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PREFACE

It is more evident now than ever before that dynamic organization of human genome
into nucleoprotein structure, chromatin confers the unique regulatory mechanisms
for most of the cellular phenomena, which include replication, transcription, DNA
repair, recombination and also apoptosis. The dynamic nature of the chromatin is
regulated by chromatin modifications (epigenetic alterations), remodeling, histone
chaperones and functional interactions of different chromatin interacting non-
histone proteins. Dysfunction of this highly inter connected machineries disturb the
cellular homoeostasis, and thereby causes several diseases. As we advance in our
knowledge of chromatin function and also disease mechanisms in more details, their
causal relationship is becoming more evident. This has lead to the identification of
chromatin function as target for new generation therapeutics. In the light of these
advances, it happens to be the right time to explore current insights into various
aspect of chromatin and disease connection under one cover.

Authors who are actively involved in chromatin research and have made several
original contributions to develop latest paradigms in the field have written the
chapters of this book. Significantly, the authors’ repertoire is truly international.
They come from eight different countries of Asia, Europe and America. The
book has been divided into three different parts. Part I introduces the reader
to the dynamic nature of chromatin structure and its link to diseases. First two
chapters in this part deal with the chromatin architecture, chromatin dynamics in
the cell cycle and molecular mechanism of chromatin remodeling. The next chapter
describes the role of Poly (ADP-Ribose) Polymerase-1(PARP-1) in the regulation
of chromatin structure and transcription in response to specific cellular signals. This
chapter also highlights the potential therapeutic use of drug that target PARP-1’s
enzymatic activity for the treatment of diseases. The incorporation of histone
variants (non-allelic form of conventional histones) within a nucleosome could
affect the overall nucleosome structure and generate a non-canonical nucleosome
particle with novel properties. Following two chapters discuss the mechanism of
histone variant exchange, the unusual structure of the chromatin domains containing
histone variants, their functional significance as epigenetic markers and link to
congenital anomalies (cancer and other diseases). Recent research has indicated that
histone chaperones play a major role in the chromatin dynamics, ranging from repli-
cation dependent histone deposition to the replication independent histone exchange
or removal. Therefore, we have included two, chapters expanding the present

xi



xii Preface

understanding of histone chaperones with an emphasis upon their involvement in
cancer and other diseases. In the last chapter of this part, the importance of the
chromatin structure and dynamics has been discussed in connection with the mode
of action of DNA binding chemotherapeutic drugs.

A broader definition of chromatin is not limited to being a complex of histones
and DNA, rather it is a dynamic organization of histone, DNA, RNA and rapidly
interacting non-histone chromatin associated proteins (CAPs). Post translational
modifications of non histone chromatin proteins, therefore dramatically alter the
chromatin structure-function. The first chapter of the Part II, describes the role of
reversible acetylation of non histone proteins (several of which are also component
of chromatin) in cellular function and disease. Chromatin is compartmentalized
into various domains by a series of loops tethered onto the base of nuclear matrix.
Scaffold or Matrix Attachment Regions (S/MAR) punctuate these attachment sites
and govern the nuclear architecture by establishing chromatin boundaries. The
second chapter of Part II, enumerates the role of MARs and MAR binding proteins
in the alteration of local chromatin structure during transcription regulation, viral
integration and also disease manifestation.

Part III focuses on the epigenetic modifications of chromatin that are linked
to disease and also the development of putative therapeutic approaches which
are not far from reality. Reversible acetylation is one of the most widely studied
chromatin modifications involved in the regulation of several cellular phenomena.
Dysfunction of histone acetyltransferases and deacetylases lead to several diseases
(Chapter 11) ranging from neurodegenerative diseases to cancer (Chapters 11,
12 and 13). Therefore small molecule modulators (activator and inhibitors) of
HATs and HDACs are now being recognized as potential therapeutic tools
(Chapter 12). Apart from acetylation, rapidly increasing number of literature suggest
that phosphorylation of histones plays a pivotal role in regulation of acetylation
and thereby transcription and DNA repair. Aberrant histone phosphorylation and
histone kinases activity are often associated with diseases (Chapter 14 ). Histone
methylation is one of the most versatile and stable epigenetic markers. In Chapter 15
the repressive chromatin marker, H3K9 methylation has been discussed. The role of
chromatin modifications including methylation in the regulation of tumor suppressor
p53 function has been discussed in Chapter 16. Chromatin remodeling and modifi-
cations (acetylation, methylation and phosphorylation) are essential for the gene
expression of human genome integrated HIV. Therefore, the modifying enzymes
could be the target for combinatorial therapy (Chapter 17). Apart from discussing
each of the posttranslational modification in connection to disease manifestation,
Chapter 18 also high lights the possible therapeutic approaches targeting enzymes
involved in the process of modifications.

In writing and editing the chapters we have put our best effort to make the
materials accessible to the scientist not familiar with the chromatin field and to
students those who are beginning their career. We hope that this book will provide
a stimulating overview for investigators who are working in the field and as well
as scientists in related fields (e.g. Virology, Neurobiology, Chemical Biology,
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Pharmaceutical Chemistry and Nanobiology). We also hope that this book attracts
the pharmaceutical industry, who can utilize the knowledge of chromatin dynamics
and its link to disease for the betterment of mankind. We thank all the authors
for their outstanding contributions in preparing this book and also Ashok Reddy
and Marie Johnson for helping in the processing of the manuscript and all the
correspondence.

J N Centre For Advanced Scientific Research T.K.K.
Jakkur PO
Bangalore-64

Biophysics Division DD
Saha Institute of Nuclear Physics
Bidhannagar, Kolkata – 700 064
June, 2006



PART I

CHROMATIN STRUCTURE, DYNAMICS AND DISEASE



CHAPTER 1

STRUCTURAL ORGANIZATION OF DYNAMIC
CHROMATIN

KOHJI HIZUME, SHIGE H. YOSHIMURA, MASAHIRO KUMETA
AND KUNIO TAKEYASU∗

Laboratory of Plasma Membrane and Nuclear Signaling, Graduate School of Biostudies, Kyoto
University, Kitashirakawa-oiwake-cho, Sakyo-ku, Kyoto, 606-8502, Japan

Eukaryotic genomic DNA is packed as chromatin in a nucleus in a well-
organized manner. Although the folding mechanism of genomic DNA is not
yet fully understood, it has been accepted that there are several folding
steps starting from naked DNA followed by the formation of “beads-on-a-
string" and thicker fibers, with a help of a set of proteins (Fig. 1). The
genome structures play critical roles in the regulation of various genomic
events: the nucleosome structure restricts the access of regulatory proteins
and prevents the progress of enzymatic reactions along DNA (Horn and
Peterson, 2002; Jackson and Cook, 1995; Owen-Hughes and Workman, 1994).
Structural changes of the chromatin could directly lead to the different states
of the genomic reactions. The higher-order architecture of the chromatin fiber
also contributes to the successful chromosome passage to daughter cells; the
chromatin-fiber undergoes a series of dynamic structural changes into condensed
chromosome during the cell division (Hernandez-Verdun and Gautier, 1994).
Here, we review the chromatin structure and dynamics from the viewpoints
of its architectural components, regulatory proteins and post-transcriptional
modifications.

