGE) in various human tissues
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and cells (1,2,4). It has been suggested that HDAC8 mRNA is ubiqui-
tously expressed since this transcript could be detected in all normal
human tissues examined (1-3). Intriguingly, different authors have
observed HDACS transcript to be expressed at the highest levelsin differ-
ent organs, including normal human brain (1,3), pancreas (1,4), kidney
(3,4), prostate (3), and liver (2). Nevertheless, the expression profile of
HDAC8 mRNA has been found to be distinctly different from that of
HDACL to 3 transcripts (3).

Two HDAC8 mRNA Species But Only One HDACS Protein
Can Be Detected in Various Cells and Tissues

Interestingly, two HDAC8 mRNA species (1.7-2.0 and 2.2-2.4 kb)
have been detected with variable relative abundance of the longer vs
shorter mRNA in various human normal tissues and cancer cell lines (1-3).
The two different mMRNA species detected by Northern blot have been
suggested to represent tissue-specific splice variants of HDACS8 (3).
Cloning and sequence analysis of the larger transcript (2.4 kb) from a
HelLacell cDNA library has revealed that it encodes a product resulting in
afusion of 22 extraneous amino acid residues after Gly23* of HDACS,
followed by a stop codon (2). It is not known at this time whether this
truncation is the result of alternative splicing and whether this larger
transcipt is actually translated into protein. Nevertheless, it is expected
that if this transcript is effectively translated in cells, the truncation
would delete many of the residues predicted to be important for HDAC
enzyme activity (2).

Despite the possible existence of two HDAC8 mRNA species, an appar-
ently unique HDACS protein is detected by Western blot analysis. Tagged
HDACS has been transiently expressed into various eukaryotic cells,
including HEK293 (1,3), Rat-2 (1), NIH-3T3 (1,14), HelLa (2,12), Cos7
(15), and Sf9 cells (2). In Western blots using anti-tag antibodies, exoge-
nously expressed HDAC8 migrates as a single protein band with an
observed molecular mass of around 49 kDa (1-3,14). Western blots per-
formed with the use of specific anti-HDACS8 antibodies and protein
extracts from various cell lines or tissues have also yielded a single band
with an expected slightly lighter apparent molecular weight of +45 kDa
(1,12,14,16).

HDACS Is Exclusively Expressed by Normal Human Cells
Showing Smooth Muscle Differentiation

Recent data have shed considerable light on the distribution of HDACS8
in normal human tissues. Indeed, the results of a screening of HDAC
expression profiles in human prostate tissues have initially suggested that
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HDACS, rather than being detected in all cell types, is exclusively
expressed by some prostate stromal cells as well as by cells present in vas-
cular walls (16). Further extensive investigations of HDACS expression by
immunohistochemistry in normal human tissues have demonstrated that
HDACS is exclusively expressed by normal human cells showing smooth
muscle differentiation in vivo, including vascular and visceral smooth
muscle cells, myoepithelial cells, and myofibroblasts (14) (Fig. 1).
Unexpectedly, the enzyme has been found to be predominantly cytosolic,
both in human tissues and in in vitro grown primary human vascular
smooth muscle cells (HSMCs), where it displays a cytoskeleton-like pat-
tern of distribution reminiscent of actin stress fibers (14). These latter cells
exhibit substantially higher amounts of HDACS8 than primary human
fibroblasts and Hel a cervix epithelial cells (14).

In al tissues and organs that have been tested, smooth muscle and
myoepithelial cells coexpress HDACS8 and two major components of the
smooth muscle contractile apparatus, smooth muscle a-actin (o-SMA)
and smooth muscle myosin heavy chain (SMMHC) (14,17-20). HDAC8
is expressed by myofibroblasts that reside in some, but not all, myofi-
brobl ast-containing normal human tissues, including lung alveolar sep-
tae myofibroblasts, prostate stromal cells, reticular cells of the spleen,
external theca cells of the ovary, testis peritubular myoid cells, and intes-
tine subepithelial myofibroblasts. Interestingly, these HDAC8-positive
myofibroblastic cells also uniquely coexpress a-SMA and smooth muscle
myosin (14,16,21-27). At the opposite, HDACB8-negative myofibrob-
lasts, such as reticular cells of the thymus, stromal cells of the breast,

Fig. 1. HDACS8 is a marker of smooth muscle differentiation in normal human tis-
sues. Formalin-fixed, paraffin-embedded normal human tissue sections were sub-
jected to detection of HDACS8 by an immunoperoxidase technique, as previously
described (14). Anti-HDACS8 immunoreactivity, appearing as a brown staining,
was mainly detected in the cytosol of cells showing smooth muscle differentia-
tion, including visceral and vascular smooth muscle cells, myofibroblasts, and
myoepithelial cells. (A) In the lung, smooth muscle cells from bronchial walls dis-
played strong anti-HDACS reactivity. (B) Strong diffuse anti-HDACS reactivity
was observed in the cytosol of smooth muscle cells from colon muscularis
mucosae and from arterial and capillary walls, aswell asin intestinal subepithelia
myofibroblasts located in the lamina propria. (C—E) Cardiomyocytes, skeletal
muscle cells, and neuronal cells did not exhibit any detectable level of HDACS8
expression, whereas vascular smooth muscle cells harbored strong anti-HDACS8
immunoreactivity. (F) Strong diffuse cytoplasmic anti-HDAC8 immunoreactivity
was found in myoepithelial cells lining mammary glands. (G,H) HDAC8 was
expressed in a subset of myofibroblastic cells, including prostatic myofibroblasts
(G) and testis peritubular myoid cells. (H) Sections were counterstained with
hematoxylin. Original magnification: A, B, C, D and E: x100; in A to E; x200 in
Fto H.
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periacinar stellate cells of the pancreas, perisinusoidal stellate (I1to) cells
of the liver, and mesangial cells of the kidney may express neither
o-SMA nor SMMHC (16-19,28-34), suggesting that coexpression of
HDACS, a-SMA, and SMMHC may distinguish subsets of myofibrob-
lasts residing in specific normal human tissues (14).

Expression profiling data have thus unveiled HDACS8 as a novel
biological marker of the smooth muscle phenotype and have further
suggested a specific involvement for this HDAC in smooth muscle
differentiation (14).

HDACS IS A PREDOMINENTLY CYTOSOLIC HDAC
THAT COLOCALIZES AND ASSOCIATES
WITH THE SMOOTH MUSCLE ACTIN CYTOSKELETON

HDACS Is a Predominantly Cytoplasmic HDAC In Vivo

Based on the results of human HDACS8 cDNA transfection studies
coupled with immunofluorescence analysis in various cell lines, it has
been inferred that HDACS, like other class | HDACS, is a predominantly
nuclear HDAC (1,3). The recently reported predominent cytoplasmic
localization of HDACS8 in smooth muscle differentiated cells, in both
vitro and in vivo, has therefore contrasted with a previous observation
showing that a N-terminally myc-tagged HDACS construct transiently
transfected into NIH-3T3 cells is expressed only in the cell nucleus (1)
(Fig. 2). These differences in protein subcellular localization may have
been the result of an improper folding of the N-terminally tagged pro-
tein construct, possibly hindering its localization to the cytoplasm.
Indeed, other groups have shown that overexpression of C-terminally
V5- or HA-tagged human HDACS8 in HEK293 or NIH-3T3 cells,
respectively, leads to its concentration in nuclear regions as well asin
the cytosol (3,14,35). This subcellular distribution of exogenous
HDACS isin fact similar to that of the endogenously expressed enzyme
in these cells, as revealed by nuclear and cytoplasmic fractionation and
Western blot analysis as well as by immunocytochemistry experiments
(14). It has thus been concluded that HDACS is a predominantly cyto-
solic HDAC (14). This observation is not unprecedented for a class |
HDAC since HDAC3 can aso be cytoplasmic and contains a nuclear
export signal in its central portion (8,36). Whether HDACS8 also pos-
sesses an active nuclear export motif remains to be determined. At this
time, one cannot exclude the possibility that HDAC8 may have a vari-
able localization within the cell (cytosol versus nucleus), depending on
the cell type and/or possible posttranslational modifications of the pro-
tein, such as phosphorylation (12). In line with this possibility, it has
been observed, using cellular fractionation coupled with Western blot



Chapter 4 / Biology of HDACS 95

A
B P a-SMA g oo
©
LB HB 74 2
°ST »
+ -+ - ot x

-_—

&Erw

t

WB HDACS| -
<
WB HDAC1 . o .

-

WB HDAC3 W ¥

Fig. 2. HDACS is a predominently cytosolic HDAC that associates with the smooth
muscle actin cytoskeleton. (A) HDACS8 expression was investigated in primary
human smooth muscle cells (HSMCs) from umbilical cord vein by immunoperox-
idase. Anti-HDAC8 immunostaining presented a cytoskeleton-like pattern of distri-
bution reminiscent of actin stress fibers. (B) Normal human prostate tissues were
lysed either in ice-cold low-stringency buffer (LB) or in high-stringency buffer
(HB). Protein lysates were immunoprecipitated with amonoclonal antibody against
smooth muscle a-actin (o-SMA) or with 1gG2a (negative control). Whole extracts
and immunocompl exes were subjected to immunoblot analysis using antibodies
directed against a-SMA, HDACS8, HDAC1, and HDACS. In protein lysates from
normal human prostate tissues, HDAC8 coimmunoprecipitated with the smooth
muscle isoform of o-actin, whereas neither HDAC1 nor HDAC3 were detected in
the o-SMA-containing immunocomplexes. rhHDACS, recombinant human
HDACS. (higher apparent molecular weight is because of the presence of a C-terminal
V5/HisP tag); Original magnification: x630 in A.
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experiments, that the human cancer colon cell line SW620 expresses
endogenous HDACS8 mainly in its nuclear compartment (1).

HDACS Colocalizes and Associates With a-SMA

Recent evidence has suggested that HDACS is not randomly distrib-
uted within the cytoplasm of smooth muscle cells. Indeed, HDACS is
expressed in the cytoplasm of these cells according to a filamentous-
like pattern reminiscent of stress fibersthat is suggestive of a cytoskel etal
association (14). In addition, double immunofluorescence staining
experiments coupled with confocal microscopy analysis have shown
that epitope-tagged HDACS8 overexpressed in NIH-3T3 cells forms
cytoplasmic stress fibers-like structures that colocalize with a-SMA.
Recently, it has been demonstrated that the protein product resulting
from inversion (16), a frequent chromosomal translocation found in
acute myeloid leukemia (AML), which fuses the first 165 amino acids
of core binding factor B (CBF-) to the tail region of SMMHC, specif-
ically associates with HDAC8 through a domain present in the SMMHC
portion of the CBF-B-SMMHC fusion protein (15). Moreover, it has
been shown previously that, in NIH-3T3 cells transfected with full-
length CBF-B/SMMHC plasmid cDNA, the fusion protein is present in
cytoplasm stress fiber-like structures colocalizing with actin filaments
(37). Coallectively, these data have suggested that HDAC8 may associ-
ate with, and possibly regulate, smooth muscle acto-myosin complexes
(14). In agreement with this idea, coimmunoprecipitation studies have
recently demonstrated that HDACS8 associates with «-SMA, both in
vitro and in vivo (38). In protein lysates from both primary human
smooth muscle cells and human prostate tissues, HDAC8 associates
with the smooth muscle isoform of o-actin, whereas no interaction is
found between HDACS8 and the ubiquitously expressed B-actin isoform
(38). In addition, neither HDAC1 nor HDAC3 are detected in the
o-SMA-containing immunocomplexes, further suggesting that HDACS
uniquely and specifically interacts with the smooth muscle cytoskeleton
(38). HDACS therefore represents the first example of an actin
cytoskeleton-interacting HDAC. Whether HDACS interacts directly or
indirectly with o-SMA and whether any smooth muscle cytoskeletal
protein may be a target of HDAC8's deacetylase activity remain to be
elucidated.

ARE HISTONES THE PHYSIOLOGICAL SUBSTRATES
OF HDACS IN VIVO?

Princeps observations have indicated that HDAC activities are con-
strained to the nucleus for deacetylation of nucleosomal histones. Most
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HDACs can indeed function as transcriptional corepressors and often form
large multisubunit protein complexes with different sets of transcriptional
repressors, such as the Sin3/HDAC and Mi-2/nucleosome remodeling and
deacetylase complex (NURD)/HDAC complexes (39-45). However, it has
recently become clear that a number of nonhistone nuclear proteins,
including the tumor suppressor p53 (46-52), are also substrates for
HDACs, which regulate their activity by deacetylation. In addition, some
HDACSs, such asHDACS6 (aclass || HDAC) and SIRT2 (aclass|1l HDAC),
are predominantly expressed in the cell cytoplasm. These HDACs can
deacetylate cytoskeletal acetylated o-tubulin (35,53-56), with concomi-
tant destabilization of dynamic microtubules (35). Finally, recent reports
have suggested a previously unrecognized HDAC location in the cell. It
has indeed been demonstrated that SIRT3, a human silent information reg-
ulator 2 (SIR2) homolog, is a mitochondrial NA D-dependent deacetylase,
suggesting that this sirtuin may deacetylate a substrate localized within
this organelle (57,58). Furthermore, a recent phylogenetic analysis of bac-
terial HDAC relatives has suggested that all three HDAC classes precede
the evolution of histone proteins, raising the possibility that the primary
activity of some “histone deacetylase” enzymes is directed against non-
histone substrates (59). It is thus expected that HDACs might exert, within
the cell, much broader biological activities than the exclusive control of
gene transcription.

Currently Known Interactors of HDACS8

Up to now, few data have been available on the potential interactions
of HDACS with known transcriptional regulators. In initial coimmuno-
precipitation studies, in contrast to other class | HDACs, no molecular
interaction has been detected between HDACS8 and other characterized
HDAC transcriptional cofactorssuch asY'Y 1, Sin3a, and retinoblastoma-
associated protein 48 (RbAp48) (2). It was shown that the murine
homolog of MTGL16, eight twenty-one (ETO) 2—a target of t(16;21) in
acute leukemia—interacts with the corepressors nuclear receptor core-
pressor (NCoR) and silencing mediator for retinoid and thyroid recep-
tors (SMRT) as well as with HDACS but fails to bind Sin3A (60). More
recently, it has been demonstrated that the leukemogenic protein prod-
uct resulting from inversion(16) specifically associates with HDACS.
This interaction between HDACS and the inv(16) fusion protein is not
mediated by AML1 or Sin3A and does not occur through the CBF-3
portion of the fusion protein but, unexpectedly, through a domain pres-
ent in its C-terminal SMMHC portion (15). In fact, this C-terminal
myosin heavy chain portion of inv(16) contains an assembly compe-
tence domain (ACD), a domain required for multimerization of
SMMHC (61,62), that is both necessary and sufficient for trichostatin A
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(TSA)-sensitive transcriptional repression mediated by inv(16) protein
and is sufficient for association with HDACS (15).

Histone Deacetylase Activity of HDACS In Vitro

Besides the possible association of HDACS8 with known corepressors,
contradictory and variable results have been reported with respect to the
capacity of HDACS to deacetylate histones. Hu et a. (1) have shown that
N-terminally myc-tagged HDAC8 immunoprecipitated from HEK293
cells exhibits TSA and butyrate-inhibitable deacetylase activity toward
[3H]acetate-labeled histones. In addition, they have observed in cotrans-
fection experiments that HDAC8 is able to repress aviral SV40 early pro-
moter activity. These authors have also intriguingly found that HDACS,
expressed as a C-terminal hexahistidine-tagged fusion protein in E. coli
and further purified as a recombinant enzyme, is also active toward all tri-
tiated acetylated core histones, in the absence of cofactors and without the
further posttranslational modifications that occur in eukaryotic cells (1).
Thus, unlike most other HDACS, it has been proposed that HDAC8 may
be uniquely expressed and purified from E. coli while retaining its enzy-
matic activity (1). Unlike bacterial HDACs (5), the addition of Zn?* may
completely inhibit recombinant human HDACS histone deacetylase activity
invitro (1).

Buggy et al. (2) have shown that purified flag-tagged human HDAC8
from transfected insect Sf9 cells is able to deacetylate a radioacetylated
histone H4 peptide, corresponding to the N-terminal 20 residues of human
histone H4 and all core histones (H2A, H2B, H3, and H4), in a reaction
inhibited by both sodium butyrate and TSA. Matsuyama et al. (35) have
also observed that recombinant human Hisb-tagged HDACS protein, pro-
duced using the baculoviral expression system in Sf9 insect cells and affin-
ity purified using nickel-nitriloacetic acid columns, is cataytically active
toward [3H]acetate-labeled histones as well as a 20-mer peptide (1-20)
containing acetylated Lys®® of histone H4, in a TSA-inhibitable manner.

More recently, Lee et al. (12) have reported that phosphorylation of
HDACS by PKA decreases its deacetylase activity, with consequent hyper-
acetylation of histones H3 and H4. Indeed, treatment of Hel a cells with
forskolin (a potent activator of adenyl cyclase, the enzyme that catalyzes
the conversion of ATP to cAMP), induces phosphorylation of transfected
FLAG-tagged HDACS by PKA and negates the capacity of overexpressed
HDACS to deacetylate H3 and H4.

Van den Wyngaert et d. (3) have created HEK 293 clones constitutively
overexpressing C-terminally V5-tagged HDACS approx five- to sixfold
above untransfected cells. Total cell extracts from HDACS stably transfected
cells have shown increased global deacetylation activity compared with the
empty vector-transfected control cells. However, no change in the level
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of histone acetylation has been observed between the HDACS8-transfected
and control cells (3). In addition, as opposed to other studies (1,12), immuno-
precipitated HDACS has shown no significant deacetylase activity (3).

Thus, overall, most but not all studies reported to date support the
notion that HDACS, either immunoprecipitated from eukaryotic cells or
produced as a recombinant protein using various systems, exhibits
deacetylase activity toward histones or histone peptides, as assessed
by specific in vitro deacetylase assays.

Does HDACS Exert a Cytosolic Deacetylase Activity?

The question of whether histones are the true physiological substrates
needs to be definitely answered. Interestingly, Hu et a. (63) have recently
identified a potent HDACB8-selective inhibitor compound, SB-379872-A,
that is not capable of increasing cellular histone acetylation or the activity
of an early SV40 promoter in SW620 and Rat-2 cells, respectively, sug-
gesting either that proteins other than histones may be the physiological
substrate of HDACS or that HDACS is unimportant for histone deacetylation
in these cells (63).

In line with these observations, the analysis of HDACS structure has
recently provided evidence that, thanks to a shorter L1 loop, the active site
pocket of HDAC8 may be, as opposed to HDLP and HDAC1-3, wider and
more malleable. This particular organization of HDACS8 may increase its
flexibility, which in turn could enable the binding, and presumably
deacetylation, of various acetylated lysines presented in different structural
contexts (6).

Probably one of the most compelling arguments that support the claim
according to which HDAC8 may deacetylate other substrate(s) than his-
tonesin vivo is derived from the findings showing the predominent cytoso-
lic localization of the enzyme and its ability to bind the actin
cystoskeleton in smooth muscle differentiated cells from human tissues
(14,38). Alternatively, HDAC8 may shuttle in and out of the nucleus upon
certain, yet unknown, conditions, in a scenario similar to that of class |1
HDACs during the myogenic process (64,65), and be sequestered by the
actin cytoskeleton in the cytosol.

HDAC8 REGULATES SMOOTH MUSCLE
CYTOSKELETON DYNAMICS

The demonstration that HDACS specifically colocalizes and associates
with the smooth muscle actin cytoskeleton has suggested potential new
functions for this enzyme in normal human cells showing smooth muscle
differentiation (14). The possible involvement of HDACS in the regulation
of the smooth muscle cytoskeleton has been recently investigated using
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RNA interference in primary HSMCs (38). A striking reduction in cell
size with decreased spreading has been observed in HDACS-silenced
HSMCs, whereas mock- and HDAC6 small interfering RNA (siRNA)-
transfected HSM Cs have exhibited no obvious modification in cell shape
or size at any time before or after reseeding (38). HDACS silencing-
induced alterations of smooth muscle cell shape are readily detectable
only after trypsinization and replating of the cells (38). This observation
has suggested that HDACS, possibly through its interaction with o-SMA
cytoskeletal protein, regulates the dynamics of smooth muscle cytoskele-
ton rather than its statics and may be involved in mechanisms responsible
for the attachment/spreading of these cells (38). This involvement may
account, at least in part, for the reduced capability of HDAC8-silenced
HSMCs to contract type | collagen lattices. Indeed, it has been further
shown that HDACS is necessary for conferring the capacity to HSMCs to
contract type | collagen lattices (38). Thus, HDAC8 may exert its effects
through a predominant cytosolic deacetylase activity possibly affecting
the function of smooth muscle cytoskeletal proteins. Further studies are
needed to address this issue.
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SUMMARY

Histone deacetylases (HDACS) repress gene expression by deacetylat-
ing lysine residues in core histones, which promotes chromatin condensa:
tion and thereby limits access of basal transcriptional machinery to gene
regulatory elements. In the past 5 years, HDACs have emerged as key reg-
ulators of gene expression in muscle. In this chapter, we discuss the initial
findings linking HDACSs to the control of striated muscle cell differentia-
tion and growth. In addition, we describe work that established roles for a
subset of HDACs as signal integrators that couple cues emanating from
the cell surface to muscle-specific genes in the nucleus, and we speculate
on the potential to manipulate these regulatory cascades with small mole-
cules as ameans to treat cardiac and skeletal myopathies.

Key Words. Histone deacetylase, transcription, muscle differentiation,
muscle hypertrophy, MEF2, MyaD.

HISTONE ACETYLATION AND CHROMATIN
STRUCTURE

In eukaryotes, histone-dependent packaging of genomic DNA into
chromatin is a central mechanism for gene regulation. The basic unit of
chromatin is the nucleosome, which comprises 146 bp of DNA wrapped
around a histone octamer that consists of two copies each of histones H2A,
H2B, H3, and H4. Nucleosomes interact to create a highly compact struc-
ture that limits access of genomic DNA to transcription factors, thereby
repressing gene expression (1).

Histone tails are unstructured, protrude from the nucleosome, and are
thought to help establish intranucleosome and internucleosome inter-
actions. Residues within histone tails are subject to diverse posttransla-
tional modifications, including phosphorylation, acetylation, methylation,
and ubiquitination, which together establish a“histone code’ that governs
the higher order structure of chromatin and thus gene expression (2).

Histone acetyltransferases (HATS) and histone deacetylases (HDACS)
act in an opposing manner to control the acetylation state of nucleosomal
histones. Acetylation of the conserved amino-terminal histone tails by
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HATs s thought to result in relaxation of nucleosomal structure by weaken-
ing the interaction of the positively charged histone tails with the negatively
charged phosphate backbone of DNA, allowing access of transcriptional
activators and gene induction. Deacetylation of nucleosomal histones by
HDACSs results in transcriptional repression.

The many mammalian HDACs fall into three classes on the basis of
structural and biochemical characteristics (3). The detailed distinctions
among classes |, |1, and 111 HDACs are well described elsewhere in this
book. Briefly, class | HDACs are comprised primarily of a catalytic
domain, whereas class || HDACs contain amino-terminal extensions of
approx 500 residues that harbor binding sites for other transcriptional reg-
ulators and signal transduction machinery. Class |1l HDACs are unique in
that they require nicotinamide adenine dinucleotide (NAD) for catalytic
activity. Asdetailed below, members of each HDAC class have been shown
to repress muscle gene expression, abeit through unique mechanisms.

TRANSCRIPTIONAL CONTROL OF SKELETAL MUSCLE
DIFFERENTIATION

The notion that HDACs regulate muscle gene expression initially
stemmed from studies of skeletal muscle. The formation of skeletal mus-
cle involves a series of steps in which multipotential mesodermal precur-
sor cells become committed to a muscle cell fate and then proliferate as
myoblasts until they encounter an environment lacking mitogens, at which
point they exit the cell cycle and differentiate. The process of differentia-
tion is accompanied by fusion of mononucleate myoblasts to form multin-
ucleate muscle fibers, transcriptional activation of hundreds of
muscle-specific genes, and repression of genes associated with cell prolif-
eration (Fig. 1).

Members of the myoblast determination gene (MyoD) family of basic
helix-loop-helix (bHLH) proteins—MyoD, myogenic factor 5 (Myf5),
myogenin, and MRF4—act at multiple steps in the myogenic pathway to
control the establishment of the myogenic lineage and the activation of
differentiation genes (4). These factors activate muscle transcription as
heterodimers with ubiquitous bHLH proteins known as E proteins and
bind E boxes (CANNTG) in the regulatory regions of muscle-specific
genes. Each of the myogenic bHLH proteins can activate the complete
skeletal muscle differentiation program when expressed in fibroblasts and
certain other cell types.

Activation of muscle gene expression by myogenic bHLH proteinsis
dependent on their association with members of the myocyte enhancer
factor 2 (MEF2) family of MADS (MCM1, agamous, deficiens, serum
response factor)-box transcription factors, which bind a conserved A/T-rich
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Fig. 1. Control of myoblast differentiation by myogenic signals impinging on
class Il HDACs. Proliferating, undifferentiated myoblasts exit the cell cycle and
fuse to form multinucleated myotubes in response to myogenic signals, which
activate kinases that impinge on class || HDACs. Phosphorylation of class ||
HDACs derepresses the muscle differentiation program, allowing for activation of
muscle structural genes.

sequence in muscle gene control regions (5). MEF2 factors cannot activate
muscle genes alone, but they potentiate the muscle-inducing activity of
MyoD family proteins and are essential for myoblast differentiation in vivo
and in vitro.

INHIBITION OF SKELETAL MUSCLE
DIFFERENTIATION BY CLASS II HDAC-MEF2
INTERACTIONS

Investigators began focusing on potential roles for HDACs in the con-
trol of skeletal muscle differentiation following the discovery that MEF2
can physically associate with class 1| HDACs 4, 5, 7, and 9. MEF2-HDAC
interactions were initially uncovered by yeast two-hybrid screens for
MEF2 binding partners (6,7) and have now been confirmed employing a
variety of independent biochemical techniques (8-12). Binding of class 11
HDACs to MEF2 is mediated by 18 conserved amino acids in the amino-
terminal extensions of HDAC4, -5, -7, and -9 (Fig. 2). Class | and Il
HDACs lack this domain and fail to associate directly with or regulate the
activity of MEF2.

Class Il HDACs bind sequences in MEF2 at the junction of the
MADS/MEF2 domains (13). Of note, the transcriptional coactivators p300
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Fig. 2. Schematic diagram of aclass || HDAC. The structure of class || HDACsis
shown, with binding sites for other transcriptional activators and repressors and
for the 14-3-3 protein. CtBP, carboxy-terminal binding protein; HP1, heterochro-
matin protein 1; MEF2, myocyte enhancer factor 2; NES, nuclear export sequence;
NLS, nuclear localization sequence; SMRT/NCOR, silencing mediator for retinoid
and thyroid receptors/nuclear receptor corepressor.

and glucocorticoid receptor interacting protein (GRIP), which possess
HAT activity, bind to the same region of MEF2 (14,15). Thus, MEF2 func-
tions as either a transcriptional activator or repressor, depending on the
type of chromatin-modifying enzymes to which it is bound. Association of
HDAC or HAT with MEF2 does not appear to alter its DNA binding prop-
erties significantly (13), and the crystal structure of MEF2 bound to DNA
is fully consistent with the formation of a ternary complex of MEF2, a
HAT or HDAC, and MEF2 target genes (16). More recent crystal structure
analysis has revealed that the HDAC/HAT binding site of MEF2 exhibits
remarkable structural similarity to the peptide-binding cleft of the major
histocompatibility complex, with a hydrophobic groove consisting of a
[B-sheet floor and two o-helical rims (17). Class || HDACs appear to form
an amphipathic a-helix to bind the hydrophobic groove on MEF2, estab-
lishing atriple-helical interaction.

Given the ability of class Il HDACs to associate with MEF2 and the
key role of MEF2 factors in muscle gene regulation, it was hypothesized
that these interactions may be relevant to muscle differentiation. Indeed,
HDACs4, 5, and 7, which are expressed in undifferentiated myoblasts, act
as potent inhibitors of C2 skeletal muscle cell differentiation, and also
efficiently block MyoD-dependent conversion of fibroblasts into muscle
(11,13). The effect of class Il HDACs on MyoD function is mediated indi-
rectly viaMEF2, since MyoD-dependent transcription is unaffected unless
an E-box is present in tandem with a MEF2 binding site. Consistent with
this, class Il HDACs do not directly interact with MyoD, and class ||
HDAC mutants lacking the MEF2 binding domain fail to inhibit myogen-
esis efficiently (13).

The repressive effects of class II HDACs on MEF2 transcriptional
activity and muscle differentiation are mediated not only by intrinsic
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deacetylase activity but also by corepressors, which tether to the amino
termini of class Il HDACs. These corepressors include carboxy-terminal
binding protein (CtBP) and heterochromatin protein 1 (HP1) (Fig. 2)
(18,19). Class |1 HDACs also associate with class | HDACs (18,20), and it
has been proposed that this interaction is essential for class || HDAC-
mediated transcriptional repression (20). The ability of class || HDACs to
associate with corepressors and other HDACs probably accounts for the
potent antimyogenic activity of MEF2-interacting transcription repressor
(MITR), a deacetylase domain-deficient splice variant of HDAC9 (21).

INHIBITION OF SKELETAL MUSCLE
DIFFERENTIATION BY CLASS I HDAC-MyoD
INTERACTIONS

Studies have also suggested roles for class | HDACs in the control of
MyoD function. Whereas we showed that class || HDACs could indirectly
affect MyoD activity via MEF2, class | HDACs (HDACL1 in particular)
appear to target MyoD directly. HDAC activity can be recruited to MyoD
viaacorepressor complex containing nuclear receptor corepressor (NCoR)
(22). In addition, there is evidence that HDACL1 directly associates with
MyoD (23). Overexpression of either NCoR or HDAC1 blocks MyoD-
mediated transcription and muscle differentiation. HDAC1 appearsto reg-
ulate MyaoD target gene expression through deacetylation of nucleosomal
histones as well as MyoD itself, which results in reduced activity of the
transcription factor (23-25).

CONVERTING MyoD AND MEF2 FROM REPRESSORS
TO ACTIVATORS OF SKELETAL MYOGENESIS

The expression of HDACs that bind MEF2 and MyoD in myoblasts
provides a potential explanation for the paradoxical findings that these
transcription factors are present in undifferentiated muscle cells, but their
target genes are not expressed. This model is based on the assumption that
MEF2 and MyoD are bound to target sites in regions of repressed chro-
matin in undifferentiated myoblasts (Fig. 3). Although initial in vivo foot-
printing experiments argued otherwise (26), more recent work employing
the highly sensitive chromatin immunoprecipitation technique support the
hypothesis. Specifically, Mal and Harter (27) demonstrated that MyoD
recruits HDAC1 to the myogenin promoter, and we have provided evi-
dence that MEF2 tethers class II HDACs to the same regulatory region
(13,18), the net result being deacetylation of local histones. Interestingly,
nucleosomes within the myogenin promoter are also methylated on
lysine-9, which has been associated with transcriptional repression in
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Fig. 3. Differential association of myoblast determination gene (MyoD) and
myocyte enhancer factor (MEF2) with chromatin remodeling enzymes during skele-
tal muscle differentiation. Muscle structural genes are repressed in proliferating,
undifferentiated myoblasts, at least in part, by the association of MyoD and MEF2
with class | and Il HDACs, respectively. Class || HDACs also recruit heterochro-
matin protein 1 (HP1), which further represses downstream target genes by histone
methylation. Cyclin-dependent kinase (CDK) phosphorylates retinoblastoma (Rb)
protein and glucocorticoid receptor interacting protein (GRIP) in undifferentiated
cells. In response to myogenic signals, class II HDACs are phosphorylated, which
creates docking sitesfor 14-3-3 and stimulates nuclear export, alowing for the dock-
ing of p300/GRIP on MEF2 and transcriptiona activation. Association of class |
HDACs with hypophosphorylated Rb allows for association of MyoD with
p300/CBP-associated factor (PCAF) and transcriptiona activation.

other systems. This posttrandational modification appears to be regulated
by recruitment of the histone methyltransferase suppressor of variegation
(SUVAR) by class || HDACsbound by HP1. Thus, MEF2 and MyoD func-
tion as transcriptional repressors in undifferentiated myoblasts by recruit-
ing multiple negatively acting chromatin-modifying enzymes to muscle
gene-regulatory elements.

How is HDAC-mediated repression of MyoD and MEF2 overcome in
myoblasts? In both cases, the bound HDACs are replaced with HATS, thus
transforming MyoD and MEF2 from transcriptional repressors to tran-
scriptional activators (Fig. 3). With regard to MEF2, class || HDACs are
shuttled from the nucleus to the cytoplasm during muscle differentiation,
thereby freeing MEF2 to associate with HATs and activate downstream
target genes (28). All MEF2-binding class || HDACs harbor two conserved
serine residues that are targets for phosphorylation, and phosphoryl trans-
fer to these serines creates a docking site for the intracellular chaperone
protein 14-3-3 (29-31) (Fig. 2). Binding of 14-3-3 to phospho-HDACs
results in dissociation of HDACs from MEF2 and activation of a cryptic
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nuclear export sequence (NES) at the extreme carboxy terminus of all
class Il HDACs (Fig. 2), with resulting export of the 14-3-3/HDAC com-
plexes from the nucleus to the cytoplasm (32,33). HDAC5, HDACY7, and
MITR al undergo phosphorylation-dependent release from MEF2,
although MITR lacks an NES and thus is retained in the nucleus (21).
Despite possessing the same regulatory serines as other class Il HDACS,
HDACH4 is localized to the cytoplasm of myoblasts and translocated to the
nucleus of differentiated myotubes (34). The nature of this differential
regulation remains unknown. The signaling pathways that govern class |1
HDAC phosphorylation are complex and are discussed below.

Analogously, MyoD associates with HDAC1 in undifferentiated
myoblasts and the HAT p300/cyclic AMP-responsive element binding
protein (CBP)-associated factor (PCAF) during skeletal muscle differen-
tiation (25) (Fig. 3). However, the mechanism for neutralization of
MyoD-bound HDAC is different from that observed for MEF2-bound
HDAC. The retinoblastoma (Rb) tumor suppressor protein positively
regulates muscle differentiation, and it appears to do so by competing
with MyoD for binding to HDACL1 (35). Rb is phosphorylated in undif-
ferentiated myablasts by cyclin-dependent kinases (CDKs), and this
posttranslational modification prohibits binding to HDAC1. During mus-
cle differentiation, CDKs are inactivated, leading to hypophosphoryla-
tion of Rb. In this state, Rb effectively displaces HDAC1 from MyoD,
allowing it to associate with PCAF and activate muscle gene expres-
sion. Remarkably, approx 70% of total HDAC1 can be found complexed
with hypophosphorylated Rb in myotubes. CDK activity in proliferating
myoblasts was also recently shown to block MEF2 function by pro-
hibiting binding of the GRIP coactivator to the MADS/MEF2 domain
of the transcription factor (36).

DIFFERENTIAL EFFECTS OF HDAC INHIBITORS
ON SKELETAL MUSCLE

Given the ability of HDACL to repress MyoD activity as well as the
ability of class || HDACs to block MEF2 target gene expression, one
would predict that pharmacological inhibitors of HDACs would stimulate
muscle gene expression via these transcription factors and thus enhance
myogenesis (37). Paradoxically, however, HDAC inhibitors, including
the hydroxamic acid trichostatin A (TSA) and the short-chain fatty acid
butyrate, have been shown to block muscle differentiation in cultured
myoblasts and frog embryos (38). A potential explanation for these results
was provided by the discovery that TSA, butyrate, and another recently
characterized HDAC inhibitor, valproic acid, can either stimulate or
inhibit muscle differentiation, depending on when and for how long they
are added to cells (39). Skeletal muscle differentiation is induced in cell
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culture by removing growth medium from proliferating myoblasts and
replacing it with low-serum-containing medium. Myablasts fail to differ-
entiate when treated with HDAC inhibitors at the time of serum with-
drawal. However, exposure of growing myoblasts to HDAC inhibitors
followed by removal of the inhibitor before serum withdrawal results in
enhanced muscle differentiation.

What is the molecular basis for the temporally restricted effects of
HDAC inhibitors on the muscle differentiation program? The data suggest
that HDACs can either stimulate or block myogenesis depending on the
protein to which they are bound. For example, association of HDAC1
with MyoD in proliferating myoblasts results in repression of MyoD-
dependent gene expression and inhibition of myogenesis. Thus, addition
of HDAC inhibitors to myaoblasts should stimulate muscle gene expression
by relieving MyoD from the repressive effects of HDACL. In contrast,
association of HDAC1 with hypophosphorylated Rb promotes muscle
differentiation by blocking the E2F-dependent genes that stimulate prolif-
eration. Thus, inhibition of Rb-bound HDAC, which exists only after
serum withdrawal, should result in impaired ability to exit the cell cycle
and thus a failure to differentiate (Fig. 3).

HDAC inhibitors also promote fusion of myaoblasts with preexisting
myotubes (39). The fusigenic activity of HDAC inhibitors appears to be
mediated by follistatin, a protein that binds members of the transforming
growth factor-p (TGF-B) superfamily of secreted proteins. Exposure of
myoblasts to HDAC inhibitors results in upregulation of follistatin expres-
sion. In turn, follistatin binds to and suppresses the activity of myostatin, a
TGF-B family member that negatively regulates muscle mass (40). Thus,
it has been suggested that HDAC inhibitors may be useful in treating indi-
viduals with defects in muscle regeneration (39).

CLASS II HDACS AND MUSCLE FIBER TYPE

Work with the arrested development of righting response (ADR) mouse
suggests that in certain contexts, activation of MEF2 may be coupled to
signal-dependent proteolysis of class || HDACs and that this mode of reg-
ulation has important implications for muscle fiber type determination.
The ADR mouse contains mutations in the chloride channel 1 (CLCN1)
gene that lead to the development of nondystrophic myotonia character-
ized by increased numbers of slow/oxidative skeletal muscle fibers and a
lack of fast/glycolytic fibers. Previous studies demonstrated that MEF2
plays acentra rolein the regulation of slow fiber-specific genes and in the
transformation from the fast to the slow phenotype (41-43). Consistent
with these findings, MEF2 transcriptional activity was dramatically ele-
vated in the muscles of ADR mice, and this activation appeared to be post-
translationally regulated, since there was no change in the level of MEF2
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protein in ADR muscles compared with those in wild-type controls (44).
Remarkably, the protein levels for HDACA4, -5, and -7 were found to be
dramatically decreased in ADR muscles, without a concomitant reduction
in the expression of MRNA transcripts for these HDACs. These results
suggest that under certain conditions, activation of MEF2-responsive
genes involves signal-dependent degradation of class II HDACs. Of note,
HDACY has been shown to undergo ubiquitin/proteasome-dependent
degradation in cultured fibroblasts (45). It will be of interest to determine
the potential involvement of the ubiquitin/proteasome pathway in govern-
ing skeletal muscle fiber type.

CLASS III HDACs IN SKELETAL MUSCLE

In mammals, seven homologs of the Saccharomyces cerevisiae HDAC
silent information regulator (Sir)2 have been identified and are referred to
as class Il HDACs (46). Sir2 HDACs uniquely require NAD for activity.
In yeast, Sir2 governs life span extension in response to caloric restriction.
In vitro studies have revealed arole for mammalian Sir2¢. in the control of
skeletal muscle differentiation. Sir2¢. is recruited to muscle gene regula-
tory elements through association with MyoD, resulting in histone
hypoacetylation and transcription repression (47). The repressive actions
of Sir2o. appear to be overcome by changes in metabolic state that nor-
mally accompany muscle differentiation. Specifically, in cells undergoing
differentiation, the levels of NAD are reduced such that Sir2o. catalytic
activity isdiminished. Sir2a. is a so abundantly expressed in the heart (48).
Thus it will be of interest to determine whether this metabolic sensor con-
trols transcriptional responses to stress in the myocardium (see the next
section).

HDACs IN THE HEART

Adult cardiac myocytes respond to stress by hypertrophic growth, dur-
ing which cells increase in size without dividing, assemble additional sar-
comeres to maximize force generation, and activate a fetal cardiac gene
program (49-52). Cardiac hypertrophy is often associated with increased
risk of morbidity and mortality, and thus studies aimed at understanding
the molecular mechanisms of cardiomyocyte hypertrophy could have a
significant impact on human health.

A variety of stimuli elicit a hypertrophic response, including hyper-
tension, myocardial infarction, and abnormal contractile proteins. At the
cell surface, humoral factors such as angiotensin Il and endothelin-1
trigger cardiac hypertrophy by activating diverse downstream signaling
pathways, including those involving the calcium/calmodulin-dependent
phosphatase calcineurin, calcium/calmodulin-dependent protein kinase
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(CaMK), mitogen-activated protein kinases, and protein kinase C (PKC).
Despite our understanding of the signaling pathways that contribute to
hypertrophic growth, the terminal steps in the pathways that lead to
reactivation of fetal cardiac genes are only now being defined (53).

Recent data suggest that signal-dependent nuclear export of class |1
HDACs serves as a final common end point for cardiac hypertrophic
signaling cascades. Given the fact that class || HDACs are abundantly
expressed in the heart (54,55) and that MEF2 transcriptional activity is
upregulated in response to cardiac hypertrophic signals (56), it was
hypothesized that these chromatin-modifying enzymes may negatively
control pathological cardiac gene expression. Consistent with this
notion, HDACS5 undergoes nuclear export in response to a plethora of
hypetrophic agonists (57,58), and nonphosphorylatable mutants of class
Il HDACs block hypertrophy in response to diverse pathological signals
when they are overexpressed in cultured cardiac myocytes (59-61).
Furthermore, targeted disruption of the gene encoding either HDACS or
HDACO results in extreme hypersensitivity to pathologic signals in the
heart and triggers spontaneous cardiac hypertrophy with age (59,61)
(Fig. 4).