∗E-mail: takeyasu@lif.kyoto-u.ac.jp
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Figure 1. Hierarchical model of chromosome structure. (a) In interphase cells, DNA is packed in a
nucleus as forming nucleosome and chromatin. (b) DNA forms nucleosome structure together with
core histone octamer, which is then folded up into 30 nm fiber with a help of linker histone H1. This
30 nm fiber is further folded into 80 nm fiber and 300 nm loop structures in a nucleus. In mitosis,
chromosome is highly condensed. Proteins which are involved in each folding step are indicated above
and non-protein factors are indicated below. (c) The amino acid sequences of histone tails (H2A, H2B,
H3 and H4) are shown to indicate acetylation, methylation and phosphorylation sites. (See Colour
Plate 1.)
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1. BUILDING BLOCKS OF CHROMOSOME

1.1. Microscopic Observations of Chromatin and Chromosome

During the cell cycle, chromosome structures shuttle between de-condensed inter-
phase and condensed mitosis states. Dynamic changes also occur at the lower
levels of architectures, i.e., at the chromatin and nucleosome levels. Upon gene
activation and inactivation, folding and unfolding of the nucleosome structure and
the chromatin fibers occur at limited loci of the genome. Namely, the structures of
the chromosome are dynamic and mobile. Nevertheless, there are basic structural
units that remain stable and constitute the fundamental chromosome architecture.

The sub-structures of the chromosome have been investigated by means of
different types of microscopy. The electron microscopy (EM) visualized a helical
coiling of 200∼300 nm fibers that compose the metaphase chromosome arms
(Rattner and Lin, 1985). Taniguchi and Takayama reported that the metaphase
chromosome possesses 200 nm fibers, which consist of spiralized 30 nm fibers
(Taniguchi and Takayama, 1986). To understand the packing mechanisms from
30 nm fibers to 200 nm fibers, some models have been proposed, in which
30 nm fibers form helical coils or axis-attached loops (Ushiki et al., 2002).
In the metaphase chromosome treated with dextran sulfate and heparin, naked
DNA loops �10∼30 �m� protruds out of the chromosome axis (Paulson and
Laemmli, 1977). The EM observation of a thin-section of metaphase chromosomes
revealed that a 20–30 nm fiber forms a loop of 3∼4 �m contour length (Marsden
and Laemmli, 1979). Length of these loops corresponds to the DNA of ∼100 kb
(Marsden and Laemmli, 1979; Paulson and Laemmli, 1977).

A 80–100 nm fiber have also been identified in the chromosome by EM (Belmont
and Bruce, 1994) and AFM (Yoshimura et al., 2003) (Fig. 2a). The 80 nm fiber exists
also in yeast and chicken erythrocyte nuclei (Kobori et al., 2006) (see section 2.4).

Figure 2. (a) 80 nm granular fibers observed in the interphase chromosome. HeLa cells grown on the
cover slide was successively treated with detergent, high-salt solution and low concentration of DNaseI.
The sample was fixed and observed by AFM. Arrows indicate granular fibers of 80 nm width. (b) Nuclear
scaffold. HeLa cells on a cover slide was successively treated with detergent, high-salt solution, and
high concentration of DNaseI. The specimen was fixed and observed by AFM
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The partially digested chromatin fiber isolated from interphase nuclei contains
∼30 nm fiber observed by EM (Rattner and Hamkalo, 1979; Rattner et al., 1982;
Thoma and Koller, 1977; Thoma et al., 1979; Widom and Klug, 1985) and AFM
(Leuba et al., 1994). These reports suggest that the ∼30 nm fiber is folded into
a one-step higher-order unit (80–100 nm fiber) in the interphase nuclei, although
its molecular mechanism is not yet well-characterized. On the other hand, the
∼30 nm fibers are known to be unfolded into the "beads-on-a-string" structure of
nucleosomes (Thoma and Koller, 1977).

1.2. A Number of Proteins are Involved in Establishing
the Chromosome Architecture

Proteomic analyses of the metaphase chromosome have identified 209 proteins
(Uchiyama et al., 2005). More than half of the proteins (65% in molar ratio)
are core histones (histone H2A, H2B, H3, and H4) (Table 1). Core histones are
lysine- and arginine-rich proteins that are involved in the formation of nucleosomes

Table 1. Component of the metaphase chromosome

Molar ratio Mw (kDa)

Histones
histone H4 100 11�4
histone H2A.5 41�23 14�0
H2A histone family, member Q 41�43 14�0
histone H2A.X 5�66 15�1
MacroH2A 2�98 39�2
histone H2B.1 49�81 11�3
H2B histone family, member E 40�35 14�0
H3 histone, family 3A 73�73 15�4
linker histones 43�5 10�8

Non-histone proteins
HMGN2 23�14 9�39
HMGA1 5�68 10�7
HMGB2 0�57 22�3
HP1� 0�51 20�8
HP1� 0�36 22�1

Ribosomal proteins
Ribosomal protein L23a 1�77 17�7
Ribosomal protein L11 0�96 20�1
Ribosomal protein L5 0�81 34�3
Ribosomal protein L35 0�66 14�6
Ribosomal protein L38 0�63 8�21
Ribosomal protein L17 0�61 21�3
Ribosomal protein S6 0�58 28�6
Ribosomal protein L7 0�51 30�0
Ribosomal protein S3 0�39 29�9
Ribosomal protein L13 0�28 24�2
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Ribosomal protein L8 0�26 22�9
Ribosomal protein S4 0�23 29�6
Ribosomal protein L3 0�11 46�1
Ribosomal protein L4 0�11 47�7

Heat shock protein
heat shock 70 kDa protein 8 isoform 1 0�87 70�9
BiP (heat shock 70 kDa protein 5) 0�78 72�3
heat shock 70 kDa protein 9B precursor 0�33 73�6