Given the apparent role of class Il HDACSs as nuclear integrators of
hypertrophic signaling networks, there has been interest in identifying the
signaling molecules that impinge on these transcriptional regulators.
Therapeutic strategies designed to sustain the repressive function of class
Il HDAC:s by blocking signal-dependent nuclear export of these factors
could provide clinical benefit in the treatment of pathol ogic cardiac remod-
eling. Early studies demonstrated that CaMK is a potent class I| HDAC
kinase (28). CaMK phosphorylates class || HDACs, triggering 14-3-3-
dependent nuclear export of the factors (12,29,34). CaMK targeting of
class Il HDACs provides a mechanism for coupling increases in cytosolic
calcium in stressed myocardium to pathological changes in gene expres-
sion. However, an important issue that had not been resolved was whether
CaMK was the sole kinase responsible for regulating HDAC nuclear
export and hypertrophy or whether multiple kinases might converge on the
regulatory HDAC phosphorylation sites, such that different HDAC kinases
might be activated in response to different stimuli.

We recently showed that PKC signaling |leads to the phosphorylation of
the same sites in HDACS that are phosphorylated by CaMK (57). The
PKC family includes at least 12 different isoforms, many, but not all, of
which are expressed at appreciable levels in the myocardium (62). Our
results demonstrated that direct activation of PKC by phorbol ester is suf-
ficient to induce nuclear export of HDACS5 and that hypertrophic agonists
stimulate nuclear export of HDACS in cardiac myocytes through a signal-
ing pathway that depends on PKC activation. We also showed that a
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Fig. 4. Exaggerated cardiac hypertrophy of histone deacetylase 5 (HDACS5) knock-
out mice in response to calcineurin signaling. (A) The hearts of adult mice.
HDAC5 mice have normal hearts in the absence of stress. In the presence of a
cardiac-specific transgene encoding activated calcineurin (Cn-Tg), the heart
undergoes dramatic hypertrophic growth. The hypertrophic response is exagger-
ated in the HDAC5~~ background. (B) Heart weight/body weight ratios.

protein kinase D (PKD), a downstream effector of PKC, could associate
with and phosphorylate HDACS (Fig. 5). Importantly, small-molecule
inhibitors of PKC/PKD, but not CaMK, abolished agonist-mediated
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Fig. 5. Activation of the fetal gene program and cardiac hypertrophy by signaling
to class Il histone deacetylases (HDACS). Neurohumoral agonists acting through
G-protein-coupled receptors (GPCRs) activate protein kinase C (PKC), which
activates protein kinase D (PKD), which phosphorylates class II HDACs.
Phospho-HDACSs interact with 14-3-3 and are exported from the nucleus by the
nuclear exportin protein CRM1 (chromosomal region maintenance |). Release of
class Il HDACs from myocyte enhancer factor 2 (MEF2) alows for binding of
p300 to MEF2, acetylation of histones and nucleosome relaxation, and activation
of fetal cardiac genes.

nuclear export of HDACS in cardiac myocytes, suggesting a predominant
role for this pathway in the control of HDACS in the heart. Nonetheless, it
remains possible that CaMK regulates HDACs in response to a subset of
cardiac hypertrophic stimuli or that CaMK crosstalks with the PK C/PKD
pathway.
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PARADOXICAL BLOCKADE OF CARDIAC
HYPERTROPHY BY HDAC INHIBITORS

Given the potent antihypertrophic activity of class || HDACSs, it was
hypothesized that these inhibitors, which are general antagonists of both
class | and class Il HDACs, would stimulate pathologic cardiac growth.
Paradoxically, treatment of cardiomyocytes with three independent
HDAC inhibitors (TSA, sodium butyrate, and Helminthosporium car-
bonum [HC]-toxin) repressed the increases in cell size, protein synthesis,
and fetal gene expression normally evoked by hypertrophic agonists in
vitro (63-66).

In retrospect, the observed inability of HDAC inhibitors to override
class I HDAC-mediated repression of hypertrophy is not surprising,
because class 11 HDAC catalytic activity is not required to repress the
hypertrophic program (59). However, the antihypertrophic action of
HDAC inhibitors remains paradoxical. The simplest interpretation of the
datais that one or more HDACs play a positive role in the control of car-
diac hypertrophy. Since the inhibitors used our studies antagonize the
action of multiple HDACSs, the identity of the putative prohypertrophic
HDAC(s) remains unclear. However, aclass| HDAC isalikely candidate,
since class 1| HDACs suppress hypertrophy, and class |11 HDACs are
resistant to inhibition by TSA.

The mechanism for HDAC inhibitor-mediated repression of cardiac hyper-
trophy remains unknown. We envision at least three possibilities (Fig. 6).
First, HDAC inhibitors may stimulate expression of genesthat encode repres-
sors of cardiac growth. Second, HDAC inhibitors may repress expression of
procardiac growth genes. Third, HDAC inhibitors may suppress cardiac
hypertrophic signaling cascades, a hypothesis for which we have supporting
evidence (B.C. Harrison and T.A. McKinsey, unpublished data).

HDAC inhibitors are in clinical development for treatment of cancer
(67). Thus, the discovery that HDAC inhibitors repress cardiac hypertro-
phy in the face of stress may ultimately impact on the treatment of heart
failure in humans. Recently, inhibitors of the class 11l HDAC Sir2 were
shown to stimulate cardiomyocyte apoptosis (68). Given this finding, and
the fact that class Il HDACs repress pathological hypertrophy, future
efforts to develop HDAC inhibitors as therapeutics for the heart will need
to focus on specific inhibition of class| HDACs.

POTENTIAL ROLES OF CLASS II HDACs
IN HEART DEVELOPMENT

Whereas mice lacking either HDACS5 or HDACO9 display normal car-
diac structure and function at birth, a high percentage of HDAC5/9 double
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Fig. 6. Potential mechanisms of action of histone deacetylases (HDACs) and HDAC inhibitors in stress signaling in cardiac
myocytes. Stress signals activate pro-hypertrophic kinases that inactivate class || HDACSs, leading to activation of myocyte
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may act on class | HDACs or potentially may perturb stress signaling.
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mutants die during embryogenesis and the perinatal period from ventricu-
lar septal defects and thin ventricular walls, which typically arise from
abnormalities in growth and maturation of cardiomyocytes. Both HDAC5
and HDAC9 are expressed in the developing myocardial chambers and
interventricular septum during embryogenesis (21,61). Given the interac-
tion between class || HDACs and MEF2, and the central role of MEF2 in
the control of cardiomyocyte differentiation (69), the cardiac developmen-
tal defects in double mutants may result from superactivation of MEF2,
with consequent precocious differentiation and cell cycle withdrawal of
cardiomyocytes, causing hypocellularity of the myocardium. In addition,
class Il HDACs have also been shown to modulate the activities of other
transcription factors involved in myocardial growth, such as the retinoic
acid receptor, serum response factor (SRF), and myocardin (70-73). The
absence of HDACs 5 and 9 may therefore affect the activities of other car-
diac transcriptional activators and repressors, thereby perturbing the pre-
cisely regulated programs of gene expression required for cardiac
development.

HDACs IN SMOOTH MUSCLE

In contrast to striated muscles, little is known about the roles of HDACs
in the control of gene expression in nonstriated smooth muscle. Dynamic
changes in histone acetylation have been observed at smooth muscle-spe-
cific gene regulatory elements during differentiation (74), and these mod-
ifications are sensitive to histone deacetylase activity (75). As mentioned
at the end of previous section, class || HDACs have been shown to associ-
ate with and repress the activity of the SRF and myocardin transcription
factors (70,73). In addition to their roles in cardiac development, SRF and
myocardin function as master regulators of smooth muscle cell differenti-
ation (reviewed in ref. 76). Thus, athough definitive experimental proof is
lacking, it seems likely that class Il HDACs will prove to regulate gene
expression in smooth muscle viainteractions with these and as-yet-uniden-
tified factors. The class | HDAC HDACS has also been reported to be
highly specific for devel oping smooth muscle cells, suggesting itsinvolve-
ment in smooth muscle gene expression (77).

Expression of class Il HDACY is highly enriched in endothelial cells
that line blood vessels (S. Chang and E.N. Olson, unpublished data), and
targeted disruption of HDAC? in mice leads to embryonic lethality owing
to severely impaired vasculogenesis. Thus, class || HDACs may serve dual
roles in the control of blood vessel formation, by regulating SRF and
myocardin in the outer smooth muscle layer of the vessel and by coordi-
nating gene expression in the inner endothelial cell layer. The target(s) of
HDACY in endothelia cells remains unknown, although MEF2 is an
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obvious candidate. MEF2 is required for vascular development (78) and
mediates endothelial cell survival (79). In addition, genetic studies in
humans implicate MEF2 in protection from coronary artery disease and
myocardial infarction (80). Studies to determine the interplay between
HDACY7 and MEF2 in the control of these developmental and pathophysi-
ological processes are forthcoming.

THERAPEUTIC IMPLICATIONS IN MUSCLE
AND BEYOND

The diverse roles of HDACs in muscle gene expression during develop-
ment and disease offer interesting opportunities for therapeutic modula-
tion of muscle growth and function via the control of HDAC activity and
subcellular localization. In but one example of such an approach, HDAC
inhibitors are currently being tested in human clinical trials for cancer, and
therapeutic benefit and tolerability have been reported. Based on studies
in animal models and cultured cells, such inhibitors might be expected to
exert salutary effects in the settings of heart failure or skeletal muscle
wasting disorders.

Given the multiplicity of HDACS, there has been great interest in iden-
tifying specific functions of each HDAC as well as the small-molecule
inhibitors that can selectively modulate the activities of individual HDAC
isoforms. The generation of mice lacking individual HDAC genes will
facilitate the identification of such inhibitors and promises to continue to
reveal unexpected functions of HDACs in vivo.
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SUMMARY

Posttranslational modifications of histone proteins in chromatin play a
critical roleinthe control of gene expression in eukaryotes. Histone deacety-
lases (HDACs) catalyze the deacetylation of lysine residues in the histone
amino-terminal tails and are found in large multiprotein transcriptional
compressor complexes. Human HDACs are grouped into three classes based
on their similarity to known yeast factors. Class | HDACs are similar to the
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yeast transcriptional repressor YRPD3, whereas class || HDACs are related
to yHDA1 and class I11 HDAs to ySIR2. In this review, we focus on the
structure and function of class Ila HDACs. These recently discovered
enzymes have been implicated as important regulators of gene expression
during cell differentiation and development.

Key Words: HDAC, muscle, thymus, pkd, differentiation, mef2.

INTRODUCTION

The directed acetylation and deacetylation of lysine residues in the
N-terminal tails of histone octamer subunits provide a rapid, reversible
means for the modification of gene expression levels. In all known cases,
removal of acetyl groups from histones by histone deacetylases (HDACs)
represses gene transcription at the affected loci, and the addition of acetyl
groups activates transcription.

Class lla HDACs, which include HDACs 4, 5, 7, and 9, are defined
by alarge, functionally important noncatalytic N-terminal domain. This
domain mediates both the recruitment of class I[la HDACs to specific
promoters and the signal-dependent shuttling of the class Ila HDACs
between the nucleus and the cytoplasm. The combination of these two
functionalities in the N-terminal domain of class Ila HDACs defines
them as signal-dependent repressors of specific sets of genes. Thus they
have important roles in the developmentally regulated expression of
genes that are involved in the differentiation and function of muscle,
immune, and neural cells. Because of the extensive functional charac-
terization of their shared N-terminal domain and also the rapidly
emerging phenotypic data from mutant animals, class Ila HDACS are
perhaps the best understood of the HDACs. The purpose of this chapter
isto outline what is currently known about the structure, function, phy-
logeny, and regulation of thisfamily of versatile, important devel opmental
gene regulators.

PHYLOGENY, GENOMIC STRUCTURE,
AND EXPRESSION PATTERNS OF CLASS I1A HDACs

Phylogenetic Distribution and Conservation

In the less than 10 years since the first HDAC was identified, the family
has expanded to include 18 known members in three major families in
humans. Representatives of all the families are also found in all genetically
characterized organisms. A recent taxonomic study, based on homology
within the catalytic domain, identified class II HDACs in al eukaryotic and
the vast majority of prokaryotic organisms, including the archaebacteria (1).
Thus, class Il HDACs represent the most broadly distributed family.
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Acronyms and Abbreviations (Continued)

SUV39H1 Suppressor of variegation 3-9 homolog 1

Tat Transactivator of transcription

TBL-1 Transducin B-like protein

TIP60 Tat-interacting protein, 60 kilodaltons

ZEBRA Bamhl fragment Z Epstein-Barr replication activator

Interestingly, class Ila HDACs appear to occur only in metazoans, and the
full family of four known class Ila HDACs seemsto be unique to vertebrates.

Within the vertebrates, the available data indicate that class |la HDACs
arewell conserved. The possible exception isHDACY, for which no cDNA
seguence has yet been submitted from fish or amphibians. Discontiguous
MEGABLAST searches querying the unassembled shotgun segquences of
the zebrafish (Danio rario) genome yielded multiple strong alignments
with the N termini of HDACs 4, 5, and 9, but not HDACY7. Similarly,
MEGABLAST queries of the genome of the frog Xenopus tropicalis
yielded alignments with the N termini of HDACs 4, 5, and 9 but not
HDACY. These data suggest that the absence of HDAC7 cDNAS reflects
their absence from the genomes of these organisms.

For each of the class Ila HDACSs, conservation of protein sequence is
quite high between all species for which a cDNA has been isolated. For
example, HDAC4 sequences of humans and the puffer fish (Tetraodon
nigroviridis) have a 73% identity and 83% similarity. HDAC7 of humans
and chickens (Gallus gallus) is 66% identical and 75% similar. Importantly,
in al available comparisons, extensive regions of exact identity are punctu-
ated by shorter heterologous linkers, suggesting that the functionally impor-
tant regions of these proteins are nearly identical. This hypothesis is
supported by the finding that all currently functionally characterized
regions of these proteins fall within the blocks of identity or near-identity.

The reason for the different numbers of HDACs between vertebrates
and other organismsis unclear. The duplication and divergence of these
molecules may be somehow tied to the evolution of the vertebrate
body plan. The invertebrates Caenorhabtidis elegans and Drosophila
melanogaster have only one class Ila HDAC each. As an alternative
hypothesis, the adaptive radiation of the class Ila HDACs might be
associated with the evolution of deuterostomal development.
Unfortunately, there are not yet enough data from the sea urchin
(Strongyl ocentrotus purpuratus) genome project to distinguish between
these possibilities. The latest sea urchin build (1.1) appears to show
two different class Ila HDAC genes.

Conservation between human HDAC4 and the fruit fly dHDAC4 is less
than among vertebrates, at 37% identity and 54% similarity. However,
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several functionally important regions in the N-terminal domain are
conserved (Fig. 1B). The class Ila HDAC of nematode, ce-HDA 7, is
30% identical and 50% similar to human HDACA4. Although this level of
conservation is only slightly lower than that between human and fruit fly
HDACH4, there is a strikingly lower degree of conservation in regions that
have been functionally characterized, most notably in the region that inter-
acts with myocyte enhancer factor 2 (MEF2) transcription factors (Fig. 1C).
The lack of conservation in ce-HDA 7 is probably not owing to a corre-
sponding difference in nematode MEF2, which is 90% identical to human
MEF2 in the N-terminal MADS/MER2 region that interacts with the class|la
HDAC:Ss. Interestingly, deletion of dHDAC4 or dMEF2 results in segmen-
tation defectsin fruit flies, while RNAi-mediated suppression of ce-HDA 7
or ce-MEF2 has no effect in nematode (2—4), suggesting that the biologic
function of both molecules is conserved between human and fruit fly but
divergent or vestigial in nematode.

Genomic Structure and | soforms

Table 1 lists the details of the genomic loci of the four human class I1a
HDACs. All four genes are composed of 24 to 27 exons, corresponding
almost exactly to homologous segments within the coding regions of the
four genes (Fig. 1A). Whereas the mapping of exons to coding sequences
within the four class IlaHDAC laoci is nearly identical, the loci themselves
vary greatly in size, ranging from only 16.4 kb for HDAC7 to 500 kb for
HDAC9. Human HDACA4, the best conserved family member, has only
one known isoform, encoding a protein of 1084 amino acids. HDACS5 has
two characterized isoforms, of which one incorporates al the exons corre-
sponding to HDACA4. The other lacks exons 14 and 15, leading to an in-
frame deletion of 85 residues from positions 693 to 768. Interestingly, this
deletion would disrupt the catalytic domain, producing a molecule that
might be functionally similar to the MEF2-interacting transcriptional
repressor (MITR) isoform of HDACO9 (see next paragraph). Like HDACS,
HDACY7 hastwo known isoforms. Variant 1 incorporates sequences homol-
ogous to al but the first two short coding exons of HDAC4, omitting the
first residue of the binding site for the transcriptional repressor C-terminal
binding protein (CtBP). Variant 2 differs from variant 1 in the loss of exon 7
and the first three residues of exon 8, leading to an in-frame deletion of 40
residues, from positions 227 to 367. Thisresultsin the loss of a short block
of conserved sequence (RXx,d/exSxLXTx;L PxIstLGLXA) that has yet to
have a functional significance ascribed to it.

With five known variants, HDAC9 is the most complex class [laHDAC.
Variants 4 and 5 encode proteins of 1066 and 1069 amino acids, respec-
tively, that contain all the exons associated with HDACA4. They differ from
one another in that variant 4 lacks a short segment (89-91 LQQ) at the
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Black shading indicates identity. Gray shading indicates similarity according to the PAM 200 scoring matrix. Shaded boxes
indicate regions with indicated functions. Light blue dashed boxes represent exon boundaries. Residues that are the targets
of posttrandational modifications are indicated by rectangular boxes. (A) The four human class Ila HDACs aligned with one
another. (B,C) The dignments between human HDAC4 and D. melanogaster dHDAC4 and C. elegans ce-HDA 7, respectively.
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Table 1

Genomic Structure and Known Isoforms of the Four Human Class IIa HDAC Genes”

Gene Chromosomal Locus mMRNA Protein
name location Exons size (kb) size (bp) size (aa) Comments
HDAC4 2g37.2 27 352 8458 1084 Sole isoform
3573 1122 Variant 1
HDACS5 17921 25-27 47 5041 1037 Variant 2 (cat. domain disrupted)
4189 952 Variant 1
HDACY 12g13.1 24 16.4 4069 912 Variant 2
3036 1011 Variant 1 (no NES)
2790 879 Variant 2 (cat. domain disrupted)
HDAC9 7p21.p15 1226 500 4230 590 Variant 3 (MITR/HDRP)
4659 1066 Variant 4
3210 1069 Variant

Abbreviations: HDAC, histone deacetylase; HDRP, HDAC-related protein; MITR, myocyte enhancer factor 2-interacting transcription
repressor; NES, nuclear export sequence.
aData compiled from the Genatlas data resource at the Université René Descartes, Paris, France (http://www.dsi .univ-parisb.fr/genatlas).
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beginning of exon 4 that is found in HDACs 4 and 5. Variant 1 encodes a
protein of 1011 amino acids that follows the consensus sequence until exon
24 and then diverges, terminating after seven more residues. Loss of the
last two coding exons does not affect the catalytic domain but does delete
the C-terminal nuclear export signal, resulting in a protein that is consti-
tutively localized to the nucleus (5). Variant 3 encodes the protein that
was originally cloned from the frog Xenopus laevis as the MITR (6). It
follows the consensus class Ila HDAC sequence through exon 12 and
then diverges and terminates after 16 residues because of an out-of-frame
splice to exon 13, resulting in a protein of 590 amino acids. Interestingly,
this molecule was the first class [la HDAC cloned but was not identified
as such owing to the absence of any HDAC catalytic sequences. The same
isoform of HDAC9 was cloned from human cDNA after other class Ila
HDAC:s had been identified; it was called HDAC-related protein (HDRP)
(7). Even without an HDAC catalytic domain, these molecules still
repress MEF2-dependent transcription (see the MEF2 Transcription
Factors section under “Protein—Protein Interactions’ following), indicat-
ing that histone deacetylation is not the only function of these molecules
(6,7). Variant 2 of HDAC9 goes out of frame after exon 20, resulting in a
protein of 879 amino acids. This protein, like MITR, lacks a functional
catalytic domain but does possess a 14-3-3 interaction and phosphorylation
site that MITR lacks.

Tissue-Specific Expression

Although the conventional wisdom is that expression of the class Ila
HDACs s tissue restricted—unlike the ubiquitous class | HDACs 1, 2, and
3—the redlity is a bit more complex. Analysis of recovery of expressed
sequence tags (ESTs) from different tissue libraries, as catalogued in the
NCBI Unigene resource, suggests that all four class [laHDACs are widely
expressed. Close examination of published (and sometimes contradictory)
studies using Northern blots suggests that, although the class Ila HDACs
are widely expressed, they are clearly expressed much more strongly in a
limited subset of cell types (Table 2). HDACs 4, 5, and 9 are particularly
well expressed in brain, heart, and skeletal muscle, whereas HDACY is
highly expressed in heart, thymus, and lung. HDAC4 aso appears to be
very highly expressed in ovary and intestine. Studies on the expression
patterns of HDACY in the thymus (by fluorescence-activated cell
sorting/reverse transcriptase polymerase chain reaction) and of HDAC9 in
the developing mouse embryo (by in situ RNA hybridization) revealed
that they are expressed within defined subsets of the cells within these tis-
sues. In thymus, HDACY appears to be expressed predominantly in the
cd4/cd8 double-positive subset of thymocytes (8). In the central nervous
system of the developing mouse, HDACS9 is localized to the neural tube,
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Table 2
Tissue Distribution of Class Ila HDAC mRNA Expression”

Tissue HDAC4 HDAC5 HDACY HDAC9/MITR
Brain +++ ++ - +++
Colon ++ ND + +
Gall bladder ND ND ND +
Heart ++ +++ +++ ++
Kidney + + - +
Liver +—- ++ + +
Lung +/—- + ++ —+
Ovary +++ ND + ND
Pancreas + + + +
PBL + ND + ND
Placenta +/— + + +
Prostate + ND + ND
Skeletal muscle ++ ++ + ++/—
Small intestine ++ ND + +
Spleen + - —+ +
Testis + + - ND
Thymus ++ ND ++ ND

Abbreviations: HDAC, histone deacetylase; MITR, myocyte enhancer factor 2-
interacting transcription repressor; PBL, peripheral blood lymphocytes.

3Expression levels were evaluated visually from Northern blots presented in the
following publications: refs. 7, 8, 13, 36, 45, 46, and 93-95. +++, and ++, highly
expressed; +, detectably expressed, —, not detected; ND, no data. Conflicting findings
are separated by dashes (e.g., +/-).

neuroepithelium, and dorsal root ganglia (9). Transient expression in a
specific cell type, as is observed in thymocytes, suggests that class |la
HDACs might play important roles in the devel opment of tissues with low
overall expression levels. Their overlapping patterns of low-level expres-
sion and their apparent functional redundancy may present significant
technical challenges to studies of specific roles for class [la HDACs with
transgenic animals.

PROTEIN-PROTEIN INTERACTIONS
OF THE CLASS I1a HDACs

Numerous protein—protein interactions involving class Ila HDACs
have been identified (Fig. 2), as well as possible mechanisms for recruit-
ing chromatin-modifying activities to specific DNA sequences. Clearly,
both the C-terminal catalytic and N-terminal domains of the class Ila
HDACs interact with a host of other proteins. Some of these interactions,
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such as those with MEF2, BCL6, and nuclear receptor corepressor
(NCoR), potentially serve to recruit the class Ila HDACs to different
promoters. Other interactions, such as those with calmodulin or 14-3-3,
are involved in the regulation of the association of the class Ila HDACs
with promoters. Still others, such as the interactions with CtBP and hete-
rochromatin protein 1 (HP1), are involved in the recruitment of enzy-
matic activities distinct from the catal ytic domains of the classllaHDACs
themselves to potential target promoters. These numerous interactions
allude to a bewildering array of possible roles played by the class lla
HDACs in the regulation of alarge number of different genes. Although a
few have been characterized, the great majority have yet to be investi-
gated. A thorough screen for potential class [la HDAC target genes, with
DNA microarrays and class I[la HDAC molecules mutated for each of the
individual interactions, will be required to determine which of these many
possihilities are physiologicaly relevant.

The MEF2 Transcription Factors

The interaction of the class Ila HDACs with members of the MEF2
family of transcription factors is by far the best characterized in terms
of biological significance. The fairly well-defined roles thought to be
played by the class Ila HDACs in myogenesis, cardiac hypertrophy,
and T-cell development are all mediated by MEF2 family molecules. In
vertebrates, there are four MEF2 family members, MEF2A, -B, -C, and -D.
In an intriguing parallel to the evolution of the class Ila HDACSs, only
one member of the MEF2 family occurs in Drosophila and C. elegans
(reviewed in ref. 10). They were originally isolated from skeletal mus-
cle as factors binding to AT-rich DNA motifs in the promoter of the
muscle creatine kinase (MCK) gene (11). Whereas MEF2A, -B, and -C
are all restricted to some degree in their expression patterns, MEF2D
appears to be ubiquitously expressed (reviewed in ref. 12). The MEF2
family members share a highly conserved MADS domain, as well as a
uniqgue MEF2 domain. These two domains together constitute the
N-terminal 87 amino acids of the MEF2 transcription factors, and
mediate DNA binding, dimerization, and interaction with multiple
coactivators and corepressors, including the class Ila HDACs. The first
class Ila HDAC to be identified, MITR/HDAC9, was recovered in a
yeast two-hybrid screen for MEF2-interacting proteins (6). All four
class Ila HDACs interact with MEF2 proteins via a highly conserved
17-amino acid motif located near the N terminus (see Fig. 1A)
(6,13,14). Via this motif, the class Ila HDACSs repress transcription at
the MEF2-regulated promoters of genes, such as Nur77, myogenin,
and c-jun (15,16).
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Runx2

The three members of the Runx family of transcription factorsin mam-
mals share homology throughout most of their sequences and in their
N-terminal DNA binding domains to the Drosophila transcription factor
Runt. The Runx family members transcriptionally regulate a wide variety
of target genes and can function as either activators or repressors of
transcription (reviewed in ref. 17). Runx1 appears to be essential for
hematopoietic development, and runx3-deficient mice have defectsin limb
development and the digestive system (18-20). Both molecules play
important roles in the developmental regulation of the CD4 and CD8
T-cell coreceptors (21,22). Mice deficient in Runx 2 display a profound
defect in the calcification of bone tissue owing to a block in osteoblast dif-
ferentiation (23,24).

Strikingly, the recently published phenotype of HDACA4-deficient
mice turns out to involve a premature calcification of bone tissue, as
would be expected from a Runx2 gain-of-function mutation (25).
Conversely, overexpression of HDAC4 in developing bone produces a
phenotype similar to that of Runx2 deficiency. The authors of this study
hypothesized that HDAC4 might therefore function as a corepressor of
runx2. They proceed to demonstrate this, showing that the N-terminal
Runt domain of runx2 interacts with the first 220 amino acids of
HDAC4, which contain the MEF2 and CtBP-interacting regions.
Interestingly, rather than repressing runx2 activity via the expected
mechanism of histone deacetylation, HDAC4 appears instead to inhibit
the DNA binding of Runx2. This model is supported by the finding that
aconstruct of only the first 220 amino acids of HDACA4 represses runx2-
mediated transcription almost as effectively as the full-length HDACA4.
However, the model is weakened by the finding that a construct consist-
ing of just the C-terminal catalytic domain of HDAC4 is also a signifi-
cant repressor.

The concept that HDAC4 might act as a corepressor of Runx2 both
via the novel mechanism proposed by the authors and via a mechanism
involving HDAC activity and interaction with the HDAC4 catalytic
domain is supported by another recent finding that runx2 interacts with
HDACS3, which lacks the N-terminal domain characteristic of the class
Ila HDACs (25a). Clearly, this is an exciting new chapter in the biol-
ogy of classllaHDACS. It istempting to speculate that, since the inter-
acting domains of both class Ila HDACs and the Runx family members
are conserved across their respective families, other class Ila HDAC-
Runx interactions may be important in the development of other
tissues, particularly in the case of HDAC7 and Runx1 or Runx3 in
developing T cells.
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BCL6 and BCoR

BCL6 is an oncogene involved in the pathogenesis of non-Hodgkin's
B-cell lymphomas. It contains Krippel-like zinc finger motifs and acts as
a segquence-specific transcriptional repressor (26-28). Microarray studies
show that it has arolein regulating genes involved in B-cell activation and
differentiation, inflammation, and cell-cycle regulation (29). Recent exper-
iments showed that BCL 6 can recruit the class IlaHDACs (30) viaadirect
interaction between a conserved region in the N-terminal domain of class
Ila HDACs (corresponding to residues 123-292 of HDACS5) and the
C-terminal zinc finger region of BCL6. The N-terminal BTB/POZ domain
of BCL6 can aso bind either to silencing mediator for retinoid and thy-
roid receptors (SMRT), leading to the recruitment of class [laHDACs via
a complex, described below (31-33), or to BCoR. BCoR is a corepressor
that was cloned via its interaction with BCL6 and that interacts specifi-
cally with both class | and class [la HDACs (34). Thus, class Ila HDACs
can be recruited by BCL 6 via three separate mechanisms and may partici-
pate in a ternary complex containing both BCL6 and BCoR. Hopefully,
future experiments will elucidate the role of this complex in regulating
BCLG6 target genes.

Nuclear Hormone Receptor Corepressors

Recently, class Ila HDACs were shown to interact directly with two
closely related corepressors, SMRT and NCoR (35-37). SMRT and
NCoR derive their names from their interaction with nuclear receptors
(38,39). However, they also interact with a host of other DNA binding
factors, including Rpx2, Hox, MyoD, Mad, PLZF, ETO, and B-Myb
(reviewed in ref. 40). They repress transcription of target genes via three
autonomous repression domains, called RD1, -2, and -3. SMRT and
NCoR interact with the C-terminal catalytic domains of class Ila HDACs
via RD3. Interestingly, they also interact with the class | molecule
HDACS through a different domain, called the SANT domain (41-44),
an observation that explains why class [la HDACs coimmunoprecipitate
with HDAC3 (4547). The interaction with HDAC3 was demonstrated by
biochemical fractionation experiments that identified a stable complex
containing SMRT/NCoR, HDAC3, transducin B-like protein 1 (TBL1)
(41,43), and GPS2, a protein involved in G-protein signaling (48).
Importantly, it appears that the class Ila HDACs are only enzymatically
active when they are associated with this SMRT/ NCoR/HDAC3 complex
(45,47). In contrast, HDAC3 is catalytically active when bound to
SMRT/NCoR aone (44,47). Therefore, SMRT and NCoR may serve as
critical cofactors in the function of class Ila HDACs by recruiting
HDACS3, an active catalytic subunit. A similar complex, containing two
different nonclass Il HDAC molecules (Hos2 and Hstl) and a WD40
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protein with homology to TBL1, seems to exist in the budding yeast
Saccharomyces cerevisiae (49).

In an interesting parallel to the complex described above, both HDAC1
and HDACS can interact with repressor of estrogen receptor activity
(REA), a molecule that was originally identified as a transcriptional
corepressor of the estrogen receptor (50,51). REA-HDACL1 and REA-
HDACS interact with distinct domains on both REA and HDACL/5,
suggesting the possible existence of a ternary complex among HDACL,
HDACS, and REA. Although REA has no sequence homology with
SMRT/NCOR, it apparently interacts with multiple nuclear hormone recep-
tors (50) and might represent another adaptor between a class [la HDAC,
a catalytically active class | HDAC, and nuclear hormone receptors.

14-3-3 Proteins

Members of the widely distributed family of 14-3-3 proteins, comprising
seven different molecules in humans, bind to and regulate the nucleocyto-
plasmic shuttling of more than 100 signaling proteins (reviewed in ref. 52).
14-3-3 proteins bind to specific motifsin target proteins that contain phos-
phorylated serine or threonine residues. These motifs are of the general
forms RxxS/TxP and RxxxS/TxP. Proteins thus bound by 14-3-3 proteins
are anchored in the cytoplasm, where the 14-3-3 family members are
localized. The N-terminal domains of all class [la HDACs contain multiple
potential 14-3-3 interacting motifs (53). In HDAC5 and HDACY, two of
these motifs, 254 to 260 RK Ta/vSEP and 495 to 500 RTQSxP (as num-
bered on HDACS; see Fig. 1A), bind to 14-3-3 when phosphorylated.
In HDAC4 and HDAC?7, a third motif, 629 to 634 RAQSSP, is similarly
phosphorylated, leading to 14-3-3 binding and consequent cytoplasmic
localization (9,16,53-55). This extracellular signal-dependent cytoplasmic
localization of the class Ila HDACs is a critical aspect of their regulation
and will be discussed more extensively in section, “Regulation and
Posttrand ational modifications...” following.

Calmodulin

The MEF2 binding domain of HDAC4 has similarity to calmodulin
(CaM) binding domains (56). HDAC4 binds to CaM in a Ca2*-sensitive
manner in vitro, and binding of CaM disrupts the MEF2-HDACA4 interac-
tion. This mechanism could account for the Ca2*-dependent activation of
MEF2, independent of the phosphorylation of the 14-3-3 binding serine
residues described in the previous paragraph (57). The physiologic signif-
icance of these findings is still uncertain, however, since in all the experi-
mental systems employed thus far, mutation of the 14-3-3-interacting
residues of class Ila HDACs totally abrogates the release of their tran-
scriptional repression of MEF2 by calcium signaling.
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Heterochromatin Protein 1

The HDAC9 isoform MITR, which lacks an HDAC catalytic domain,
isstill capable of repressing MEF2 transcription. Similarly, the N-terminal
domains of other class Ila HDACSs can repress transcription independ-
ently of the C-terminal catalytic domains. In arecent study, a yeast two-
hybrid screen seeking MITR-interacting proteins that might mediate this
HDAC-independent repression mechanism found HP1o. (58). HP1 con-
tains a chromodomain involved in the specific recognition of methylated
lysine 9 of histone H3. HP1 also interacts with the histone methyltrans-
ferase SUV39H1, which coimmunoprecipitates with class [la HDACs.
The interaction is mediated by an N-terminal domain of class || HDACs,
distinct from other interacting sites (Fig. 1A), and has been demonstrated
for HDACs 4 and 5 as well as MITR. These observations establish an
important link between histone deacetylase and histone methyltransferase
activities. Since the deacetylation of histone H3 must occur as a prelude
to its methylation, the class Il HDAC/ HP1/SUV39H1 complex could
mediate a coupled deacetylation-methylation activity that is important in
the establishment and maintenance of heterochromatin (58).

E1A C-Terminal Binding Protein

E1A C-terminal binding protein (CtBPL), originally identified as an
adenovirus E1A-interacting protein (59,60), is an important corepressor of
a number of Drosophila DNA binding proteins, including Hairy, Snail,
Krippel, and Knirps (61,62). In mammals, it interacts with the Kriippel
homologs mammalian basic Krippel-like factor 3 (BKLF/KLF3), hKLF8,
and lkaros (63-65). CtBP associates with these proteins through a PXDLS
motif, acting as a transcriptional corepressor. The same PXDLS motif is
involved in the interaction between CtBP and several HDACSs, including
HDAC4, HDACS, and MITR (66). Interestingly, the CtBP binding motif
is conserved in mouse HDACY but is missing in the human protein (45).
One might surmise that recruitment of class Ila HDACs and their associ-
ated NCoR/HDAC3 complex might account for the ability of CtBP to
repress transcription. However, in at least some cases, CtBP can still
repress transcription in the presence of HDAC inhibitors (67,68). The inter-
actionsamong CtBP, class IlaHDACSs, and all the DNA-bound factors men-
tioned above via the PXDLS motif are also presumably mutually
exclusive, making CtBP an unlikely adapter for the class [ laHDACs unless
it can itself multimerize.

A recent study using extensive biochemical fractionation showed that
CtBP is part of a stable complex that contains HDAC1, HDAC2, and two
histone methyltransferases, G9a and Eu-HMTasel. Knockdown of the
methyltransferases by small interfering RNA (siRNA) abrogated the
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CtBP-mediated repression of the E-cadherin promoter, suggesting that
these molecules play an important role in CtBP-mediated repression
(69). Since class Ila HDACs can associate with multiple DNA-bound
factors and CtBP at the same time, a perhaps more attractive hypothesis
is that the class Ila HDACs use CtBP as another means, in addition to
HP1, to recruit methyltransferase activity to the promoters they target
via MEF2 and other interaction partners. However, no experimenta evidence
yet supports this idea.

Homotypic I nteractions

A number of studies have shown that class |la HDACs are capable of
participating in homotypic interactions. MITR associates with HDAC1,
-3, -4, and -5 (6). Similarly, HDAC7 binds to HDAC1, -2, -4, and -5, as
well as itself (15). A recent study presented a computational analysis,
using the COILS program, of the predicted secondary structure of
HDAC4 (70). The analysis assigned a high probability of a coiled-coil
dimerization domain to the region encompassing amino acids 90 to 179
of HDAC4, aregion that is fairly well conserved between HDACs 4, 5,
and 9 but is absent in HDACY. Deletion of this region disrupted the pre-
viously observed localization of HDAC4 to discrete nuclear bodies, the
ability of HDACA4 to self-associate in vitro, and its sumoylation (37,70).
However, this region also contains the MEF2-interacting domain of
HDAC4, so whether or not the change in localization really has to do
with self-aggregation rather than binding to MEF2 is an open question.
Also, HDACY7, which diverges from the other family members through
most of the putative dimerization region, is still found in the discrete
nuclear bodies. It is nonetheless pleasing to speculate that this dimeric
region of HDAC4, encompassing the MEF2 binding site, might inter-
face in a bivalent manner with the similarly dimeric MADS/MEF2
domain. Resolution of the question must await either a solution of the
MEF2-HDAC4 structures or an analysis of self-association in a more
physiologic context.

Other Reported I nteractions

A number of interactions between class |la HDACs and other cellular
factors have been reported, but are as yet not structurally or functionally
well characterized. A brief discussion of each of these follows.

ERK /ERK 2

A study looking for kinase activity associated with HDAC4 in HEK
293T cells found that the mitogen-activated protein (MAP) kinases Erk1
and Erk2 coimmunoprecipitate with overexpressed HDACA4. The authors
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noted that HDACA4 is phosphorylated in their system and that transfection
of constitutively activated Ras, which among other things activates
Erk1/Erk2, increased the degree of nuclear localization of HDACA4 (71).
The authors did not, however, demonstrate that Erk1/Erk2 can phosphory-
late HDACA4 in vivo, nor did they directly connect Erk1/Erk2 activity to a
relocalization of HDAC4. No experiments identified the interacting
regions in either molecule.

TAT-INTERACTING PROTEIN

Tat-interacting-protein (TIP60), a 60-kDa acetyltransferase of the
MY ST family, is thought to function both as a coactivator and as a core-
pressor of transcription. Published reports from two different groups
place TIP60 and HDACY in the same protein complex. In the first study,
both HDAC?7 and Tip60 are purported to interact with endothelin recep-
tor A (ETA) to modulate its activity (72). The three molecules colocal-
ized upon stimulation of ETA by its ligand. However, no further attempt
to characterize the interactions or the functional significance of HDAC7
in the complex was made. In the second study, TIP60 and HDAC7 were
found to interact directly, and the interacting regions in each protein
were narrowed down to residues 241 to 533 of HDACY, encompassing
most of the HP1-interacting region, and residues 261 to 366 of Tip60,
containing a zinc finger. They further showed that HDAC7 potentiated
the repression of signal transducer and activator of infection 3 (Stat3)
transcriptional activation by TIP60. This points to a possible role for
HDACY? in cytokine signaling, although the authors make no suggestion
as to how the signal-dependent regulation of HDAC7 may be involved in
this mechanism.

ICPO

ICPO, an immediate-early protein of the herpes simplex virus (HSV),
is an activator of gene expression. HDACs 4, 5, and 7 all interact with
ICPO in transfected HelL a cells. The interaction regions were localized
to residues 106 to 241 of ICPO and residues 242 to 450 of HDACS, cor-
responding to roughly the same region of HDACTY that interacts with
Tip60 (73). Expression of 1CPO resulted in a relocalization of cellular
class Ila HDACs to the same subnuclear structure that ICPO occupies
and in aloss of HDAC-mediated repression of MEF2 transactivation.
The authors speculate that this derepression of MEF2 might keep the
host cells of HSV 1 in a state that would support Iytic infection or, alter-
nately, that the putative role of HDAC4 in DNA repair (see next sec-
tion) might be affected to promote maintenance of the HSV genomein
alinear form.
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53BP1

A recent study implicates HDAC4 in the DNA damage repair pathway
by finding that, in response to irradiation in HeLa cells, HDAC4 interacts
and colocalizes with 53BP1, a p53-interacting DNA damage-response pro-
tein (74). 53BP1 and HDAC4 were found together in transient nuclear
foci after irradiation. These foci failed to resolve in cells that were defi-
cient in DNA repair because of the loss of DNA-PK. Furthermore, SSIRNA
knockdown of HDAC4 affected the level of 53BP1, abrogated G2 cell-
cycle arrest in response to irradiation, and radiosensitized the cells. No
tests were proposed or conducted to discover how HDAC4 might carry out
thisrole in DNA repair. However, the finding does appear to be worthy of
further investigation, preferably in the context of untransformed cells.

REGULATION AND POSTTRANSLATIONAL
MODIFICATIONS OF CLASS I1a HDAC ACTIVITY

The most important feature of the class [laHDACs istheir extensive non-
catalytic domains that comprise multiple distinct targeting and regulatory
modules. These modules allow extracellular signals to regulate the associ-
ation with and repression of specific promoters by class [laHDACs (Fig. 3).
By far the best understood instance of thisregulatory function isthe activation
of MEF2 target genes through signal-dependent dissociation of class lla
HDACSs. These genes include molecules involved in multiple signal-
dependent pathways of cellular differentiation. Genes regulating muscle
differentiation (e.g., myogenin, muscle creatine kinase, and MRF4), genes
involved in thymic selection of T cells (e.g., Nur77), and genes involved in
the regulation of Epstein-Barr virus (EBV) latency (e.g., ZEBRA), are dl
regulated through MEF2-binding sites in their promoters (reviewed in ref.
10). Although the biological contexts and significance of the regulation of
each of these target genes are different (as will be discussed in depth in
Chapter 5), the basic mechanism underlying their regulation is the same.
Conserved serine residuesin the N-terminal domains of the classIlaHDACs
are phosphorylated in response to extracellular signals, resulting in the
dissociation of the class Ila HDACs from MEF2 and the resulting dere-
pression of the MEF2 target genes. Although a great deal is known about
the functioning of this mechanism, very little is known about the signifi-
cance of other posttranslational modifications of class Ila HDACs (i.e.,
sumoylation and caspase cleavage). Similarly, athough many clear possibil-
itiesexigt, little is known about how signal-dependent modifications of class
Ila HDACs might regulate putative target genes to which class Ila HDACs
might be recruited via factors other than MEF2. Future studies will hope-
fully soon shed some light on this large, unexplored territory.
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Regulation of Nucleocytoplasmic Shuttling

Signal-dependent nucleocytoplasmic shuttling is a hallmark of the class
[la HDACs. All the full-length isoforms of the class Ila HDACs
(15,16,53,54) can move between the cytoplasm and the nucleus and localize
exclusively to the nucleus upon treatment with inhibitors of nuclear export
(53,57,75-77). As discussed above, the subcellular distribution of classlla
HDACs can be regulated by binding to 14-3-3 proteins, and the binding of
these proteins to the class Ila HDACs is phosphorylation dependent
(16,53,54). Mutations of the conserved 14-3-3-interacting phosphoryla-
tion sitesin the class Ila HDACs (Fig. 1A) prevent class Ila HDACs from
being exported to the cytoplasm in response to extracellular signals
(9,16,53-55,71,77).

The 14-3-3 proteins are thought to modify the subcellular localization
of targets by modulating the activity of nuclear localization (NLS) and
nuclear export signals (NES). An NLS containing an arginine/lysine-rich
motif is present in the N-terminal domains of all four class Ila HDACsS,
just to the C-terminal side of thefirst 14-3-3 binding site (Fig. 1A) (57,78).
Phosphorylation-dependent binding of 14-3-3 proteins to the amino-termini
of class Il HDACs masks this NLS and prevents nuclear import. Conversely,
a chromosome region maintenance 1 (CRM1)-dependent nuclear export
signal is present at the extreme C termini of HDACs 4, 5, and 7 and the
full-length isoforms of HDAC9 (Fig. 1A) (5,78). The truncated isoforms
of HDACSY, variants 1, 2, and 3, lack the C-terminal NES and are constitu-
tively nuclear. This NES, in those class Ila HDACs that have it, becomes
active upon binding of 14-3-3 proteinsto the N terminus of class |l HDACs
and drives their relocalization to the cytoplasm.

Phosphorylation of Class |la HDACs

Several lines of evidence suggest that signal-dependent phosphoryla-
tion of 14-3-3 binding sites is the critical mechanism regulating the nucleo-
cytoplasmic shuttling of the class I[la HDACs and the signal-dependent
repression of target genes. As mentioned in the previous section, mutation
of these conserved serine residues results in constitutive nuclear localiza
tion of the class IlaHDACSs and signal-refractory repression of their target
genes (8,9,77,79). Treatment of cells with staurosporine, a protein kinase

Fig. 3. Regulation of class Ila HDACs by signal-dependent phosphorylation.
Phosphorylation of 14-3-3 binding sites in the N termini of class Ila HDACs by
either PKD or Cam kinase in response to extracellular signals resultsin the export
of class Ila HDACs to the cytoplasm and derepression of target genes. As yet
unknown phosphatases, possibly also regulated by extracellular signals, may
mediate reimportation of class|la HDACs to the nucleus and consequent rerepres-
sion of target genes.
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inhibitor, leads to the nuclear localization of HDAC4 (54). Conversely,
treatment of cells with calyculin A, a phosphatase inhibitor, increases the
cytoplasmic retention of HDACA4.

Initial examination of sequences of the phosphorylation sites in class
Ila HDACs determined that they were closely related to consensus phos-
phorylation sites for the cal cium/calmodulin-dependent protein kinases
(CaMKs) (79). These kinases represent attractive candidates for the regu-
lators of class Ila HDACS, since the activity of MEF2 is regulated by cal-
cium flux (80) and since calcium signaling is an important mechanism in
the muscle, immune, and neural cells where class Ila HDACs are abun-
dant. Subsequent studies showed that CaMKI and CaMKIV could phos-
phorylate al four class Ila HDACs, promote their association with 14-3-3
proteins, and stimulate their export to the cytoplasm (5,9,16,53,55).
Overexpression of congtitutively active CaMKs or signal-dependent acti-
vation of CaMKs in cell culture models induced relocalization of class lla
HDAC:s to the cytoplasm, derepressed class Ila HDAC target genes, and
induced both the myogenic conversion program and cardiac hypertrophy
(55,81-83).

However, recent studies have revealed that phosphorylation of classIla
HDACs by CaMKs is not the whole story. In the cardiomyocytes of
HDACO9-deficient mice, an HDAC kinase activity stimulated by cardiac
pressure overload was resistant to CaMK inhibitors (84). Since then,
another study from the same group has revealed that protein kinase D
(PKD), arecently described protein kinase related to both protein kinase C
(PCK) and CaMK, is activated by hypertrophic stimuli and phosphory-
lates HDACS. Phosphorylation of HDACS by a constitutively active PKD
mutant stimulated nuclear export of HDACS (85). Similarly, work donein
our laboratory showed that PKD is activated by antigen receptor signaling
in thymocytes.

We aso found that PKD can phosphorylate HDAC7 in a T-cell
hybridoma, and that expression of constitutively active PKD leads to
nuclear export of HDAC7 and derepression of the Nur77 promoter.
Interestingly, in at least one model of T-cell apoptosis and Nur77 regula
tion, the PKC-PKD pathway, and not calcium signaling, appeared to be the
key regulator of HDACY. Treatment of antigen receptor-stimulated
D011.10 T-cell hybridoma cells with PK C/PKD inhibitors, but not CaMK
inhibitors, was able to block the expression of Nur77. Also, the cytoplas-
mic relocalization of transfected HDAC7 was driven by phorbol myristate
acetate treatment, which activates PKD, but not by treatment with iono-
mycin, which activates CaMK (86).

The recent discovery of anew kinase that is responsive to distinct extra-
cellular signals and can mediate the nuclear export of class [la HDACs
raises some intriguing possibilities. In some circumstances, the two
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kinases might function redundantly, asin T-cell antigen receptor signaling,
which results in both PKC activation and calcium flux. However, in other
cases, such as muscle, the activation of these two kinases may arise from
different signals entirely. A dynamic equilibrium between the activities of
the two kinases and the activities of the cognate phosphatases, al in
response to different or overlapping extracellular signal's, might thus deter-
mine the localization of class Ila HDACs as the result of a complex inte-
gration of the extracellular environment.

Such a complex integration of different signals might play an important
role in regulating cell-fate decisions in processes of differentiation in
which class Ila HDACs might play a role, such as early T-cell develop-
ment or the formation of structures in the developing heart or nervous
system. Indeed, a recent study showed that PKD appears to play arole
during B-selection in the early development of T cells, a process that
involves numerous cell-fate decisions (87). This finding, as well as the
elucidation of other differentiation processes involving PKD and CaMK,
will provide new clues as to the possible functions of the class laHDACS.
How effective each kinase is at phosphorylating each potential substrate is
also still an open question. Currently, there are only data on PKD for
HDACS and HDAC7, so it is still formally possible that HDAC4 and
HDAC9 are not substrates.

Finally, there is still nothing known about what cellular phosphatases
are responsible for the dephosphorylation of the class Ila HDACs, either
constitutively or in response to extracellular signals. Modulation of the
activity of HDAC phosphatases may be important in adding a combinato-
rial element to the regulation of class Ila HDAC subcellular localization.
Finding and characterizing these phosphatases is an active area of research
in our laboratory and undoubtedly in others as well.

Other Posttrandglational Modifications

Although phosphorylation of 14-3-3 binding sites is an important and
well-characterized posttrandational modification of the class Ila HDACS,
it is not the only one. HDACs 4, -9, 1, and 6 are conjugated to the small
ubiquitin-like modifier-1 (SUMO-1) through the SUMO E3 ligase
RanBP2 (70). This modification occurs at K559 of HDAC4, a residue that
is conserved in HDACs 4, 5, and 9, but not HDAC? (Fig. 1A). A mutant
version of HDAC4 that cannot be sumoylated, K559R, was found to have
diminished repressive activity and markedly diminished enzymatic activity.
The effect may be owing to a structural problem in the mutant protein.
One hypothetical function of SUMO is the proper targeting of sumoylated
proteins to the nuclear pore complex and to nuclear bodies. However, there
was no difference between the subnuclear localizations of HDAC4 K559R
and wild-type HDAC4. Mutation of the sumoylation site of HDAC4 did
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not affect binding to any known interaction partners, but SUMO might
mediate interaction of HDAC4 with an as-yet unknown cofactor.

Finally, two reports have come out this year that HDAC4 can be cleaved
by caspases 2 and 3 in response to proapoptotic stimuli (88,89). Cleavage
occurs at D289 of HDAC4, aresidue that is nhot conserved in any of the
other class Ila HDACSs. Interestingly, the cleaved N-terminal fragment of
HDAC4 promotes apoptosis by itself, through the mitochondrial pathway,
and was a'so found to be a more potent repressor of MEF2-mediated tran-
scription than the full-length HDACA4. Unfortunately, the authors did not
determine the effect of a caspase-resistant mutant of HDAC4 on the sus-
ceptibility of cellsto various apoptotic stimuli, so it isimpossible to assess
how important this mechanism is to the regulation of apoptosis.

SUMMARY AND FUTURE QUESTIONS

Much has been learned about the class Ila HDACs in the short time
since they were discovered. A host of interaction partners have been iden-
tified, mediating targeting to specific promoters, recruitment of different
enzymatic activities such as histone methylation, and regulation of subcel-
lular localization. Many of these interactions have been tied to the signal-
dependent regulation of specific target genes that play important roles in
differentiation processes in heart, skeletal muscle, and the immune system
and in the regulation of viral latency. Other biological roles are being
defined in the context of knockout animals. However, many questions
remain to be answered.

The host of protein—protein interactions in which the class Ila HDACs
participate offers a vast array of possible transcriptional targets for these
regulators; however, to date, only one systematic study looking for tar-
gets of the class Ila HDACs has been undertaken (90). In Saccharomyces
cerevisiae, a technically impressive study (91) defined the histone
deacetylation targets genome-wide of five HDAC molecules: reduced
potassium dependency 3 (RPD3; the class | prototype), histone decety-
lasel (HDA1; theclass |1 prototype), silent information regulator 2 (Sir2),
Hosl/3, and Hos2. The authors used a chromatin immunopreci-
pitation/DNA microarray strategy to analyze the effects of deletion of
each of these molecules on the acetylation state of approx 6700 distinct
intergenic regions (IGRs).

There was a clear division of labor between the yeast molecules. For
example, of the 815 IGRs hyperacetylated in the RPD3-deleted mutant
and the 647 IGRs hyperacetylated as a result of HDA1 deletion, only
139, or about 10% of the total, were affected by both mutations.
Although deletion of HDA1 affected acetylation near a broad range
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of genes, there was a preference for genes involved in responses to meta-
bolic stress. Interestingly, these genes were concentrated in regions
around 10 to 25 kb from the telomeres, which are repressed under nor-
mal growth conditions. The authors termed these regions HAST
domains. They also found a good correlation between genes hyperacety-
lated by HDA1 deletion and genes derepressed by deletion of the
sequence-specific factor tupl, which recruits HDA1 to promoters (92).
However, only about 31% of the genes affected by HDA1 deletion are
differentially regulated by tupl deletion, suggesting that as yet unde-
fined mechanisms are responsible for the recruitment of HDAL1 to the
remaining loci. Unfortunately, the lack of the N-terminal domain charac-
teristic of the vertebrate class Ila HDACs in HDA1 clearly limits the
degree to which this study can shed light on the potential targets of the
human class Ila HDACs.

Although recent work implies strongly that a number of targets of
runx2 are regulated by HDAC4, the great majority of known class Ila
HDAC targets are recruited via interaction with MEF2 family transcrip-
tion factors. In part, this dearth of other modes of class [laHDAC recruit-
ment may have to do with the tendency of the field thus far to start with
a MEF2-regulated gene and work backward toward the class [laHDACS.
DNA microarray technology should make it fairly straightforward to
undertake studies that start with the class Ila HDACs and proceed for-
ward from there. The one such study published so far failed to identify
any genes that were regulated by HDACS in a MEF2-independent man-
ner. Microarray comparisons were made between murine cardiomy-
ocytes that were expressing a signal-resistant mutant of HDACS vs
wild-type cardiomyocytes. The one differentially regulated gene that
was not already known to be a MEF2 target that was investigated was
peroxisome proliferator-activated receptor y coactivator 1o, an impor-
tant regulator of mitochondrial biogenesis (90). As it turns out, this gene
also has MEF2 binding sites in its promoter. Hopefully, future microar-
ray studies will have better luck in identifying MEF2-independent tar-
gets of the class Ila HDACs.

In our own laboratory, we are currently undertaking microarray studies
aimed at identifying targets of HDACY in T-cell development. Although
the results are still too preliminary to discuss in detail, we appear to have
identified at least a few genes that are regulated by a mechanism unrelated
to MEF2, but further confirmation will be required before we can assert
this with confidence. Hopefully, as several laboratories undertake similar
studiesin different physiologic contexts, a clearer picture of the doubtlessly
highly complex role of the class IlaHDACs in developmental gene regulation
will begin to emerge.
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SUMMARY

Until recently, reversible acetylation was thought to occur exclusively in
the nucleus. Now it is known that several cytoplasmic processes require
reversible acetylation. The first identified cytoplasmic deacetylase was
HDACS6, a member of the histone deacetylase (HDAC) family. HDAC6
modulates a-tubulin acetylation and thus can regulate cytoskeletal dynamics
and cell motility. HDACS has aso been shown recently to play an essentia
role in the cel’s response to misfolded proteins. Using the characterization
of HDACS6 as a starting point, in this chapter we review the role of HDACs
in the cellular response to misfolded proteins. Specifically, we address how
HDACs regulate the formation of aggresomes. We also discuss the relevance
of these findings to neurodegenerative disease.

Key Words: HDAC, deacetylation, aggresome, misfolded protein,
inclusion body, ubiquitin, proteasome, polyglutamine, Huntington, neuro-
degenerative disease.

INTRODUCTION

In 1966, reversible protein acetylation was discovered by virtue of its
correlation with gene transcription (reviewed in ref. 1). Because this pio-
neering research concerned gene transcription, subsequent work has
focused exclusively on the role of acetylation in histone modification and
downstream events. These studies have led to amolecular understanding of
gene transcription and chromatin remodeling, as well as the identification
of enzymes that regulate reversible histone acetylation (reviewed in refs. 2
and 3). Because of the intense focus on histone acetylation, it is commonly
thought that reversible acetylation, and therefore enzymes that regulate
acetylation, are mostly dedicated to chromatin-related processes. Recent
studies, however, have begun to challenge this simplistic paradigm and
implicate reversible protein acetylation in a surprising array of cellular
processes including cell motility (4) immune synapse formation (5), and
misfolded protein trafficking (6). These new studies suggest that reversible
acetylation might have many nongenomic functions that are just now being
discovered. In this chapter, we discuss recent findings that have identified
novel and essential roles for members of the histone deacetylase (HDAC)
gene family in the cellular response to misfolded proteins. We will also
touch on the significance of these findings for neurodegenerative disease.

HDACG IS A CYTOPLASMIC DEACETYLASE

The first evidence of nonnuclear and nonhistone-associated activity for
a HDAC member came from the characterization of HDAC6 (7). Among
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the 11 identified HDAC family members, HDACS is uniquely localized to
the cytoplasm under most conditions (8-10). In the cytoplasm, HDAC6
concentrates distinctly at the perinuclear region and at the leading edge.
Interestingly, this pattern is also shared by p150¢'ued, which is a compo-
nent of the dynein motor complex. Dynein is a large protein complex that
hydrolyzes ATP to move cargo such as organelles and proteins from the
plus (+) to the minus (=) ends of microtubules (reviewed in ref. 11).

The similarities between the subcellular distribution of HDAC6 and
p1506Iued guggest a functional link among HDACS6, microtubules, and the
dynein motor. Indeed, it was discovered that HDACG6 dynamically associ-
ates with microtubules (4,12). One key function of this microtubule con-
nection might be linked to microtubule acetylation (13), a modification
that was known to be associated with microtubule stability (14). Through
cell biological, biochemical, and genetic approaches, it was discovered
that HDACS is the a-tubulin deacetylase that had long eluded researchers
(4,12,15). Although the exact function of tubulin acetylation remains
unknown, the demonstration of HDACS as a tubulin deacetylase provides
the first experimental evidence that HDAC family members have functions
outside the nucleus.

HDAC6 HAS AN INTRINSIC UBIQUITIN-BINDING
ACTIVITY

In characterizing the protein structure of HDACS, additional nonge-
nomic functions of HDACG6 have been discovered. In addition to its tandem
catalytic domains (7), HDACG6 also contains a zinc finger motif that is
absent in other members of the HDAC family. Intriguingly, such a motif
(known as a binding-of-ubiquitin zinc [BUZ] finger and also as the PAZ
domain [16] or the HUB domain [9,10]) is also found aimost exclusively
in deubiquitinating enzymes (17), suggesting that HDAC6 might be func-
tionally connected to protein ubiquitination (Fig. 1). Indeed, biochemical
studies demonstrate that this zinc finger motif (BUZ finger) has ubiquitin-
binding activity (16-18). Remarkably, the BUZ finger also mediates
HDAC6 monoubiquitination (17). Thus, HDAC6 can bind ubiquitinated
proteins and be a target of monoubiquitination.

This unusual ubiquitin connection is characteristic of proteins involved
in vesicular transport and protein trafficking. Such proteins often contain
specific domains such as the ubiquitin interactive motif (UIM) and CUE
domains. Similar to the BUZ finger, the UIM and CUE domains can also
bind ubiquitin and mediate monoubiquitination (19). These similarities
suggest that HDAC6 might be involved with protein trafficking. Thisidea,
albeit completely unexpected for a HDAC, is consistent with the fact that
HDACS6 associates with the microtubule network and dynein motor
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Fig. 1. The protein structure of HDACS6. (A) HDAC6 possesses two catalytic deacetylase domains and a binding-of-ubiquitin zinc (BUZ)
finger (also referred to as a PAZ domain or a HUB domain). (B) Homology alignment of the HDAC6 BUZ finger with putative zinc fin-
gersin several deubiquitinating enzymes. The genes, their species of origin, and accession numbers include: HDAC6 (Homo sapiens),
Q9UBN7; USP3 (H. sapiens), AF073344; UbpM (H. sapiens), BC030777; BRAP-2 (H. sapiens), AF035620; ORF (Arabidopsisthaliana),
NM_129779. Key conserved cystine and histidine residues are boxed. Note that spacing and the number of key residues is conserved
throughout the different species, as shown in the top consensus sequence line. (C) The HDAC6 BUZ finger is compared with the plant
homeodomain (PHD), RING, and LIM zinc finger domains.



Chapter 7 / HDACs and Misfolded Proteins 169

complex (4). Thustheinitial characterization of HDAC6 as a microtubule-
associated ubiquitin-binding deacetylase provided exciting clues to the
cellular processes that HDACG regulates.

AGGRESOMES AND THE PROCESSING
OF MISFOLDED PROTEINS

One critical process known to involve both dynein motors and protein
ubiquitination is the management of misfolded protein aggregates. Protein
misfolding and aggregation are unavoidable consequences of protein pro-
duction in the cell. Under normal conditions, the production of misfolded
proteins is kept in check by quality control processes (20,21), which use
molecular chaperones to maintain the proper tertiary structure of newly
synthesized or unfolded proteins. If a protein fails to fold properly, it is
targeted for degradation by the proteasome. However, stress and pathol og-
ical conditions, including temperature, oxidative stress, and genetic alter-
ations, can cause an accumulation of misfolded proteins that exceeds the
capacity of proteasomal degradation. The misfolded proteins that escape
proteasomal degradation can be toxic if they are not sequestered or other-
wise degraded (21,22). Failure to degrade misfolded proteins is a domi-
nant factor contributing to the cell death observed in many human
disorders (21,23).

Specific cellular processes have evolved to eliminate misfolded pro-
teins. One important response to the accumulation of misfolded proteins
is the cellular formation of an aggresome (21,24-26). Aggresomes are
perinuclear inclusion bodies that are major repositories and processing
centers for misfolded protein aggregates. The formation of aggresomes
requires an intact microtubule network and microtubul e-associated
dynein motors (24). It was proposed that misfolded proteins in the
cytoplasm were collected by dynein motors and transported along the
microtubule network to the microtubule-organizing center (MTOC),
forming an aggresome (24). As dynein is a minus-end-directed motor
that moves cargo toward the MTOC, this model elegantly explains the
invariant perinuclear and MTOC-centered localization of aggresomes.
Once misfolded proteins arrive at the MTOC, they are probably
processed by local concentrations of proteasomes and by autophagy
machinery (reviewed in ref. 21).

The formation of aggresomes probably reflects two important func-
tions: (1) to sequester misfolded proteins that would otherwise cause wide-
spread cellular toxicity, and (2) to permit efficient degradation of
misfolded proteins by MTOC-localized machinery, such as proteasomes
or autophagy. This model predicts that aggresomes have a critical role in
managing the cellular stress induced by misfolded proteins.
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HDAC6 and Aggresome Formation

For misfolded proteins to be transported to the MTOC, the dynein
motor must first bind them. However, it was not known how dynein could
recognize and bind misfolded proteins. A clue for this fundamental ques-
tion came from characterizing the subcellular localization of HDACSG (6).
It was discovered that HDAC6 underwent a dramatic relocalization and
became concentrated in the aggresome under conditions that induce mis-
folded protein accumulation. The significance of this observation was
revealed when it was found that cells deficient in HDAC6 cannot form
aggresomes. HDACS is required for aggresomes induced by inhibition of
proteasome activity or by the expression of ubiquitinated misfolded pro-
teins, such as a mutant form of the cystic fibrosis transmembrane conduct-
ing regulator (CFTR)-AF508 (6). In HDAC6-deficient cells, many small
clusters of misfolded protein are observed instead of a single prominent
aggresome. These observations show that HDACS is required for aggre-
some formation and implicate HDACS in the microtubule-based shuttling
of misfolded protein cargo to the MTOC.

By what mechanism is HDACG6 essential for aggresome formation?
Investigations revealed that HDAC6 mediates aggresome formation by
associating simultaneously with the dynein motor complex and with ubig-
uitinated proteins (Fig. 2A) (6). HDACS interacts with dynein motors
through sequences at the N terminus, whereas it binds ubiquitinated mis-
folded CFTRAF508 via the BUZ finger. Thus, HDAC6 may represent a
“missing link” between misfolded protein cargo and dynein, since HDAC6
allows for the efficient transport of misfolded proteins along the micro-
tubule network to the MTOC and aggresome formation (6). In support of
this model, it was shown that the ubiquitin-binding BUZ finger is essential
for HDACEG to regulate aggresome formation. An HDAC6 mutant that

Fig. 2. The role of cytoplasmic HDACs in transporting misfolded proteins to the
aggresome. (A) Misfolded proteins are polyubiquitinated to target them for pro-
teasomal degradation. When the proteasomes are overwhelmed, however, mis-
folded ubiquitinated proteins form small aggregates in the cytoplasm. HDACS6,
with its dynein motor-binding domain (DMB) and binding-of-ubiquitin zinc
(BUZ) finger, functions to bind this misfolded cargo and the dynein motor com-
plex. This enables shuttling of misfolded proteins to the aggresome via (—)-ended
movement along microtubules (shown at right). (B) Some cytoplasmic misfolded
proteins are not ubiquitinated. Examples include the chimera protein GFP250 and
mutant superoxide dismutase (SOD-1). As with ubiquitinated proteins, these can
form small aggregates that are recognized and transported via dynein and micro-
tubules to the aggresome. Recent evidence implicates an as-yet unidentified
non-HDACG histone deacetylase (“HDAC?") in mediating the formation of non-
ubiquitinated aggresomes.
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lacks the BUZ finger does not bind ubiquitinated misfolded CFTR and
hence does not support aggresome formation. This model would explain
why, in HDACG6-deficient cells, misfolded ubiquitinated proteins are not
transported to the MTOC (Fig. 2A).

Reversible Protein Acetylation and Aggresome Formation

HDACG6 possesses a unique ability to link misfolded protein cargo with
the dynein motor complex. Is HDAC6 merely a bridging protein, or does
it have additional functions that are conferred by its deacetylase activity?
Two lines of evidence suggest that HDAC6 functions as more than just an
adaptor for misfolded protein cargo and dynein motors. First, a catalyti-
cally inactive HDAC6 mutant cannot support aggresome formation (6).
Second, HDAC inhibitors can suppress aggresome formation induced by
misfolded mutant superoxide dismutase (SOD-1) (27). These results argue
that specific protein deacetylation is probably important for aggresome
formation. What might be the target(s) of HDACG6 deacetylation during
aggresome formation? The obvious candidates are proteins in the dynein
motor complex including a-tubulin, molecular chaperone machinery, pro-
teasomes, and autophagy components. The deacetylation of these factors
by HDAC6 might be necessary for theinitial aggresome-delivery complex
to form and/or to allow efficient transport for aggresome maturation.
Because the deacetylase activity of HDACS6 is required for aggresome for-
mation, yet no targets for HDAC6 deacetylation have been identified in
the aggresomal response, several important and exciting unanswered ques-
tions remain concerning the misfolded protein response and reversible
acetylation.

WHAT INITIATES AGGRESOME FORMATION?

The aggresome is only one of several cellular responses to misfolded
proteins. The first line of defense involves chaperone proteins that direct
proper protein folding in the endoplasmic reticulum (ER) and cytoplasm
(reviewed in ref. 28). When this fails, a second defense mechanism uses
ubiquitin-conjugating enzymes to target misfolded proteins for degrada-
tion. One prominent example of such machinery is ER-associated degra-
dation (ERAD) (28). Finally, aggresomal response is activated when other
mechanisms, such as the proteasome and ERAD, have been overwhelmed.

How do cells sense the presence of aggregated proteins and activate the
aggresomal response? Do ubiquitinated misfolded proteins, HDAC6, and
dynein form a complex merely by chance or through a regulated mecha-
nism? Evidence indicates that the association between HDAC6 and dynein
motors is indeed regulated. Under normal conditions, the interaction
between HDAC6 and dynein is weak. However, when the proteasome is
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inhibited, and ubiquitinated misfolded proteins accumulate in the cell, the
HDAC6-dynein motor complexes are significantly induced (6). One inter-
pretation is that the accumulation of ubiquitinated, misfolded proteins can
stimulate or stabilize the interaction between HDAC6 and dynein motors.
This could then promote the efficient transport of misfolded proteins to
the MTOC and the aggresome. Misfolded proteins might induce this
response by binding to HDACS6 viathe BUZ finger. One can specul ate that
thiswould then induce a conformational changein HDACS, thereby allow-
ing more favorable binding to the dynein motor complex. Subsequently,
the shuttling of misfolded proteins via HDAC6 could proceed to the
aggresome. In this case, the BUZ finger would function as a sensor for the
accumulation of misfolded proteins.

Another possibility is that the machinery involved in degrading the mis-
folded proteins, such as ERAD, can somehow communicate with the
machinery that regulates the formation of aggresomes. Given that both
ERAD and the aggresome are responses to the accumulation of misfolded
proteins, this suggestion is plausible. Furthermore, if ERAD and the aggre-
some represent a response to moderate and severe levels of misfolded pro-
teins, respectively, then it makes sense that if the moderate response
(ERAD) became overwhelmed, it would activate a more severe response
(aggresome). Interestingly, HDACG6 has been reported to interact with
cdc48/p97 (18), a key component of the ERAD machinery. One can spec-
ulate that the association of HDAC6 and cdc48/p97 could form the con-
nection between ER and cytoplasmic misfolded protein responses,
permitting a cell overwhelmed by misfolded ER proteins to signal and
initiate the formation of the aggresome.

THE NONUBIQUITINATED MISFOLDED PROTEIN
CARGO DILEMMA

Thus far, we have discussed reversible acetylation in the context of
aggresomes that are composed of ubiquitinated proteins. However, aggre-
somes can also form with ubiquitin-negative misfolded proteins. One
example is aggresomes formed by overexpression of GFP250, a chimeric
protein between green fluorescent protein (GFP) and part of p115 (26).
Interestingly, HDACG6 does not bind nonubiquitinated misfolded model
protein GFP250 and is not required for GFP250-induced aggresome for-
mation (6). This specificity of HDAC6 toward ubiquitinated proteins, how-
ever, poses a potential problem for cells.

The concept has been proposed that nonubiquitinated proteins can be
degraded by proteasomes (reviewed in ref. 29). It is likely that some mis-
folded proteins might not be subject to polyubiquitination. In addition to
GFP250, another example of an aggresome-forming, nonubiquitinated
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protein is mutant SOD-1. The mutant form of this enzyme causes neuro-
degenerative familial amyotrophic lateral sclerosis (ALS) (30). These
nonubiquitinated misfolded proteins, however, are still toxic to cells and
need to be cleared (31). Importantly, aggresomes induced by SOD-1 and
GFP250 share many other features of aggresomes formed by ubiquitinated
proteins. For instance, aggresomes from both ubiquitinated and nonubig-
uitinated proteins localize to the MTOC and require transport via micro-
tubules and the dynein motor complex (25,26). Therefore, it is apparent
that ubiquitination is not essential for misfolded proteins to be recognized
by the dynein motor for transport to the MTOC.

How, then, does the dynein motor complex recognize nonubiquitinated
misfolded proteins? As arelated question, are other members of the HDAC
family involved in the processing of nonubiquitinated misfolded proteins?
In a screen for molecules that suppress SOD-1 aggresome formation, a
general HDAC inhibitor, Scriptaid, wasidentified (27). Although it remains
possible that Scriptaid inhibits SOD-1 aggresome formation through a
transcription-dependent mechanism, the most likely interpretation is that
one or more HDAC family membersisinvolved in the transport of SOD-1
misfolded proteins. As with Scriptaid, another HDAC inhibitor, Trapoxin-B,
was also able to inhibit SOD-1 aggresome formation (27). Trapoxin-B,
however, inhibits all HDACs except HDAC6 (32). Thus, in the presence of
adrug that blocks all HDACs but HDACS, aggresomes of nonubiquitinated
proteins could not form (27). This is consistent with the finding of
Kawaguchi et al. (6) that HDACS is not required to form aggresomes of
the nonubiquitinated protein GFP250. Taken together, these data suggest
that one or more HDAC family members, other than HDACSG, are impor-
tant for forming aggresomes with nonubiquitinated proteins (Fig. 2B).
Identifying a putative HDAC that is important for SOD-1 aggresome
formation would be of great significance and would suggest that HDAC
family members might play a more general role in regulating misfolded
proteins. Elucidating how nonubiquitinated misfolded proteins are recog-
nized and processed will be critical for our understanding of how cells
manage misfolded protein stress. This would be especially relevant to
diseases that involve the aggregation of nonubiquitinated proteins, such as
SOD-1-induced ALS.

HDACs AND THE EXPANDED
POLYGLUTAMINE-ASSOCIATED INCLUSION BODY

As discussed, aggresomes share many similarities with inclusion bodies
found in many diseases. Proteins that contain expanded glutamine tracts
form another type of protein aggregate. These poly-glutamine (polyQ)
aggregates are thought to be toxic and are involved in the pathogenesis
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of many diseases, including Huntington’s disease and several forms of
spinocerebellar ataxia (SCA; reviewed in ref. 33). PolyQ aggregates,
like aggresomes, are enriched in ubiquitin and molecular chaperones
(33). It remains unclear, however, whether the formation of the polyQ
inclusion body is mediated by an active mechanism, as with aggre-
somes, or whether polyQ aggregates form by a passive mechanism of
self-assembly.

Similar to aggresomes, however, polyQ-associated inclusion body has
been linked to HDAC family members. For example, HDAC3 was reported
to be present in the disease-inducing mutant Ataxin-1-associated nuclear
inclusion bodies (34). Furthermore, in a model of neurodegeneration in
Drosophila, in which a polyQ-expanded ataxin-1 gene is expressed, a
mutation of the dRpd3 gene leads to enhanced neurotoxicity (35). dRpd3
isahomolog of mammalian HDAC1 and HDAC3 (10). These results sug-
gest afunctional connection between members of the HDAC families and
polyQ inclusion bodies. Interestingly, the well-characterized acetyltrans-
ferase cyclic AMP-responsive binding protein (CREB) binding protein
(CBP) is also present in the polyQ inclusion body (36), further suggesting
arole for enzymes that regulate protein acetylation in the pathogenesis of
polyQ inclusion bodies.

In contrast to the active role proposed for HDACSG in regulating aggre-
some formation, it is thought that CBP and HDACs are trapped in polyQ
inclusion bodies by a passive mechanism. The sequestration of these
enzymes in polyQ aggregates causes CBP and HDACs deficiency, subse-
guent alteration in gene transcription, and ultimate cell death. Although a
large body of experimental data supports this model, several interesting
observations suggest that other mechanisms might be in operation. For
example, CBP was found to move in and out of the polyQ inclusion body
dynamically instead of simply being physically trapped in the inclusion
body (37). Furthermore, in a Drosophila model of polyQ-expanded aggre-
gates of the Huntingtin gene, elevated expression of CBP prevented the
formation of polyQ aggregates (31). Given the importance of HDACG6 in
regulating aggresome formation, it would be of great interest and signifi-
cance to consider whether HDAC members and the CBP acetyltransferase
might play a similar active role in regulating the formation of polyQ
inclusion bodies.

INCLUSION BODIES, HDAC, AND GENE
TRANSCRIPTION
In cell culture models of aggresomes, substantial evidence has accrued

to argue that the cytoplasmic behavior of HDACSG is involved with mis-
folded proteins. It remains possible, however, that HDACG6 could directly
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or indirectly regulate transcriptional activities that are important for the
processing of misfolded proteins. For example, HDAC6 may shuttle into
the nucleus and alter gene transcription, which may then in turn affect key
components of the aggresomal response. Although a minor nuclear pool
of HDACS6 has been reported under specific conditions (8,9), there is no
evidence that such a nuclear translocation occurs in response to misfolded
protein’s stress (6). On the other hand, it is worth noting that the effect of
Scriptaid in preventing SOD1-induced aggresome formation can be
reversed when transcription is inhibited by actinomycin D (27). However,
considering that many heat shock proteins are induced transcriptionally in
response to misfolded protein stress (38), actinomycin D treatment could
prevent the induction of heat shock proteins and increase misfolded pro-
tein levels, thereby promoting aggresome formation. Further studies would
be required to determine whether HDAC6 and possibly other members
of the HDAC family regulate aggresome formation independently of
transcriptional events.

In contrast to the aggresome, the toxicity associated with polyQ inclu-
sion bodies has been linked to transcriptional perturbation in many studies.
It was initially reported that a mutant fragment of the Huntingtin gene
with an expanded polyQ tract can interact with CBP, affect its acetyltrans-
ferase activity, cause a decrease in histone acetylation, and induce neu-
ronal cell death (36,39). Importantly, these phenotypes can be ameliorated
by treatment with either of two HDAC inhibitors, sodium butyrate and
suberoylanilide hydroxamic acid (SAHA) (39). In this case, however,
whether the nature of the cytoplasmic aggregates was altered by HDAC
inhibition was not known. In another Drosophila model discussed previ-
ougly, it was found that elevated expression of CBP returned acetylated
H3 and H4 to baseline levels, rescued the neurodegenerative phenotype,
and, most importantly, prevented the formation of intraneuronal inclusions
caused by mutant Huntingtin fragments (31). The latter observation is of
great interest. If mutant Huntingtin induces cell death by trapping CBP in
the inclusion bodies, as was proposed (36), it is not clear how elevated
levels of CBP could lead to clearance of the inclusion bodies. An interest-
ing possibility is that CBP might not be simply trapped in the polyQ
inclusion bodies, rather, CBP could also actively regulate the formation of
inclusion bodies, possibly by enhancing the clearance of misfolded
proteins. Whether CBP and HDAC members regulate polyQ-associated
protein aggregates through a genomic-dependent or -independent mecha:
nism is a critical issue. It is possible that CBP and HDACs regulate
proteins that are critical for polyQ inclusion body formation viareversible
acetylation. Such a scenario would suggest that protein acetylation
machinery could have a general role in the regulation of various inclusion
bodies induced by misfolded proteins.
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HDACs AND NEURODEGENERATIVE DISEASE

Many human diseases are characterized by the presence of intracellular
protein aggregates that usually correlate with regions of increased cell
death. In such diseases, aggregates are termed inclusion bodies. In
Parkinson's disease and dementia with Lewy bodies, for instance, inclu-
sion bodies appear in neurons of involved regions of the brain (reviewed
in ref. 40). There are many striking similarities, biochemically and mor-
phologically, between inclusion bodies and aggresomes. These similarities
include the presence of a restructured intermediate filament network,
microtubul e organizational machinery (y-tubulin, pericentrin), ubiquiti-
nated proteins and ubiquitin-conjugating enzymes, and molecular chaper-
ones (21,41). These observations suggest that aggresomes are fundamentally
important in both misfolded protein-induced stress response and the patho-
genesis of neurodegenerative and other diseases.

However, whether the formation of inclusion bodiesis the cause of cel-
lular toxicity or part of abeneficial stressresponseistill heatedly debated.
The study of HDAC6 and aggresome formation provides a tentative clue
to this important question. It was observed that in HDACG6-deficient cells,
failure to form aggresomes in response to misfolded protein accumulation
is accompanied by dramatic apoptosis (6). The hypersensitivity of
HDACS6-deficient cells to misfolded proteins strongly supports the idea
that HDACG6-dependent aggresome formation is an important cytoprotec-
tive response to misfolded protein stress. Accordingly, inclusion bodies
are probably part of the stress response that is important to protect neu-
rons from toxicity caused by misfolded proteins.

However, the function of HDAC members in managing misfolded pro-
tein induced-stress and neurodegenerative disease could be acomplex one.
For example, as was already discussed, the loss of Drosophila Rpd3 (a
HDAC homolog) aggravates cell death that is caused by aggregated polyQ-
expanded Ataxin-1 (34). A conflicting story istold by results from studies
in fly and mouse models of protein aggregation. In these reports, the toxi-
city of polyQ-expanded, aggregated proteins can be ameliorated by treat-
ment with HDAC inhibitors (35,39,42). These apparently contradictory
observations underscore the importance of fully characterizing the roles of
different HDAC members and CBP acetyltransferase in various types of
misfolded protein inclusion body formation. Expanding our knowledge
of these issues will be essential for exploring the protein acetylation
machinery as a therapeutic target in treating neurodegenerative disease.

CONCLUSIONS

Although they were initially considered as enzymes dedicated to histone
deacetylation, the finding that HDACS is critical for aggresome formation
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has revealed unexpected nongenomic functions for a HDAC family mem-
ber. It is probable that there will be additional HDAC members involved
in aggresome or other types of inclusion body formation. Delineating the
roles and the mechanisms by which HDAC family members, and possibly
acetyltransferases, regulate misfolded protein responses could have an impor-
tant impact on our understanding of protein acetylation in the pathogenesis
of diseases caused by misfolded proteins. Such knowledge could also expose
new opportunities for treatment of these devastating diseases. Future studies
of the nongenomic functions of HDACs and acetyltransferases may further
reveal that reversible protein acetylation isa highly versatile signaling system
whose role extends far beyond histones and chromatin.
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SUMMARY

Most eukaryotic sirtuins (sir2-like proteins) can be grouped into four
classes. In deuterostomes such as vertebrates, the urochordate sea squirt
Ciona, and the echinoderm sea urchin Strongylocentrotus, there are seven
sirtuins. Class | includes SIRT1, SIRT2, and SIRT3. SIRT4 isin class |1
and SIRTS isin class l1l. Class IV includes SIRT6 and SIRT7. Fish have
two SIRT5 orthologs while most other vertebrates have only one version
of each of the seven sirtuins. Arthropods lack SIRT3, and some arthropods
(e.g., Drosophila) lack SIRTS5, but other arthropods have SIRT1, SIRT2,
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SIRT4, SIRT5, SIRT6, and SIRT7. Most prokaryotic sirtuins can be
grouped into three categories. the same class I and class |11 categories as
seen in eukaryotes, and a class U, which could be the precursor of the
eukaryotic class | and class 1V sirtuins. A model is proposed in which the
first eukaryote (which resulted from the engulfment of an o.-proteobacterium
by an archaean) received aclass |11 sirtuin from the archaean parent, while
the class |1 sirtuin and a class U sirtuin came from the o-proteobacterium
parent. While most eukaryotic class |11 sirtuins appear to be derived from an
archaeal class Il srtuin, the Kinetoplastida (Leishmania and Trypanosoma)
have a class |11 sirtuin gene that appears to be of y-protecbacteria origin,
possibly an example of lateral gene transfer. The seven mammalian sirtuins
are aligned and contrasted with sirtuins from diverse eukaryotic and
prokaryotic organisms.