Skeletal proteins
Keratin 17 7�34 48�1
�-Actin 3�28 41�0
Cytokeratin 18 2�73 47�3
Cytokeratin 8 2�40 53�7
�-tublin 1�32 48�8
Lamin A/C 0�78 65�1
Vimentin 0�75 53�6
�-actinin 4 0�09 10�2

Transcriptional factors
transcription factor 6 like 1 1�20 29�1
transcription factor ELYS 0�07 25�2

Nucleolus proteins
Fibrillarin 1�01 33�4
Ku70 0�87 69�8
Nucleophosmin/B23.2 0�78 28�4
nucleolin 0�26 76�3

Scaffold/matrix components
topoisomerase II � 0�72 174�3
hCAP-C (SMC subunit of condensin complex) 0�40 147�1
hCAP-E (SMC subunit of condensin complex) 0�60 135�7
hCAP-D2 (non-SMC subunit of condensin I complex) 0�40 157�1
hCAP-G (non-SMC subunit of condensin I complex) 0�25 114�3
hCAP-H (non-SMC subunit of condensin I complex) 0�15 82�5
hCAP-D3 (non-SMC subunit of condensin II complex) 0�32 169�6
hCAP-G2 (non-SMC subunit of condensin II complex) 0�27 130�9
hCAP-H2 (non-SMC subunit of condensin II complex) 0�20 62�4
hnRNP G (RNA binding motif protein, X chromosome) 0�82 42�3
hnRNP H (RNA binding motif protein) 0�22 49�2

Others
DNA topoisomerase I 1�31 90�2
INCENP 0�60 105�5
CENP-C 0�40 106�9
hSNF2H (chromatin remodeling) 0�40 121�9

The molar ratio of the components of metaphase chromosome was determined by Uchiyama and his
colleagues (Uchiyama et al., 2005). Metaphase chromosomes has been isolated from synchronized
human cell line and then purified by sucrose density gradient centrifugation and Percoll density gradient
centrifugation. The major components described in this chapter are summarized here. Molar ratio is
provided per 100 histone H4 molecules.
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(described in section 2.1) (Kornberg, 1974). The core histones are well conserved
in eukaryotes. (Prokaryotes have “histone-like” proteins, such as HU and IHF, but
these proteins have no homologous amino acid sequence to histones.) Each core
histone has a molecular weight from 11 to 15 kDa and 17∼20 positive charges at
pH 7.0. All of the four core histones carry the N-terminal tail regions which are
rich in lysine residues. These lysine-rich tail regions bind to negatively charged
DNA, and play a role in nucleosome-nucleosome interactions. As described in
section 2.2, the histone tails undergo post-transcriptional modifications such as
acetylation, phosphorylation, and methylation. These modifications are involved
in the regulation of chromatin structures and gene activities. The middle and
the C-terminus regions constitute a “core” domain. The four core domains of
two H3 and two H4 molecules assemble into a tetramer. H2A and H2B form a
dimer, and two H2A/H2B dimers assemble with a H3/H4 tetramer, to form an
octamer. DNA wraps around this octamer for 1.65 turns to form a nucleosome (see
section 2.1).

Linker histones (H1, H5 and others) are also major components of metaphase
chromosome, and occupy 5.8% of the total protein amount (Uchiyama et al., 2005).
They play an important role in the formation of the 30 nm fiber (see also section 2.3).
These linker histones carry more lysine residues (∼30% of the total amino acids)
than the core histones and have a core domain in the middle part that binds to
a nucleosome. The linker histones could be easily extracted from the chromatin
with 0.5 M NaCl, whereas the core histone octamers need more than 0.8 M NaCl
to dissociate from nucleosomes.

There are more than 100 different proteins in mitotic chromosome other than
histones. The HMG (High Mobility Group) proteins are second abundant proteins.
Like histones, they also have small molecular weights less than 30 kDa, and exhibit
high mobility in a gel electrophoresis (Goodwin et al., 1973). The HMG proteins
have been classified into three families (HMGA, HMGB, and HMGN) based on
their domain structures, and thought to participate in the maintenance of chromatin
structures as well as in the transcriptional regulation (Agresti and Bianchi, 2003;
Bustin, 2001; Ellwood et al., 2000). The HMGA proteins have three AT-hook
regions, which bind to a run of 4 or 5 A/Ts in a minor groove of DNA double strand,
and work at enhanceosome. According to the studies on the interferon � (IFN-�)
promoter, HMGA1 binds to the A/T sequence and distorts DNA, which recruits
transcription factors to the promoter region. The expression levels of HMGAs
are high in the early embryonic stage and low in adult. Since HMGA1 is highly
expressed in several tumor cells, it is used as a tumor marker. HMGB proteins have
two HMG box domains, each of which contains three 	-helices and binds to a minor
groove of DNA. It has been proposed that the binding of HMGBs to the nucle-
osome bends the nucleosomal DNA and, thus, loosens the nucleosomal structure
(Bonaldi et al., 2002). HMGBs also interact with TBP (Lu et al., 2000; Sutrias-Grau
et al., 1999) and other general transcription factors (Agresti and Bianchi, 2003).
These properties of HMGBs are thought to be important for the up-regulation of the
gene activity. HMGNs have a nucleosome-binding domain in the N-terminus and
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a chromatin-unfolding domain in the C-terminus. Interestingly, HMGNs associate
with the nucleosome by binding to the space between DNA and the histone
octamer (Bianchi and Agresti, 2005). When HMGNs are phosphorylated in the
M phase, they dissociate from the chromatin (Prymakowska-Bosak et al., 2001).
Histone H1 and dephosphorylated HMGNs bind to chromatin competitively
(Catez et al., 2002).

Another group of non-histone proteins have been identified as essential compo-
nents for the formation of the condensed chromosome (Table 1). Topoisomerase
II (topo II) localizes in the scaffold/matrix fraction of the interphase nuclear
(Berrios et al., 1985) and the mitotic chromosome (Maeshima and Laemmli, 2003)
(see section 3.1). Topo II forms a ring-shaped homodimer (Berger et al., 1996;
Nettikadan et al., 1998) and catalyzes the decatenation and relaxation of DNA
double strand (Wang, 2002). In fission yeast, chromosomes cannot be condensed
without functional topo II (Uemura et al., 1987). In addition, in in vitro experiment,
mitotic extracts containing topo II induce chromatin condensation in the isolated
nuclei from HeLa and chicken erythrocyte cells (Adachi et al., 1991).