Key Words: sir2, sirtuin, evolution, homology, phylogeny, SIRT1,
SIRT2, SIRT3, SIRT4, SIRTS5, SIRT6, SIRT7.

INTRODUCTION

The sirtuins are a family of regulatory proteins that are of ancient
evolutionary origin since they are found in most prokaryotes and in all
eukaryotes (1,2). Sirtuins are NAD-dependent acetyllysine deacetylases;
the prototype of the sirtuins is the Saccharomyces cerevisiae protein
silent information regulator 2 (sir2), which regulates epigenetic gene
silencing, stability of the nucleolar rDNA, and yeast aging (3,4). Studies
have shown that caloric restriction causes activation of sir2, which
then inhibits the yeast aging process (5). In the nematode worm
Caenorhabditis elegans, a sirtuin that is an ortholog of sir2 has been
implicated in the regulation of an aging pathway related to caloric
restriction that involves a FOXO protein called daf-16 (6). Recent work
has indicated that aspects of the sir2/caloric restriction/FOXO/aging
paradigm may be germane to mammalian systems (7-11). In mammals
the ortholog of yeast sir2 is called SIRT1.

Mammals have seven sirtuins (1). In addition to the intranuclear SIRT1,
there is the cytoplasmic SIRT2, three mitochondrial sirtuins (SIRT3,
SIRT4, and SIRT5), and aso within the nucleus are the heterochromatin-
associated SIRT6 and the nucleolar SIRT7 (12-16). Most eukaryotic sirtu-
ins can be grouped into four classes (1). The SIRT1, SIRT2, and SIRT3
sequences are rather similar, and they comprise the class | sirtuins. SIRT4
isinclass|l, and SIRTS isin class IIl. SIRT6 and its paradlog SIRT7 are
class IV sirtuins. Mammals and other vertebrates are in the subphylum
Craniata within the phylum Chordata. Other chordates include the sub-
phyla Cephalochordata and Urochordata. Recently there has been exten-
sive sequencing of the urochordate sea squirts Ciona intestinalis and



<81

Table 1

Presence of Sirtuins in Various Eukaryotes®

Class| Class || Class Il Class 1V

Organism SRT1-like  9RT2-like  9RT3-like SRT4-like SRT5-like 3SRT6-like  SRT7-like
Vertebrata + + + + + + +
Urochordata + + + + + + +
Echinodermata + + + + + + +
Arthropoda + + - + +/- + +
Nematoda + - + - + -
Trematoda (Schistosoma) + + - - + +

Fungi (Filamentous) + + - + + +/— _
Fungi (yeasts) * T - - - - -
Giardia lamblia + + - - + - —
Dictyostelium + + - - - — _
Plasmodium (malaria) - - - - + + -
Kinetoplastida (Trypanosoma)  — + - + + - —
Viridiplantae - - - + +/—- + -
Rhodophyta (red algae) + + - - - + _

a4+, present; —, absent; +/—, present in some but not all species within the category.
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zebrafish, sea squirt, and sea urchin are compared.
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Coelomata is a broader category that encompasses (in addition to
Deuterostomia) the Protostomia, which include the mollusck and arthro-
pod phyla. Arthropods possess orthologs of all seven SIRTs except for
SIRT3. The Bilateria division of metazoans includes in addition to
Coelomata: the Pseudocoelomata (includes nematode roundworms) and
the Acoelomata (includes trematode flatworms). The nematode
Caenorhabditis elegans has orthologs of SIRT1, SIRT4, and SIRT6, but it
lacks orthologs of SIRT2, SIRT3, SIRT5, and SIRT7. In regard to the
lower forms of eukaryotes, it is notable that fungi are associated with the
magjor branch called Opisthokonts, which includes metazoans (17,18);
and some fungi have orthologs of SIRT1, SIRT2, SIRT4, SIRT5, and SIRT6
(Table 1, Figs. 1, 2, 4, and 6). Thus, although the SIRT3 and SIRT7 genes
(paralog genesto SIRT2 and SIRT6, respectively) appear to be more recent
Deuterostomia- and Coel omata-specific developments, the other five sirtuins
(SIRT1, SIRT2, SIRT4, SIRT5, and SIRT6) are al quite ancient and were
present in very early forms of eukaryotes.

Because sirtuins are present in prokaryotes, this then raises the question of
what types of sirtuin genes were present in the first eukaryotic cell. Current
theory indicates that the first eukaryotic cell was formed when an archaean
engulfed an o-proteobacterium, which then subsequently evolved into the
eukaryotic mitochondria (19-21). Many archaeans possess class |11 sirtuins
that are highly similar to SIRT5. An a-proteobacterium called Bradyrhizobium
japonicumcontainsaclass || sirtuin that is highly similar to SIRT4 and aclass
U dgirtuin that is intermediate between SIRT1 and SIRT6 (Figs. 1, 4, and 6).
Thus the first eukaryotic cell may have received its class |11 (SIRTS ortholog)
srtuin from its archaean parent and its class |1 (SIRT4 ortholog) sirtuin from
its a-proteobacterium parent (Fig. 8). The third sirtuin gene, aclass U sirtuin
with sequence similarity to both SIRT1 and SIRT6, probably evolved into the
SIRT1 and SIRT2 genes (and subsequently, with deuterostomes, SIRT3
evolved as a paralog of SIRT?2), thus producing the class | sirtuins. In asimi-
lar fashion, class IV genes may have resulted from this same o.-proteobac-
terium-derived class U gene evolving first into the SIRT6 sequence; then
subsequently with Coelomata, a duplicated copy of the SIRT6 gene evolved
into the SIRT7 gene, thus producing a paralog of the SIRT6 gene.

SIRTUIN SEQUENCE SURVEY

AND ALIGNMENT METHODS

Blast searches of the sequence databases (Expressed Sequence Tag,
cDNA, and genomic sequences) offered through the NCBI web portal

Fig. 7. SIRT7 orthologs from human, mouse, chicken, frog, zebrafish, sea squirt,
sea urchin, and fruitfly are compared. Shading indicates similarity to the human
sequence. For abbreviations, see Table 2.



194 Frye

Class Il Class Il Class | Class IV
. SIRT3 SIRT2
i | SIRT7

SIRT4 | SIR'I.'.1.E SIRTE |

SIRTS | Ok &

Class Il

Archaean i

Primordial SIRTUIN

Fig. 8. Model for the evolution of the class|, class|l, class|il, and class 1V sirtuins.
Previously it has been postulated that an o-proteobacterium became engulfed by
an archaean cell to produce the first eukaryotic cell. Here it is proposed that the
engulfed o-proteobacterium (similar to Bradyrhizobium japonicum) contributed a
class Il sirtuin and a class U sirtuin and that the archaean parent contributed the
class 11 sirtuin.

(National Center for Biotechnology Information of the National Institutes
of Health/National Library of Medicine) yielded numerous sirtuin
sequences from hundreds of prokaryotes and numerous protozoan and
metazoan eukaryotes. Some of the eukaryotic genomic sequences were
processed into predicted cDNA and protein sequences using the software
available at the Softberry website. Initia protein sequence alignments were
produced by the Clusta W 1.8 program at the Baylor College of Medicine
website, and they were further adjusted manually using the SeqPup pro-
gram. The aignments were transformed into figures using the BOXSHADE
program. For each of the seven SIRTSs, sequences from mammals, chicken,
frog, fish, urochordate (sea squirt), and echinoderm (sea urchin) are
included in the figures. In these figures the organism names are abbreviated
(e.g., Homo sapiens to Hsap); the key to the abbreviationsisin Table 2.

SIRT1 ORTHOLOGS

Over the past few years much more attention has been directed
toward SIRT1 than any other mammalian sirtuin, probably because of the
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Table 2
Abbreviations
Abbreviation Sientific name Comment
Afum Aspergillus fumigatus Filamentous fungus
Anid Aspergillus nidulans Filamentous fungus
Atha Arabidopsis thaliana Green plant
Bjap Bradyr hizobium japonicum o-Proteobacterium
Bmor Bombyx mori Silk moth
Btau Bos taurus Cow
Chbri Caenorhabditis briggsae Nematode worm
Cele Caenorhabditis elegans Nematode worm
Cint Ciona intestinalis Sea squirt (urochordate)
Cmer Cyanidioschyzon merolae Red algae
Csav Ciona savignyi Sea squirt (urochordate)
Ddis Dictyostelium discoideum “Slime mold”
Dmel Drosophila melanogaster Fruitfly
Drer Danio rerio Zebrafish
Ggal Gallus gallus Chicken
Hsap Homo sapiens Human
Mbur Methanococcoides burtonii Archaean
Mmus Mus musculus Mouse
Phor Pyrococcus horikoshii Archaean
Pmul Pasteurella multocida v-Proteobacterium
Ppat Physcomitrella patens Green plant (moss)
Rnor Rattus norvegicus Rat
Scer Saccharomyces cerevisiae Fungus (brewer’s yeast)
Sman Schistosoma mansoni Trematode worm
Spom Schizosaccharomyces pombe Fungus (fission yeast)
Spur Srongylocentrotus purpuratus  Sea urchin (echinoderm)
Sscr s scrofa Pig
Styp Salmonella typhimurium v-Proteobacterium
Tcru Trypanosoma cruz Trypanosome
Tmar Thermotoga maritima Early eubacterium
Ylip Yarrowia lipolytica Fungus (yeast)
Xlae Xenopus laevis Frog (tetraploid genome)
Xtro Xenopus tropicalis Frog (diploid genome)

widespread speculation that SIRT1 may regulate mammalian aging.
SIRT1 modulates cell survival, muscle differentiation, and fat cell metab-
olism; these pleotrophic effects probably reflect the ability of SIRT1 to
regulate several important proteinsincluding p53, CTIP2, PCAF, MyoD,
FOXO proteins, Ku70, PPAR-y, and NF-xB (7-9,12,22-28). Recently
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caloric restriction, a regimen that has well proven antiaging effects in
many animals including mammals, was found to upregulate SIRT1
expression in rats (11).

SIRT1 ortholog sequences are present in most eukaryotesincluding verte-
brates, the urochordate Ciona, the echinoderm Strongylocentrotus arthro-
pods, nematodes, fungi, Dictyostelium discoideum, and the red algae
Cyanidioschyzon merolae (Table 1 and Fig. 1); however, SIRT1 orthologs
appear to be absent in the Viridiplantae (green plants). SIRT1 ortholog
sequences are also absent in the protozoan organisms of malaria (the com-
pletely sequenced Plasmodium falciparum and Plasmodium yoelii yoelii)
and are absent in the completely sequenced Leishmania major genome.

Regarding the origin of the SIRT1-like gene, it may have arisen from a
prokaryotic class U precursor. Although most prokaryotic sirtuins are class
Il (SIRT5-like) or class Il (SIRT4-like), some prokaryotic sirtuins show
stronger homology to class | and class IV sirtuins; these somewhat
undifferentiated prokaryotic sirtuins have been grouped as class U (1).
Characterigtically, Class U sirtuins contain the sequence motif GAGIS-
TASGIPDFR, while Class Il sirtuins contain GAGISAESGIPTFR, and
Class |l sirtuins contain GAGISTESGIPDY R. Class U sequences are pres-
ent in several Archaea (Sulfolobus species, Haloarcula marismortui,
Pyrobaculum aerophilum, and Methanococcoides burtonii). Class U sirtuins
are present in many Firmicutes (gram-positive bacteria) such as Bacillus
and Staphylococcus species. One of the most ancient of the Eubacteriais
Thermotoga maritime (29); it has a class U gene (Fig. 1). Class U sirtuins
are present in some o-proteobacteria (Bradyrhizobium japonicum,
Rhodopseudomonas palustris, and Hyphomonas neptunium). The model
outlined in Fig. 8 proposes that the early eukaryotic cell contained at |east
three sirtuin genes, a class Il sirtuin from its archaean parent (see
Pyrococcus horikoshii SIRTS-like sequencein Fig. 5), aclass 1l sirtuin from
its a-proteobacterium parent (see Bradyrhizobium japonicum SIRT4-like
sequence in Fig. 4), and also a class U sequence probably also from its
o-proteobacterium parent (see Bradyr hizobium japonicum class U sequence
in Figs. 1 and 6). Alternative possibilities are that the class U sirtuin was
obtained from its archaean parent (see Methanococcoides burtonii class U
sequencein Fig. 1) or that the class 11 and class U sequences were gained by
the primitive eukaryotic cell via latera gene transfer from other eubacterial

SPECiES.
SIRT2 ORTHOLOGS

The SIRT2 protein is cytoplasmic and has been shown to deacetylate
o-tubulin (13). SIRT2 has also been implicated in control of exit from the
M phase of the cell cycle in studies that found that SIRT2 becomes
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phosphorylated at the G2/M transition and is stabilized by the phosphory-
lation (30). The protein phosphatase CDC14B dephosphorylates SIRT2,
which is then degraded, alowing the cell cycle exit to proceed (30). It is
unknown whether the effect of SIRT2 on cell cycle exit is mediated by its
ability to deacetylate tubulin, but, given the importance of tubulin in the
mitotic spindle apparatus, it seems thisis alikely possibility. The degree
of acetylation of tubulin appears to affect its stability, and this may have
effects on cell motility (31).

SIRT2 genes are found in many lower eukaryotes including fission
yeast (Schizosaccharomyces pombe), filamentous fungi such as
Aspergillus fumigatus, and members of the Kinetoplastida group such as
Leishmania and Trypanosoma species (Table 1 and Fig. 2). The develop-
ment of acetylation as a posttranglational modification of tubulin was an
early event in eukaryotic evolution (32,33); thus this may correlate tempo-
raly with the early development of the SIRT2 gene. The widely studied
“dime mold” organism (actually atype of soil anoeba) Dictyostelium dis-
coideum also has a SIRT2 gene (Fig. 2). Dictyostelium is a model system
for the study of tubulin-dependent events associated with cell motility and
cell polarity, so it would be interesting to investigate the role of the SIRT2
ortholog in this system.

SIRT3 ORTHOLOGS

The SIRT3 sequence is highly similar to the SIRT2 sequence, and it is
likely that during the devel opment of the Deuterostomia a gene duplication
event involving the SIRT2 gene resulted in the formation of the SIRT2-like
SIRT3 gene. Coelomata are divided into Deuterostomia (includes Chordata
and Echinodermata) and Protostomia (includes Mollusca and Arthropoda).
Although the SIRT3 gene is not found in arthropods, it is present in the
echinoderm Strongylocentrotus, and chrodates, including the urochordate
Ciona and in all vertebrates (Fig. 3). The mammalian SIRT3 protein istar-
geted to the mitochondria where a mitochondrial matrix protease cleaves
off the N-terminal mitochondrial targeting peptide (14). The intramito-
chondrial acetylated protein substrates of SIRT3 are still unknown.

One study has reported that a synonymous (silent mutation) single-
nucleotide polymorphism (SNP rs12364050) located at base 477 in the
159th codon of the SIRT3 coding sequence is associated with modest vari-
ations in human longevity (34). The current SNP database shows that a
nonsynonymous SNP (rs1734491) is present with a heterozyogosity fre-
quency of 0.269; this SNP aters codon 255 from threonine to asparagine
(locationis marked in Fig. 3). It would be of interest to determine whether
this nonsynonymous SNP is in haplotype linkage with the synonymous
SNP that was linked to variation in longevity.
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SIRT4 ORTHOLOGS

In prokaryotes, class |l (SIRT4-like) sirtuins are absent in Archaea but
they are found in some categories of the Eubacteria, especially in
the Actinobacteria and in the various proteobacteria, including some -pro-
teobacteria (Bordetella and Burkholderiaceae) and y-proteobacteria
(Pseudomonadaceae and X anthomonadaceae) divisions. Current sequence
evidence suggests that most species of o-proteobacterialack a Class || sir-
tuin gene, however a SIRT4-like gene is present in the a-proteobacterium
Bradyr hizobium japonicum (Fig. 4). SIRT4 genes are present in all verte-
brates, the urochordate sea squirt Ciona, the echinoderm Strongyl ocentrotus
arthropods, nematodes, fungi, green plants, Giardia, trypanosomes, and
Leishmania species (Table 1 and Fig. 4). The biological functions of
SIRT4-like proteins are undetermined. The human SIRT4 protein has been
localized to the mitochondria (16).

SIRT5 ORTHOLOGS

The class |11 sirtuins, with their origin in Archaea, are probably the
most ancient form of sirtuins. The prokaryotic sirtuins that are most simi-
lar to eukaryotic SIRT5 sequences are the class 11l sirtuins found in
archaean organisms (e.g., the sirtuin from Pyrococcus horikoshii). Many
of the Eubacteria, especially the y-proteobacteria (gram-negative bacte-
ria), also have SIRT5-like class 111 sirtuins, but they are significantly less
similar to most eukaryotic SIRT5-like sirtuins (Fig. 5). SIRT5-like
sequences are found in some arthropods (e.g., silk moth, lobster, mosquito)
but absent in others (e.g., fruitfly). Similarly, most green plants lack
SIRT5-like genes, but some plants such as spruce, loblolly pine, and the
moss Physcomitrella patens, do contain class |11 sirtuin genes. In many
eukaryotes (but not in Kinetoplastida), a sequence segment is present in
the midregion of the class 111 sirtuin sequence that contains the conserved
amino acid sequence motif “SPICPAL”; this feature is absent from
prokaryatic class I11 sirtuins.

A Class Il sirtuin gene sequence is present in Kinetoplastida organ-
isms (Leishmania and Trypanosoma) but it is significantly different from
other eukaryotic Class 11 sirtuins and in fact strongly resembles Class I11
sirtuin genes from y-proteobacteria (e.g., Pasteurella multocida and
Salmonella typhimurium; see sequences aligned in Fig. 5); perhaps this
Class 111 gene in Kinetoplastida organisms was obtained via lateral gene
transfer from a y-proteobacterium.

Although generally chordates have only one version of each of the
seven SIRT genes, fish have two SIRT5 genes (see A and B sequences
from Danio rerio in Fig. 5). Human DNA contains a SIRT5-like pseudogene
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(genBank XM_372781, located at 1p31.2); perhaps thisis a degenerated
version of the extra SIRT5 gene that was once active in the fish ancestors
of mammals.

An important function of SIRT5-like prokaryotic class |11 genesisto reg-
ulate the short-chain acyl CoA synthetase enzymes by deacetylating alysine
residue that functions in the active site of the enzyme. This was first shown
in the Salmonella organism, in which the class I11 sirtuin called CobB was
shown to activate the acetyl CoA synthetase enzyme (35). These findings
were subsequently extended to the yeast system, in which in asimilar fash-
ion the hst3 and hst4 sirtuins (distantly related to class | sirtuins) of
Saccharomyces cerevisiae were found to affect ability of the yeast cells to
metabolize the short-chain fatty acids acetate and proprionate (36). The
short-chain acyl CoA synthetase enzymes are members of the AMP-form-
ing family of enzymes, which include in mammals over 20 different
enzymes most of which are involved in acyl CoA synthetase reactions for
various types of fatty acids. It was speculated that all members of this
enzyme class may be modulated by sirtuins (35). On the basis of homology,
in vertebrates it would be predicted that SIRTS, and possibly other sirtuins,
probably regulate various members of the AMP-forming enzyme family.
The human SIRT5 protein has been localized to the mitochondria (16).

SIRT6 ORTHOLOGS

SIRT6 isaclass IV sirtuin. Class IV sirtuins are not found in prokary-
otes but are present in a wide spectrum of eukaryotes including chordates,
echinoderms, arthropods, nematodes, trematodes, Apicomplexa (includes
malaria), and Viridiplantae (Table 1 and Fig. 6). Yeast-type fungi and
Kinetoplastida (Leishmania and Trypanosoma) lack class IV sirtuins. The
precursor gene for class IV sirtuins was probably derived from a prokary-
otic class U sirtuin; of al prokaryotic sirtuins, the class U sirtuin from the
o-proteobacterium Bradyr hizobium japonicum is the most similar to class
IV sirtuins of eukaryotes.

A nonsynonymous SNP (rs352493) with a heterozygosity frequency
of 0.21 has been found in the human SIRT6 gene at codon 46 involving a
change from serine to asparagine (location is marked in Fig. 6). Mouse
SIRT6 was found to be intranuclear and to catalyze an intramolecular
ADP-ribosyltransferase reaction (37). The human SIRT6 protein showed
localization to heterochromatin regions (16).

SIRT7 ORTHOLOGS

SIRT7 isaclass |V sirtuin that appears to have been derived from a
gene duplication of SIRT6 that occurred during evolution at the level
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of the Coelomata; thus both arthropods and chordates have SIRT7 genes.
Other more primitive eukaryotes including protozoans, Pseudocoel omata,
and Acoelomata lack SIRT7 genes.

A SIRT7 cDNA clonewasisolated in a screen for genes that were over-
expressed in human papillary thyroid carcinoma cells (38,39). The SIRT7
protein is localized to the nucleolus (16). The biological functions of the
SIRT7 protein are undetermined.

CONCLUSIONS

It is evident that specific forms of sirtuin genes have been highly con-
served throughout evolution in a wide spectrum of organisms ranging
from prokaryotes to mammals. This conservation of different forms of
sirtuins probably relates to preserving binding interactions with other
proteins that are associated with sirtuins in multiprotein complexes and
binding interactions with specific acetylated protein substrates. Therefore
studies that reveal the function of sirtuinsin both prokaryotic and primi-
tive eukaryotic systems are likely to be very helpful in elucidating the
function of mammalian sirtuins and vice versa. Remarkable evidence of
this sort of conservation of function across a wide evolutionary time span
was found recently in regard to similarities between SIRT 1-containing
chromatin-modifying complexes discovered in Drosophila and human
cells. The Drosophila larval complex contained several proteins including
SIRT1 and Enhancer of Zeste (40). The corresponding human chromatin-
modifying complex called PRC4 (polycomb repressive complex 4) con-
tained several proteins including SIRT1 and Ezh2 (a human homolog of
Enhancer of Zeste) and was found to be present in undifferentiated
embryonic cells and in a variety of malignant tumor cells including
prostate cancers, but—as was found in Drosophila—the complex was
absent in normal adult cells (41). As sirtuins continue to be studied in
many diverse prokaryotic and eukaryotic model systems, further widely
relevant insights into the functions of these highly conserved proteins can
be anticipated.
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adipogenesis, and cell physiology. These enzymes use a conserved cat-
alytic core domain to bind NAD™ and acetyl-lysine-bearing protein targets.
They generate lysine, 2’-O-acetyl-ADP-ribose, and nicotinamide products
and contain more variable N- and C-terminal domains that may contribute
protein-specific functions. Structural and related biochemical studies on
the Sir2 enzymes from several laboratories have provided important
insights into their conserved mode of NAD* and acetyl-lysine binding,
recognition, and catalysis, as well as the distinguishing features that allow
different members of the family to target their respective cognate sub-
strates. This chapter summarizes the results of the structural analysis of
the Sir2 enzymes as well as the implications of these studies for structure-
based design of Sir2-specific small-molecule compounds that might mod-
ulate Sir2 functions for therapeutic application.

Key Words: Chromatin regulation, histone deacetylase, protein
deacetylase, Sir2, NAD™, longevity, metabolism, gene silencing, structure.

INTRODUCTION

The yeast silent information regulator-2 (ySir2) protein is the prototype
of theclass |1 family of histone deactylase (HDAC) enzymesthat deacetylate
the NC-nitrogen of acetyl-lysine residueswithin histonesH3 and H4 to silence
gene expression from the mating-type locus, telomeres, and rDNA (1,2).
Unliketheclass| and I HDAC enzymes, which do not require a cofactor for
catalysis, the Sir2 proteins require the cofactor NAD* for catalytic activity
(3), which generates the products 2’-O-acetyl-ADP-ribose, nicotinamide, and
deacetylated histone (4,5). Interestingly, nicotinamide has also been shown to
be a noncompetitive inhibitor of Sir2 proteins, thereby also implicating nico-
tinamide as an important physiological regulator of these proteins (6).

It isnow appreciated that Sir2 proteins are conserved in the three domains
of bacteria, archaea, and eukaryotes; bacteria and archaea typicaly contain
one or two Sir2 proteins, and eukaryotic organisms contain multiple mem-
bers. For example, budding yeast and human contain five (Sir2 and Hst1-4)
and seven (SirT1-SirT7) Sir2 homologs, respectively. Analysis of Sir2 pro-
teins from various species indicates that their protein targets extend beyond
histones and that they mediate diverse biological functions (7). For example,
of the seven known human Sir2 proteins, nuclear SIRT1 targets the p53 tumor
suppressor protein for deacetylation to suppress the apoptotic program in
response to DNA damage (8,9). It dso targets forkhead transcription factors
to regulate transcriptional activity in response to insulin signaling (10-12)
and binds to peroxisome proliferator-activated receptor-y (PPAR-7) to
activate the genes associated with fat mobilization in white adipocytes
(13). In addition, the cytoplasmic SIRT2 homolog targets o-tubulin for
deacetylation for the maintenance of cell integrity (14).
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In yeast and worms, an increased dosage of Sir2 extends life span, and in
yeast, both Sir2 and NAD™ are required for the long-established link between
calorie-restricted diets and longevity in many organisms (15,16). In addition,
sinceit iswell documented that as cells age they are more prone to genomic
instahility, (a hallmark of cancer), Sir2 proteins have been implicated as
important targets for chemotherapeutic agents. Indeed, a recent study on
Sir2-activating compounds characterized afamily of polyphenol compounds,
severa of which are currently being used as chemotherapeutic agents (17).
Interestingly, the most potent of these compounds is resveratrol, a natural
plant product found in high abundance in red wine and correlated with
increased life span and reduced cancer risk in humans (17,18). The more
recent studies implicating mammalian Sir2 homologs in insulin signaling
and fat mobilization have aso stimulated interest in modulating Sir2 function
for the treatment of obesity and type Il diabetes (13).

To understand the underlying mechanism of Sir2 activity, severa labo-
ratories have determined the structures of different Sir2 proteinsin various
liganded forms. Together with associated biochemical work, these studies
have addressed the following questions. (1) what is the overall fold of the
Sir2 catalytic core domain and how is it used to recognize NAD* and
acetyl-lysine-bearing protein substrates? (2) what is the conserved mode
of catalysis by Sir2 enzymes? (3) how do nonconserved regions of the
Sir2 enzymes mediate functions that distinguish the different homologs?
and (4) how might different Sir2 proteins target their respective cognate
substrates? The implications of these studies for the structure-based design
of Sir2-specific small-molecule compounds that might modulate Sir2
function for therapeutic application are discussed.

OVERALL STRUCTURE OF THE SIR2 PROTEINS

A sequence alignment of the Sir2 proteins reveals that they contain a
highly conserved catalytic core domain of about 270 residues and more
variable N- and C-terminal extensions that are believed to play more
protein-specific functions (7). To date, several structures of the catalytic
core domain of Sir2 proteins have been reported either alone (19,20) or in
complex with various NAD" analog and/or acetyl-lysine-bearing peptide
substrates (21-23). A comparison of these structures reveals a structurally
conserved elongated shape containing, at one end of the molecule, alarge
Rossmann fold domain characteristic of NAD*/NADH binding proteins
and, at the opposite end of the molecule, a smaller domain containing a
structural zinc ion (19,22,24-26) (Fig. 1). The larger Rossmann fold
domain shows greater structural supposition with a root-mean-square devi-
ation between Co: atoms of 1.0 to 1.3 A; the smaller domain shows signif-
icantly more variability, with a root-mean-sguare deviation between Co.
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Fig. 1. Overall structure of the yeast Sir2 protein, Hst2, in ternary complex with
acetyl-lysine-16 histone H4 and carba-NAD™. Ribbon diagram of the complex
highlighting the large domain (dark gray), small domain (light gray) and connect-
ing loops (light gray) of the protein forming the cleft for substrate binding. The
carba-NAD™ (ball-and-stick model) and acetyl-lysine-16 histone H4 peptide (stick
model) substrates as well as a Zn ion (black) are also highlighted.

atoms of 4.0 to 10.0 A. A series of loops (called loops 14 here for their
sequence order) traverse the space between the large and small domains,
forming a pronounced extended cleft that is between the two protein
domains and roughly perpendicular to the long axis of the molecule.

The liganded Sir2 structures reveal that the two substrates enter the
protein through opposite sides of a cleft between the small and large
domains of the catalytic core and that the functional groups of both the
protein and substrates are buried within a protein tunnel that harbors the
region of highest conservation within the Sir2 proteins (27,28) (Fig. 1).
A comparison between the liganded and unliganded structures also reveals
that whereas the large domain does not undergo significant conformational
change upon the binding of ligands, the small domain and the connecting
loops undergo more significant conformational changes upon the binding
of substrates. In particular, connecting loops 1 and 4 (B1-o2 and B6—a8 in
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Fig. 2. The NAD™" binding site of Sir2 proteins. (A) Schematic of the interactions
between yHst2 and carba-NAD* in which conserved interactions with other
Sir2/INAD™ structures are indicated with gray boxes for hydrogen bonds and gray
circles for hydrophobic bonds, respectively. (B) An overlay of different NAD™*
anal ogs bound to yHst2, highlighting the structural superposition of the ADP group
and the structural variability of the nicotinamide-ribose group. The carba-NAD*,
2'-O-acetyl-ADP-ribose, and ADP-ribose ligands are shown by solid thick, solid
medium, and dotted lines, respectively.

the yHst2 structure) undergo significant structural movement upon the
binding of ligands and play particularly important roles in binding NAD*
(Fig. 2) and acetyl-lysine (Fig. 3) bearing substrates, respectively.
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Fig. 3. The acetyl-lysine binding site of Sir2 proteins. (A) Surface representation
of the yHst2/acetyl-lysine-16 histone H4/carba-NAD™ structure showing the inter-
action between yHst2 and acetyl-lysine and highlighting the residues that make
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NAD* BINDING BY SIR2 PROTEINS

Several Sir2 structures are available with bound NAD* (21,24) or NAD*
analogs (27,28), and a comparison of these structures reveals that the ADP
group of NAD" adopts a structurally conserved extended conformation
that mediates conserved protein interactions with the large Rossmann fold
domain of the Sir2 proteinsin away that istypical of NAD*/NADH bound
to other Rossmann fold-containing proteins such as the dehydrogenases
(Figs. 1 and 2A). In contrast, the nicotinamide-ribonucl eotide group shows
significant variability among the Sir2 structures, as highlighted by the
structure of an archaeal Sir2 homolog cocrystallized with NAD™, which
shows the ni cotinamide-ribonucl eotide moiety bound in two different con-
formations in the same crystal lattice (21) (Fig. 2A).

Interestingly, the ternary structure of the Sir2 homolog, yHst2 bound to
acetyl-lysine-16 histone H4 and carba-NAD™ (in which a cyclopentane ring
replaces the furanose of the nicotinamide-ribonucleotide moiety) suggests
that the acetyl-lysine moiety helps lock the nicotinamide-ribonucleotide
group into a distinct conformation that presumably promotes appropriate
catalysis (28) (Fig. 2A). Specifically, the acetyl group of acetyl-lysine
hydrogen binds to the 2’ and 3’ hydroxyl groups of the ribose ring and
orients the nicotinamide-ribonucleotide group to interact with residues
from the connection loops (mostly 1 and 4) and the zinc-bound small
domain of the catalytic core. The nicotinamide group in particular is|ocated
in a pocket formed by residues from the Rossmann fold domain and loop 1.
Strikingly, the residues that contact the nicotinamide-ribonucleotide moiety
are highly conserved among the Sir2 enzymes, suggesting that the mode
of NAD™ binding observed in the yHst2 structure extends to the other Sir2
enzymes (Fig. 2B).

ACETYL-LYSINE BINDING AND PROTEIN SPECIFICITY
OF SIR2 PROTEINS

To date, three Sir2 structures have been reported with acetyl-lysine-
containing peptides. These include the structures of an archaeal Sir2 protein
(Sir2-Af2) bound to a p53 peptide (22), as well as bacterial (CobB) (23)
and yeast (yHst2) (27,28) Sir2 proteins bound to a histone H4 peptide. A
comparison of these structures reveals conserved contacts between the

Fig. 3. (Continued) conserved acetyl-lysine peptide interactions in other
Sir2/acetyl-lysine structures (black). (B) Schematic of the interactions between
yHst2 and acetyl-lysine-16 histone H4 in which conserved interactions with other
Sir2/acetyl-lysine peptide structures are indicated by gray boxes for hydrogen
bonds and gray circles for hydrophobic bonds, respectively.



210 Zhao and Marmorstein

acetyl-lysine side chain and the one backbone residue just C-terminal to
the acetyl-lysine (Fig. 3). Specifically, the aiphatic region of the acetyl-
lysine is contacted by Sir2-conserved hydrophobic residues from the large
domain of the Sir2 catalytic core and loop 4 (36-0.8 loop of yHst2) con-
necting the large and small domains. Residues from these protein regions
also medicate conserved B-sheet-type interactions with the backbone
residues of acetyl-lysine and one adjacent C-terminal residue. The con-
served nature of these interactions suggests a common mode of acetyl-
lysine recognition among all Sir2 proteins (Fig. 3B).

A comparison of the peptide-bound Sir2 structures also shows that inter-
actions outside the acetyl-lysine and the one C-terminal residue are not
conserved and that the peptides traverse in different directions (20,22,23).
Although it should be noted that none of the reported peptide complexes
with Sir2 proteins are bound to their “cognate” peptide sequences, these
findings suggest that specificity for cognate substrates by Sir2 proteins
may derive from target regions outside the local acetyl-lysine binding site.
This conclusion is consistent with recent biochemical studies from our lab-
oratory on the Sir2 homolog from bacteria, CobB (23). In these studies, the
binding properties of cognate and noncognate 11-residue acetyl-lysine-
bearing peptide substrates to CobB were quantitated using isothermal titra-
tion calorimetry (ITC) (23). Escalante-Semerena and coworkers had
previously shown that CobB deacetylates Lys-609 of acetyl-CoA syn-
thetase (Acs) in vivo to stimulate its enzymatic activity (29). The cognate
peptide contained acetyl-lysine 609 of Acs, and the noncognate peptide
contained acetyl-lysine-16 of histone H4 and acetyl-lysine Lys-382 of p53.
The data reveal that the binding of each of these peptides is exothermic,
which is indicative of hydrogen bond formation upon complexation.
However, and quite surprisingly, CobB shows very little discrimination
between these substrates, binding each with a dissociation constant between
0.44 and 3.7 uM, with the weakest binding constant for the cognate Acs
peptide. Analogous binding studies employing intact Acs proteins specifi-
caly acetylated at lysine-609 yielded a dissociation constant of 14 uM but,
surprisingly, showed an endothermic binding reaction indicative of an
entropy-dominant contribution to binding involving a buria of hydrophobic
surface and/or structural rearrangement involving CobB, Acs, or both
proteins. Taken together, these results support the conclusion that substrate
specificity determinants of bacterial CobB, and probably other Sir2 proteins,
derive from regions outside the sequence local to the acetyl-lysine substrate.

CATALYSIS BY SIR2 PROTEINS

The laboratories of Schramm and Denu have investigated the catalytic
mechanism of the Sir2 proteins and have proposed that the reaction proceeds
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through an oxocarbenium ion intermediate resulting in the formation of a
novel metabolite in which the acetyl group from acetyl-lysineistransferred
to the 2’ hydroxyl of the nicotinamide-ribose, 2’-O-acetyl-ADP-ribose
(4,5). A comparison of the ternary structures of yHst2, acetyl-lysine-16
histone H4 peptide bound to one of three NAD* analogs along the reac-
tion pathway (27,28) has alowed our laboratory to propose a structural
framework for this mechanism. The three structures analyzed contain
carba-NAD*, a nonhydrolyzable NAD* analog in which a cyclopentane
ring replaces the furanose of the nicotinamide-ribonucleotide moiety; an
intermediate analog complex containing ADP-ribose, a close mimic of a
reaction intermediate, formed following cleavage of the glycosidic bond
between nicotinamide and ADP-ribose (it differs only by the addition of a
1’ OH group); and a product analog complex containing 2’-O-acetyl-ADP-
ribose, the NAD*-derivatized product of the Sir2 reaction. A comparison of
these structures reveals that whereas nearly 90% of the protein remains
structurally invariant, the ribose ring of the cofactor and the highly conserved
B1-0:2 loop (loop 1) of the protein undergo significant structural rearrange-
ments to facilitate the ordered NAD™ reactions of nicotinamide cleavage
and ADP-ribose transfer to acetate (Fig. 4).

The structure of the substrate mimic complex (with carba-NAD*) shows
that the carbonyl oxygen of the acetyl-lysine forms hydrogen bonds to the
2" and 3" hydroxyl groups of the nicotinamide ribose ring. This appears to
position what would be the ribose ring oxygen of NAD™ within hydrogen
bonding distance of awater-mediated contact to the side chain carbonyl of
a Sir2 conserved asparagine residue (Asn-116 in yHst2). This places the
asparagine side chain carbonyl in position to help stabilize the oxocarbe-
nium that has been proposed to form upon hydrolysis of the nicotinamide
group (4,5,30) and is consistent with solution studies showing that this
asparagine is essential for the nicotinamide exchange by Sir2 proteins
(24). 1t should be noted that the basicity of the asparagine side chain oxy-
gen is probably insufficient to stabilize the oxocarbenium ion on its own
and it is likely that other factors such as the proximity of the phosphate
oxygens of the ADP ribose and the hydrophobic environment of the ribose
binding pocket may also serve to stabilize the proposed intermediate.

The structure of the intermediate analog complex (with ADP-ribose)
shows that the ribose ring of the intermediate complex is rotated by about
45° along the ring plane relative to the ribose ring of the substrate analog
complex, to aposition that now permits nucleophilic attack of the 1” carbon
of the ribose ring by the carbonyl oxygen of acetyl-lysine. The product
analog complex (with 2’-O-acetyl-ADP ribose) reveals that the nicoti-
namide ribose ring is finally rotated by about 90° along the ring plane rel-
ative to the ribose ring of the substrate analog complex, to a position that
now allows a Sir2 conserved histidine residue (His-135 in yHst2), a
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residue essential for the deacetylation reaction, to deprotonate the 3’
hydroxyl group of the nicotinamide ribose, nucleating formation of a
cyclic acyldioxalane involving the 1" and 2’ oxygens of the ribose ring. We
then propose that a crystallographically well-ordered water molecule,
which is held in place by the conserved asparagine residue, carries out
nucleophilic attack of the cyclic acyldioxalane, resulting in the collapse
of the cyclic intermediate to the 2’-O-ADP ribose and lysine reaction
products (Fig. 4).

A comparison of the three ternary yHst2/acetyl-lysine-16 histone
H4/NAD* analog complexes reveal s that the f1-a.2 loop (loop 1) also plays
important roles in catalysis (27,28). Specifically, loop 1 mediates impor-
tant NAD™ interactions involving several Sir2 conserved loop residues
(Ala-33, Gly-34, Thr-37, and Phe-44 in yHst2). The relatively open con-
formation of this loop in the product and intermediate analog complexes
also suggests that the loop conformation facilitates NAD* substrate access
as well. The more closed conformation of loop 1 in the product analog
complex suggests that it may also play arolein nicotinamide release, as a
Sir2 conserved phenylaanine (Phe-44 in yHst2) of the loop of the product
analog complex partially occupies the binding site for nicotinamide, and it
is also possible that the burial of the active site facilitates the acetyl-transfer
reaction even more. Taking these date together, it appears that the nicoti-
namide ribose ring of the NAD* and loop 1 of the Sir2 proteins play
dynamic rolesin NAD™ association and protein catalysis.

ROLES OF REGIONS N- AND C-TERMINAL
TO THE SIR2 CATALYTIC DOMAIN

The variability in length and sequence of the regions N- and C-terminal
to the eukaryotic Sir2 proteins suggests that these regions may play par-
ticularly important roles in the different biological processes with which
the different Sir2 proteins are associated. To address the role these
regions might play in Sir2 proteins, our laboratory has reported the
structure of the full-length yHst2 protein (20). Interestingly, our results,
along with related biochemical studies reveals that the regions N- and
C-terminal to the catalytic core domain play autoregulatory roles (20).
Specifically, a C-termina helix overlaps with the NAD™ binding site and
thus autoregulates NAD™" binding, and an N-terminal strand sits in the
acetyl-lysine binding site of a symmetry-related subunit in the crystal |at-
tice mediating formation of a homotrimer and thus autoregulating
acetyl-lysine binding (Fig. 5). Solution studies in our laboratory corre-
late with these findings (20). Specifically, yHst2 constructs in which
regions C-terminal to the catalytic core domain have been deleted bind
NAD about 3.5-fold more strongly. Moreover, whereas the full-length
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Fig. 5. Structure of the intact Hst2 homotrimer. The N- and C-terminal extensions
that occupy the acetyl-lysine and NAD™" binding sites, respectively, of the con-
served Sir2 catalytic core domain are highlighted in black.

yHst2 protein forms a homotrimer in solution, with a dissociation con-
stant in the low-micromolar range, an N-terminal deletion construct does
not form detectable trimers and binds acetyl-lysine substrates two- to
three-fold more avidly.

Whether or not this type of enzyme atoregulation occurs with other
Sir2 proteins is unknown; however, the sequence divergence of regions
N- and C-terminal to the catalytic core domain of the Sir2 proteins
suggests that these interactions may differ in other Sir2 proteins,
possibly also correlating with the substrate-specific roles of different
Sir2 proteins.

PERSPECTIVE

Because of the possible association of Sir2 enzymes with human dis-
ease and life extension, thereis an interest in the design of small-molecule
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compounds that might regulate the activity of Sir2 enzymes (1,7). Severd
inhibitorsto Sir2 enzymes have been reported including sirtinol (31), split-
omicin (32), and nicotinamide (6), a product of the Sir2 reaction. A short-
coming of these inhibitors, however, is that they have relatively weak
binding constants, with IC5, or K| values in the midmicromolar range.
The structural studies with yHst2 bound to NAD* analog suggest that a
more fruitful avenue for inhibitor design should focus on a mimic of the
reaction intermediate, such as ADP-ribose (28). Indeed, binding studies
reveal that ADP-ribose binds to yHst2 with a dissociation constant of
0.4 uM, about 100-fold more avidly than previously characterized Sir2
inhibitors (28).

The possihility of generating Sir2-activating compounds has aso gen-
erated considerable interest (6). The structural studies with yHst2 (28)
suggest arational approach for devel oping Sir2-activating compounds that
takes advantage of the observation that nicotinamide, a product of the Sir2
reaction, functions as a noncompetitive inhibitor of Sir2 by reacting with
an ADP-ribosyl-enzyme-acetyl peptide intermediate with regeneration of
NAD™ (transglycosidation) (30,33). This mode of nicotinamide inhibition
implies that nicotinamide binds to Sir2 at a site distinct from the nicoti-
namide group of NAD™ but still in a geometry that promotes the regenera-
tion of NAD*. Interestingly, if we assume that the conformation of
ADP-ribose in the intermediate analog complex mimics the conformation
of the NAD™ intermediate that forms immediately after nicotinamide
cleavage, it is particularly stricking that an entering nicotinamide group
can be modeled onto the 1’ carbon of the ADP-ribose ring with suitable
geometry, without stereochemical clash with the protein, and in a binding
site that is distinct from the binding site of the nicotinamide group of
NAD™. This suggests that compounds that block the binding site for free
nicotinamide, as suggested from the structural modeling, might serve as
potent activators of Sir2 with potential therapeutic applications.

Taken together, the structural studies on the catalytic core domain of
the Sir2 proteins have provide important insights into the mode of NAD*
and acetyl-lysine binding as well as the mode of catalysis; as described
just above, these studies may contribute to the rational design of Sir2
regulatory molecules with therapeutic applications. However, it is also
clear that Sir2 proteins mediate different biological processes, and it is
likely that at least some of these differences are imparted by the more
variable N- and C-terminal regions of the different Sir2 proteins. As
described for yHst2, these regions may be involved in autoregulating
catalytic activity (20), but they may also be associated with substrate
selectivity and differential regulation by other proteins. Understanding
the mechanistic basis for substrate discrimination by Sir2 proteins and
the different biological processes that they are associated with will
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require structural analysis of other intact Sir2 proteins as well as their
complexes with intact cognate protein substrates and associated regula-
tory factors. Ultimately, understanding what makes Sir2 proteins
different might be at the heart of designing Sir2-specific regulatory com-
pounds with therapeutic value.
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SUMMARY

Sir2 enzymes are NAD*-dependent histone/protein deacetylases that
tightly couple the cleavage of NAD* and protein deacetylation to produce
nicotinamide, the deacetylated product, and O-acetyl-ADP-ribose. An
increasing number of cellular processes including apoptosis, cell cycling,
gene silencing, and longevity, have been shown to be dependent and regu-
lated by these deacetylases. Several small molecules have been identified
as regulators of Sir2 activity and related cellular processes. Understanding
and modulating the cellular activities of these enzymes therefore necessi-
tates an understanding of their enzymology. We review the enzymatic
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activities, the crystal structures, the basic kinetic mechanism, and the
regulation of Sir2 enzymes.

Key Words: Sir2, sirtuin, NAD*, nicotinamide, deacetylation, aging,
silencing.

INTRODUCTION

The dynamic balance between the activities of protein acetyltrans-
ferases and deacetylases has been shown to be a mgjor regulatory mecha-
nism in the control of cellular processes including transcription,
metabolism, and DNA repair (1). Acetyltransferases transfer the acetyl
group of acetyl-CoA to the lysine residues of histones and nonhistone pro-
teins. Generally, hyperacetylated histones are correlated with transcrip-
tional activity. Deacetylases remove the acetyl group from these proteins
and are linked to transcriptional silencing (1). There are three classes of
histone/protein deacetylases, which are classified on the basis of their sim-
ilarity to the corresponding yeast enzymes (2). The Rpd3-like (class 1) and
HDA1-like (class I1) ones are commonly referred to as histone deacetylases
(HDAC:S). Class |11 deacetylases are members of the silent information
regulator 2 (Sir2) family (2,3) and are often referred to as sirtuins (4).

The Sir2 proteins are conserved in al phyla of life (4,5). There are five
homologs in yeast (ySir2 and HST1-4) and seven in humans (SIRT1-7)
(5). Sir2 proteins have been implicated in DNA repair through nonho-
mologous end-joining (6), cell cycle progression and chromosomal stability
(7), gene silencing (8-11), and longevity (12,13). The founding member
of this family isySir2, which is required for gene silencing at the three
silent loci, the telomeres, ribosomal DNA (rDNA), and the mating-type
loci (8-11,14-19). At the telomeres and the mating-type loci, Sir2 isfound
in complex with Sir3 and Sir4, which are recruited by other DNA binding
proteins (9,14,20,21). At the rDNA, Sir2 forms a complex with Netl and
Cdc14 (17,22), although the process of recruiting this complex to DNA is
unknown. The presence of ySir2 at the rDNA has been linked to itsrolein
longevity (23-25). Sir2 prevents rDNA recombination, a cause of extra
chromosomal rDNA circle (ERC) formation (12). ERCs have been shown
to segregate to yeast mother cells and titrate transcription factors, resulting
in cell mortality (12).

Although the roles and cellular targets of many Sir2 proteins are
unknown, reports concerning potential substrates are increasing. The
human ortholog, SIRT2, has been shown to deacetylate a-tubulin, which
is acetylated on lysine-40, suggesting arole in the cell cycle, cell division,
and cellular structure (26). The Salmonella typhimurium homolog, CobB,
was shown to deacetylate, and thereby activate, acetyl-CoA synthetase, an
important enzyme in the metabolism of small fatty acids (27). The human
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homolog SIRT1 and its mouse counterpart, mSir2, deacetylate, in vitro
and in vivo, the tumor suppressor protein, p53, which is acetylated by
p300 in response to DNA damage (28-30). Deacetylation of p53 has been
proposed to block p53-dependent cell cycle arrest and apoptosis. Besides
p53, SIRT1 has been shown to deacetylate and regul ate p300 and forkhead
transcription factors, including Foxo3a, Foxol, and Foxo4 (31,32). Foxo
transcription factors regulate apoptosis, cell cycle arrest, differentiation,
DNA repair, and oxidative stress resistance (33—39), suggesting a wide
range of cellular consequences for SIRT1 activity. SIRT1 has aso been
shown to promote fat mobilization in white adipocytes by binding to the
nuclear receptor corepressor (NCoR) and the silencing mediator of
retinoid and thyroid hormone receptors (SMRT), cofactors of peroxisome
proliferator-activated receptor-y. However, no evidence showing whether
SIRT1 deacetylates either NCoR or SMRT has been presented (40).

Over the last severa years, it has become clear that Sir2 enzymes play
amajor role in many cellular functions including gene silencing, metabo-
lism, and longevity. Recently, several small molecules have shown great
promise in regulating Sir2-dependent processes (28,30-32,40-47). Some
of these regulators take advantage of the catalytic mechanism to mediate
their effects (45—47). Understanding the mode of regulation by these com-
pounds would provide a specific mechanism for fine tuning Sir2 activity
in the hope of developing therapeutics for such diseases as diabetes and
cancer. To understand Sir2 regulation and function, however, one needs to
understand the details of the reaction mechanism. In this chapter, we
review the reactions catalyzed by Sir2 enzymes, the crystal structures, the
kinetic mechanism, and investigations on activators and inhibitors, all of
which have led to an important understanding of the molecular details of
these unique enzymes.

SIR2 REACTIONS

Sir2 enzymes possess a robust NAD*-dependent deacetylase activity,
which tightly couples the cleavage of NAD" and the deacetylation of a
substrate (48-52). Attempts to identify the authentic reaction products led
to the finding that acetate is not a product of the reaction; instead, a novel
metabolite, O-acetyl-ADP-ribose (OAADPY) is produced (53,54). The
other two products are nicotinamide and the deacetylated product. The
formation of OAADPT is conserved among homologs, and stoichiometric
analysis revealed that for every molecule of NAD* cleaved and substrate
deacetylated, one molecule of nicotinamide, deacetylated product, and
OAADPr are formed (52-55). Using a variety of approaches including
rapid quench analysis, nuclear magnetic resonance (NMR), 180 exchange,
and mass spectrometry (MS), the acetyl group was found on the 2" oxygen
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of the nicotinamide ribose (56,57). The subsequent delinegtion of the crysta
structures of Sir2 homologs showing enzymes in complex with 2’-
OAADPr further supports the finding that 2’-OAADPr is the product
formed at the enzyme surface (58,59). Once released by the enzyme, an
equilibrium between the 2’- and 3'-OAADPr is observed through a solution
transesterification reaction (56,57).

Besides the NAD*-dependent deacetylase activity, aweak protein ADP-
ribosyltransferase activity has been reported with some Sir2 homologs
(4,60,61). In fact, several of these findings were the first suggestion that
Sir2 proteins harbored enzymatic activity. At this point, however, it is dif-
ficult to assess the importance of the observed ADP-ribosyltransferase
activity, especially given the contradictory evidence seen in severa differ-
ent labs. It has been proposed that the observed ADP-ribosyltransferase
activity may be caused by a small amount of uncoupling of the deacety-
lase reaction (53). The deacetylase activity was estimated to be approx
1000-fold more efficient than the ADP-ribosyltransferase activity. Sir2
enzymes have been proposed to go through an enzyme-ADP-ribose-like
intermediate, which, when exposed to nucleophiles other than the acetyl-
substrate, could transfer the ADP-ribose to an aternate acceptor molecule
(53). To date, no detailed mechanistic analysis has compared the deacety-
lase and ADP-ribosyltransferase activities, leaving the biological impor-
tance of ADP-ribosylation an open question.

SIR2 CRYSTAL STRUCTURES

Crystal structures of bacterial, human, archaeal, and yeast Sir2 enzymes
have been solved (58,59,62—68). These crystal structures are in agreement
with the general structure of the catalytic domain of the Sir2 enzymes
(Fig. 1A). The catalytic domain consists of two subdomains. The large

Fig. 1. Structure of Sir2 and residues contacting the substrates. Residues are num-
bered based on the HST2 sequence. (A) A model of the Sir2-Af2 structure with
bound p53 peptide and NAD*. The structure of NAD* from Min et al. (62) was
superimposed on the structure of Sir2-Af2 with bound p53 peptide from Avalos
et al. (64). Sir2 enzymes consist of two subdomains. The large subdomain contains
the Rossmann fold, which is present in many NAD*-binding proteins. The smaller
subdomain contains the zinc-binding module, which holds the zinc ion through
two pairs of cysteine residues. The acetylated substrate and NAD™ bind in a cleft
between the two domains. (B) Residues contacting the NAD* and the acetyl-
lysine. The NAD* molecule is bound in an extended conformation, with the nicoti-
namide moiety bound in a hydrophobic portion of the enzyme, referred to as site
C. The acetyl-lysine group of the acetylated substrate inserts into a hydrophobic
pocket and positions the carbonyl group in proximity to the nicotinamide ribose.
Only afew residues of the residues flanking the acetyl-lysine are depicted in the
figure because interactions between these residues and the enzyme are predomi-
nantly nonspecific, backbone interactions.
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subdomain is composed of six B-strands surrounded by a-helices on each
side, forming an inverted Rossman fold. The smaller subdomain consists
of three antiparallel B-strands and two a-helices, with the zinc-binding
module held by two pairs of cysteine residues. The NAD™ and the acety-
lated substrate bind in a cleft between the two domains,

As with many NAD™* binding proteins, NAD* binds to the Rossman
fold in an inverted and extended orientation (58,59,62,67,68) (Fig. 1B). In
Sir2, NAD™ binds extensively to a pocket formed by several conserved
residues at the interface between the large and the small subdomains. The
large subdomain forms the floor, where most of the conserved residues
reside, and the small subdomain forms the ceiling of the NAD™ binding
pocket. All the crystal structures have consistently observed the ADP-
ribose portion of NAD*. However, the nicotinamide moiety was not clearly
visiblein the early crystal structures (51,52,55). One report originally pos-
tulated that the nicotinamide portion binds in a hydrophobic pocket,
referred to as site C (62) (Fig. 1A). This C pocket appeared to be quite
inaccessible and somewhat distant from the position of the observed ADP-
ribose portion of NAD™, although several polar, conserved residues are
found here. Mutation of these residues affects enzymatic activity (62), but
these alterations were suggested to result from structural perturbations
that decreased or abolished NAD™ binding (58).

The nicotinamide binding site in the context of an intact NAD* mole-
cule was recently identified in the crystal structures of Sir2-Af2 (67) and
the C-terminal deletion construct of yHST2 (68). These structures clearly
demonstrated that the nicotinamide moiety bindsto the C site (67,68) (Fig.
1A) and that a 150° rotation about the glycosidic bond, resulting in loss of
coplanarity of the ribose and the nicotinamide group, is required for nicoti-
namide to bind to the previously reported inaccessible site. Rotation of the
nicotinamide group indicates destabilization of the NAD* molecule, which
may permit the formation of the oxocarbenium ion, a proposed reactive
intermediate. With the contorted NAD* molecule, the acetyl-lysine would
bein the proximity of the C, position of the nicotinamide ribose and would
be capable of performing a nucleophilic attack on the o-face of the mole-
cule (67,68). Also, binding of the acetylated substrate was predicted to
promote binding of the NAD™ coenzyme.

A binding site for the acetylated substrate has been observed in the bac-
terial (66), yeast (59), and archaeal (64) Sir2 enzymes (Fig. 1B). These
crystal structures show a similar location of the acetyl-lysine group and
the interactions between the enzyme and the substrate. The acetylated sub-
strate binds to the enzyme by forming a 3-sheet-like interaction with two
flanking strands from the enzyme. The extended acetyl-lysine group from
the acetylated substrate inserts into a hydrophobic tunnel, positioning the
carbonyl group in close proximity to the nicotinamide ribose ring. Peptide
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backbone interactions predominate between the enzyme and the residues
flanking the acetyl-lysine, leading the authors to postulate that the cat-
alytic domain offers little substrate specificity and that specificity may be
conferred by domains outside the catalytic core (64). It is important to
point out, however, that no evidence exists showing that the acetylated
substrates used in the crystal structures are the in vivo substrates for the
enzymes investigated.

SUBSTRATE SPECIFICITY

With a possible abundance of acetylated proteins in the cell, how do
Sir2 enzymes identify their cellular targets? Can Sir2 enzymes alone dis-
criminate between acetylated proteins or do they require accessory pro-
teins for targeting to their physiological substrates? Because Sir2 enzymes
are critical playersin many diverse cellular processes, it is imperative that
these enzymes find and discriminate their physiological targets during the
appropriate cellular signals.

Evidence indicates that some Sir2 homologs have the capability of
deacetylating several substrates in vitro. For example, the yeast homolog
HST2 deacetylates histone peptides (51-53,65,69) as well as tubulin pep-
tides (26,69). Sir2-Afl, Sir2-Af2, ySir2, and SIRT2 were shown to
deacetylate histones as well as p53 peptides (64). The bacterial homolog
cobB was shown to have a similar affinity for the histone H4 peptide, the
p53 peptide, and acetyl-CoA synthetase peptides (66). Severa Sir2 crystal
structures with bound acetylated peptide suggested that the catalytic core
harbors little specificity (64).

Although few quantitative studies have examined the substrate speci-
ficity of Sir2 enzymes, there is growing evidence that these enzymes do
exhibit preferences among substrates. The archaea homolog, Sir2-Afl can
deacetylate bovine serum abumin, but not chicken core histones (62).
SIRTS5, which was shown previously to deacetylate a histone H4 peptide
(26), was incapabl e of deacetylating ap53 peptide (28). Overexpression of
SIRT1 resulted in deacetylation of p53, but not histone H3, acetylated at
Lys-9, suggesting substrate preference in vivo (29). A quantitative study
on the ability of the achaeal homologs to deacetylate p53 peptides showed
that Sir2-Af2 exhibits higher catalytic efficiency and is, therefore, a better
enzyme for the p53 peptide compared with Sir2-Afl (64), although p53is
not a physiological substrate for either enzyme.

A more recent quantitative analysis of the substrate specificity of ySir2,
SIRT2, and HST2 showed that the three enzymes exhibit varying catalytic
efficiency among monoacetylated histone H3 and H4 peptide substrates
(69). HST2 displayed the highest catalytic efficiency for al the histone
peptides examined. Each enzyme also showed a preference for the location
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of the acetyl group within a given histone substrate. For example, ySir2
demonstrated the highest preference for the histone H4 peptide acetylated
at Lys-16 (69), which is consistent with previous cellular studies (70).

Besides ySir2, SIRT1, SIRT2, and cobB, very little is known about the
physiological substrates and specificity of other Sir2 homologs. Although
some homologs have been shown to deacetylate various acetylated sub-
strates in vitro, it is possible that in vivo, some Sir2 enzymes are targeted
to their physiological substrates. For example, ySir2 is found in complex
with DNA binding proteins (9,14,20,21), which most likely recruit ySir2
to the histones of heterochromatic chromatin, thereby increasing the effec-
tive substrate concentration and increasing the catalytic efficiency of
deacetylation. Substrate specificity has been postulated to be conferred by
domains outside the catalytic core (59,64,66). Sir2 proteins have varying
C- and N-terminal extensions, which may be involved in substrate recog-
nition and binding (65). Further studies are needed to determine the factors
involved in substrate selectivity among the Sir2 proteins.

KINETIC MECHANISM

Among the deacetylase families, Sir2 enzymes catalyze a unique reac-
tion that requires NAD* and produces a newly discovered product. Several
mechanisms have been proposed for the Sir2 reaction (45,46,53,54,
56-59,67,68), but the basic kinetic mechanism and the order of substrate
binding and product release were not elucidated until recently. Bisubstrate
kinetic analysis indicated that Sir2 enzymes follow a sequential mecha
nism, in which both NAD* and the acetylated substrate must bind and
form aternary complex for catalysis to proceed (69) (Fig. 2). This means
that no chemical reactions occur and no covalent enzyme intermediate is
formed in the absence of one of the substrates. The [14C]nicotinamide-
NAD* exchange reaction, which was first described by R. Sternglanz and
co-workers (51,52), is consistent with a ternary complex mechanism. In
the exchange reaction, NAD* and acetylated substrate react with the
enzyme, and the subsequent enzyme-ADP-ribose-like intermediate con-
denses with the exogenous [*C]nicotinamide to form [*CINAD™. The
exchange reaction does not occur in the absence of the acetylated sub-
strate (51,52), indicating that no cleavage of the nicotinamide ribosyl bond
occurs without the acetylated substrate.

The complete order of substrate binding and product release has been
determined (69) (Fig. 2). The exchange reaction is consistent with nicoti-
namide being the first product released, as this reaction occurs in the
absence of the deacetylated product and OAADPr. Product inhibition
analysis of nicotinamide versus NAD* and an acetylated substrate showed
noncompetitive inhibition, which is consistent with the conclusion that
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Fig. 2. Kinetic mechanism of the Sir2 family of enzymes. Sir2 enzymes follow a
sequential mechanism, in which both the acetylated substrate and NAD* must
bind prior to catalysis. The acetylated substrate is the preferred first substrate to
bind, followed by NAD™, forming aternary complex. After catalysis, nicotinamide
is the first product released, followed by a random release of the deacetylated
product and O-acetyl-ADP-ribose (OAADFP).

nicotinamide is the first product released (69). Additional product and
dead-end inhibition studies suggested a random release of the deacety-
lated product and OAADPr (69).

Several lines of evidence indicate that the acetylated substrate is the
first to bind. First, a product inhibition analysis of a deacetylated product
vs the acetylated substrate displayed competitive inhibition (69). Second,
arecent crysta structure of Sir2-Af2 in ternary complex with NAD* and
an acetylated substrate mimic indicated that NAD™ binding may be facili-
tated by the acetylated substrate binding (67). Equilibrium binding studies
also showed that the acetylated substrate can bind independently to the
free enzyme (68,69). Although NAD™ binding has been observed with
Sir2-Afl (58), no significant binding was observed with HST2 and SIRT2
(69). Even though NAD™ binding to the free enzyme was shown, whether
this complex is productive is unknown. Alternatively, some Sir2 enzymes
might bind the two substrates in a random fashion.

REGULATION OF SIR2

Because Sir2 enzymes are important for various cellular processes
including gene silencing/activation, metabolism, apoptosis, and longevity
(3,24,25,48,71-75), understanding the regulation of Sir2 enzymes would
pave the way for identifying therapeutic interventions that can modulate
these pathways. Numerous small molecules have been shown to inhibit
and activate Sir2 enzymes.

To date, nicotinamide has been shown to be the most potent inhibitor of
Sir2 activity (41,45-47,69). It was first postulated that nicotinamide binds
to an allosteric site and consequently inhibits Sir2 activity (41). However,
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a detailed kinetic analysis indicated that the effectiveness of nicotinamide
inhibition arises from the fact that it can condense with an enzyme/ADP-
ribose-like/acetylated-substrate intermediate and drive the reverse reac-
tion, forming NAD* and inhibiting product formation (45,46).
Nicotinamide decreases the forward reaction at a rate similar to that at
which it increases this partial reverse reaction. Sensitivity to nicotinamide
inhibition has been postul ated to be enzyme dependent, as the overall rate
of deacetylation in comparison with the rate of the exchange reaction has
been shown to vary between enzymes. The potency of nicotinamide inhi-
bition has been reported to depend on the relative rates of the deacetyla
tion and exchange reactions (45,46).

Given the requirement for NAD* and the potency of nicotinamide inhi-
bition, several NAD* and nicotinamide analogs were tested as possible
substrates or inhibitors of Sir2 reaction (45,47). NAD* analogs, with sub-
stitution at either the nicotinamide ring or the adenine base, were poor
substrates for the Sir2 reaction, suggesting deficient binding and/or
catalysis (47). Some pyridine derivatives were shown to support the
Sir2-catalyzed exchange reaction, suggesting that these compounds can
bind to the nicotinamide binding site and promote the transglycosidation
reaction (45). However, inhibition analyses using these pyridine deriva-
tives, as well as NAD™ analogs with an altered nicotinamide ring, indi-
cated that these compounds are at least an order of magnitude less efficient
compared with nicotinamide. Collectively, these data demonstrate an
exquisitely specific nicotinamide binding site (45,47).

The cellular NAD*/NADH ratio has also been implicated in the regula-
tion of Sir2 activity. Contradicting reports have been presented regarding
the role of the NAD*/NADH ratio in Sir2 regulation. Anderson et a. (76)
reported alack of NAD™ fluctuation as well as a lack of change in NADH
levels, for calorie-restricted yeast cells. Lin et a. (77) reported that Sir2-
mediated life span extension during calorie restriction results from
decreased NADH levels. Kinetic analyses, however, indicated that NADH
levels may not be a factor in regulating Sir2 activity, as NADH is a poor
inhibitor of Sir2 enzymes, with ICg, values in high millimolar range (47).
In comparison, the K, values for NAD™ fall typically between 10 and 100 uM
(69). Therefore, changes in NAD levels, but not NADH levels, would
likely be afactor in Sir2 regulation.

A number of small molecules are reported to inhibit or activate Sir2
enzymes. High-throughput chemical screens have identified splitomicin
(78) and sirtinol (44) as inhibitors of Sir2 enzymes. Splitomicin analogs
also have inhibitory effects on Sir2 enzymes (42). It is, however, impor-
tant to point out that of all the inhibitors tested to date, none have shown
comparabl e potency to that seen with nicotinamide. Additionally, the mode
of inhibition by these molecules has not been established. It is possible
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that these compounds bind to allosteric sites on the enzyme, although no
such sites are obvious from the available crystal structures. Competition
for binding to the NAD* binding site is another possibility, as these com-
pounds have ring structures that may be accommodated. Further studies
are needed to evaluate the mechanism of inhibition and to improve the
efficacy of these compounds.

A few plant polyphenols, including quercetin, piceatoannol, and resver-
atrol activate some Sir2 enzymes (43). Demonstrating the best activation
of the compounds tested, resveratrol lowers the K, for NAD* and for
acetylated substrate but does not affect the turnover rate of the enzyme.
Life span extension and increased cell survival upon DNA damage were
observed in the presence of resveratrol (43), making this polyphenol found
in red wine an excellent tool for future studies on Sir2 regulation. Recent
studies have shown that the previously observed resveratrol activation, in
vitro, was dependent on the use of fluorophore-containing peptides as sub-
strates (43a,b). Peptide substrates lacking the fluorophore exhibited no
activation. Activation was also largely specific to SIRT1. Therefore,
unclear at this point is the mechanism of resveratrol-mediated Sir2 activa-
tion in vivo. Resveratrol has known antioxidant properties, and it is not
clear whether the observed Sir2 activation is due to antioxidant effects
indirectly or whether activation occurs by direct binding to Sir2, perhaps
at aremote allosteric site in the enzyme.

CATALYTIC MECHANISM

From the available evidence, acetylated substrate binds first and NAD*
second, with no chemical step occurring until the formation of the ternary
complex (67-69). Data from rapid quench anaysis indicate that cleavage
of the nicotinamide ribosyl bond precedes the transfer of the acetyl group
from the acetylated substrate to the ADP-ribose portion of NAD* (69).
Formation of an initial oxocarbenium ion-like species after elimination of
nicotinamide has been suggested previously as the initial step in the reac-
tion (45) (Fig. 3). Following oxocarbenium ion formation, the carbonyl
oxygen of the acetyl-lysine performs a nucleophilic attack on the C; of the
nicotinamide ribose, forming an iminium ion intermediate. The 2’-OH of
the nicotinamide ribose attacks the carbonyl carbon of the acetyl-lysine,
probably activated by deprotonation through the involvement of a con-
served histidine residue, forming a cyclic intermediate. The conserved his-
tidine appears to be involved in this step of the reaction but is not critical
in the initial elimination of nicotinamide (45). A water molecule can then
perform a nucleophilic attack on the cyclized intermediate, to form the 2’-
OAADPr. Water attack at the C, is also possible and would generate the
identical product.
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Fig. 3. Sir2 catalytic mechanism. After formation of the ternary complex,
nicotinamide cleavage precedes the acetyl transfer step. The carbonyl oxygen
of the acetyl group then performs a nucleophilic attack on the C; position of
the nicotinamide ribose. Activation of the 2’-OH of the nicotinamide ribose,
possibly by the conserved histidine residue, allows the nucleophilic attack on
the carbonyl carbon, leading to the formation of a cyclic intermediate. Attack
of a water molecule collapses the cyclic intermediate and allows formation of
the 2’-OAADPr.

Formation of a covalent enzyme-ADP-ribose intermediate was proposed
by Min et a. (62); however, there are no data to support this hypothesis.
Although the mechanism outlined above and in Fig. 3 is consistent with
the latest findings (45,46,67,68), several important questions remain: Can
the formation of a 1’-OAADPr intermediate be ruled out? Can the imine
adduct be isolated and proved to exist? Where and when does water attack
the proposed intermediate? What are the roles of the conserved active site
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residues? Can these enzymes function as viable ADP-ribosyltransferases?
What is the mechanistic basis for the difference between protein deacety-
lation and ADP ribosylation? Further studies are needed to address these
and other important mechanistic questions.
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Acronyms and Abbreviations

Abfl ARS-binding factor 1 protein

Age-1l AGEing alteration family member 1

Bax BCL 2-associated X protein

Daf-2 Abnormal dauer formation family member 2

GCN5 General control of amino-acid synthesis 5

Hapd Subunit of the heme-activated, glucose-repressed Hap2p/3p/4p/5p
CCAAT-binding complex

HES1 Hairy and enhancer of split 1

HEY2 Hairy/enhancer-of-split related with Y RPW motif 2

HRAS1 Harvey rat sarcoma virus oncogene 1

MyoD Myogenic differentiation 1

Netlp Nucleolar protein involved in exit from mitosis; protein 1

Orc Origin recognition complex

PGC-1-a Peroxisome proliferative activated receptor, gamma, coactivator 1, o

PML Promyelocytic leukemia

PNC1 Pyrazinamidase/ni cotinamidase 1

Rapl Repressor activator protein 1

RelA v-rel reticuloendotheliosis viral oncogene homolog A

SRC-1 Steroid receptor coactivator-1

TAF TBP-associated transcription factor family member

Tat Transactivating regulatory protein

transcriptional repression, recombination, cell cycle division, microtubule
organization, and cellular responses to DNA-damaging agents. Sir2 pro-
teins have a so been implicated in regul ating the molecular mechanisms of
aging. Eukaryotic sirtuins contain a core catalytic domain and variable
amino- and carboxyl-terminal extensions that regulate their subcellular
localizations and catalytic activity. This review focuses on the diverse sub-
cellular distribution, substrate specificity, and cellular functions of sirtuins
with particular emphasis on the biology of mammalian sirtuins.

Key Words: Sirtuins, aging, metabolism, mitochondria

INTRODUCTION

The silent information regulator (Sir) gene family wasfirst identified in
the yeast Saccharomyces cerevisiae, in which a mutation in Sirl, sirl-1,
suppressed the mating and sporulation defects of all mutations present in
the mating-type loci (1). In further studies, four separate genes named
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Sirl, Sir2, Sir3, and Sir4 were isolated that complemented Sir mutations
in vivo (2—4). Two decades following their initial characterization, the
enzymatic activity of Sir2p was identified as a histone deacetylase, an
activity required for the silencing observed for Sir2p-controlled loci
(5-7). A uniquely intriguing aspect of Sir2p-mediated histone deacety-
lase activity is the requirement of the cofactor nicotinamide adenine
dinucleotide (NAD) for Sir2p action. Here we review what has been
learned in past years about the biology of Sir2 proteinsin several experi-
mental model systems.

S. CERevISIAE SIR2 AND HOMOLOGS OF SIR2

The yeast genome contains Sir2 and four other closely related open
reading frames, called homolog of sir2 (HST). These proteins play critical
rolesin transcriptional silencing at several unique loci in the yeast genome.

Sir2p at the HML/HMR Locus

Haploid S. cerevisiae can be one of two different mating types. The
genetic determinants that define the mating type for a given yeast cell are
found in the mating-type locus (MAT locus). Cells with the MATa. alele
have the o mating type, and cells with the MATa alele have the a mating
type. Cells of different mating types can mate or fuse, to generate adiploid
cell. When diploid cells are starved, they sporulate, forming four haploid
spores, each of which can germinate when supplied with sufficient nutrients,
regenerating haploid cells. Two additional loci are found on chromosome
I11 of the S. cerevisiae genome, termed HML and HMR, which contain the
necessary and sufficient genetic information required to direct each of the
two different mating types. The HML and HMR loci are nontranscribed
and are thus termed silent mating-type loci. These loci can be transferred
to the MAT locus via a unique type of recombination termed gene conver-
sion, allowing cells to change mating types during each generation (8).
The sir1-1 suppressor mutant was identified because of its ability to sup-
press the mating and sporulation defects of al mutations found in the MAT
loci, suggesting that it wasinvolved in repression of the cryptic silent mating
typeloci (1).

The Sir proteins were further characterized for their ability to mediate
transcriptional repression at HMR and HML (4). Strains harboring muta-
tionsin SR2, IR3, and S R4 are defective in silencing at both HML and
HMR, whereas mutations in SR1 only partially reduce silencing at these
loci. A heteromeric protein complex containing Sirlp, Sir2p, Sir3p, and
Sirdp is localized at the silent mating-type loci and is recruited via an
interaction with a complex of DNA binding proteins comprising Rap1,
Orc, and Abf1 (9-11). A model has been proposed in which the Sir2/3/4
complex is recruited for nucleation by DNA binding factors and Sirlp,
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upon which Sir2p will deacetylate histones within the neighboring
nucleosome, allowing for recruitment of a new Sir2/3/4 complex to this
nucleosome viathe Sir3p/Sirdp interaction with the newly hypoacetylated
histones (12—16). This cycle of deacetylation followed by recruitment
continues across the loci (17,18). The silenced region is associated with
nucleosome hypoacetylation and displays features of a heterochromatin-
like structure (15,19,20).

Telomeres

Telomeres are protein-DNA complexes formed at the ends of chromo-
somes that are important for chromosomal end stability; they also promote
organization of chromosomes within the nucleus (21). In S. cerevisiae,
telomeric DNA consists of C;_;A/TG,_; repeats that are approx 300 bp in
length. These repeats are organized into a nonnucleosomal chromatin
structure termed the telosome (22). A transient form of silencing termed
telomere position effect, characterized as a stochastic alternation between
transcriptional silencing and activation in a telomere distal distance-
dependent manner, is found at yeast telomeres (23). Similar to the silent
mating-type loci, telomeric silencing requires Sir2p, Sir3p, and Sirdp but
not Sirlp (23). Sir proteins are components of the telosome and may be
recruited by Sirdp interaction with C;_,A/TG,_; repeats (24).

Another mechanism mediating Sir complex recruitment to the telom-
eres involves interaction with the telomere-repeat binding protein Raplp
(11,25,26). The stepwise model of spreading heterochromatin across the
telomere is thought to be similar to what is observed at the silent mating-
type loci. Telomeric silencing also requires Ku70/80, a DNA binding pro-
tein involved in nonhomologous end joining (NHEJ) during DNA
double-strand break repair (27). In yeast, Ku is localized primarily at
telomeres, and Ku-deficient strains lose telomere silencing by relocaliza-
tion of the Sir complex (27-30). The Ku proteins are a component of the
DNA-dependent protein kinase, which is involved in NHEJ. Upon DNA
damage, the Sir proteins relocalize to the sites of DNA damage in a
Ku70/80-dependent manner (28,29). The role of Sir protein-mediated
histone deacetylation during NHEJ is not clear. The heterochromatic envi-
ronment surrounding a DNA break and created under the influence of Sir
proteins may enhance the accuracy of the repair process. Further studies
in both yeast and higher organisms are necessary to define the Ku70/80/Sir
complex interaction more completely.

rDNA

The nucleolus, the site of rRNA transcription and ribosomal assembly, is
the third known site of action of Sir2p function in yeast (31,32). The nucle-
olus contains the ribosoma DNA (rDNA) array, encoding the 35S and the
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5S ribosomal RNA, and consists of a 9-kb unit tandemly repeated 100 to
200 times on chromosome 12. Sir2p-mediated alterationsin chromatin struc-
ture at the rDNA array suppress homologous recombination among the
tandemly repeated rDNA copies. In addition, Sir2p silences transcription of
RNA polymerase I 1-dependent marker genesinserted within the rDNA array
(31-34). Sir2p isrecruited to the nucleolus independently of Sir3p and Sirdp
viaits interaction with the regulator of nucleolar silencing and telophase
exit (RENT) complex, containing Netlp, and a telophase-regulating phos-
phatase, Cdcl4p, which is released in late metaphase (35,36).

Homologs of Sir2 (HST)

In addition to SIR2, S. cerevisiae has four homologs of Sir2 (HST)
genes. Of these, Hstlp is the most closely related to Sir2p and also
localizes predominantly in the nucleus. HST1 overexpression restores
transcriptional silencing in a sir2 mutant, suggesting that the homology is
significant enough for Hst1p to be incorporated into the same complexes
as Sir2p (37). However, Hst1p represses the expression of genes involved
in NAD biosynthesis via its NAD-dependent histone deacetylase activity,
a gene subset that is not targeted by Sir2p. A decrease in cellular NAD
levels leads to reduced enzymatic activity of Hstlp, therefore allowing the
derepression of genes involved in NAD biosynthesis and a subsequent
increase in cellular NAD levels (38).

Hst2p is distinct from Sir2p and Hstlp in yeast, and phylogenetic
analysis suggests that it is the closest homolog to the human SIRT2 and
SIRT3 proteins. Hst2p, which also possesses NAD-dependent deacetylase
activity, shows a predominantly cytoplasmic localization, similar to the
human SIRT?2 protein (39-41). However, athough Hst2p is found in the
cytoplasm, it functions as a transcriptional silencer (39). In contrast to
Hstlp, Hst2p does not restore silencing in a Sir2 deletion mutant.
However, overexpression of Hst2p leads to a derepression of telomeric
silencing while increasing silencing at the rDNA locus (39). Hst2p and
Sir2p could compete for a substrate or ligand required for Sir2p to per-
form silencing functions at the telomere but not the rDNA array (39).

Hst3p and Hst4p are more distantly related to Sir2p and do not have
any close orthologs in mammals. In yeast, Hst3/Hst4 double mutants are
defectivein telomeric silencing (37). In addition, HST3 and HST4 together
contribute to proper cell cycle progression, radiation resistance, and
genomic stability, thereby establishing new connections between silencing
and these fundamental cellular processes (37).

Rolein Yeast Aging

Agingin S cerevisiae occurs, at least in part, as aresult of recombination
between rDNA repeats, which can lead to the excision of extrachromosomal
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rDNA circles (ERCs). An autonomous replicating sequence (ARC) within
the rDNA array alows ERCs to replicate. In addition, ERCs are preferen-
tially segregated to mother cells during cell division. ERCs can accumulate
in old cells, causing a DNA content greater than that of the entire yeast
genome, and are thought to cause cell death by titrating out essentia tran-
scription and/or replication factors (42). As described earlier, Sir2p func-
tionsin S. cerevisiae in transcriptional repression at the telomeres, silent
mating-type loci, and both transcriptional and recombinational repression
at the rDNA array. This latter activity, i.e., suppression of recombination at
the rDNA array, might be how Sir2p modulates yeast aging (33,34).

A screen search for long-lived yeast cells identified a mutant form of
Sir4, termed Sr4-42. This mutant caused a relocalization of the Sir2/3/4
complex from the telomeres and silent mating-type loci to the DNA array,
in effect locally increasing the dosage of Sir2p at the rDNA array (43).
Relocalization of the Sir2/3/4 complex to the nucleolus occurs naturally in
aging wild-type cells, however, the Sr4-42 allele caused a premature rel o-
calization of the Sir complex in young yeast cells (43). Deletion of Sir2
eliminates rDNA silencing, increases the frequency with which a marker
gene is recombined out of the rDNA, and results in a shortened life span
(44). Furthermore, recent work suggests that the Sir2/3/4 complex also
suppresses ERCs viathe transcriptional repression of oo mating-type genes.
Deletion of Sir3 or Sird resultsin transcriptiona derepression at the silenc-
ing mating-type loci and coexpression of genes responsible for theaand o
mating-types. This results in an increase in RAD52-mediated recombina
tion at the rDNA array (44). These data suggest that both nucleolar Sir2p
(the RENT complex) and the Sir2/3/4 complex at the mating-type loci
function to increase life span by regulation of rDNA recombination and
ERC formation.

Calorie Restriction

For more than 60 years, reduction of caloric intake has been known to
extend life span in a wide variety of organisms. Calorie restriction is a
dietary regimen in which organisms are fed 30 to 50% less calories than
normal. The mechanism underlying the increased life span in response to
calorie restriction remains elusive, although a reduction in reactive oxygen
species and decreased blood glucose and insulin levels have been pro-
posed as potential mechanisms (45). Growth of yeast cellsin 0.5% glu-
cose, instead of the routine 2% glucose, results in a significant life span
extension (46). In addition, a yeast strain carrying a deletion of hexoki-
nase, HXK2, which carries one of the first steps of glycolysis, also shows
life span extension, even when grown in normal glucose concentrations
(46). The observed life span extension mediated by low glucose levels
(i.e., caloric restriction) is not found in a strain lacking Sir2p (47).
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Furthermore, life span extension mediated by caloric restriction also
requires NAD, as strains lacking NPT1 and other components of the NAD
synthesis pathway do not display life span extension (47). Caloric restric-
tion also leads to an increase in respiration, which drives NAD production
through the electron transport chain (46). More NAD, or a higher
NAD/NADH ratio, will result in an increase in Sir2 activity. In support of
this model, strains of yeast having high levels of HAP4, a transcription
factor that activates a number of respiratory genes, show both an increase
in respiration and an increase in life span (46). Similar to caloric restric-
tion, thislife span extension is aso dependent on Sir2p (46). Further com-
plicating this issue, a recent study has demonstrated the existence of a
Sir2-independent pathway responsible for most of the longevity benefit
associated with calorie restriction (48,49).