The condensin complex has been identified in the same scaffold fraction
(Maeshima and Laemmli, 2003) and shown to be essential for the mitotic
chromosome condensation (Hirano et al., 1997). The frog condensin complex
exhibits ATP-dependent DNA-supercoiling activity (Kimura and Hirano, 1997).
It consists of a heterodimer of SMC and a trimer of non-SMC proteins (Hirano
et al., 1997). The SMC complex has a globular head domain and a coiled-coil
tail region (Anderson et al., 2002; Melby et al., 1998; Yoshimura et al., 2002). In
vertebrates, two types of condensin complex, condensin I and condensin II, exist;
they are composed of the same SMC subunits but with different non-SMC subunits
(Ono et al., 2003).

1.3. Physical Properties of DNA Affect the Nucleosome Stability
and Dynamics

The higher-order architectures of DNA/protein complexes are achieved on the
balance of the physical properties of DNA and the interactive forces of DNA-
binding proteins (Hizume et al., 2002; Yoshimura et al., 2000). The superhelical
strain of the DNA has been suggested to play a critical role in a variety of genome
events such as transcriptional regulation and DNA replication (Opel et al., 2001).

The effect of the superhelical strain of the DNA template on the nucleosome
structure can be investigated from the in vitro chromatin reconstitution system (for
the detail of in vitro chromatin reconstitution, see sections 2.1 and 2.3). Interestingly,
the efficiency of the reconstitution becomes higher as the lengths of the DNA used
are longer (Hizume et al., 2004) (Fig. 3a–c). In the 3 kb reconstituted chromatin, one
nucleosome could be formed in every 826 bp DNA on average, while in the 106 kb
chromatin fibers, one nucleosome can be formed in every 260 bp of DNA. The
chromatin reconstituted on the any length of linearized plasmid, the efficiency of
the reconstitution becomes one nucleosome per ∼800 bp DNA. The treatment of the
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Figure 3. The stability of the nucleosome is affected by the length and the superhelicity of DNA.
(a–b) The chromatin fibers were reconstituted from the purified plasmids and the histone octamers by a
salt-dialysis method and observed under AFM. The 3 kb (a) or 106 kb (e) supercoiled circular plasmid
was used as a template. (c) Relationship between the plasmid length and the frequency of nucleosome
formation in the reconstitution process. The nucleosome frequency is represented as the number of base
pairs per nucleosome and plotted against the length of the template DNA in supercoiled (filled circle)
and linear (open circle) forms. (d) AFM image of the chromatin fiber reconstituted on the topoisomerase
I-treated plasmid. (e) Chromatin fiber reconstituted with Drosophila embryo extract. The chromatin
fiber was reconstituted from plasmid DNA of ∼10 kband the embryo extract of Drosophila, and was
observed by AFM

plasmids with topoisomerase I completely removed the superhelical strain. When the
topoisomerase I-relaxed 106 kb plasmid was used for the chromatin reconstitution,
only 30 nucleosomes could be formed (Fig. 3d), the efficiency was found to be
much lower than the linearized plasmid. It is interesting that the chromatin fiber
was highly tangled on the mica surface with a number of DNA loops (Fig. 3d),
probably due to the accumulation of the positive supercoiling in the closed circular
DNA upon the nucleosome formation.

DNA sequence has significant effect for the nucleosome formation. The DNA
fragment of 5S ribosomal RNA gene has been identified as good template on which
nucleosomes easily form. (Simpson and Stafford, 1983; Simpson et al., 1985) This
is called “nucleosome positioning signal” (Hayes and Lee, 1997). AFM obser-
vation revealed that two nucleosomes are placed on the tandem fragments (Sato
et al., 1999). DNA methylation has been implicated in transcriptional silencing
(Buschhausen et al., 1987) and chromatin structures (Karymov et al., 2001). When
the nucleosomes formed on the DNA which has been methylated by the treatment
with SssI DNA-methylase, the distance of nucleosomes is shorter than that of nucle-
osomes formed on unmethylated DNA, suggesting that DNA methylation induces
chromatin compaction.
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2. CHROMATIN STRUCTURES AND DYNAMICS

2.1. Nucleosome – The Most Fundamental Structural Unit
of Chromatin

The most fundamental and well-characterized structural unit of the chromosome
is the nucleosome (Kornberg, 1974; McGhee and Felsenfeld, 1980). The nucle-
osome/chromatin structures play critical roles in the regulation of various genomic
events; the nucleosome restricts the access of regulatory proteins and prevents
the progress of enzymatic reactions along the DNA (Felts et al., 1990; O’Neill
et al., 1992). Not only the nucleosome structures but also the higher-order
arrangement of the nucleosome array plays important roles in a number of genome
functions; transcriptional regulation is known to be tightly coupled with the dynamic
structural changes of the nucleosomal arrays (Ding et al., 1997),

The nucleosome is composed of 146 bp DNA wrapping around the core histone
octamer (two of each H2A, H2B, H3 and H4) for ∼1�65 turns (Luger et al., 1997).
X-ray crystallography has revealed that histone octamer has a disk-like shape with
the diameter of 6.5 nm and the thickness of 6.0 nm (Arents et al., 1991). The tails
of H2A and H4 stick out of the disk-shaped nucleosome and the tails of H3 and
H2B extend between DNA gyres (Luger et al., 1997). DNA wrapping around the
octamer (nucleosomal DNA) has a helical pitch of 10.2 bp per turn (Satchwell
et al., 1986), which is shorter than that of free B-type DNA (10.5 bp per turn)
(Rhodes and Klug, 1981). Therefore, about 1 positive supercoiling is introduced by
one nucleosome assemble (Germond et al., 1975; Keller, 1975), because 146 bp of
DNA wraps around the octamer. The length of nucleosomal DNA can be examined
by using micrococcal nuclease (MNase) that digests only linker DNA. In the case
of a correctly assembled nucleosome, a ∼146 bp band should be detected by the
gel-electrophoresis after the MNase digestion, because the nucleosomal DNA is
protected from MNase digestion. A complete dissociation of the histone octamer
and DNA needs a high-salt treatment (2 M NaCl) in biochemical experiments
(Tatchell and Van Holde, 1977). The order of dissociation reflects the structural
stability of the histone octamer. H2A and H2B dissociate first, and then H3 and H4
dissociate from DNA when treated with high-salt or hydroxylapatite (Simon and
Felsenfeld, 1979).

The structure of the nucleosome is affected by ionic environment. The low
ion concentration makes a nucleosomal array well spread whereas 100 mM
NaCl induces nucleosome-nucleosome interaction (Hizume et al., 2005; Nakai
et al., 2005; Olins and Olins, 1972; Thoma et al., 1979). In vitro transcription
system has been applied to understand the relationship between the nucleosome
assembly and transcription activity. The results demonstrated that a positive super-
coiling introduced during the progress of RNA polymerase makes the nucleosomes
ahead of the polymerase unstable (Pfaffle et al., 1990).