NAD/NADH Ratio

Caloric restriction presumably alters Sir2p activity via changes in the
cellular NAD/NADH ratio. As discussed above, the extension of life span
induced by caloric restriction appears to be dependent on increased res-
piration. Calorie restriction is associated with a shunting of carbon
metabolism from fermentation to the mitochondrial TCA cycle with a
concomitant increase in respiration leading to the oxidation of NADH to
NAD. Measurement of NAD and NADH levelsin cells grown on either
2.0% or 0.5% glucose showed decreased NADH levels and unchanged
NAD levels, increasing the NAD/NADH ratio (50). Furthermore, NADH
is a competitive inhibitor of Sir2, implying that areduction in NADH levels
would aso result in increased Sir2p activity (50). Overexpression of two
NADH dehydrogenases, Ndel and Nde2, specifically lowered NADH levels
without influencing NAD levels but still resulted in an extended life span
(50). These observations indicate that the NAD/NADH ratio, rather than
the absolute NAD level, controls Sir2 activity.

Nicotinamide

A second model for how caloric restriction results in altered levels of
Sir2p activity is by regulating cellular nicotinamide levels. Nicotinamide
is produced from NAD by cleavage of the glycosidic bond by Sir2 pro-
teins (51). Nicotinamide acts as a strong noncompetitive inhibitor by bind-
ing to a site near NAD in the Sir2 enzyme, thereby blocking NAD
hydrolysis. Thus, changes in nicotinamide levels could alter the level of
Sir2p activity (51,52). Cells grown in the presence of nicotinamide show a
loss of Sir2p-mediated silencing and alife span decrease that mimicks that
found in a Sr2 mutant (52). Nicotinamide is converted back into NAD in
amultistep process during an NAD-salvage pathway (Fig. 1) The enzyme
PNC1 functions in this NAD salvage pathway to convert nicotinamide
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into nicotinic acid. Overexpression of PNC1 is associated with an increase
in life span that is dependent on Sir2 (53). Furthermore, a strain lacking
PNC1, which should have increased levels of nicotinamide and low Sir2
activity, showed no extended life span in response to caloric restriction
(53). Interestingly, calorie restriction leads to increased PNC1 levels,
decreased cellular levels of nicotinamide, and increased Sir2p activity
(53). These experiments strengthened the hypothesis that both NAD and
nicotinamide levels control life span, at least in part via Sir2 activity
(53,54).

SIRTUINS IN BACTERIA AND ARCHAE

As discussed in Chapter 8, sirtuin orthologs are found in bacteria and
archae. Although this review focuses primarily on other organisms, these
proteins are briefly discussed below.

Acetate and propionate are short-chain fatty acids, which are used as
carbon and energy sources by prokaryotes. CobB, a bacterial sirtuin, con-
trols the activity of both acetyl- and propionyl-coenzyme A synthetase in
Salmonella. CobB-deficient strains of Salmonella enterica undergo growth
arrest when grown in the presence of acetate (55). In the absence of CobB,
residue K609 of the S. enterica acetyl-CoA synthetase (ACS) is acety-
lated. Since acetylation of Lys-609 inhibits the adenylating activity of
this enzyme, the CobB-deficient strains cannot produce acetyl-CoA from
acetate. CobB deacetylates ACS on Lys-609 and thereby activates ACS
in an NAD-dependent fashion. Both human SIRT1 and yeast Sir2 pro-
tein restore the ability of Sir2-deficient S. enterica to grow on acetate
and propionate (56). Like acetate, propionate has to be activated before

Fig. 1. Biosynthetic pathways for NAD. NAD can be synthesized de novo starting
from tryptophan or recycled in a salvage pathway. When NAD is utilized as a
cofactor by a sirtuin, nicotinamide is produced and recycled using the salvage
pathway. Several enzymes that control distinct steps of the salvage pathway play a
role in the genetic control of life span. Enzymes involved in the de novo pathway
convert L-tryptophan to nicotinic acid mononucleotide (NaMN). These reactions
are catalyzed by several enzymes in the BNA (biosynthesis of nicotinic acid)
group. Specific names for individual BNA enzymes are: BNA2, tryptophan 2,3-
dioxygenase; BNA3, arylformamidase; BNA4, kynurenine 3-monooxygenase;
BNAS5, kynureninase; BNA1, 3-hydroxyanthranilic acid dioxygenase; and
QTPL/BNAG, quinolinate phosphoryibosyl transferase. Enzymes involved in the
salvage pathway are called NMA1 and NMAZ2 (nicotinic acid mononucleotide
adenylyltransferase 1 and 2); QNSI1, glutamine-dependent NAD+ synthase;
TNAL, transporter of nicotinic acid; NPT1, nicotinate phosphoribosyl transferase;
and PNC1, nicotinamidase. Intermediates in the NAD biosynthesis pathway are
NaMN and NaAD (nicotinic acid adenine dinucleotide).
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it can be converted into metabolites suitable for central metabolism. This
reaction is performed by propionyl-CoA synthetase, and acetylation of
Lys592 of this enzyme abrogates the adenylation activity of the enzyme
(55,57).

The crenarchaeon Sulfolobus solfataricus P2 genome also encodes a
sirtuin homolog, called ssSir2, which doubles as an NAD-dependent
deacetylase and a mono-ADP-ribosyltransferase (58,59). The acetylated
archaeal chromatin protein Alba interacts with ssSir2. The deacetylation
of Alba by ssSir2 resultsin increased DNA binding activity and transcrip-
tional repression in areconstituted in vitro transcription system (58).

C. ELEGANS SIRTUINS

There are four orthologs to Sir2p in the nematode C. elegans. Genetic
studies have implicated Sir-2.1, the closest ortholog to yeast Sir2p, in the
insulin/insulin-like growth factor 1 (IGF-1)-like endocrine system.

| GF-1 Pathway/Sir2.1

Upon induction of insulin signaling, activation of theinsulin/IGF-1 recep-
tor daf-2 activates the phosphatidylinositol-3-OH kinase/phosphoinosi-
tide-dependent kinase-1/Akt signal transduction pathway (Fig. 2).
Activation of this pathway leads to phosphorylation of Daf-16, a Forkhead
transcription factor, resulting in its sequestration in the cytoplasm (25).
Sir-2.1 appears to play arole in the Daf-2 pathway, and its effect requires
afunctional Daf-16; however, the molecular interplay between Sir-2.1 and
the Daf pathway is not clear (60). The mammalian Sir2 protein SIRT1
also regulates the activity of forkhead transcription factors in mammalian
cells (see Mammalian Sirtuins below), suggesting that these interactions
are conserved across species.

Rolein C. elegans Aging

A link between aging and the IGF-1 pathway has been demonstrated at
many levels (Fig. 2). Knock-down experiments utilizing RNA interference
(RNAI) for the suspected ligand for Daf-2 (Ceinsulin-1) cause an extension
of life span (61). Mutations in Daf-2 leading to a reduction in expression,
and reduced signaling through the receptor, also result in extended life span
(62,63). Reduction-of-function mutations within the insulin/IGF-1 signaling
cascade including age-1 (a phosphatidylinositol-3-OH kinase) and phos-
phoinositide-dependent kinase-1 result in a significant extension in life
span (64,65). As observed in yeast, an extra copy of Sir-2.1 in C. elegans
significantly extends the span, which also requires a functional Daf-16
(60) (Fig. 2). By regulating the insulin-like signaling pathway, Sir-2.1 may
also enhance dauer formation (60). The dauer larvae are a specialized
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Fig. 2. Conserved genetic pathways could impact life span and age-related dis-
eases in C. elegans and mammals. The insulin-like growth factor-1 (IGF-1) like
pathway has been defined in C. elegans as a major pathway controlling aging in
this organism. Sirtuins might control aging by modifying factors in this pathway,
including DAF-16 and the FOXO proteins. PI3K, phosphatidylinositol 3'-kinase;
FOXO, forkhead box-containing protein, O subfamily; DAF-2, abnormal dauer
formation family member 2; SIR-2.1, silent information regulator 2.1; AGE-1,
AGEing dteration family member 1.
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survival form of the worm; however, the molecular mechanisms by which
Sir-2.1 controls dauer formation remains to be elucidated.

DROSOPHILA SIRTUINS

There are five homologs to Sir2p in Drosophila. dSir2 is the closest
homolog to yeast Sir2p and functions as a histone deacetylase toward all
four acetylatable K residues of histone H4 (66). Unlike Sir2p in yeast,
dSir2 is not required for silencing at telomeres but is required for hete-
rochromatic silencing (67). dSir2 interacts genetically and physically with
members of the Hairy/Deadpan/E(Spl) family of basic helix-loop-helix
(bHLH) euchromatin repressors, which are key regulators of Drosophila
development (67). dSir2 also interacts with the histone acetyltransferase
cyclic AMP-responsive element binding protein (CBP) (68). However,
contradictory reports have been published on the role of dSir2 in various
physiological processes. dSir2 may be an essential gene whose loss of
function results in both segmentation defects and skewed sex ratios, asso-
ciated with reduced activities of the Hairy and Deadpan bHLH repressors
(67). In a contrasting report, knockout of dSir2 has no developmental or
sex ratio defects; however, these mutants do have reduced life span (69).
In athird report, dSir2 had a minor role in position effect variegation,
similar to its yeast counterpart; however, this study indicates that dSir2
does not appear to have a function in regulation of life span (68). Further
studies of the role for dSir2 are needed to understand the role of Sir2 in
Drosophila transcriptional silencing and devel opment.

MAMMALIAN SIRTUINS

Seven distinct Sir2 homologs have been identified in humans and are
called SIRT1 to 7. Protein deacetylase activity has been reported for
SIRT1, -2, -3, and -5, whereas SIRT4, -6, and -7 have no detectable enzy-
matic activity on a histone peptide substrate (41).

SIRT1
SUBCELLULAR LOCALIZATION

SIRT1 is the most homologous mammalian sirtuin to yeast Sir2p and is
also an NAD-dependent deacetylase primarily found in the nucleus
(7,70-74). A uniform nuclear localization is observed, but the endogenous
and overexpressed SIRT1 is partially recruited to PML bodies upon over-
expression of PML IV protein or expression of oncogenic Ras, an
upstream regulator of PML (75). Although the direct role of PML bodies
in nuclear activity is presently unclear, they are implicated in the regula-
tion of transcription, tumor suppression, and apoptosis. In some cell types,
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however, the endogenous SIRT1 displays a cytoplasmic localization,
indicating that the functions of SIRT1 may not be entirely restricted to
the nucleus (S. Imai, personal communication).

INTERACTING FACTORS
TAF,68

TAF,68, a subunit of the promoter selectivity factor TIF-1IB/SL1, was
the first target to be reported for murine SIRT1 (76). The TIF-1B/SL1
complex mediates the recruitment of RNA polymerase | to the rDNA
promoter and transcription initiation. TAF,68 is acetylated in vitro by
p300/CBP-associated factor (PCAF), a modification that enhances its
binding to the rDNA promoter and stimulates rDNA transcription. SIRT1
deacetylates TAF,68 in an NAD-dependent manner in vitro and in the
context of the purified TIF-IB complex. SIRT1 interaction with TAF,68
leads to the repression of RNA polymerase | transcription, a situation
similar to that in yeast, in which Sir2p is involved in gene silencing at
mating-type loci, telomeres, and the rDNA locus (77).

p53

The tumor suppressor protein p53 is acetylated by the coactivator
CBP/p300 on multiple Ks (positions 370, 372, 373, 381, and 382) (78,79).
Acetylation stimulates the transcriptional activation activity of p53 by
enhancing protein stability, cofactor recruitment, and DNA binding (80).
Human and mouse SIRT1 can specifically deacetylate K382 of p53
(71,72,75). SIRT1 physically interacts with p53 in the nucleus (72), and
this interaction is enhanced after induction of DNA damage (71).
Acetylation of p53 results in the activation of p53 target genes such as
p21, resulting in cell cycle arrest, apoptosis, or senescence. Conversely,
deacetylation of p53 by SIRT1 decreases p53-mediated transcriptional
activation (71,72,75). The consequence of SIRT1 action is the suppression
of apoptosis induced by DNA damage or oxidative stress. Accordingly,
mice homozygous for a deleted SIRT1 allele show hyperacetylated p53
after DNA damage and increased ionizing radiation-induced thymocyte
apoptosis (81). A separately derived SIRT 1 knockout mouse strain showed
defects in spermatogenesis with increased apoptosis in the testes (82),
possibly through modulation of p53 function.

PML IV

PML, atumor suppressor implicated in leukemia and cancer pathogen-
esis and astructural component of nuclear bodies (or PODs, PML bodies),
is critical to the recruitment of a number of proteins to nuclear bodies,
including SIRT1 and p53 (75). SIRT1 overexpression overcomes the
growth arrest induced by PML 1V overexpression, whereas overexpression
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of a catalytically inactive SIRT1 mutant (H363Y) partially relieves the
PML IV-induced growth arrest (75).

RelA/p65

The nuclear factor-xB (NFxB) complex is composed of p50 and
Rel A/p65 subunits and is sequestered in the cytoplasm through its interac-
tion with the inhibitory family of IxB proteins (83). Stimulus-induced
phosphorylation of the IxBs results in translocation of the NF-xB het-
erodimer to the nucleus (83). NF-kB controls the expression of genes
involved in the cell cycle, apoptosis, and other important cellular processes
(84). NF-xB interacts with several acetyltransferases such as CBP, its
homolog p300, and PCAF (85-87). The acetyltransferases SRC-1 and
p300 acetylate the p50 and Rel A/p65 subunits of NF-xB (71,85,88) and
modify its DNA binding activity and transcriptional activity (89,90).
SIRT1 directly interacts with Rel A/p65 and inhibits its transcriptional
activity by deacetylating K310 (91). Since NF-xB exerts an antiapoptotic
effect during tumor necrosis factor-o. (TNF-o) activation, inhibition of
NF-xB-mediated gene activation by SIRT1 sensitizes cells to apoptosis
during TNF-o. treatment. Rel A/p65 can also be deacetylated by HDACL,
HDAC?2, and HDACS3. Deacetylation of Rel A/p65 by these class | histone
deacetylases increases its interaction with the inhibitory 1xBow and reduces
the transcactivation potential of RelA/p65 (71,88,92).

CTIP2

Endogenous SIRT1 and chicken ovalbumin upstream promotor tran-
scription-factor-interacting protein 2 (CTIP2) copurify from human
nuclear extracts, and both proteins interact directly in vivo and in vitro
(93). CTIP2 represses transcription through its sequence-specific DNA
binding activity. The transcriptional repression and deacetylation of
promoter-bound histones H3/H4 observed upon CTIP2 transfection is
reversed by nicotinamide treatment. Exogenous SIRT1 increases both
transcriptional repression and histone H3/H4 deacetylation in CTIP2-
transfected cells. These observations indicate that specific transcription
factors such as CTIP2 can recruit SIRT1 to promoters where it mediates
gene silencing via histone deacetylation (93).

HES1 and HEY2

Members of the bHLH transcription factor family are important devel-
opmental activators or repressors (94,95). Two members of the bHLH
family, HES1 and HEY 2, interact with SIRT1 (96). HESL is the mammalian
ortholog of the Drosophila Hairy protein, which interacts with the
Drosophila Sir2 protein (67). SIRT1 enhances the transcriptional repression
activities of HES1 and HEY 2, but the mechanism accounting for this effect
is not understood.
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Histone H1

Immunopurification of overexpressed SIRT1 from nuclear extracts led
to the copurification of histone H1b (73). This interaction is mediated by
the N terminus of SIRT1. Histone H1 is acetylated in vivo on K26 and can
be specifically deacetylated by SIRT1 in vitro (73). The interaction
between histone H1 and SIRT1 may participate in the establishment of
heterochromatin.

PCAF, p300, and GCN5

SIRT1 directly interacts with the acetyltransferases p300 and PCAF
(97,98) and reduces the acetylation of PCAF (97). The conserved domain
of SIRT1 is necessary and sufficient for its interaction with PCAF (97).
SIRT1 can be coimmunoprecipitated with both forms of hGCN5
(hGCN5-L and hGCN5-S) (97). It remains to be established whether
SIRT1 interacts with CBP, a transcriptional cofactor related to p300;
however, the Drosophila Sir2 protein associates with the Drosophila
CBP ortholog (68).

Ku70

Ku70 is a subunit of the Ku protein complex involved in nonhomolo-
gous repair of DNA double-strand breaks (99). Ku70 also serves as a
cytosolic retention factor for the proapoptotic Bax protein (100). Ku70 is
acetylated in vivo by CBP and PCAF at Ks 539 and 542 in response to cell
damage or stress. This acetylation causes Bax to dissociate from Ku70 and
to translocate to mitochondria, where it participates in the induction of the
apoptotic cascade (101). SIRT1 and Ku70 physically interact in vivo, and
overexpression of SIRT1 decreases the acetylation level of Ku70, thereby
promoting the antiapoptotic Bax-Ku70 interaction (102).

FOXO01, 3,and 4

Members of the FOXO family of transcription factors (Forkhead box-
containing protein, O subfamily) are involved in cellular processes that
range from longevity, metabolism, and reproduction in C. elegans to regu-
lation of gene transcription downstream from insulin, cell cycle arrest,
apoptosis, and stress responses in mammalian cells. Mammalian cells have
four FOXO protein: FOXO1, FOX03, FOX0O4, and FOXO6. The acetyl-
transferases p300 and CBP interact with FOX O proteins (FOXO1, 3, and 4),
mediate their acetylation, and function as their transcriptional coactivators
(98,103-107). SIRT1 interacts with FOXO proteins and deacetylates
FOX 01, FOXO03, and FOX04 (98,104-106).

NCoR/SMRT

The recent observation that SIRT1 interacts with and represses peroxi-
some proliferator-activated receptor-y (PPAR-y) establishes a functional
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link between SIRT1 and lipid metabolism (108). PPAR-y is a member of
the nuclear receptor superfamily and integrates the control of energy, lipid
metabolism, and glucose homeostasis. Both nuclear receptor corepressor
(NCoR) and silencing mediator of retinoid and thyroid hormone receptors
(SMRT) are PPAR-y corepressors and interact with SIRT1. These interac-
tions suggest that SIRT1 represses PPAR-y activity by interacting with its
corepressors. Whether SIRT1 deacetylates PPAR-y directly is presently
unclear (108).

HIV Tat Transactivator

The human immunodeficiency virus (HIV) Tat protein is a transcrip-
tional activator of the HIV promoter. Tat is acetylated on a single
residue, lysine-50, by the transcriptional coactivator p300, and Tat and
p300 synergize to activate the HIV promoter (109-116). The opposite
reaction, Tat deacetylation, is mediated by human SIRT1 in vitro and in
vivo (117). Tat and SIRT1 coimmunoprecipitate, and, paradoxically,
SIRT synergistically activates the HIV promoter with Tat. Conversely,
knockdown of SIRT1 via small interfering RNAs (siRNAS) inhibits Tat-
mediated transactivation of the HIV long terminal repeat. Treatment with
asplitomicin analog (HR73) that specifically inhibits SIRT1 also inhibits
Tat-mediated transactivation (117). Tat transactivation is defective in
SIRT1-null mouse embryonic fibroblasts and can be rescued by expres-
sion of SIRT1. A model is proposed that involves arole for SIRT1 in the
recycling of Tat to its unacetylated state, a form of Tat that is necessary to
initiate its transcriptional activity on the HIV promoter (117).

BioLogy oF SIRT1
Transcriptional Regulation by SIRT1

SIRT1 directly deacetylates K16 of histone H4 and K9 of histone
H3, and inhibition of SIRT1 expression leads to hyperacetylation of
both residues (73). Acetylated K16 is a mark for euchromatin, whereas
heterochromatin is hypoacetylated in K16 (118,119). SIRT1 also inter-
acts with histone H1, deacetylates its K26, and leads to heterochromatin
formation (73).

Several transcription factors appear to target SIRT1 to chromatin.
Chromatin immunoprecipitation experiments indicate that SIRT1 is bound
to the promoters of genes involved in skeletal muscle differentiation (97).
There, SIRT1 probably mediates the deacetylation of K9 and K14 of his-
tone H3, the same residues that are targeted by SIRT1 in vitro (7). MyoD,
a transcriptional regulator of muscle gene expression and differentiation,
is regulated by acetyltransferases and deacetylases (120,121). A MyoD
mutant that cannot be modified by acetylation is transcriptionally inac-
tive and fails to promote muscle conversion of murine fibroblasts (122).
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MyaoD interacts indirectly with SIRT1 via the acetyltransferase PCAF,
and all three proteins form a ternary complex in vivo. In the presence
of PCAF, SIRT1 deacetylates both PCAF and MyoD (97). SIRT1
inhibits muscle differentiation, an activity that is dependent on its enzy-
matic activity. Furthermore, inhibition of SIRT1 activity by sirtinol, a
small-molecule inhibitor of SIRT1, activates the expression of muscle
specific-reporters (97).

SIRT1 has also been implicated in the repression of genes that drive
white adipocyte differentiation and fat storage (108). SIRT1 isrecruited to
PPAR-y binding sites in the aP2 and PPAR-y promoters in the white
adipocyte tissue of fasted mice, where it represses target genes regulating
fat storage (108). Since increased fat mass, especially visceral fat, is asso-
ciated with the metabolic syndrome of aging, these results point to a pos-
siblerole of SIRT1in mammalian aging. The metabolic syndrome of aging
is associated with hyperinsulinemia, dydlipidemia, type 2 diabetes mellitus,
atherosclerosis, hypercoagulability, and hypertension (123). In addition, fat
tissue secretes several metabolically active factors that are potentially
responsible for the development of insulin resistance (124). Remarkably, a
reduced fat mass can extend murine life span (125). 3T3-L1 cells that
overexpress SIRT1 accumulate less fat after induction of adipogenesis,
suggesting a protective effect of SIRT1. Furthermore, SIRT1 also activates
the mobilization of fat in differentiated fat cells (108).

FOXO transcription factors induce the transcription of genes related to
the oxidative stress response (MnSOD), cell cycle arrest (p27kipl), DNA
repair (GADD45), and apoptosis (Bim, Fas ligand). Currently, the func-
tional consequences of FOXO-SIRT1 interactions are not entirely clear.
Recent studies found a SIRT1-mediated repression or no effect on the
expression of genes involved in cell death induction (Bim, Fas ligand)
(98,105). GADDA45 expression and MnSOD expression are induced
through SIRT1 (104-106). Depending on the experimental system, expres-
sion of p27kipl is either decreased by SIRT1 (98) or increased (104-106).
As a net effect, it appears that SIRT1 shifts FOXO-mediated processes
from apoptosis induction to cell cycle arrest and cellular survival.

Regulation of Apoptosis and Cellular Senescence

p53 hyperactivity has been proposed to mediate premature aging (126).
Depending on cell type and stress/damage stimulus, p53 can cause cell
cycle arrest or apoptotic cell death. This cell cycle arrest can be either
transient, giving the cell the opportunity to repair itself, or permanent.
The permanent cell cycle arrest is also called cellular senescence and
appears to function as a cellular cancer prevention mechanism (127). The
level of acetylated p53 in primary fibroblasts is increased by the Ras
oncogene and by PML, two proteins that induce premature senescence



254 Schwer et al.

in a p53-dependent manner (128,129). SIRT1 deacetylates p53 and
thereby antagonizes the induction of cellular senescence by p53.

SIRT1 may also regulate apoptosis in a pathway-specific manner.
Indeed, SIRT1 inhibits p53-mediated apoptosis, whereasit promotes TNF-
o-mediated apoptosis through inhibition of NF-xB transcription
(71,72,75,81,91). SIRT1 may also regulate apoptosis via its interaction
with Ku70 (102). In healthy cells, the Ku70 protein prevents the proapop-
totic factor Bax from translocating to the mitochondrial outer membrane.
In response to apoptotic stimuli, such as ultraviolet (UV) irradiation, Ku70
becomes acetylated and dissociates from Bax. Ku hyperacetylation is
induced by inhibition of either class I/l HDACs or class |11 HDACs
(sirtuins). Deacetylation of Ku70 by SIRT1 promotes the Ku70/Bax inter-
action and increases cellular survival after DNA damage.

Overexpression of SIRT1 inhibits FOXO3-induced cell death in
response to stress (105) and protects cardiac myocytes from apoptosis
induction by serum starvation (74). These observations point to a general
protective activity of SIRT1 against apoptosis, with the exception of TNF-
induced apoptosis.

SIRT1 and Metabolism

L oss-of-function mutations in genes coding for components of theinsulin
and/or IGF signaling pathway extend life span in C. elegans, Drosophila,
and mice (130-132) (Fig. 2). Life span extension by Sir2 in C. elegans
requires Daf-16, the only C. elegans FOXO homolog (60). Daf-16 is also
required for the extension of life span mediated by reduced IGF signaling in
C. degans (62). Metabolic studies suggest that FOXO1 could be theinsulin-
regulated transcription factor that trandates insulin action into gene expres-
sion. FOXO1 promotes transcription of genes that increase glucose
production in concert with the PPAR-y coactivator PGC-1a. (133). Mice
overexpressing a constitutively active FOXO1 mutant in the liver develop
diabetes, most likely as a result of increased glucose production (134). An
early report indicated that SIRT1 represses FOXO1 (98), suggesting that
SIRT1 could suppress the development of type Il diabetes. However, SIRT1
can aso potentiate FOXO1-mediated transcription by deacetylation of three
lysine residues in another experimental system, indicating that the effect of
SIRT1 on FOXOLl islikely to be context dependent (104).

Epidemiological studies suggest that cancer prevalence increases with
body mass in humans (135). FOX O factors are involved in the regulation
of both metabolism and cellular differentiation, and one of the FOXO
target genes, p21cip, is critical for both transforming growth factor-8
(TGF-B)-dependent transformation and insulin-dependent adipogenesis.
Alteration of FOXO function by SIRT1 could therefore influence the
balance between differentiation and cancer development. However, the
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situation is further complicated by the observation that class I/11 deacety-
lases also participate in the control of FOXO acetylation levels (98,105).

SIRT2
SUBCELLULAR LOCALIZATION

The human SIRT2 protein is a closer homolog to the yeast Hst2p than
to yeast Sir2p. Both proteins are localized to the cytoplasmic compartment
(39,40), and human SIRT2 localizes aong the microtubule network (41).
Microtubules are a component of the cytoskeleton, along with actin and
intermediate filaments. Microtubules are formed by the polymerization of
o~ and B-tubulin heterodimers. During interphase, microtubules form an
array within the cytoplasm termed the microtubule network. This network
plays an important role in the regulation of cell shape, intracellular trans-
port, and cell motility. During cell division, the interphase microtubule
network depolymerizes, followed by arepolymerization into microtubules,
forming the spindle fibers. Spindle fibers are involved in the essential role
of chromosomal separation during mitosis. Following mitosis, the inter-
phase microtubule network re-forms polymerizing microtubules in each
new daughter cell. Although the primary localization of SIRT2 is within
the cytoplasm, arole for SIRT2 in the nucleus is likely, given that SIRT2
appears to shuttle continuously between the nucleus and the cytoplasm
(B.J. North and E. Verdin, unpublished observations).

BioLoGicaL FUNCTIONS
Tubulin Deacetylation

SIRT2 colocalizes with the microtubule network and deacetylates K40
of a-tubulin (41). a-Tubulin can & so be deacetylated by HDACS, aclass||
HDAC, and this activity can regulate cellular motility (136). Both SIRT2
and HDACS are found along microtubules and deacetylate o-tubulin inde-
pendently of one another; however, they are found within the same macro-
molecular complex as demonstrated by their coimmunoprecipitation (41).
Interestingly, the closely related Hst2p in yeast, although localized in
the cytoplasm, has a preference for a histone peptide as substrate over an
o-tubulin peptide, whereas SIRT2 shows a preference for an o-tubulin
peptide over a histone peptide, suggesting that SIRT2 has evolved to carry
out the deacetylation of tubulin (41).

Mitotic Exit

SIRT2 levels are upregulated prior to mitosis, and SIRT2 is phosphory-
lated during mitosis, suggesting arole for SIRT2 in cell cycle regulation
(137). Coexpression of SIRT2 with the phosphatase CDC14B, but not
CDC14A, leads to lower abundance of SIRT2, which is reversed with pro-
teosome inhibitors (137). Cells overexpressing mutant forms of SIRT2
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have adelay in mitotic exit (137). Whether SIRT 2-dependent regulation of
o-tubulin acetylation is related to the cell cycle delay phenotype, and how
SIRT2 may be regulated in a cell cycle manner, remain to be determined.
However, these observations could explain why SIRT2 may function as a
tumor suppressor (see that section below).

Transcriptional Regulation and HOXA10

The nuclear-cytoplasmic shuttling of SIRT2 suggeststhat it may also have
nuclear activities. SIRT2 interacts with the homeobox (HOX) transcription
factor HOXA10 in vitro and in vivo and may modulate its transcriptional
activity (138). HOXA10 plays arole in myeloid and B-lymphoid progen-
itor cell differentiation and in the adult uterus during periimplantation
events (139,140). HOX proteins are evolutionarily conserved transcription
factors that play pivotal roles in developmental regulation through pattern
formation. This regulation is mediated via the homeodomain, a conserved
protein motif that is responsible for sequence-specific DNA binding (141).
Differential cofactor binding to HOX proteins can modify their activities
from activation to repression (142,143).

Tumor Suppressor

The gene for SIRT2 is located at chromosome 19913.2, a region fre-
quently deleted in human gliomas (144). Expression of SIRT2 mRNA is
reduced in human glioma cell lines (144). Furthermore, forced expression
of SIRT2 in these glioblastoma cell lines suppressed colony formation and
modified their microtubule network (144). These results indicate that
SIRT2 may act as a tumor suppressor.

SIRT3

SIRT3 is phylogenetically closely related to SIRT2 and is highly
expressed in the brain, heart, kidney, liver, and muscle (145,146). The
telomeric terminal chromosomal region, 11p15.5, where the SIRT3 gene
is located, harbors four genes potentially associated with longevity. These
are HRASL, IGF-2, proinsulin, and tyrosine hydroxylase. To investigate
the relationship between longevity and polymorphism of the SIRT3 gene,
asilent G/T transversion at position 477 in the evolutionarily conserved
exon 3 of the SIRT3 gene was used as a marker. Analysis of the genotype-
specific survival function relevant to this marker revealed that, in males,
the TT genotype increases and GT genotype decreases survival in the
elderly. These studies indicate that SIRT3 variability may modulate
human aging (147).

The SIRT3 cDNA encodes a protein of 43.6 kDa. However, in cultured
cells, most of the protein exists as a 28-kDa protein (148). SIRT3 is pres-
ent in mitochondria, and its first 100 amino acids are removed after the
protein reaches the mitochondrial matrix (146,148). Proteolytic processing
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of SIRT3 can be recapitulated in vitro by treating full-length SIRT3 with
mitochondrial processing peptidase. The unprocessed, full-length SIRT3 is
enzymatically inactive and becomes active after proteolytic processing
(148). Biological targets of SIRT3 in the mitochondria are unknown, but,
given the central role of mitochondria in the control of metabolism, it is
likely that SIRT3 will participate in metabolic control. Mouse SIRT3 is
also mitochondrial and is expressed at high levelsin the brain, heart, testis,
kidney, brown adipose tissue, and liver (149,150).

SIRT4

The gene encoding SIRT4 is located in the chromosomal region
12g24.31. The SIRT4 expression profile indicates the strongest expression
in muscle, kidney, testis, and liver (150). SIRT4, like SIRT3, is found
predominantly in the mitochondrial matrix (N. Ahuja and E. Verdin,
unpublished observations). The SIRT4 cDNA encodes for a 35-kDa protein,
and SIRT4 is processed in the mitochondrial matrix to a 30-Kda protein.
SIRT4 shows no detectable histone deacetylase activity, and its biological
target in cells is yet to be determined.

SIRTS

SIRTS is phylogenetically closest to prokaryotic sirtuins. The gene
encoding SIRT5 is located in the chromosomal region 6p23. Reverse
transcriptase-polymerase chain reaction analysis of SIRT5 expression pro-
files indicated that SIRTS is broadly expressed in adult and fetal tissues,
with the highest expression in the kidney, brown adipose tissue, and heart
(70,145). SIRT5 shows low deacetylase activity in vitro (41). It is predom-
inantly found in the cytoplasm and its function and biological targets are
not known.

SIRT6 and SIRT7

The SIRT6 gene is located on chromosome 19p13.3, and the SIRT7
gene has been mapped to chromosome 17¢. The SIRT6 and SIRT7 cDNAs
encode proteins with predicted molecular weights of 39.1 and 44.9 kDa,
respectively. The SIRT6 and SIRT7 sequences are much more similar to
each other than they are to Sir2 (145). Both proteins have no detectable
histone deacetylase activity in vitro (41). SIRT6 is expressed in all tissues
at comparable levels (150), whereas SIRT7 shows the highest expression
in the brain, kidney, white adipose tissue, liver, and lung (150).

SIRTUIN INHIBITORS

Small-molecule inhibitors of sirtuins were identified using a high-
throughput cell-based screen of 1600 unbiased compounds (151). The
primary screen was for inhibitors of Sir2p-mediated silencing of a URA3
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reporter gene integrated into a telomeric locus. This yeast strain grows in
the presence of 5-fluoroorotic acid (5-FOA), but addition of sir2p
inhibitors resulted in the expression of the URA3 gene and death in the
presence of 5-FOA. Three compounds out of 1600 scored positively in
this screen: A3, sirtinol, and M 15 (Fig. 3). All three compounds are planar
and aromatic and similar in structure to the adenine and nicotinamide
moieties of NAD. Both sirtinol and M15 contain substructures derived
from 2-hydroxy-1-napthaldehyde. These inhibitors inhibit both yeast and
human sirtuins in vitro and inhibit transcriptional silencing in yeast in
vivo. Preliminary studies show that sirtinol inhibition of sirtuins interferes
with body axis formation in Arabidopsis (151). Sirtinol also can activate
the expression of muscle-specific reporters (97), in agreement with the pro-
posed role of SIRT1 in the modulation of MyoD and PCAF activities (dis-
cussed above in the section Transcriptional Regulation by SIRT1) (97).
Another phenotypic screen was conducted using ayeast strain carrying
the URA3 gene in close proximity to telomeric chromatin (152). This
URA3 gene is repressed, and the yeast strain carrying it requires uracil
in the media for growth. Inhibition of silencing activates URA3 expres-
sion and enables the cells to grow in the absence of uracil. Six thousand
compounds from the National Cancer Institute Repository were
screened, and 11 structurally unrelated compounds were selected. These
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compounds were tested in a secondary screen based on silencing at
HML and HMR loci. A single compound, 1,2-hydro-3H-naptho [2,1-
b]pyran-3-one, called splitomicin, was selected that also disrupted
silencing at both the HMR and HML loci (Fig. 3). Splitomicin inhibits
the deacetylase activity of Sir2p in vitro. Additional studies on the structure-
function relationship of splitomicin and its analogs reveals that the
lactone ring or some naphthal ene substituents (positions 7—9) decrease
activity, whereas other napthalene substitutions (positions 5 and 6) are
well tolerated (153).

The hydrolytically unstable aromatic lactone is important for activity.
Lactone hydrolysis rates, used as a measure of reactivity of the com-
pounds, correlate with inhibitory activity. The most potent sir2 inhibitors
are structurally similar to and have hydrolysis rates similar to that of
splitomicin (153). A novel inhibitor of mammalian sirtuins was recently
developed based on the splitomicin structure (117). This compound,
called HR73, inhibits SIRT1 enzymatic activity and leads to p53 hyper-
acetylation (E. Verdin and W. Gu, unpublished observations; Fig. 3).
HR73 blocks Tat deacetylation and inhibits its transcriptional activity on
the HIV promoter (117).

Another potent inhibitor of sirtuin activity both in vivo and in vitro is
nicotinamide, a product of the sirtuin deacetylation reaction. It has been
proposed that thisinhibition occurs by chemical reversal of acovalent reac-
tion intermediate. Nicotinamide inhibits SIRT1 and promotes p53/depend-
ent apoptosis in mammalian cells (51,71,72). Moreover, in yeast cells,
nicotinamide derepresses al three Sir2 target loci, increases recombina
tion at the rDNA loci, and shortens life span, comparable to that of the
Sir2 mutant (52). Further studies have revealed that PNCI, which encodes
enzymes that deaminate nicotinamide, depletes nicotinamide and promotes
life span extension (53).

Small-molecule inhibitors of sirtuins are powerful tools for dissecting
the functional roles of sirtuin proteinsin vivo. Further studies are under
way to identify specific and potent inhibitors of sirtuins that could be used
to study the roles of these proteinsin transcriptional regulation, DNA dam-
age repair, cell cycle control, and developmental biology. These drugs
could also pave the way for the therapeutic use of small-molecule
inhibitors and activators of sirtuinsin a variety of metabolic and neoplastic
disorders.

SIRTUIN ACTIVATORS

The observation that calorie restriction increases life span by increasing
the activity of sirtuins prompted investigators to screen small-molecule
libraries to identify molecules capable of modulating sirtuin activity (154).
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Two structurally related compounds, quercetin and piceatannol, stimulate
SIRT1 activity by five- and eight-fold, respectively. Both quercetin and
piceatannol are polyphenols, plant secondary metabolites. The most potent
activator is resveratrol (3,5,4"-trihydrostilbene), a polyphenol found in the
skin of red grapes (154) (Fig. 3). Resveratrol has no significant effect on
the V. and lowers the K of the acetylated peptide 35-fold and that for
NAD more than 5-fold. Resveratrol reducesthe frequency of rDNA recom-
bination by about 60% in a Sir2-dependent manner and increases average
yeast life span by 70%, aso in a Sir2-dependent manner. Resveratrol and
other sirtuin-activating compounds aso activate sirtuins from C. elegans
and Drosophila and extend the life span of these animals without reducing
fecundity. Life span extension is dependent on a functional Sir2 and is
not observed when nutrients are restricted (155). These data indicate that
sirtuin-activating compounds slow metazoan aging by mechanisms that
may be related to caloric restriction.
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SUMMARY

Natural and synthetic inhibitors of histone deacetylases (HDACs) have
not only contributed to the discovery of HDAC enzyme molecules and the
elucidation of their functions but have also developed as attractive thera
peutic agents for diseases including cancer. After the disclosure of the
crystal structure of the HDAC-like protein bound to the inhibitor, the
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momentum of research on HDAC inhibitors increased, and several
inhibitors are currently under clinical trials. This chapter focuses on the
current knowledge of all classes of HDACs inhibitors and the most recent
progress in their clinical development.

Key Words: Cancer therapy, chemical biology, catalytic mechanism,
drug design.

INTRODUCTION

Reversible acetylation is generally accepted as a posttrandational modi-
fication that regulates diverse protein activity such as phosphorylation. The
best established protein target for reversible acetylation is core histones,
which have been known for almost 30 years. A correlation between acety-
lation and transcriptional activity has been well established, and the recent
discovery that certain enzymes control the acetylation status of core his-
tones showed that acetylation of histones plays a critical role in the regula-
tion of chromatin structure and transcriptional activity. Both acetylation
and deacetylation of histones are catalyzed by histone acetyltransferases
(HATSs) and histone deacetylases (HDACS), respectively.

Histone acetylation appears to constitute a signal that may function in
combination with other covalent modifications to generate an epigenetic
code. This specific signal is reversed by a mechanism involving HDACs,
which were found as transcriptional regulators related to reduced potas-
sium dependency 3 yeast (Rpd3), histone deacetylase-A1 (Hdal) (1), and
silent information regulator 2 (Sir2) (2). One of the most important devel-
opments in this field of research was the isolation of specific HDAC
inhibitors from natural sources. In the early 1990s, trichostatin A (TSA)
and other fungal antibiotics such as trapoxin (TPX) were shown to inhibit
HDACs at nanomolar concentrations and to allow the induction of histone
hyperacetylation in living cells (3,4). These HDAC inhibitors played
important roles not only in biochemical analyses of the role of histone
acetylation but also in cloning the HDAC cDNA (5). In addition, it is
becoming increasingly clear that reversible acetylation of proteins other
than histones is one of the key posttrangational modifications controlling
the activity of proteins. The HDAC inhibitors have been widely used as
powerful tools for identification and functional analysis of the acetylated
nonhistone proteins. More recently, the clinical importance of the HDAC
inhibitors has been emphasized, in particular for cancer treatment.

STRUCTURE AND FUNCTION OF HDAC:s

Three classes of HDACs have been identified to date (6). Class |
HDACSs exhibit a domain organization similar to that in the yeast protein
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RPD3 and include HDACL, -2, -3, -8, and -11. This family of enzymes
appears to cleave the acetamide bond by activating a water molecule with
a zinc atom coupled to a histidine-aspartate charge-relay system (7).
Members of this class possess 400 to 500 amino acids and are primarily
located in the nucleus. Class || HDACs include HDACA4, -5, -6, -7, -9, and
-10 and have a catalytic domain similar to that in the yeast HDA1 protein.
Members of this class have approx 1000 amino acids and the ability to
shuttle in a regulated fashion between the nucleus and the cytoplasm (6).
Class I| HDACs are further divided into two subclasses, class l1aincluding
HDAC4, -5, -7, and -9 and class I 1b including HDAC6 and -10 (8). HDCA®6
is an atypical enzyme that contains two catalytic domains (9,10) and is
essentially localized in the cytoplasm (11), whereas HDAC10 possesses an
N-terminal catalytic domain and a C-termina incomplete catalytic domain
(12). Although the specific roles and target proteins of these enzymesremain
largely elusive, it has been shown that they have diverse cellular biological
functions in addition to transcriptional regulation. Moreover, class I/I1
HDAC enzymes are emerging as therapeutic agents for the treatment of
cancer (see the mechanism of antitumor activity section below) (13-15).

Class Il HDACs are homologus to the yeast Sir2 and have no signifi-
cant sequence similarity to class I/l HDACs. The Sir2 family of enzymes
is collectively called sirtuins. The Saccharomyces cerevisiae genome
encodes five sirtuins (SIR2 and HST1-4) and the human genome encodes
seven sirtuins (SIRT1-7), which are divided into four classes (16). The
sirtuin members are nicotinamide adenine dinucleotide (NAD)-dependent-
proteins, and some of them are required for gene silencing at the telom-
erase (17-19), the silent mating-type loci (17,20), and ribosomal DNA
loci (21-23). Sir2 is also implicated in chromosomal stability and cell
cycle progression in yeast (24). In addition, it has been shown that Sir2
plays an essential role in the regulation of aging in both S. cerevisiae and
Caenorhabditis elegans (25,26). Although the first enzymatic function
was ADP-ribosyltransferase activity (27,28), NAD-dependent deacetylase
activity was subsequently demonstrated as a primary activity of Sir2
(2,29,30). The mechanism of enzymatic reaction of sirtuins is completely
different from that of class I/1l HDACs. Upon formation of ternary com-
plex containing the sirtuin, NAD, and acetylated substrate, nicotinamideis
expelled from NAD to generate an oxocarbenium-like transition in which
the carbonyl oxygen of the acetyl group attacks the C1 carbon of ADP
ribose to form 1’-O-alkyl amidate intermediate (31). The final products
formed are nicotinamide, the deacetylated protein, and 2’-O-acetyl-ADP-
ribose. The 2’-O-acetyl-ADP-ribose is released into solution where it equi-
librates with 3’-O-acetyl-ADP-ribose. Accordingly, the mechanism of
inhibition and the nature of the inhibitors of this class are different from
those of the other classes of HDACs.
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In addition to chromatin-related functions, protein acetylation seems to
be asignal that directly controlsthe activity of key cellular regulators (32).
Indeed, HATs and HDACs have been shown to control the state of acety-
lation of many nonhistone proteins (33). In 1997, p53, a tumor suppressor
protein, was reported to be acetylated by p300, thereby enhancing the
DNA binding activity (34), suggesting that acetylation is a key event in
the signaling of DNA damage to p53. In vivo and in vitro deacetylation of
p53 was shown to be mediated by the HDAC1-containing complex (35)
and SIRT1, a member of the sirtuin family (36,37), which downregulate
the p53 transcriptional activity and apoptosis-inducing activity. Ito et al.
(38) showed that acetylation in p53 shares common sites with ubiquitina
tion, indicating that acetylation competes with ubiquitination and inhibits
p53 degradation by the ubiquitin-proteasome pathway. Following the dis-
covery of p53 acetylation, a number of nonhistone nuclear proteins were
identified as in vitro substrates for p300/cyclic AMP-responsive element
binding protein (CREB)-binding protein (CBP) or p300/CBP-associated
factor (PCAF), most of which are involved in transcriptional regulation.

Recently, regulation by protein acetylation has also been shown to work
in the cytoplasm. By using the differential sensitivity of HDAC6 to TSA
and TPX (see the next section), the proteins that are acetylated in cells
treated with TSA but not TPX were screened, and o-tubulin was identified
as one of the in vivo substrates for HDAC6 (39,40). HDAC6 deacetylated
o-tubulin both in vivo and in vitro. HDACS6 controls the stability of a
dynamic pool of microtubules. Indeed, overexpression of HDAC6
enhanced cell motility, whereas highly acetylated microtubules were
observed after TSA treatment exhibited delayed drug-induced depolymer-
ization. The biological role of HDACG6 was further confirmed by a recent
report showing that tubacin, a specific inhibitor of HDACS, caused tubulin
acetylation and decreased cell motility (41). Recently, SIRT2, one of the
human sirtuin members, was aso shown to be an NAD-dependent tubulin
deacetylase (42). Thus, protein acetylation, like phosphorylation, serves as
avariety of signals that modulate the protein functions in both the nucleus
and the cytoplasm, and both class I/11 and class 1l enzymes are involved
in the deacetylation of the nonhistone acetylated proteins.

INHIBITORS OF CLASS I/II HDAC:s

The first compound described as an inhibitor of HDAC activity was
sodium butyrate (Fig. 1) (43). The effect of butyrate as a noncompetitive
inhibitor was shown with a partialy purified enzyme (44). However, its
effective concentration exceeds milimolar levels, which raised the possi-
bility that it affects other enzymes, the cytoskeleton, and membranes.
Therefore, butyrate should be used with caution. A natural product, TSA,
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originally isolated as an antifungal antibiotic, was the first specific HDAC
inhibitor with alow nanomolar inhibition constant (3) (Fig. 1). TPX (Fig. 1),
which had been discovered to induce morphological reversion of transformed
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Fig. 2. A model for TSA interaction with the active site of HDAC. Zinc chelation
occurs through carbonyl and hydroxyl groups of TSA to form a penta-coordinated
zinc, which is essential for the inhibitory effect of TSA.

phenotype to normal in several oncogene-transformed cells, was also
shown to inhibit HDAC (4). In contrast to TSA, TPX was an irreversible
inhibitor of HDACs. Cocrystallization of the bacteria histone deacetylase-
like protein (HDLP) with TSA demonstrated that TSA mimics the sub-
strate and that TSA binds by inserting its long aliphatic chain into the
tube-like HDLP pocket and inhibits the enzyme activity by interacting
with the zinc and active-site residues through its hydroxamic acid at one
end of the aiphatic chain (7). Hydroxamic acid, a functiona group of the
inhibitor, coordinates the zinc through its carbonyl and hydroxyl groups,
resulting in the formation of a penta-coordinated zinc (Fig. 2).

The classes of compounds that have been identified as strong HDAC
inhibitors have basic structures mimicking that of TSA, which possesses
an aromatic group as a cap, an aiphatic chain for a spacer, and a hydrox-
amic acid as afunctional group interacting with the active-site zinc (Fig. 2).
The functional groups include carboxylates, hydroxamic acids, elec-
trophilic ketones containing epoxyketones, anilides, and thiols (Fig. 1).
The class I/l HDAC active site structure may have features of both
metallo- and serine proteases, and the proposed catalytic mechanism for
deacetylation is analogous to that of the zinc proteases such asthermolysin
and matrix metall oproteinases (Fig. 3A). Since the zinc protease inhibitors
have a zinc-chelating group such as a hydroxamic acid and thiol (45), itis
reasonable that these functional groups have great potential to inhibit
HDAC activity (Fig. 3B).

In contrast to the zinc proteases, however, HDAC has a tube-like tunnel
in the active-site pocket, which forms van der Waals interactions between
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the residues lining the pocket and the aliphatic chain of acetylated lysine.
It is therefore likely that along spacer of the inhibitor is necessary for
access of the functional group to the active site zinc (Fig. 2). The aiphatic
chain length of 5 that corresponds to the length between the carbonyl
group and the a-carbon in acetylated lysine was proposed as the best
spacer for inhibition (46). The cap group may be necessary for packing
the inhibitor at the rim of the tube-like active-site pocket (Fig. 2).
Recently, some novel synthetic inhibitors have been developed based on
this structure-activity relationship information.

Carboxylates

The carboxylate class (47), which is defined as possessing a carboxy-
late in the metal binding moiety, has generally poor HDAC inhibitory
activity in comparison with other inhibitors (Fig. 1A). Butyrate, a natural
product generated in humans by both metabolism of fatty acids and bacte-
rial fermentation of fiber in the colon, was the first identified HDAC
inhibitor (48). Related compounds such as phenyl butyrate and the anti-
convulsant valproic acid (49) were later found to be HDAC inhibitors.
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If the metal chelating functional group isacarboxylic acid, it seemsthat the
activity islower than the other functional groups such as hydroxamic acid.
This may be owing to the weak coordination with zinc ionsin comparison
with other functional groups. It has been shown that butyrate possesses
some selectivity, which poorly inhibits class I1b HDACs such as HDAC6
and -10 (12). Pivaloyloxymethyl butyrate (AN-9) is an acyloxyalkyl ester
prodrug of butyrate. Owing to better cell permeability in comparison with
butyrate, AN-9 was shown to be greater than butyrate at inducing inhibi-
tion of cancer cell proliferation and malignant cell differentiation (50,51).

Hydroxamic Acids

Hydroxamic acid is one of the well-studied ligands for the zinc present
at the bottom of the narrow binding pocket of HDAC. TSA, which was
originally isolated from a Streptomyces as an antifungal antibiotic against
Trichophyton (52), was rediscovered as a strong differentiation inducer in
murine erythroleukemia (MEL) célls (53). Another biological character of
TSA was to induce cell cycle arrest at both the G1 and G2 phases (54).
During analysis of the target molecule for TSA, it was accidentally found
that TSA induced hyperacetylation of core histones in cells. Furthermore,
TSA blocked partially purified mouse HDAC activity with a low
nanomolar inhibition constant in vitro, and HDAC activity from a mutant
cell line resistant to TSA was resistant to TSA (3). This genetic evidence
clearly showed that HDAC is the molecular target for TSA.

The chemical structure of TSA is unique as a natural product in that it
contains a hydroxamic acid at one end of the aliphatic chain.
Suberoylanilide hydroxamic acid (SAHA) (Fig. 1B) was developed as a
strong differentiation inducer during the designed synthesis of the hybrid
polar compounds containing a hydroxamic acid and was found to be a
potent inhibitor of partially purified HDACs (55). SAHA has been shown
to suppress cell growth in prostate cancer cell lines (56) and human breast
cancer cells (57) and to inhibit the growth of the human prostate CWR22
xenograft in nude mice (56). Furthermore, SAHA inhibited the incidence
and growth of carcinogen-induced mammary tumors in rats without toxi-
city (58) and induced remission in a transgenic model mouse of therapy-
resistant acute promyelocytic leukemia (59). The phase | trial of SAHA
has been completed, and the results showed that it could be administered
safely and had antitumor activity in solid and hematologic tumors (60). A
phase Il trial has been launched.

Pyroxamide (suberoyl-3-aminopyridineamide hydroxamic acid) is a
new member of the hydroxamic acid-based hybrid polar compounds and
was designed to increase solubility in aqueous solution compared with
SAHA. Pyroxamide was shown to induce growth inhibition of tumor cells
(61). LAQ-824 is anovel cinnamyl hydroxamic acid derivative (Fig. 1B).
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LAQ-824 selectively inhibited growth of cancer cells at submicromolar
concentration, induced apoptosis in tumor cells only but not in normal
cells, and exhibited antitumor activity in a xenograft animal model (62).
Of the cinnamyl hydroxamic acid derivatives, LAQ-824 exhibited a high
maximum tolerated dose with low gross toxicity (63). Both pyroxamide
and LAQ-824 are currently under phase | trials. Cyclic hydroxamic acid-
containing peptide (CHAP) is an analog of TPX, in which the epoxyke-
toneis replaced with the hydroxamic acid (Fig. 1B). CHAP has the ability
to inhibit HDACL at alow nanomolar concentration (46,64). Based on the
structure of TSA and SAHA associated with HDLP, a large number of
inhibitors with the hydroxamic acids have been designed and synthesized.

Electrophilic Ketones

TPX isacyclic tetrapeptide containing a unique amino acid, 2-amino-8-
0x0-9, 10-epoxydecanoic acid (Aoe; Fig. 1C), and was originaly identi-
fied as a fungal metabolite inducing morphological reversion of
v-sis-transformed NIH-3T3 cells (65). A number of structurally related
cyclic tetrapeptides with Aoe have been isolated from the natural source,
some of which were toxins produced by phytopathogens. Since the bio-
logical activity of TPX is similar to that of TSA, which can induce mor-
phology reversion of the transformed cells, it was speculated that the target
molecule for TPX is HDAC or its functionally related proteins. Indeed,
TPX caused hyperacetylation of histonesin a variety of mammalian cells.
An in vitro experiment using partially purified HDAC revealed that TPX
inhibited HDAC activity at low nanomolar concentrations. The epoxy
ketone group in Aoe seems likely to play arole in forming a covalent bond
between TPX and the active-site residues of enzymes, since the chemical
reduction of the epoxide group impaired the inhibitory activity (4).
Taking advantage of the ability of TPX to bind covalently to HDAC,
Taunton et al. (5) succeeded in isolating HDAC1 by means of a synthe-
sized affinity probe using TPX.

Although the cyclic tetrapeptide compounds containing Aoe are potent
inhibitors for HDAC in vitro, they exhibit very weak activity in animal
models, probably owing to the chemical instability of the epoxy ketone
group in blood. Apicidin (Fig. 1C), a cyclic tetrapeptide isolated from
Fusarium pallodoroseum as a potent and broad-spectrum antiprotozoal
agent, exertsits biological activity by reversibly inhibiting HDAC activity
(66). Apicidin contains an ethyl ketone moiety in its side chain instead of
the epoxy ketone. The high potency of HDAC inhibitory activity of api-
cidin further confirmed the importance of the cyclic tetrapeptide scaffold
for the inhibitor design. SAHA-based straight-chain trifluoromethyl
ketones have a so been reported as HDAC inhibitors (67). Trifluoromethy!l
ketones are known to be readily hydrated, resulting in zinc chelation and
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inhibition of zinc proteases (68). We have synthesized cyclic tetrapeptide
containing trifluoromethyl ketones as the zinc binding functionality and
these compounds exhibited excellent inhibitory activity (69).

Anilides

The anilide class of inhibitors includes bezamides with a phenylene
diamine as the functional group such as MS-275 (Fig. 1D), which is sug-
gested to interact with the HDAC active-site zinc through the 2-substituted
anilide moiety. It has been shown that MS-275 inhibits HDACs purified
from human leukemia cells and induces accumulation of hyperacetylation
at submicromolar concentrations (70). In addition, MS-275 has been
shown to inhibit cell growth of diverse solid tumor cell lines (71). This
class exhibits generally weak inhibitory activity against HDACs in com-
parison with the hydroxamic acids. However, MS-275 strongly inhibited
growth in various types of human tumor xenografts (70). CI-994 (Fig. 1D),
originally identified as an angiogenesis inhibitor, has been shown to
possess poor inhibitory activity against HDACs in vitro. CI-994 increased
the amount of acetylated histones and delayed tumor growth in mouse
xenograft models (72). Phase |l clinical investigations are in progress for
both MS-275 and CI-994.

Thiols

FK228 (also known as FR901228 and depsipeptide; Fig. 1E) isolated
as the bacterial metabolite is an atypical HDAC inhibitor as it does not
contain a visible functional group that interacts with the zinc ion in the
HDAC binding pocket, although FK228 has strong HDAC-inhibitory
activity (73). Recently, it has been shown that FK228 was activated by
chemical reduction, yielding two free thiol groups, one of which is acces-
sible to the catalytic zinc as a functional group. Blocking the thiol groups
by methylation completely abolished the inhibitory activity. Since glu-
tathione is present at millimolar concentrations in the cell, FK228 can be
converted to its active and reduced form (RedFK) by cellular reducing
activity. Consistent with this idea, mutations in the glutathione synthesis
pathway conferred FK228 resistance on yeast cells (74). FK228 exhibited
a potent antitumor activity in xenograft models (75). FK228 is currently
being evaluated clinically in a phase |l trial.

Psammaplins (Fig. 1E) isolated from the sponge Pseudoceratina pur-
purea are structurally unigue inhibitors of HDAC (76). These compounds
contain a disulphide linkage, and therefore the inhibitory activity may be
owing to chelation of the zinc ion with sulfhydryl in the active-site pocket.
Studies on the mechanism of action of psammaplin and its synthetic deriv-
atives also supported the possibility of a cellular disulphide cleavage-type
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mechanism of inhibition (77,78). Recently, we synthesized a series of
cyclic tetrapeptides containing a functional thiol group named sulfur-
containing cyclic peptide (SCOP; Fig. 1E). SCOP inhibited HDAC1 and
-4 at nanomolar concentrations but was weak in inhibiting HDAC6 and -8
(79). By disulfide formation with SCOP itself or other mercaptans, SCOP
can be converted to a “homodimer” or a “heterodimer”, acting as a pro-
drug like FK228. Once the homodimer is incorporated into the cells, it
becomes reduced and activated by cellular reducing activity, giving two
active molecules. In the case of hybrid-type inhibitors, other functions
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such as better solubility, drug delivery, and other enzyme inhibitory activity
can be added into the partner compounds.

INHIBITORS OF CLASS III HDACs

The first compounds that were demonstrated to inhibit in vitro deacety-
lase activity of sirtuins were nonhydrolyzable NAD anal ogs such as Carba-
NAD (80). However, such compounds do not appear to be suitable for in
vivo studies since they are not cell permeable and they inhibit other NAD-
dependent enzymes. To solve these problems, high-throughput cell-based
screens were conducted to identify cell-permeable small-molecule
inhibitors of NAD-dependent deacetylase activity of sirtuin (81,82). All
small-molecule inhibitors identified by these screens were analogs of o-
substituted 3-naphthol, such as sirtinol, M 15, and splitomicin (Fig. 4), and
they inhibited transcriptional silencing by Sir2 in yeast. Sirtinol and M15
were shown to inhibit yeast Sir2 and human SIRT2 in vitro, whereas split-
omicin demonstrated some selectivity against inhibition of deacetylase
activity between yeast sirtuins. These compounds were used to elucidate
cellular functions of sirtuin in plant or mammalian cells (83-85).

NAD Analog

Based on the requirement of NAD for the deacetylation reaction by Sir2,
an uncleavable NAD analog was designed as a Sir2 inhibitor. Carba-NAD
is a carbocyclic analog of NAD in which a 2,3-di-hydroxycylopentane
methanol replaces the 3-b-ribonuclectide ring of the nicotinamide ribonu-
cleoside moiety of NAD (86). It inhibits HST2 deacetylase activity in a
competitive manner in vitro (80). This result is also consistent with the
requirement for NAD cleavage during the enzymatic reaction.

Nicotinamide

Nicotinamide (Fig. 4A) is a byproduct of the Sir2 deacetylase reaction
and is a natural noncompetitive inhibitor for Sir2. Nicotinamide abolishes
silencing at the rDNA, telomeres, and mating-type loci and shortens life
span, indicating that nicotinamide creates a phenocopy of the sir2 muta-
tion in yeast (87). Nicotinamide also suppresses transcriptional repression
of Hstl (88). Indeed, the deacetylase activity of several Sir2 family mem-
bers, including yeast Sir2 and Hst2 (29,87) and human SIRT1, -2, and -3
(36,42,89), can be inhibited by nicotinamide. Nicotinamide inhibits the
enzyme activity by intercepting an ADP-ribosyl-enzyme-acetyl peptide
intermediate with regeneration of NAD (90). Since nicotinamide inhibi-
tion is uniquely tied to the catalytic mechanism of the Sir2 deacetylation
reaction, nicotinamide is most likely a genera inhibitor for al Sir2 family
members. Physiological concentrations of nicotinamide inhibit yeast Sir2
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and human SIRT1 in vitro (80,87). In addition, reduction of nicotinamide
by Pncl, which encodes a nicotinamidase that converts nicotinamide to
nicotinic acid, enhanced Sir2-mediated silencing and longevity in yeast
(88). Thus, nicotinamide may function as an in vivo negative regulator for
Sir2 (92).

B-Naphthol Analogs

Small-molecule inhibitors were identified by cell-based chemical
screening for compounds that suppress Sir2-mediated silencing using yeast
strains in which either URA3 or TRP1 isinserted within Sir2-silenced loci
such asthetelomere or homeodomain regulator (HMR). All these inhibitors
are structurally related analogs of a-substituted 3-naphthol. Sirtinol and
M15 (Fig. 4B) were first identified as small-molecule inhibitors for sir-
tuins by Schreiber and co-workers (81). Sirtinol inhibits in vivo silencing
activity of yeast Sir2 as well as in vitro deacetylase activity of recombi-
nant yeast Sir2 and human SIRT2 but not HDACL, indicating that sirtinol
isaspecific inhibitor for sirtuins. Since sirtinol and M 15 share 2-hydroxy-1-
naphthaldehyde within their structure, the 2-hydroxy-1-naphthaldehyde
moiety could be responsible for the inhibitory activity of these compounds.
Indeed, 2-hydroxy-1-naphthaldehyde alone can partially inhibit SIRT2
activity in vitro. Recently, sirtinol was used to identify SIR1 in
Arabidopsis, a regulator of many auxin-inducible genes, by a genetic
screen for mutants that were resistant to the effects of sirtinol (83).
Furthermore, sirtinol and M 15 were used to delineate arole of Sir2 in reg-
ulating skeletal muscle differentiation (84).

Splitomicin (Fig. 4B), identified by Simon and co-workers (81), is
structurally related to sirtinol. It can create a phenocopy of a sir2 mutant
in yeast and can inhibit in vitro deacetylase activity of Sir2 against a his-
tone H4 peptide (82). A screen for the alleles of SR2 that are resistant to
the antisilencing effects of splitomicin revealed a small helica module of
Sir2 that creates a putative substrate binding site (92—94) as a possible site
where splitomicin acts (82). Thus, splitomicin probably inhibits deacety-
lase activity of Sir2 by interfering with the access of an acetylated sub-
strate to this region. Among Sir2 and four Sir2 homologs (Hst1-4) in
S. cerevisiae, the effects of splitomicin on transcription correlated most
highly with a sir2 mutation, less with an hst1 mutation, and not at al with
other sir2 homologs mutations (95), suggesting that splitomicin is a selec-
tive inhibitor for Sir2 in S cerevisiae.

In contrast to splitomicin, dehydrosplitomicin, an analog of splitomicin
unsaturated at the 1,2-position of splitomicin, has been shown to repress
Hst1-regulated genes but not to perturb the silencing by Sir2 (95), indicat-
ing that an inhibitory activity of dehydrosplitomicin is selective for Hst1.
The chimeric and mutagenetic approaches reveal ed that leucine-244 within



Chapter 12 / Discovery and Development of HDAC Inhibitors 285

the small helical module of Hstl, which corresponds to tyrosine-298 of
Sir2, isan essential residue for the relative resistance of Hst1 toward split-
omicin (95). These observations suggest that splitomicin and dehydros-
plitomicin may be useful tools for investigating individual roles of Sir2
and Hstlin S cerevisiae.

MECHANISM OF ANTITUMOR ACTIVITY

There is growing evidence that HDACs are important agents for cancer
therapy, and HDAC inhibitors bear great potential as anticancer drugs.
First, some of the class I/Il HDACs have been shown to be involved in the
proliferation of normal and cancer cells. Chicken HDAC3 was reported to
be essential for cell proliferation in DT40 cells (96). A knockout of
HDACL in mouse embryonic stem cells resulted in embryonic lethality
and severely impaired proliferation, which correlated with an increase in
histone acetylation and expression of the cyclin-dependent kinase (CDK)
inhibitors p21 and p27 (97). HDACL1 and -3 small interfering RNA
(siRNA) produced a concentration-dependent inhibition of Hel.a cell pro-
liferation, whereas HDAC4 and -7 siRNA showed no effect. HDAC3
siRNA caused histone hyperacetylation and increased the percent of
apoptotic cells, suggesting that the class | HDACs such as HDAC1 and
-3 are important in the regulation of proliferation and survival in cancer
cells (98).

Second, aberrant transcriptional repression by histone deacetylation is
commonly observed in many cancers. In leukemia, chimeric fusion pro-
teins produced by chromosomal translocation recruit class I/11 HDAC-
containing complexes (99). The promyelocytic leukemia-retinoic acid
receptor oi(PML-RARq) fusion protein generated by 15;17 chromosomal
translocation in acute promyelocytic leukemia (APL) cells strongly
represses the gene expression required for myeloid differentiation by
recruiting HDACs. However, since the protein is still able to bind the
ligand retinoic acid, pharmacological concentrations of retinoic acid can
induce the release of repression and therefore cause reinitiation of differ-
entiation. Thus, most APL patients can be cured by al-trans retinoic acid
treatment. In contrast, another fusion protein, promyelocytic leukemia
zinc finger (PLZF)RARG, is unable to be activated, since PLZF also binds
the corepressor/HDAC complex. In this case, combined treatment with
HDAC inhibitors can overcome the transcriptiona repression and induce
blast differentiation (100). In acute myeloid leukemia (AML) with 8;21
tranglocation, acute myeloid leukemia 1-eight-twenty-one (AML1-ETO)
also aberrantly recruits HDACSs to the target genes (101,102). Aberrant
transcriptional repression of tumor suppressor genes such as INK4A by
DNA methylation has been shown to be one of the major causes for
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cancer development (103). Methylated DNA binds factors like methyl
CpG binding protein 2 (MeCP2) that can recruit DNA methyltransferase
and HDACs to repress the genes and to propagate gene silencing.
Synergistic reactivation of the methylated genes by methylation inhibitors
such as 5-azadeoxycytidine and HDAC inhibitors is one of the important
therapeutic strategies currently expected (104).

Third, the possibility of HDACs as a target for anticancer treatment
was validated by the effects of HDAC inhibitors. In contrast to other poten-
tial molecular targets for cancer therapy, HDAC is unique because its
inhibitors had aready been known and the importance for cancer therapy
had been proposed based on the efficacy of the inhibitors before HDAC
genes were cloned (105). HDAC inhibitors induce differentiation in a variety
of leukemias both in vitro and in vivo. They also seem to have gresat potentia
as drugs against solid tumors, probably owing to their ability to induce
apoptosis. Indeed, some HDAC inhibitors such asAN-9 (phase I1), CI-994
(phase I1), FK228 (phase 1), LAQ-824 (phase 1), MS-275 (phase 11),
SAHA (phase Il), and valproic acid (phase |) have already exhibited
remarkable antitumor activity.

Despite extensive studies on HDAC inhibitors, the general mechanism
by which they exhibit antitumor activity is still unclear. Three mgjor pos-
sibilities are assumed as the basis for the selective toxicity of cancer cells
to HDAC inhibitors (Fig. 5). First, it iswidely speculated that the ability
of HDAC inhibitors to modulate gene expression through histone hyper-
acetylation is the critical determinant for antitumor activity by inducing
gene expression in the areas of cell cycle arrest, differentiation, apoptosis
(106), and inhibition of angiogenesis (107). The second possibility is that
hyperacetylation of nonhistone proteins such as p53 and o-tubulin modu-
lates the activity of specific proteins. Following the discovery of p53
acetylation, a number of nonhistone proteins were identified as in vitro
substrates for p300/CBP or PCAF, most of which are involved in tran-
scriptional regulation. In the case of some but not al DNA-binding tran-
scription factors, the acetylation site falls directly adjacent to the
DNA-binding domain and acetylation results in stimulation of DNA bind-
ing. Subcellular localization, protein-protein interaction, and protein sta-
bility are also regulated by acetylation. Therefore, it is also likely that
protein acetylation induced by HDAC inhibitors causes dramatic changes
in the transformed state in cancer cells more specifically than histone acety-
lation, which may cause general changes in both normal and cancer cells.

A third possibility is independent of gene regulation but involves
aberrant mitosis in the cell cycle of cancer cells. Mitotic checkpoint
dysfunction is likely to be a common feature of cancers. It was reported
that some HDAC inhibitors trigger a G2 phase cell cycle checkpoint
response in hormal human cells. On the other hand, this checkpoint is
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Fig. 5. Possible mechanisms by which HDAC inhibitors exert biological activ-
ities. Acetylation of histones and nonhistone proteins is induced by treatment
with HDAC inhibitors. Two distinct pathways downstream of histone acetyla-
tion, which are dependent on and independent of changes in gene expression,
have been postulated. Hyperacetylation of histones by HDAC inhibitors modu-
lates expression of subsets of genes responsible for the cell cycle arrest, differ-
entiation, and apoptosis. On the other hand, histone hyperacetylation also
induces a G2 cell cycle checkpoint, and cancer cells, which lack cell cycle
checkpoints, undergo aberrant mitosis, resulting in apoptotic cell death.
Nonhistone proteins such as p53 and a-tubulin are also acetylated, and HDAC
inhibitors can modulate their activity by accumulating the acetylation. For
instance, an increase in the p53 acetylation by HDAC inhibitors stabilizes the
protein and enhances its transcriptional activity. Hyperacetylation of a-tubulin
by HDAC inhibitors inhibits cell motility, which may contribute to suppression
of cancer cell invasion.

defective in tumor cells, which results in aberrant mitosis and eventual
cell death (108). More recently, HDAC activity was shown to be
required for maintaining pericentric heterochromatin (109) and proper
loading of the centromere-specific histone H3 variant CENP-A to the
centromere region (110). These results suggest that HDAC inhibitor-
induced apoptosis is related to aberrant mitosis in cancer cells lacking
cell cycle checkpoints.



288 Ito, Nishino, and Yoshida

HDAC INHIBITORS AS THERAPEUTICS AGAINST
HUMAN DISEASES OTHER THAN CANCER

Polyglutamine diseases such as Huntington’s disease are hereditary
neurodegenerative disorders caused by the expansion of the polyglutamine
repeat in the diseased gene. The pathogenesis of these diseases may be
associated with transcriptional dysregulation and loss of function of tran-
scriptional coactivators (111). It has been shown that the expanded polyg-
lutamine negatively regulates activity of histone acetyltransferases (HATS)
such as CBP by either sequestering them in cytoplasmic and nuclear aggre-
gates (112,113) or inhibiting their acetyltransferase activity, leading to a
reduction in the amount of acetylated histones, which can be reverted by
an HDAC inhibitor (112). In addition, ectopic overexpression of CBP
reduces polyglutamine-mediated cell death (113,114).

These observations suggest that the acetylating activity plays important
roles in regulating polyglutamine-induced neurodegeneration and that
HDAC inhibitors are useful as therapeutic agents against these disorders.
Indeed, some inhibitors of class I/l HDACs such as SAHA and butyrate
have been shown to reduce neuronal death induced by the expanded polyg-
lutamine in cultured cells (115) and in the Drosophila model of
Huntington’s disease (112). Furthermore, SAHA and butyrate increased
acetylated protein levels including histones and specificity protein 1 (Spl)
in the brain and improved motor performance in the transgenic mouse
model of Huntington’s disease (116,117). In addition, it has been shown
that HDACES plays a critical role in the aggresome formation that is associ-
ated with a number of neurodegenerative diseases including Parkinson’'s
disease and amyotrophic lateral sclerosis (118). Indeed, HDAC inhibitors
were shown to prevent aggresome formation (119). Thus, inhibitors of class
I/11 HDACs may provide clinical benefits in neurodegenerative diseases.

Forkhead transcription factors (Foxos) are homologous to the C. elegans
dauer formation 16 (DAF-16) and act downstream of the insulin signaling
pathway. It has been shown that haploinsufficiency of the foxol gene
restored insulin sensitivity and rescued the diabetic phenotype in insulin-
resistant mice, whereas activation of Foxol in liver and pancreatic 3-cells
induced diabetes by an increase in hepatic glucose production (120).
Foxol interacts with peroxisome proliferator-activated receptor-y coacti-
vator 1o (PCG-1a) and controls insulin-regulated gluconeogenesis (121).
Recently, the activity of Foxos was shown to be regulated by reversible
acetylation. Deacetylation by SIRT1 potentiates Foxo transactivation.
Treatment with both nicotinamide and TSA has been shown to increase
the amount of acetylated Foxos and mostly attenuates Foxo functions
while it enhances Foxo-mediated apoptosis (122—-124). Furthermore,
Scriptide, a hydroxamic acid-based HDAC inhibitor, was recently reported
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to stimulate 2-deoxyglucose uptake through an increase in the expression
and translocation of glucose transporter 4 (Glut4) (125). Thus, inhibitors
of both class I/11 and class |1l HDACs may become therapeutic agents
against diabetes by modifying Foxo and/or Glut4 activities.

Identification and characterization of novel T-cell-inhibitory com-
pounds are generally important for developing new strategies to suppress
autoimmune diseases. Skov et a. (126) recently revealed that TSA inhib-
ited proliferation and CD154 expression in CD4 T cells by a mechanism
distinct from that of well-known drugs against autoimmune diseases such
as cyclosporine and FK506. In addition, the cyclic tetrapeptide FR235222,
a potent HDAC inhibitor, exhibited marked immunosuppressive effects
(127,128). These reports suggest the clinical use of HDAC inhibitors as
novel therapeutic agents in the field of autoimmune diseases.

THE COMING GENERATION OF HDAC INHIBITORS

Target enzyme specificity of current HDAC inhibitorsis poorly under-
stood, mainly because of the difficulty in obtaining in vitro active recom-
binant enzymes and in vivo complex formation with other HDAC
enzymes in cells. Nevertheless, TSA has been shown to inhibit HDAC1,
-2, -4, and -6 to aimost the same extent (46). However, HDACS8 is rela-
tively resistant to TSA (129). SAHA and MS-275 are also poor inhibitors
for HDAC8. HDAC6 was described to be insensitive to the cyclic
tetrapeptide inhibitors with large cap groups including TPX, FK228, and
MS-275 (40). Short-chain fatty acids like butyrate also failed to inhibit
HDACSG. By contrast, tubacin inhibits HDAC6 but not other enzymes
(41). These observations suggest that the current inhibitors have intrinsic
selectivity to some extent. However, lessons from the great success of
protein tyrosine kinase inhibitors as antitumor drugs emphasize the
importance of developing inhibitors with high specificity for a certain
enzyme with pathogenic function. Enzyme-specific HDAC inhibitors
would be valuable both as tools for probing the biological functions of
the enzymes and for therapeutic purposes. How can one design the
enzyme-specific inhibitors? Whereas residues forming the active-site
pocket are highly conserved, those of the enzyme surface are diversified.
It is therefore likely that the difference in structure around the pocket
entrance is responsible for the different sensitivity to the drugs, since the
large-cap groups probably make extensive contacts at the rim of the
pocket and in the shallow grooves surrounding the pocket entrance.
Indeed, FK228, which contains a large cap, strongly inhibited HDAC1
and -2 but was relatively weak in inhibiting HDACA4 or -6 (74). Thus, it
should be possible to generate specific inhibitors for different HDACs by
creating diverse cap groups with aterminal functional group.
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CONCLUSIONS

In the 20th century, we learned a great deal about DNA, chromosomes,
and the mechanisms of segregation of genetic information, which are con-
comitantly important areas of research for cancer treatment. Indeed, most
of the current anticancer drugs target DNA or microtubules. To overcome
the limitations of the current anticancer drugs, however, it is urgent that
novel therapeutic agents be discovered and validated. Epigenetic events
are alterations in gene expression without changes in DNA sequence,
which are heritable through cell division. Dysfunction of epigenetic events
such as DNA methylation and histone modifications may be akey driving
force in the development of cancer (103). Elucidation of epigenetic con-
trol will be one of the major tasks for cell biology in this century. We can
confidently anticipate that aberrant epigenetic control by chromatin-
modifying enzymes will be important for future therapy of human dis-
easesincluding cancer. It isthe hope that the application of HDAC inhibitors
to human diseases, probably in combination with DNA methyltransferase
inhibitors or current chemotherapeutics, will lead to broad clinical utility.
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SUMMARY

Histone deacetylase inhibitors (HDIs) can potentially affect a broad spec-
trum of cellular events by stabilizing the acetylation of an increasing number
of proteins. One of the most notable outcomes isthe effect on cell cycle pro-
gression almost universally observed following treatment with this class of
drugs. These effects are either G1 or G2/M phase cell cycle arrests, and
mitosisis also adversely affected. Histone hyperacetylation and consequent
transcriptional changes contribute directly to the G1 phase arrest, but the
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Acronyms and Abbreviations

ATM Ataxia telangiectasia mutated

INK4 Inhibitor of cdk4

CTP Cytidine triphosphate

ATM/ATR ATR isATM and RAD3 related

Gadd45 Growth arrest and DNA damage-inducible
CENP-A Centromere protein A

SUV39H1 Suppressor of variegation 39 Human 1

hyperacetylated targets for the G2 phase arrest and mitotic defects are yet to
be absolutely identified. These cell cycle effects are the basis of the antipro-
liferative activity and tumor cell selectivity of these drugs, properties that
potentially make them highly effective anticancer drugs.

Key Words: G2/M, centromere, kinetochore, G1, p21WAFL/CIP1
checkpoint.

HDI-INDUCED G1 PHASE ARREST

G1/S-Phase Progression

Progression through the cell cycle is controlled by the ordered activa-
tion of family of protein kinases known as the cyclin dependent kinases
(cdks). Cdk activity is regulated in a complex manner, including associa
tion with aregulatory cyclin subunit, phosphorylation of both the cdk and
cyclin subunits, and association with inhibitory protein subunits, the cdk
inhibitors. Individual cdks associate with alimited repertoire of cyclins at
specific stages of the cell cycle, and the activation and inactivation of the
specific cyclin/cdk control progression into, through, and exit from each
cell cycle stage. Cell cycle progression through G1 into replicative S phase
requires the sequential activation of cyclin D/cdk4 or cdk6, and cyclin
E/cdk2, athough cyclin E/cdk2 can perform both functions in cells that
lack cyclin D/cdk4 activity (1). These two cdk complexes phosphorylate
retinoblastoma protein (Rb) to allow for the full activity of the Rb-bound
E2F, a transcription factor required for expression of an array of genes
required for progression into and though S phase (Fig. 1; reviewed in ref. 2).
Cyclin E/cdk2 and cyclin A/cdk2 also have essential rolesin the initiation
and maintenance of DNA replication (3-5).

HDI Induction of p21WAFLCIPL and Other cdk I nhibitors

Histone deacetylase inhibitor (HDI) treatment of most cultured cell
lines causes G1-phase cell cycle arrest. The G1 arrest is associated with
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Fig. 1. G1l/Stransition is regulated by cyclin-dependent kinase (cdk)4/cyclin D
and cdk2/cyclin E kinase activities, whereas cdk2/cyclin A is required for S-phase
progression. Histone deacetylase inhibitor (HDI) treatment upregul ates the expres-
sion of the cdk2 inhibitor p21WAFYCIPL gnd the cdk4 inhibitor p19'NK4D while
downregulating cyclin D and cyclin A levels, thereby blocking retinoblastoma
protein (Rb) phosphorylation and promoting G1 phase arrest. Cyclin E levels are
upregulated, but the increased p21WAFLCIPL expression can block activity of this
complex.

hypophosphorylation of Rb, loss of S-phase population and DNA syn-
thetic activity, and inhibition or loss of the G1 phase cdk/cyclin complexes
responsible for Rb phosphorylation (6-8). The arrest appearsto be adirect
consequence of HDI-induced up- or downregulation of a number of genes
that control G1/S-phase progression. The most prominent of the upregu-
lated genes encodes the cdk inhibitor p21WAFYCIPL HD| treatment
increases acetylation of chromatin in the promotor region of the
p21WAFLCIPL gene, increasing access to a specificity protein (Sp)1/Sp3
site that is correlated with increased gene transcription (6,9-11), although
other modifications to the transcriptional machinery also appear to be
required for full transcriptional activation to occur (12,13). p21WAFLCIPL
upregulation is independent of the tumor suppressor p53, which can trans-
activate p21WAFYCIPL expression in response to a wide range of external
stimuli including DNA damage (2).

In the DNA damage response, p53 is downstream of the cell cycle
checkpoint signaling complex containing ATM (14,15). HDI treatment
does not produce DNA strand breaks, but there does appear to be arole
for ATM, independent of p53, in the HDI-induced upregulation of
p21WAFLCIPL ey pression, as inactivating mutation or inhibition of ATM
severely reduces HDI-induced p21WAFVCIPL expression (16). Increased
p21 levels bind and inhibit cyclin E and A/cdk2 complexes, which are
responsible for phosphorylation and inactivation of Rb and are essential
for progression into and through S phase, thereby producing a G1/S phase
arrest. Deletion of the p21WAFYCIPL gene or failure of HDI treatment to
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HDI — Initiates apoptosis

ez —

@3 activation
Apoptosis

Fig. 2. Histone deacetylase inhibitor (HDI) treatment can initiate an apoptotic
response in cancer cells, but the increased expression of p21WAFYCIPL ¢an inhibit
this by inhibiting the activation of caspase 3. However, caspase 3 can also cleave
and inactivate p21WAFYCIPL: therefore the kinetics of caspase 3 activation and
p21WAFLCIPL ey nression will determine the degree of apoptosisinitiated after drug
treatment.

upregulate p21WAFLCIPL expression, possibly owing to silencing of the
CDKNI1A locus encoding p21WAFYCIPL correlates with a lack of a G1-
phase arrest following HDI treatment (8,17,18). There are also reports of
other cdk inhibitors (such as the cdk4- and cdk6-specific p15/NK48 gnd
p19'NK4D and the p21WAFLVCIPL related p57K1P2) being upregulated in
various cell lines with HDI treatment (19-22) (Fig. 2).

These cdk inhibitors may contribute to a G1-phase arrest in some cell
lines by inhibiting either cdk4/cyclin D complexes by the INK4 family
proteins, or cdk2/cyclin E and cdk2/cyclin A complexes by the
p21WAFL/CIPL rel ated proteins (23). The INK4 proteins can also cause
redistribution of p21WAFLCIPL family proteins off cdk4 complexes, where
they have little inhibitory activity in vivo, onto cdk2 complexes of which
they are potent inhibitors, thereby reinforcing the G1 arrest (24). The
upregulation of p21WAFVCIPL jswidely observed in both normal and tumor
cell lines (7,18), but it is not clear how common upregulation of the other
cdk inhibitor genesis following HDI treatment.