In order to investigate the structural and functional characteristics of the chromatin
fiber, several methods for in vitro nucleosome reconstitution have been developed
(Lusser and Kadonga, 2004). Among them, the salt-dialysis method is the simplest
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because it uses only the histone octamer and DNA (Tatchell and Van Holde, 1977).
The efficiency of the reconstitution is not very high unless highly supercoiled long
�∼100 kb� DNA is used (section 1.3) and a constant “spacing” between nucleo-
somes is hardly obtained unless the template DNA contains nucleosome positioning
signals. A highly efficient reconstitution can be achieved when the Drosophila
embryo extract is used; nucleosomes are formed efficiently and evenly spaced (one
nucleosome per ∼200 bp) (Becker and Wu, 1992) (Fig. 3e). The most recently-
established method utilizes chromatin assembly factors (NAP-1 protein and ACF
complex), with which a correct spacing of the nucleosome is also obtained (Ito
et al., 1997). Extensive studies employing these in vitro reconstitution methods have
brought new insights into how the transcriptional activation is achieved by altering
the nucleosome structure in the promoter region (Croston and Kadonaga, 1993;
Narlikar et al., 2002).

The nucleosome structures have been analyzed not only by biochemical
approaches but also by biophysical techniques. Using optical tweezers, the
chromatin fibers can be mechanically stretched and the mechanical force to disrupt
the nucleosome characterized. Bennink and his colleague have reported that the
individual nucleosome can be disrupted under a force in the range of 20–40 pN
(Bennink et al., 2001). Small angle x-ray scattering has demonstrated that an
increase in the monovalent salt concentration up to 200 mM enlarges the extension
of histone tails (Mangenot et al., 2002). This salt-dependent histone tails extension
leads to an interaction between the histone tail and DNA or between the histone
tails (Zheng and Hayes, 2003). Divalent cations also induce such interactions of
nucleosomes as revealed by the phase diagram (de Frutos et al., 2001).

2.2. Post-transcriptional Modifications of Histone Tails

In addition to the role for the nucleosome–nucleosome interactions, the histone tails
are known as the region that undergoes post-transcriptional modifications, such as
acetylation, phosphorylation, and methylation (Fig. 1c) (Peterson and Laniel, 2004).
These modifications trigger the formation of euchromatin (acetylation), heterochro-
matin (methylation), or metaphase chromosome (phosphorylation). The details of
these modifications will be described in chapters 8–11.

Acetylation of the histone tails correlates with the activities of genes (Kimura
et al., 2005). However, the detailed analyses of the acetylation on the individual
lysine residue have revealed that the relationship between the acetylation and the
chromatin-compaction is not simple. There are 1–6 lysine residues in each histone
subunit, that could be acetylated; the Lys5 of H2A, Lys5
 Lys12
 Lys15, and Lys20

of H2B, Lys4
 Lys9
 Lys14
 Lys18
 Lys23, and Lys27 of H3, and Lys5
 Lys8
 Lys12,
and Lys16 of H4. In mammal, more than ten HATs (H istone Acetyl T ransferases)
have been identified, each of which acetylates a specific lysine residue. Acety-
lation frequently occurs in euchromatin regions, and some in heterochromatin
regions. For example, the acetylation of Lys12 of H4 leads to a telomeric silencing
(Kelly et al., 2000). In Drosophila, Lys16 of H4 is acetylated specifically in the
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transcriptionally hyperactive X chromosome in the male larvae (Turner et al., 1992).
These reports suggest that the acetylation of the histone tails play a role in the
regulation of higher-order chromatin structures and the “signaling” in the specific
genomic regions as well.

The methylation of the histone tails occurs at the arginine and lysine residues. The
amino group of the side chain is methylated. There are mono-, di and tri-methylated
states depending on the number of methyl groups attached to the nitrogen atom.
Arginine is methylated by the protein R (arginine) methyltransferases (PRMTases)
(Chen et al., 1999), which stimulates the transcription process. Arg3 of H4 is
methylated by PRMT1 (Wang et al., 2001) and Arg17 of H3 by CARM1 (Coactivator
Associated R methyltransferase) (Bauer et al., 2002; Schurter et al., 2001). The
methylation of the lysine residues (Lys4
 Lys9
 Lys27
 Lys36 and Lys79 of H3, and
Lys20 and Lys59 of H4) occurs more frequently than the arginine methylation. Since
some lysine residues are subjected to both acetylation and methylation, these two
modifications sometimes compete with each other. For example, the methylation
of Lys9 of H3 competes with the acetylation.

Belmont and the colleagues have developed a system to label a specific
chromosome region in a living cell by integrating lac operator into the chromosome
(Li et al., 1998). When GFP-lac repressor is expressed in the cell which carries the
lac operator array in the heterochromatic HSR (homogeneously staining region),
the inner nuclear localization of the HSR can be monitored by GFP signal in the
living cell. Verschure and colleagues have applied this GFP-lac repressor/operator
system for understanding how the HP1 (heterochromatin protein 1) is involved in
the histone modifications (Verschure et al., 2005). HP1 associates specifically with
heterochromatic regions (James and Elgin, 1986). When GFP-lac repressor-HP1
fusion protein is expressed in the cell which carries the lac operator array in an
euchromatic region, this region becomes more condensed than in the absence of HP1
fusion protein. Targeting of HP1 is sufficient to induce heterochromatin formation.
Histone methyltransferase is recruited to this region and tri-methylates Lys9. Namely
SUV39H1 is a methyltransferase for histone H3 Lys9 (Rea et al., 2000), and binds
to HP1 (Aagaard et al., 1999). Methylated Lys9 –modified H3 also binds directly
to HP1 (Bannister et al., 2001; Lachner et al., 2001). Heterochromatic regions
apparently maintain the “heterochromatic” status by a cooperative regulation; HP1
targeting induces histone H3 Lys9 methylation and vice versa.