Other G1 Phase Targets

Upregulation of p21WAFLCIPL gnd other cdk inhibitors may not be solely
responsible for the G1 arrest observed. Loss of expression of cyclin D and
cyclin A is also commonly observed following HDI treatment and proba-
bly contributes to the loss of cdk2 and cdk4 kinase activities and the
hypophosphorylated Rb (6-8,25,26). Surprisingly, HDI treatment also
increases cyclin E expression, although this is not associated with
increased cdk2 activity, probably because increased p21WAFVCIFL |evels
inhibit this kinase activity (6,8,25) (Fig. 1). Genes involved in DNA syn-
thesis such as CTP synthase, thymidylate synthetase, and thymidine kinase
have been reported as targets for HDI-induced downregulation (21,27).
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Loss of these enzymes would have a similar effect to treatment with
antimetabolites such as hydroxyurea, blocking S-phase progression and
thereby also contributing to the G1/S arrest. Thus, many mechanisms may
combine to impose the observed HDI-induced G1-phase arrest.

All the genes involved in the arrest display transcriptional changes in
response to HDI treatment, although the particular genes that are up- and
downregulated and the arrest mechanisms utilized may depend on the cell
line and HDI used. It has been clearly demonstrated that although the over-
al cell cycle responses to treatment with HDIs are common to most cell
lines with all HDIs (7,28), there are significant differences in the genes
affected by different HDIs in the same cell lines (and even different struc-
tures within the same class of HDIs) and in the genes affected by the same
HDI in different cell lines (27). One constant appears to be p21WAFLCIPL
upregulation, whichisclearly amajor contributor to the G1 arrest observed
in most cell lines. Interesting, HDI treatment during S phase did not appear
to affect the time taken to transit S phase, suggesting that drug treatment
had little direct effect on DNA replication (7).

p21 WAFL/CIPL INHIBITS APOPTOSIS

HDIs possess antiproliferative activity through their ability to cause
cell cycle arrest; they also promote cell death in many tumor cell lines,
which in many cases displays the characteristics of apoptosis (7,18,29-31).
The upregulated expression of p21WAFYCIPL gnd the associated G1 arrest
requires relatively low, nontoxic doses of drug, whereas higher doses are
associated with significant levels of cell death (11,18). At the high, cyto-
toxic doses of HDIs, the upregulated p21WAFYCIPL |evels have the para-
doxical effect of inhibiting apoptosis induced by the drugs. A small subset
of cell lines that are hypersensitive to killing by HDI, requiring up to
10-fold lower concentrations of drug to achieve high levels of apoptosis,
fail to induce p21WAFVCIPL protein expression (18), and knockout of
p21WAFL/CIPL expression by either antisense or homologous deletion
increases the sensitivity of tumors to killing by HDIs (18,32).

Other studies have also shown that a range of combination treatments
with HDIs increased the potency of HDI treatment by blocking HDI-
induced p21WAFLCIPL ey pression (33-37). The hypersensitivity to HDIs
was reversed by treatment with caspase inhibitors to inhibit apoptosis (18),
suggesting that the increased p21WAFYCIPL |evels reduce HDI cytotoxicity
by blocking apoptosis. p21WAFVCIPL can directly bind procaspase 3 and
inhibit its cleavage (38), thereby blocking activation of a major execu-
tioner caspase and full expression of the apoptotic phenotype. However,
p21WAFLCIPL 5 gl 50 a substrate of caspase 3, and cleavage of p21WAFL/CIPL
destroys its caspase 3 inhibitory activity (39); thus the kinetics of
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p21WAFLCIPL expression and caspase 3 activation determine the relative
sensitivity of cellsto HDI treatment (18) (Fig. 2).

The INK4 family cdk4 inhibitor p16 has also been reported to block
HDI-induced apoptosis in a leukemic cell line (29,31), but we have
recently demonstrated that other cell lines with either stable or inducible
p16 expression remained sensitive to HDI-induced cell desth (40).

G2 PHASE CHECKPOINT DETERMINES SENSITIVITY
TO HDI-INDUCED CYTOTOXICITY

An HDI-Sensitive G2 Checkpoint

One of the most distinctive characteristics of HDIs is their in vitro, and
apparently in vivo, selective cytotoxicity; they are toxic to awide range of
immortalized, virally transformed and tumor cells, but normal, nonimmor-
talized primary cell cultures and a small number of tumor cell lines are
resistant to killing by even very high doses of these drugs (7,18,41). The
basis of the selectivity is an HDI-sensitive G2-phase cell cycle checkpoint.
G1-phase arrest was detected in most cell lines following HDI treatment,
but G2-phase arrest has been detected in a comparatively restricted
number of cell lines (7). G2 arrest is only observed at higher doses of HDI
than required for G1 arrest (8,11,18). Treatment of most cell lines with
these high doses of HDI results in cell death, normally via an apoptotic
mechanism, but the cell lines that arrest in G2 phase are resistant to the
cytotoxic effects of these drugs (7,11,42). A few reports have claimed
G2/M arrest in tumor cell linesthat are clearly sensitive to killing by HDIs
(29,43), although in each case G2 arrest was defined only by a single-
time-point fluorescence-activated cell sorting analysis showing an accu-
mulation of cellswith 4n DNA content. These are probably cells that enter
mitosis and fail cytokinesis, producing multinuclear cells with 4n content
rather than G2-phase-arrested cells (7).

Mechanism of the HDI-Sensitive Checkpoint
and G2-Phase Arrest

G2-phase arrest occurs via a unigue HDI-sensitive G2 checkpoint
mechanism that is independent of other G2 checkpoints responding to
DNA-damaging agents (7). However, the HDI-sensitive checkpoint does
utilize the common, caffeine-sensitive ATM/ATR checkpoint signaling
pathway, possibly via Chk2 (42). The checkpoint arrest operates through a
blockade of cdc2/cyclin B activation, and prolonged arrest also results in
downregulation of cyclin B1 protein levels, possibly to ensure that entry
into mitosis is blocked until after removal of the drug, when cells can
recommence cycling (7,44). The activity of this critical mitotic kinase is
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unaffected by HDI treatment in cellswith a defective checkpoint, although,
interestingly, the levels of an activator of cdc2/cyclin B, cdc25C, are
reduced after 24 h of drug treatment. The expression of Gadd45, a growth
arrest and DNA damage inducible gene that can cause G2/M arrest by
inhibiting cdc2/cyclin B activity (45), has been found to be upregul ated
following HDI treatment and may also participate in the G2 arrest
observed (46).

The G2 Checkpoint Protects Against HDI-Induced Cell Death

Correlative evidence from a large panel of cell lines tested demon-
strated that the presence of a G2-phase checkpoint arrest at 24 h after
high-dose HDI treatment was always associated with resistance to killing
by these drugs (7). Furthermore, reintroducing a G2 checkpoint arrest in
HDI-sensitive cells rescues the cells from HDI-induced apoptosis,
whereas knockout of the ATM/ATR-dependent G2 checkpoint mecha-
nism by expression of the Epstein-Barr virus EBNA 3 family of proteins
converts an HDI-resistant cell line to an HDI-sensitive cell line (7,42).
Thus, the functional status of the HDI-sensitive G2 checkpoint deter-
mines the tumor-selective cytotoxicity of these drugs. Normal tissue-
derived primary cell lines are resistant to killing by even high doses of
HDI, which is directly attributable to the functional G2 checkpoint. This
checkpoint is defective in most of the immortalized, virally transformed,
and tumor cell lines tested, and thus the lines are sensitive to killing by
these drugs.

HDI TREATMENT DISRUPTS MITOSIS
AND THE MITOTIC CHECKPOINT

HDI Treatment Causes Aberrant Mitosis

A number of studies have demonstrated that under HDI treatment, cells
undergo an aberrant mitosis, with the condensed chromosomes often fail-
ing to congress to the metaphase plate although a relatively normal micro-
tubule spindle has formed, and also failing to segregate chromosomes
properly, resulting in multinuclear cells (7,28,47-49). These cell lines
must be defective for the HDI-sensitive G2 checkpoint by definition, as
cellswith this checkpoint intact would not progressinto mitosis. The basis
of the mitotic defect is unclear. Mitotic histone H3 Ser-10 phosphorylation
is unaffected by HDI treatment (49), although binding of the heterochro-
matin protein HP1 to the centromeric regions is reduced (47,49). This will
be discussed in more detail below, in the section entitled Molecular
Mechanism Triggering the HDI-Sensitive G2 Checkpoint and Disruption
of the Mitotic Checkpoint.
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The outcome of mitotic defects is dependent on the dose and timing of
HDI treatment. Treatment with relatively low doses of HDIs, levels that
cause little cytotoxicity, cause cells to delay in mitosis (28,48,49), pre-
sumably under the influence of the mitotic checkpoint that detects such
mitotic defects and blocks anaphase promoting complex/cyclosome
(APC/C) function and mitotic exit until the defects are rectified (50). The
timing of drug addition is aso critical. The drug must be present at least
through S phase to produce the aberrant mitotic phenotype; addition of
even high doses of drug in early G2 phase, which induces a similar extent
of histone hyperacetylation by mitosis as drug addition in S phase, failed
to produce aberrant mitosis, whereas exposure to high doses of HDI dur-
ing S phase only, which results in reduction in histone hyperacetylation
prior to mitosis to levels that were above untreated controls, still produced
high levels of aberrant mitosis (28).

High-Dose HDI Treatment Disrupts Mitotic
Spindle Checkpoint Function

Treatment with high doses of HDIs throughout S and G2 phases causes
cells to enter mitosis after a 1- to 2-h delay in G2 phase; then more than
90% of cells undergo mitotic failure. In contrast to low-dose treatment, it
appears that the aberrant mitosis is either not triggered or bypasses the
mitotic spindle checkpoint-dependent arrest, with the result that cells exit
mitosis, often without partitioning their chromosomes. Certainly few
anaphase figures are observed, although many of the normal markers of
mitotic exit, cyclin B destruction, and loss of mitosis-specific MPM-2
immunoreactivity are observed. The result of this mitotic catastrophe is
rapid initiation of apoptosis within hours of mitotic exit (28).

Thus, following treatment with even low doses of HDIs during S phase,
cells with a defective HDI-sensitive G2 checkpoint progress into an aber-
rant mitosis. At low drug doses or conditions of reduced hyperacetylation,
the mitotic spindle checkpoint delays the cells in mitosis until normal par-
titioning of the replicated chromosomes can be achieved. However, the
presence of massively hyperacetylated chromatin causes either failure or
bypass of the mitotic checkpoint, premature exit from mitosis, and rapidly
initiated apoptosis. Thisis an example of synthetic lethality, whereby loss
of a single checkpoint results in reduced viability but when a second,
compensatory checkpoint islost in addition, cells lose viability rapidly. In
this case, loss of the G2 checkpoint is an intrinsic property of the tumor
cells, and knockout of the normally compensatory mitotic checkpoint by
HDI action resultsin widespread apoptosis. Cells with an intact G2 check-
point response do not enter mitosis and are thus protected from the cyto-
toxic effects of the drugs (Fig. 3).
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Fig. 3. During normal progression through S phase into mitosis, checkpoints in
G2 and mitosis remain latent unless specific stresses activate them to block
further progression. Histone deacetylase inhibitor (HDI)-resistant cells have an
intact HDI-sensitive G2 checkpoint that blocks progression into mitosis. These
remain arrested in G2 phase until removal of the drug, when they can recom-
mence normal progression. In cells sensitive to killing by HDIs, this G2 check-
point is defective, and the cells undergo an aberrant mitosis. This would
normally be detected by the mitotic spindle checkpoint, but the drugs either
knock out or bypass this arrest and prematurely exit mitosis, resulting in either
multinuclear cells that are likely to have limited proliferative potential or rapid
onset of apoptosis.

MOLECULAR MECHANISM TRIGGERING
THE HDI-SENSITIVE G2 CHECKPOINT
AND DISRUPTION OF THE MITOTIC CHECKPOINT

The unanswered question is how HDI treatment triggers the G2
checkpoint response and whether this is related to the disruption or
bypass of the subsequent mitotic checkpoint. It is clear that transcrip-
tional changes, many perhaps directly attributable to HDI-dependent
changes in the acetylation state of promotor regions and/or transcription
factor acetylation and activity, underlie the G1 phase arrest, with the
upregulation of inhibitors such as p19'NK4D gnd p21WAFLCIPL ang down-
regulation of promoters of G1/S progression such as cyclin D. The G1
arrest probably accounts for the cytostatic activity of HDIs, but this
requires only relatively low drug doses, which do not promote significant
cell death. Up regulation of p21WAFYCIPL expression is detected at these
low doses (18), indicating that many of the HDI-dependent transcriptional
changes may be elicited by low drug concentrations. High doses of HDI
are required for G2 checkpoint arrest in resistant cells and cytotoxicity
in sensitive cells.
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An explanation for this dosage effect could be that the HDACs regu-
lating transcriptional targets that effect G2/M are less sensitive to HDI
treatment. Another possibility is that the HDIs are inhibiting HDACs
affecting targets that differ in the stability of their acetylation. Chromatin
domains that are normally hypoacetylated may require higher HDI con-
centrations to block deacetylation effectively, possibly owing to high con-
centrations of HDACsin the vicinity of these domainsto ensure the normal
hypoacetylated state. Lower drug concentrations are sufficient to maintain
the hyperacetylated state of targets that normally continuously alter their
acetylation state. The heterochromatin is normally hypoacetylated and is
only transiently acetylated during deposition of histones onto newly repli-
cated DNA during S phase. This contrasts with the continuously changing
acetylation state of the actively transcribed euchromatin, which is readily
affected by low doses of HDI (51-53).

A number of lines of evidence support the hypothesis that the hyper-
acetylation of heterochromatin underlies the cytotoxicity of HDI treatment
by promoting aberrant mitosis and knockout of spindle checkpoint func-
tion in drug-sensitive cells, causing the G2 checkpoint response in drug-
resistant cells. First, the aberrant mitotic phenotype in drug-sensitive cells
is dependent on HDI treatment during S phase (28). Deposition of chro-
matin onto newly synthesized DNA during S phase requires site-specific
acetylation of histones, which are then rapidly deacetylated in the hete-
rochromatin regions (52,53). Thus transient S-phase acetylation of the
normally hypoacetylated heterochromatin provides the rationale for S-phase
HDI treatment stabilizing heterochromatin acetylation. Second, the
aberrant mitosis phenotype, with formation of a relatively normal micro-
tubule spindle but failure of chromosome congression to the metaphase
plate, is a phenocopy of mutations of kinetochore and centromeric pro-
teins (54-57). The identity of the phenotypes produced by HDI treatment
and centromere/kinetochore protein mutations indicates that drug treat-
ment disrupts normal centromere/kinetochore function. The most obvious
effect of the drugs is hyperacetylation of the normally hypoacetylated cen-
tromeric heterochromatin, possibly disrupting its higher order structure.

HDI treatment does not affect either the expression or the localization
of centromere-specific proteins such as the histone H3-like CENP-A
(7,47), nor does it affect mitotic H3 Ser10 phosphorylation, which is also
required, or the fidelity of mitotic chromosome segregation (49,58); HDI
treatment does result in loss of heterochromatin protein 1 (HP1) binding
to the heterochromatin (47,59). HP1 appears to be required for the higher
order structure of the centromeric heterochromatin, and deletion of
SUV39H1 (the methyltransferase responsible for histone H3 Lys-9
methylation, which acts as the binding site for HP1) or mutation of H3
Lys-9 also result in aberrant mitosis (60-62). Thus HDI treatment appears



Chapter 13 / Cell Cycle Targets of HDIs 309

to instigate aberrant mitosis and to disrupt kinetochore function by hyper-
acetylating the centromeric heterochromatin and blocking HP1 binding.
The presence of centromere-specific HDACs has been described in both
yeast and mammal s associated with the Sin3 corepressor (63,64). Together
these provide compelling evidence that the centromeric heterochromatin
isthe likely target of the HDI-stablized acetylation that causes the mitotic
effects of these drugs.

The existence of numerous checkpoint pathways that ensure the
integrity of genomic DNA emphasizes the paramount importance the cell
places on ensuring genomic integrity. The genome contains all possible
genes and other noncoding regulatory sequences that the whole organism
requires for normal growth and development. The large number of modifi-
cations that chromatin histone can undergo and the diverse biological out-
comes of these modifications imply that changes to the heterochromatin
could radically affect the biology of the cell (65,66). Thus, whereas the
DNA codes for al possible genes and thereby biologies of a cell, the het-
erochromatin defines the potential transcriptome in each cell, thereby
determining cell fate and function. It would be inevitable that such a criti-
cal function would be protected by checkpoint responses to ensure the
fidelity of this process. The checkpoint would be particularly critical in
G2/M progression, in which the specialized centromeric heterochromatin
has an essential function in ensuring the fidelity of partitioning of the
replicated genome. Thus there is good evidence that HDI treatment may
target histone deacetylation to produce its clinically important tumor-
selective cytotoxicity. However, the mechanism may not necessarily
involve changes in transcription but may rather involve changes in hete-
rochromatin structure and function.
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SUMMARY

Coordinated and tight transcriptional regulation of genetic information
isvital for maintenance of normal cell growth and differentiation. Cancer
istypified by inappropriate gene expression—aberrant expression of genes
associated with increased cellular proliferation and survival (e.g., onco-
genes), aswell as alterations in genes encoding tumor suppressor proteins.
Therefore, targeting the gene expression machinery to restore its normalcy
promises to be a useful anticancer therapeutic strategy. In the past, targeting
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the DNA binding multiprotein transcription factors with reasonable
potency and specificity has been challenging owing to difficulties in dis-
rupting protein-protein and protein-DNA interactions. However, recent
studies showed that epigenetic modifications by enzymes play key rolesin
regulating gene expression, providing an opportunity to target such
enzymes with small molecules for therapeutic purposes. Histone deacety-
lases (HDACSs) can regulate gene expression by deacetylating histones,
leading to repressed chromatin structure. In addition, HDACs can target
nonhistone substrates, including several oncoproteins and tumor suppres-
sors. Thus abnormal HDAC activity may lead to aberrant gene expression
as well as perturbation in critical pathways. HDAC inhibitors have demon-
strated efficacy in a variety of solid and hematological malignancies in
early clinical trias. The current review focuses on the emerging utility of
histone deacetylase inhibition as an anticancer therapeutic strategy.

Key Words. HDAC, HDAC inhibitor, histone, acetylation, deacetylation,
cancer, therapy, small molecule.

HISTONES AND THE REMODELING
OF CHROMATIN STRUCTURE

In eukaryotic cells, DNA is packaged into chromatin. The packaging
unit in the chromatin is the nucleosome. The nucleosome is made up of a
core histone tetramer consisting of a histone H3/H4 dimer and a histone
H2A/H2B dimer, which wraps approx 145 bp of DNA. A histone HI/DNA
complex links nucleosomes to form the primary structure of chromatin;
secondary internucleosomal and other DNA-protein interactions form
higher order chromosomal structures. Chromatin structure may be regu-
lated either locally or globally. Whereas local effects occur at the level of
single genes, global effects may occur over larger domains or entire chro-
mosomes. The higher ordered supranucleosomal structures of chromatin
form, on the one hand, the heterochromatic domains, which are largely
inaccessible to transcription factors, and on the other hand, the euchromatin
domains, which are more transcriptionally active.

Chromatin structure is modulated by various mechanisms including
enzymes that modify histones posttranslationally. In the past, histones
were viewed as inert packaging material, but recent findings have shown
that posttranslational modifications of their lysine tails, which protrude
through the nucleosome, affect chromatin structure in a manner that
imparts gene expression, epigenetic silencing, or centromeric functions
(2). The major modifications of the core histones include acetylation of
lysine, methylation of arginine, ubiquitination of lysine, and phosphoryla-
tion of serine, and threonine residues. More recent studies indicate that
combinations of posttranslational histone modifications on single
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Fig. 1. Modulation of chromatin structure by histone acetylation affects transcrip-
tion of genes. HAT, histone acetyltransferase; HDAC, histone deacetylase; HDAI,
HDAC inhibitor.

nucleosomes or nucleosomal domains establish local and global chro-
matin patterns that provide a framework for activation or silencing of gene
expression. The histone code hypothesis postulates that multiple histone
modifications, acting in a combinatorial or sequential fashion on one or
multiple histone tails, specify unique downstream functions (2,3). Thus
chromatin is currently thought of, on the one hand, as an integrator of
multiple extracellular and intracellular signals, which it receives through
enzymatic epigenetic factors, and on the other, as a transducer of these
signals through the control of gene expression (3).

HISTONE ACETYLATION, GENE REGULATION,
AND CANCER

One of the most abundant chromatin modifications is reversible acety-
lation of histones. In euchromatin, transcriptionally active regions are often
associated with hyperacetylated histones, whereas transcriptionally silent
heterochromatin regions are frequently hypoacetylated (1). Generaly, histone
acetyltransferases (HATS) are thought of as transcriptional activators,
whereas histone deacetylases (HDACS) are regarded as transcriptional
repressors (Fig. 1). To date 18 isoforms of HDACs have been identified and
are subdivided into three classes based on homology. Of the three, the class
11 HDACs, which are mammalian homologs of the yeast silent informa:
tion regulator 2 (sir2) protein family, are the most diverse and require NAD
for catalytic activity.

Aberrant histone acetylation is implicated in severa solid tumor types
and hematological malignancies. Genes encoding HAT proteins, such as
cyclic AMP-responsive element binding protein (CBP) and p300 are
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amplified, translocated, or mutated in many cancers (4,5). For example,
Rubinstein-Tabi syndrome, a genetic predisposition to cancer, is associ-
ated with mutations in the CBP gene that inactivates the HAT activity of
the CBP protein (6,7). In addition, Muraoka et al. (8) detected somatic
missense mutations of p300 in colorectal and gastric carcinomas. These
mutations were coupled to deletion of the second allele of the gene, result-
ing in complete inactivation of p300. In other mutations, loss of heterozy-
gosity, translocations, or overexpression of HAT encoding genes have been
reported in various solid tumors and in hematological malignancies
(9-12).

The role of HDACs in cancer was first demonstrated in hematological
malignancies. In acute promyeloctyic leukemia (APL), the tumor-associated
fusion proteins partner with a corepressor complex containing HDAC
activity (13,14). These chromosomal translocations involve the retinoic
acid receptor-o. (RAR-0.) gene fused to one of several gene loci producing
the promyelocytic leukemia (PML), PML-RAR-a. t(15;17), and promye-
locytic leukemia zinc finger (PLZF), PLZF-RAR-o t(11;17), transloca-
tions (15). During normal hematopoiesis, physiological amounts of
retinoic acid induce the release of HDAC complexes from RAR-o
followed by binding of coactivator complexes with HAT activity that favors
expression of differentiation-related genes. In t(15;17) APL, the PML-
RAR-o. fusion protein has an abnormally high affinity for HDAC core-
pressors; thus pharmacological amounts of retinoic acid are required to
induce expression of differentiation-specific genes. Furthermore, the
PLZF-RAR-a fusion protein produced by the t(11;17) translocation,
unlike the PML-RAR-o trandocation, fails to release corepressors under
the influence of retinoic acid, leading to a retinoid-resistant form of the
disease (16). In this scenario, a combination of retinoic acid with HDAC
inhibitors is required for transcriptional activation of the differentiation
genes. Similarly, the t(8;21) chromosomal translocation fusion protein,
AMLI1-ETO, characteristic of the acute myelogenous leukemia (AML)
M2 subtype, has been shown to interact physically with class | HDACs
and can be inactivated by the HDAC inhibitors trichostatin A (TSA) and
phenylbutyrate (17-19).

Another example of HDAC involvement in disease may be depicted by
the TAL1/SCL gene. This gene, which is the most frequent gain-of-function
mutation in T-cell acute lymphoblastic leukemia (T-ALL), has been shown
to associate with amember of the class | HDACs as well as the corepressor
mSin3A, thereby restricting its function in erythroid differentiation (20).

In solid tumors, HDACL is overexpressed in human prostate and gastric
tumor tissues compared with levels in their adjacent normal tissues. Patra
et a. (21) detected greater expression of HDAC1 mRNA in several
prostate cancer cell linesincluding PC3, TSUPr1, and DuPro aswell asin
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ND1, a human primary prostate cancer line. This increased HDACL1 level
carried over to patient samples, in which archived prostate cancer speci-
mens showed elevated HDAC1 expression compared with adjacent normal
tissue. Another group investigating HDAC1 overexpression reported that
61% of primary gastric cancer biopsies contained markedly elevated levels
of HDAC1 (22). More recently, HDAC2 overexpression has also been
linked to disease. Loss of the adenomatosis polyposis coli (APC) tumor
suppressor in human colorectal carcinomas was coupled with high HDAC2
expression (23). These findings support the targeting of HDACs asaviable
therapeutic approach in cancer treatment, and currently there are several
efforts to develop HDAC inhibitors as anticancer agents.

HDAC INHIBITORS

Sodium butyrate was one of the first HDAC inhibitors discovered when
Riggs et al. (24) reported increased histone acetylation in Hela and Friend
erythroleukemia cells following treatment. Subsequent studies revealed
suppression of histone deacetylation in vivo and in vitro. Other short-chain
fatty acids such as phenylbutyrate and valproic acid were reported as
HDAC inhibitors with antitumor effects. Phenylbutyrate, although clini-
cally approved for treating certain hematological disorders, has poor
potency as an HDAC inhibitor owing to numerous side effects and poor
pharmaceutical properties, making it unattractive for development as an
anticancer agent (26,27).

Various other structurally diverse HDAC inhibitors have been
described. The hydroxamic acid derivatives, which are highly potent as
HDAC inhibitors, comprise the largest structural class. Examples include
TSA, suberoylanilide hydroxamic acid (SAHA), NVP-LAQ824, NV P-
LBH589, pyroxamide, and oxamflantin. Crystallographic studies with
TSA and SAHA indicate that these compounds inhibit HDACs by inter-
acting with the catalytic site of the enzyme and chelating the divalent zinc
cation, which is necessary for histone deacetylation (28). The hydroxamic
acids such as TSA, NVP-LAQ824, NVP-LBH589, and SAHA inhibit
HDACs at nanomolar concentrations and produce potent antitumor activity
in vivo. However, hydroxamic acid analogs inhibit both class | and 11
HDAC isoforms in a nonsel ective manner.

A number of natural product cyclic tetrapeptides have also been identi-
fied as HDAC inhibitors. Examples include trapoxin, HC-toxin, chlamy-
docin, FK-228, and apidicin. The cyclic tetrapeptides are also potent
nanomolar inhibitors of HDACs and possess in vitro antiproliferative
activity. However, there are insufficient in vivo antitumor efficacy data,
most likely resulting from the metabolic instability of these molecules
(29). Interestingly, the cyclic tetrapeptides appear to have some isoform
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Table 1
Examples of Some HDAC Inhibitors in Development

Compound name Sructure Sructural class

SAHA ©/n\ﬂ/\/\/\/ﬁ\n’°” Hydroxamic acid
o]
Cl-994 5 Q{n fz Benzamide
(o}

FK 228 (depsipeptide) % j\% Macrocycle

Sodium phenylbutyrate ©\/\/ﬂ\o Carboxylate
Na

oH
NVP-LAQ824 \ v@/\)ku.m
: i
N o Hydroxamic acid
NVP-LBH589 Qj(\/nm
N

Valproic acid

0
AL Carboxylate
/ oH

o]
A QJ\N NH .
MS-27-275 ff HA@Wﬁ 2 Benzamide
N
[o]

. ‘/Ni Q . .
Pyroxamide L// N)\/\ /\,AT/N\OH Hydroxamic acid
é
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selectivity. Trapoxin and apicidin selectively inhibit class| HDACs but are
inactive against some class || HDACs such as HDACS6. The cyclic dep-
sipeptide FK-228 is a nanomolar HDAC inhibitor with selectivity against
class | enzymes (30). The mechanism of action of HDAC inhibition is
thought to involve intracellular reduction of a disulfide bond, resulting in
athiol that interacts with the zinc cation at the active site. Unlike the other
cyclic peptides, FK-228 has shown in vivo antitumor efficacy both in animal
models and in clinical trials.

A third class of HDAC inhibitors has a benzamide group; of this group,
MS-27-275 inhibits HDACs at micromolar concentrations (31). The mech-
anism of HDAC inhihition is thought to involve interaction of the two sub-
stituted amides with the zinc cation at the active site of the enzyme.
Despite the relatively low potency of HDAC inhibition by the benzamide
derivatives compared with the hydroxamates and the cyclic peptides, MS-
27-275 produced marked in vivo tumor efficacy in animal models (32).
Table 1 gives a list of the different HDAC inhibitors currently under
development for cancer therapy.

ANTICANCER EFFECTS OF HDAC INHIBITORS

Chromatin and Transcription Effects

As compounds that directly affect transcription of genes, it was origi-
nally feared that HDAC inhibitors would be toxic owing to nonspecific
pleiotropic effects on gene expression. These concerns were somewhat
abated with microarray experiments showing that treatment of cells with
HDAC inhibitors modulated the expression of about 1% of the total genes
(33). Thisfinding suggests that HDACs are recruited to specific promoters
and that activation of these promoters may be sensitive to HDAC
inhibitors.

In a recent microarray experiment profiling three HDAC inhibitors,
SAHA, TSA, and MS-27-275, Glaser et d. (34) verified similar expression
patterns for genes that are involved in cell cycle, apoptosis, and DNA
synthesis. In addition, of the 6800 genes evaluated on the microarray, fewer
than 10% were either positively or negatively regulated, supporting the
earlier findings. Furthermore, expression profiling of three different cell
lines with four inhibitors, NVP-LAL902, MS-27-275, trapoxin, and NV P-
LAQB824, revealed a core set of genes that are either up- or downregulated
and could be classified by function. These genes are thought to play arolein
cell cycling, apoptosis, signal transduction, metabolism, transcription,
cytoskeletal structure, and adhesion (Fig. 2; see Color Plate 9 following p.
180). It now appears that HDAC inhibitors modulate expression profiles of
specific genes and that by utilizing microarray analysisit may be feasible to
identify functional and subtle differencesin inhibition that affect efficacy.
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Fig. 2. Genes/pathways modulated by histone deacetylase (HDAC) inhibitors. See

Color Plate 9 following p. 180.

The recent discovery of nonhistone acetylated proteins has generated
great interest, adding an additional level of complexity to protein regula-
tion. Nonhistone acetylases modify lysine residues of transcription factors
p53, E2F1, T-cell factor (TCF), GATAL, nuclear factor-xB (NF-xB), and
hypoxia-inducible factor-1o (HIF-1ot), whose functions are affected in the
following ways: binding to DNA, protein-protein interaction, cellular
localization, and proteasomal degradation (35—42). Understanding the
downstream events following reversible acetylation of these factors may
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give additional insight into mechanisms involved in proliferation, differ-
entiation, apoptosis, and angiogenesis as well as help identify novel
therapeutic approaches to combat cancer.

The consequences of persistent acetylation of proteins vary greatly
depending on the specific factor. Transcription factors such as p53, E2F1,
and GATAL are currently thought to rely on acetylation to promote bind-
ing to target DNA.. Inhibition of deacetylases that have enzymatic activity
against the acetylated form of p53 increases p21 levels to obstruct cell
cycle progression, whereas activity against the deacetylation of E2F1
may promote retinoblastoma protein (Rb)-mediated differentiation
(35,36,38,41). Additionally, HDAC inhibition permits the continued
acetylated state of proteins, such as TCF in Drosophila and ACTR,
disrupting protein-protein interaction with its partner armadillo and
nuclear receptors, respectively (37,43). Furthermore, there is now evi-
dence that shows the importance of reversible acetylation in regulating
factor localization and signaling. Chen et al. (40) show evidence that
acetylated NF-xB possesses prosurvival transcription proficiency. They
propose that inhibitor kB (1xB), NF-xB’s inhibitory partner, fails to bind
to the acetylated form of NF-kB, blocking IxB-mediated transport of the
complex out of the nucleus.

Nontranscription Effects

HDAC inhibition affects protein stability through several mechanisms
including promotion of apoptosis, cell cycle arrest, and prevention of
tumor-mediated angiogenesis. Recent evidence shows that HDAC inhibitors
increase the acetylation status of heat shock protein 90 (Hsp90) whereby
the chaperone activity of the acetylated form is inactivated, leading to
destabilization of its client proteins including Her-2/neu, AKT, c-Raf-1,
mutant p53, and Ber-Abl (41,44,45). Nimmanapalli et al. (44) revealed
activity of NVP-LAQ824 in chronic myelogenous leukemia-blast crisis
(CML-BC) cells, maintaining acetylation of Hsp90 and directing protea-
somal degradation of wild-type Ber-Abl as well as imatinib-refractory
mutant Ber-Abl. This Hsp90-mediated proteasomal degradation of Bcr-
Abl in conjunction with degradation of c-Raf-1, Src, and AKT appears to
promote CMC-BL cell apoptosis. In studies involving breast cancer,
exposure of cells to NVP-LAQ824 increased acetylated Hsp90, leading
to inefficient binding of ATP. This event destabilizes the Her2/neu onco-
protein and facilitates polyubiquitination and proteasomal degradation,
promoting antitumorigenesis and apoptosis (45).

Other studies suggest that the p53 tumor suppressor is regulated by
multiple levels of protein acetylation. The transcriptionally efficient p53
protein appears to be acetylated, and the levels of cellular p53 appear to be
regulated by the chaperon activity of Hsp90 (41). Interestingly, this report
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identifies a mutant p53 that is depleted upon treatment with a HDAC
inhibitor, whereas the wild-type p53 is unchanged. Lastly, HIF-1o, atran-
scription factor thought to be involved in angiogenesis, appears to be
destabilized by acetylation. Investigators identified a novel acetyl trans-
ferase (ARD1) that specifically acetylates HIF-1a, driving its fate down
the ubiquitin-mediated degradation pathway (42). Interpretation of
these results suggests arole for deacetylase inhibitors in blocking tumor
cell-driven angiogenesis.

Cdlular Effects

Inhibition of HDACs has profound effects on cellular mechanisms
that affect the cells’ ability to proliferate, differentiate, and/or die.
Although the precise mechanisms that control cellular fate are not com-
pletely understood, several lines of evidence suggest that aberrant
recruitment of HDACs and the resulting chromatin modifications may
lead to the changes in gene expression seen in transformed cells:
(1) silencing of tumor suppressor genes at the chromatin level (46-52);
(2) interaction of HDAC-containing complexes with proteinsinvolved in
tumorigenesis (53-55); (3) reports of HDAC inhibitors having signifi-
cant antiproliferative effects, such as promoting differentiation, cell
cycle arrest, or apoptosis (56-61); and (4) alterations in key mediators
of G1 cell cycle arrest and differentiation such as induction of p21,
reduction of Rb phosphorylation, and inhibition of cyclin-dependent
kinase 2 (cdk2) activity (56,62—66).

One intriguing feature of the antiproliferative effects of HDAC
inhibitors is that they induce apoptosis in tumor cell lines while causing
normal cells to undergo reversible cell cycle arrest (32,67,68). When nor-
mal diploid fibroblasts and normal lung epithelial cells were treated with
NVP-LAQ824, they arrested at the G1-S and G2-M phases. Contrary to
the situation in normal cells, treatment of HCT116 (colon carcinoma),
A549 (lung carcinoma), or SV40/hTERT (transformed lung epithelial)
cell lines with much lower concentrations of NVP-LAQ824 resulted in
death by apoptosis (Fig. 3; see Color Plate 10 following p. 180) (67).
Interestingly, NVP-LAQ824 induced p21 expression and Rb hypophos-
phorylation in both normal and tumor cells, but only normal cells under-
went growth arrest. This suggests that the downstream effects of
hypophosphorylated Rb, which result in cell cycle arrest in normal cells,
may not be operational in the tumor cells, leading to aberrant G1-S
progression. Similarly, checkpoints that allow normal cellsto arrest at the
G2-M phase may be lacking in the tumor cells, leading to abnormal
progression and cell death. Infact, thereis evidence that the eventua death of
tumor cells may be attributed to their loss of mitotic checkpoint mechanisms,
leading to their inability to arrest stably (69).
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Fig. 3. NVP-LAQ824 induces apoptosis in transformed but not in normal cells
DM SO, dimethyl sulfoxide. See Color Plate 10 following p. 180.

Differences have been observed between the antiproliferative effects of
different HDAC inhibitors. For example, treatment of tumor cells with
MS-27-275 and SAHA causes both G1-S and G2-M arrest, but continued
exposure for more than 24 h triggers progression to apoptosis. In contrast,
treatment of the same cellswith NVP-LAQ824 induces only a G2-M block
followed by apoptosis. The mechanism behind this disparity is unknown,
but it presents an interesting opportunity to investigate regulation of G1-S
checkpoint mechanisms using the different inhibitors.

In Vivo Pharmacology

In vivo preclinical experiments using small-molecule inhibitors of
HDACSs such as MS-27-275, SAHA, FR-22, NVP-LAQ824, and NV P-
LBH589 exhibited efficacy against several human tumor xenografts in
athymic mice (15,32,65,67). When NV P-LAQ824 was given intravenously
to athymic nude mice bearing HCT116 (colon), A549 (non-small cell lung
carcinoma [NSCLC]), H1299- NSCLC, MDA-MB-435 (breast), SW620
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Fig. 4. NVP-LBH589 causes regression in HCT116 xenografts. See Color Plate
11 following p. 180.

(colorectal adenocarcinoma), A431 (epidermoid carcinoma), or T24 (uri-
nary carcinoma) xenograft tumors, potent antitumor efficacy was observed
with high tolerability (70). Furthermore, NVP-LBH589, which is struc-
turaly similar to NVP-LAQ824, produced profound tumor regression in a
number of tumor models (Fig. 4; see Color Plate 11 following p. 180).
Moreover, antitumor efficacy was observed in subcutaneous, orthotopic,
and metastasis model's, and peritoneal or oral administration of the inhibitor
proved equally efficacious.

In xenograft experiments, NV P-LAQ824-treated mice bearing tumors
were harvested and analyzed for the acetylation state of histones. Histone
acetylation levelsincreased as early as 30 min post dose and persisted for at
least 24 h after a single dose. Induction of histone acetylation in the
xenograft tumors indicates that the compound’s antitumor activity probably
operates through the predicted mechanism of histone deacetylase inhibition.
Additionally, pharmacokinetic analysis of NVP-LAQ824 administered to
tumor-bearing mice revealed high plasmaand tumor level s of the compound.
However, in plasma, levels dropped precipitously while in tumors, levels
persisted for severa hours. These results may suggest that even less frequent
dosing schedules of the drug may produce the desired antitumor effect.

Clinical Experience With HDAC Inhibitors

Early clinical studies indicate that different classes of HDAC inhibitors
are well tolerated in the clinic, and some anticancer activity has been
observed. The first evidence of clinical efficacy with an HDAC inhibitor
was observed when an APL patient who had experienced multiple relapses
was treated with retinoic acid aone or in combination with phenylbutyrate.
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Fig. 5. NVP-LAQ824 upregulates histone H3 acetylation levels in acute myelo-
cytic leukemia (AML) patients.

In this study, the APL patient proved clinically resistant to all-trans-
retinoic acid (ATRA). However, a combination of ATRA with phenylbu-
tyrate produced complete clinical and cytogenetic remission (16). Over
the last 2 yr, other HDAC inhibitors including FK-228, SAHA, NV P-
LAQ824, NVP-LBH589, CI-994, MS-27-275, and valproic acid have
entered clinical investigation for solid and hematological malignancies. In
all cases, the studies demonstrate increased histone acetylation in surro-
gate tissues such as peripheral mononucleocytes following administration
of the inhibitor, signifying that the drugs inhibit the desired mechanism
(Fig. 5).

An indication for which HDAC inhibitors have shown the most clinical
benefit as monotherapy is cutaneous T-cell lymphoma (CTCL), in which
SAHA and FK-228 produced dramatic response rates (71-73). The spe-
cific mechanisms responsible for the sensitivity of CTCL to HDAC
inhibitors is, however, not currently understood. Other tumor types in
which responses or stable disease have been reported include mesothe-
lioma, head and neck cancer, diffused lymphoma (SAHA), AML (SAHA
and NVP-LAQB824), NSCLC (Pivanex), and melanoma (MS-27-275).

Although the HDAC inhibitors that are currently undergoing clinical
studies have been generally well tolerated, some dose-limiting toxicities
and other adverse events have been reported. These include myelosuppres-
sion (thrombocytopenia), fatigue, somnolence, confusion, hepatotoxicity,
and abnormal electrocardiographic effects such as T-wave and ST-wave
changes and QTc prolongation.

CURRENT ISSUES AND FUTURE OUTLOOK

The preclinical and clinical experience with HDAC inhibitors raises
several questions pertaining to their successful development in the clinic.
These issues include: (1) which HDAC isoforms need to be inhibited for
antitumor activity; (2) which mechanisms of action are responsible for
their anticancer activity; (3) which biomarkers will be most informative to
allow pharmacokinetic/pharmacodynamic modeling, dose selection, and
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schedule design; (4) how patients will be stratified for clinical trials to
yield the most information and patient benefit; (5) which combinations of
existing antitumor agents and HDAC inhibitors will be most useful; (6)
whether patients will develop resistance to HDAC inhibitors; and (7) how
to avoid toxicity and safety problems specifically associated with HDAC
inhibitors. Successfully tackling the foregoing challenges will enable usto
fulfill the tremendous therapeutic potential that HDAC inhibitors currently
present as anticancer agents.
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