Phosphorylation has been thought to be correlated to the mitotic chromatin
condensation and the transcriptional regulation in interphase (Nowak and
Corces, 2004). The mitotic phosphorylation, which was first identified in 1978
(Gurley et al., 1978), occurs at Ser10 (Wei et al., 1998), Ser28 (Goto et al., 1999), and
Thr11 (Preuss et al., 2003) in histone H3. The Ser10 phosphorylation is catalyzed by
the aurora kinase family (de la Barre et al., 2000), and is required for the initiation
of chromosome condensation but not for its maintenance (dephosphorylation of
mitotic chromosomes does not induce chromosome decondensation) (Van Hooser
et al.,1998). In meiosis, Ser10 phosphorylation is also required for the cohesion of
sister chromatids rather than the condensation (Kaszas and Cande, 2000).
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2.3. Structures and Dynamics of 30 nm Chromatin Fiber

Although the existence of the ∼30 nm fiber is widely accepted, several models
have been proposed for its structure (Felsenfeld and McGhee, 1986). Thoma and
colleagues proposed a solenoid model, in which the nucleosomes are ordered in a
spiral manner (Thoma et al., 1979). Woodcock and colleagues postulated a helical
ribbon model, in which the nucleosomes are arranged in a zig-zag manner and the
sheet of the zig-zag nucleosomes winds up helically to form a ribbon-like structure
(Woodcock et al., 1984).

A number of biochemical and microscopic studies have demonstrated that the
linker histone plays an important role in the higher-order folding of the “beads-on-
a-string” fiber. Histone H1 binds to linker DNA, especially to the region where the
DNA enters and exits the nucleosome core particle (McGhee and Felsenfeld, 1980;
Zlatanova et al., 1999). A complex of the nucleosome and histone H1 (named a
“chromatosome”) contains 168 bp of DNA (Simpson, 1978). Removal of histone
H1 results in an unfolding of the 30-nm fiber into the “beads-on-a-string” fiber
(Thoma and Koller, 1977; Thoma et al., 1979). A trypsin-digestion of histone H1
and the N-terminus of histone H3 leads to a loss of the “zig-zag” arrangement of
the nucleosomes and deforms the 30-nm fiber (Leuba et al., 1998). Therefore, the
role of histone H1 seems to be to tighten the nucleosome-nucleosome interaction.
Huynh and colleagues have reconstituted a nucleosome array on the 12 and 19
tandem repeats of a nucleosome positioning signal, and have studied the effect
of linker histone H5 by EM imaging and sedimentation velocity assays (Huynh
et al., 2005). The nucleosomal array undergoes a compaction into the 30 nm fiber
in the high NaCl concentrations or 1 mM MgCl2�

Biochemical reconstitution of the 30 nm fiber has recently been succeeded by
using a salt-dialysis procedure with a long DNA template �>100 kb� (Hizume
et al., 2005). AFM imaging of the reconstituted chromatin has shown that the
beads-on-a-string structure of the nucleosomes (∼400 nucleosomes on 100 kb DNA)
are converted to a thicker fiber in the presence of histone H1. The thickness
of the fiber changes reversibly between 20 nm and 30 nm, depending on the salt
environment (in 50 mM and 100 mM NaCl, respectively) (Fig. 4); namely, the
linker histone directly promotes a thicker fiber formation in a salt-dependent
manner.

It is interesting and important to note that several species, such as Schizosac-
charomyces pombe, lack histone H1 (Wood et al. 2002) (see also section 2.4).
The nucleosome-repeat length is slightly shorter in S. pombe than in human
(Godde and Widom, 1992). The contribution of histone H1 to the mitotic
chromosome condensation has been examined with the use of a cell-free system
of Xenopus eggs, in which the condensed sperm nuclei can be transformed into
metaphase chromosomes. Even when histone H1 is removed from the extract, the
metaphase chromosomes can still be formed (Ohsumi et al., 1993). In addition,
an elimination of all H1 genes in Tetrahymena exerts no phenotypic effect
(Shen et al., 1995).
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Figure 4. In vitro reconstituted 30 nm chromatin fiber. Dynamic structural changes in the chromatin
fiber in the absence (top) or presence (bottom) of linker histone H1 with different NaCl concentration
were observed by AFM. Nucleosomes were reconstituted on the 106 kb plasmid and then fixed in the
buffer containing 50 mM (top left) or 100 mM NaCl (top right). Nucleosomes were well-spread in 50 mM
NaCl but attached each other and partially aggregated in 100 mM NaCl. After the addition of histone
H1, the thicker fibers were formed. The width of the fibers is 20 nm in 50 mM NaCl (bottom left) or
30 nm in 100 mM NaCl (bottom right)

2.4. How is the 30 nm Fiber Folded Up?

When the surface of the purified HeLa cell nucleus is observed by AFM (Fig. 5a),
relatively smooth surface is seen, although many small projections and cavities can
be identified (Fig. 5b). When the isolated nuclei are successively subjected to the
detergent treatment and high-salt treatment on the glass substrate to remove the
nuclear membrane and nucleoplasm, fibrous structures appear (Fig. 5c, d). A close
examination by AFM classified the existence of granular structures (∼80 nm width)
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(Fig. 5e) and ∼80 nm fibers inside and outside the nucleus, respectively and
the 30 nm fibers are occasionally detected (Fig. 5f). Similar to the HeLa cell
nucleus, the surface of the isolated chicken erythrocyte nucleus is smooth and
no internal structure can be observed without the detergent treatment (Fig. 5g).
A successive treatment with a detergent and high-salt reveals many chromatin fibers
released from the nucleus (Fig. 5h, i). A statistical analyses identifies ∼80 nm beads
(Fig. 5j), and ∼30 nm and ∼80 nm fibers (Fig. 5k), similar to those in the HeLa
cell nucleus.

Since S. pombe lacks linker histone H1, the structural comparison of its
genome and other eukaryotic genomes would provide significant information. AFM
observation of isolated S. pombe nucleus has revealed that the isolated nucleus has a
smooth nuclear envelope (Fig. 5l), and that the removal of the nuclear membranes by
the detergent treatment greatly changes the surface morphology (Fig. 5m) (Kobori
et al., 2006). A high-salt treatment also causes the chromatin fiber spreading out of
the nucleus (Fig. 5n), as observed in the HeLa cells (Fig. 5d) and chicken erythro-
cytes (Fig. 5i). The majority of the fibers exhibit the width of ∼30 nm (Fig. 5p),
and the granular structures inside the nucleus possess the diameter of ∼100 nm
(Fig. 5o). Since the yeast nucleus requires longer incubation with high-salt solution
to unfold the chromatin fiber, the yeast chromosome may be more tightly folded
than the chromosomes from other two species.

The high-salt treatment releases the ∼30 nm fibers from the nuclei of other
eukaryotic cells including plant cells (Sugiyama et al., 2003, 2004). Therefore,
the 30 nm fiber seems to be the thinnest chromatin structure relatively stable in
the eukaryotic genome, although the intrinsic characteristics of chromatin, such as
genome size, nucleosome spacing, and histone composition, vary among them. It
is intriguing that Saccharomyces cerevisiae, in which the nucleosome-repeat length
(165 bp) is shorter than those of higher eukaryotes (∼200 bp), forms a similar
30–40 nm chromatin fiber (Bystricky et al., 2004). The ∼80 nm granular structures
was previously identified in the interphase nucleus (Yoshimura et al., 2003) and
the mitotic chromosome (Adolph et al., 1986; Hoshi and Ushiki, 2001; Tamayo
and miles, 2000). No structural population other than the 30 nm fiber and the 80 nm
beads was clearly found, suggesting that the 40 nm fiber would be folded up directly
to the 80–100 nm granular fiber (Fig. 1).

RNA has been known to contribute to the higher-order architectures (Worcel
and Burgi, 1972; Zamore and Haley, 2005). Such higher-order architectures and
their hierarchical transition seem to be critical to achieve the genomic activities in
cells. To investigate the role of RNA in the formation of the 30 nm and/or 80 nm
units, the nucleus isolated from HeLa cells has been treated with RNase �5 �g/ml�
(Ohniwa et al., In Press). The RNase treatment disrupts the edge of the nucleus, and
exposes fibrous structures (Fig. 5q). Section analysis of the AFM image showed
that the majority of the fiber widths was ∼30 nm, indicating that this corresponds
to a thick chromatin fiber induced by linker histone H1 (Hizume et al., 2005). It is
reasonable to suggest that RNA is critical in maintaining the architectures higher
than the 30 nm chromatin fiber (Fig. 1).
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Figure 5. 80 nm fibers and granules. The ‘on-substrate’ lysis makes it possible to observe a chromatin
structure by removing nuclear membrane and nucleoplasm from nuclei on a cover slide (a). HeLa, chicken
erythrocyte, and yeast nuclei were subject to the ‘on-substrate’ lysis (panels b–f for HeLa nucleus,
g–k for chicken erythrocyte, l–p for yeast). AFM visualized the isolated nucleus without detergent
treatment (b, g, l), after the detergent treatment (c, h, m) and after the high-salt treatment (d, i, n). Scale
bars indicate 2 �m. The high-salt treated nuclei (d, i, n) were rescanned for magnification, and shown in
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3. NON-CHROMOSOMAL ARCHITECTURES SUPPORTING
CHROMOSOME ARRANGEMENT IN THE NUCLEUS

3.1. Scaffolds in Nucleus

Individual chromosomes appear to be organized into discrete “territories” in the
nucleus (Mahy et al., 2002; Williams, 2003). The microscopic observation of a
yeast cell carrying the GFP-lac repressor/operator system (lac operator is integrated
in LEU2 locus) has demonstrated that the chromatin keeps moving within a limited
subdomain of the nucleus (Marshall et al., 1997). When the lac operator is integrated
in condensed chromatin regions such as nucleoli and the nuclear periphery, a
relatively slow movement is observed (Chubb et al., 2002). The mobility of the
chromosome region near the nucleolus is increased as sequel to the disruption of
nucleoli by a transcriptional inhibitor, 5,6-dichloro-D-ribohuranosylbenzimidazole
(DRB) (Chubb et al., 2002). These facts suggest that the positioning of the chromatin
in the nucleus in related to the physical attachment to the nuclear compartment.
The chromatin mobility decreases as the cell cycle progresses from early G2 to late
G2, indicating that the chromatin attachment on a fixed subdomain in the nucleus
is regulated by the cell cycle-dependent mechanisms (Vazquez et al., 2001).

It has been assumed that the nucleus contains an “immobile structure”, in
which chromatin fibers are partially attached and fixed. These structures are called
“nuclear matrix” or “nuclear scaffold”. When cells are successively treated with
detergent, high-salt solution and DNase I, the nuclear scaffold can be observed as a
fibrous network in the cell nucleus (Fey et al., 1986; Nickerson, 2001; Yoshimura
et al., 2003) (Fig. 2b). The biochemical analyses of the nuclear scaffold have
identified a ∼174 kDa protein as a major component (Fisher et al., 1982). This
protein is now known as topo II (Berrios et al., 1985).

SAR/MAR (scaffold/matrix associated region) has been experimentally identified
as the genome DNA segment which is inaccessible to the nuclease digestion (Gasser
and Laemmli, 1986) or the DNA segment which remains attached to the insoluble
fraction of the nucleus after the restriction endonuclease digestion (Jarman and
Higgs, 1988). The well-known SAR is located in the histone gene cluster (Gasser and
Laemmli, 1986) and the �-globin locus (Jarman and Higgs, 1988), which contains
the consensus sequence for the interaction with topo II (Adachi et al., 1989; Gasser
and Laemmli, 1986). SAR/MAR also functions as an “insulator” (Nabirochkin
et al., 1998; Namciu et al., 1998). The insulator is thought to be the border between

�

Figure 5. (Continued) different panels (e and f for HeLa, j and k for chicken erythrocyte, and o and p
for yeast). A section profile obtained along X-Y line shows a typical granular structure in the nucleus
(e, j, o), and the peak-to-peak distance between the granular structure was distributed from 60 nm to
120 nm (e). The thickness of the chromatin fibers released out of the nucleus varied possibly due to
the assembly of thinner fibers (f, k, p). A section profile for the spread fibers was obtained along X-Y
line (f, k, p). Isolated HeLa cell nucleus was treated with (r, s) or without (q) RNase. The treatment
releases ∼30 nmfiber from the nucleus. The histogram of the fiber width is shown in an inset of (s).
Bars, 250 nm. (See Colour Plate 2.)
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heterochromatin and euchromatin (Bell and Felsenfeld, 1999), and can prevent the
enhancer actions toward promoters (Udvardy et al., 1985). Thus, in a probable
model, insulators are placed in the border between the condensed chromatin and
decondensed chromatin.

3.2. Cytoskeletal Proteins in the Nucleus

The proteomic analyses of nuclear proteins and immunofluorescence microscopic
analyses have revealed that a nucleus contains a substantial number of cytoskeletal
proteins and cytoskeleton-related proteins (Table 1). Keratin forms intermediate
filaments in the cytoplasm. A detailed analysis of keratin subtypes has shown that,
in HeLa cells, keratin 8 and keratin 18 form a dimer and compose a filament in
the cytoplasm (Moll et al., 1982). Interestingly, only keratin 18 can be detected
in the nucleus (Fig. 6), and the immunoreactive signal of keratin 18 is stronger in
the nucleus than in the cytoplasm. When the soluble proteins are removed by a
mild detergent treatment before the fixation, the nuclear signals of keratin 18 are
completely disappeared (Fig. 6), whereas the signal as the cytoskeletal filament still
remained. This result suggests that there are two types of keratin 18 molecules: some
molecules are involved in the construction of the intermediate filament together with
keratin 8, and others localize in the nucleus and have not-yet-identified functions.

Actin was found in the nucleus in 1969 (Lane, 1969). However, this result was
not immediately accepted because of the idea that it was just a contamination during
the sample preparation. Nevertheless, many studies have demonstrated the presence

Figure 6. Cytoskeletal proteins in nucleus. HeLa cells were immunostained with anti-keratin 8 or
anti-keratin 18 antibodies. (a) Paraformaldehyde-fixed cells. (b) Cells treated with detergent before the
fixation. (Scale bars: 10 �m�
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of actin in the nucleus and shown that it has various functions in the nucleus;
it is involved in the transcription by RNA polymerases, chromatin remodeling,
nuclear transport, and nuclear envelope reassembly (de Lanerolle et al., 2005).
A study using f luorescence recovery after photobleaching (FRAP) and mutant
cell lines has demonstrated that both cytoplasmic and nuclear actin molecules are
in the polymerized form (Hofmann and de Lanerolle, 2006). Experiments using
monoclonal antibodies have suggested that the polymerization mechanisms are
different in these two types of actin filaments (Gonsior et al., 1999).

Actin-related proteins (Arps) have been shown to contribute to the organization
and regulation of chromatin structures. In budding yeast, Arp 1–10 subfamilies have
been identified according to their similarity to actin; Arp1is the most similar and
Arp10 is the least (Poch and Winsor, 1997). Among them, Arp4–9 predominantly
localize in the nucleus. Vertebrates also possess these Arps. However, only Arp4
subfamily proteins have been known to localize in the nucleus (Harata et al., 1999).
Recently vertebrate Arp6 has also been shown to localize in the nucleus and
interact with isoforms of HP1 (Ohfuchi et al., 2006). These nuclear Arps are found
in various chromatin remodeling and histone acetyltransferese (HAT) complexes
(Olave et al., 2002; Schafer and Schroer, 1999; Zhao et al., 1998).

3.3. Nucleolar Organization and Heterochromatin

The proteomic analysis of “insoluble fraction” in the cell nucleus has been hampered
by the difficulties in its sample preparation. A mass production of monoclonal
antibodies is one approach to identify and characterize such nuclear proteins.
Proteins extracted from the mitotic chromosomes, nucleoplasmic proteins and the
nuclear “insoluble fraction” were injected into mice and a series of monoclonal
antibodies were obtained. Immunostaining of the HeLa cells with these antibodies
revealed a variety of intracellular localization of the antigen inside and outside the
nucleus (Fig. 7). They recognize several dots inside the nucleolus (Fig. 7a), whole
nucleolus (Fig. 7b), nuclear foci (Fig. 7c), nucleoplasm (Fig. 7d), and the edge of the
nucleus (Fig. 7e). There are also many antibodies that recognize cytoplasmic archi-
tectures, for example, cytoplasm (Fig. 7f), cytoskeleton (Fig. 7g), plasma membrane
(Fig. 7h), and mitochondria (Fig. 7i). This result suggests a strong relationship
between the nuclear and cytoplasm proteins. Some antibodies recognize multiple
regions inside the cells: the nucleus and cytoplasm (Fig. 7j), the paranuclear structure
and nucleus (Fig. 7k), and the paranuclear structure and nucleoplasm (Fig. 7l).

Close observations of immunofluorescence signals showed that there are three
different staining patterns, which correspond to three different nucleolar compart-
ments; FC (Fibrillar center), DFC (dense fibrillar component), and GC (granular
component). Nucleolus is surrounded by heterochromatin. When the cells are in very
active state of its proliferation, the nucleolar compartments and heterochromatin are
integrated into a highly intricate structure called “nucleolonema”. A recent study
has suggested that the chromatin associated with the nucleolus is less mobile than
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Figure 7. A series of monoclonal antibodies raised against nuclear proteins. HeLa cells fixed with
4% paraformaldehyde were immunostained with monoclonal antibodies raised against nuclear proteins.
The intracellular localization of these antigens are (a) dot inside the nucleolus, (b) whole nucleolus,
(c) nuclear foci, (d) nucleoplasm, (e) the edge of the nucleus, (f) cytoplasm, (g) cytoskeleton, (h) plasma
membrane, (i) mitochondria, (j) nucleus and cytoplasm, (k) nucleus and the paranuclear structure, and
(l) paranuclear structure and nucleoplasm

Figure 8. Localization of a nucleolar protein in FC regin. (a) Localization in mitotic cells. Green:
antigen, Red: fibrillarin (DFC marker). (b) Localization on the metaphase chromosomes. Green: antigen,
Red: DNA (PI). (Scale bars: 10 �m). (See Colour Plate 3.)
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the chromatin in other regions, indicating its role for the regulation of chromatin
dynamics (Chubb et al., 2002).

Nucleolar proteins exhibit a variety of dynamic movement during mitosis. Several
proteins in FC region (UBF, RNA polymerase I and 2–30C antigen) localize in
several foci on the mitotic chromosomes (Fig. 8a). When the HeLa metaphase
chromosomes are spread on a cover glass and immunostained with anti-2-30C
antibody, the immunoreactive foci are detected on two pairs of acrocentric chromo-
somes (Fig. 8b). Since the rDNA genes are known to be distributed among 5 pairs
of acrocentric chromosomes and 3 pairs of them are active during mitosis (Roussel
et al., 1996), this FC antigen is involved in the rDNA inactivation. Most of the
proteins in the GC region are dispersed into the cytoplasm in mitosis. On the other
hand, several proteins in the DFC region (ObgH2 and Ki-67) are known to localize
on the surface of the mitotic chromosomes. Although the functional significance of
these unique localizations is not fully understood, the understanding of the dynamics
of these antigens might lead to the elucidation of the reorganization mechanisms of
nucleolus in the telophase.
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CHAPTER 2

ATP-DEPENDENT CHROMATIN REMODELLING
Action and Reaction
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Abstract: Alterations of chromatin structure play an important role in gene regulation. One way of
doing so involves ATP-dependent chromatin remodelling enzymes that act as molecular
machines coupling ATP-hydrolysis to structural changes of the nucleosome. Several
recent studies shed important insights into the mechanism of these factors and indicate
that they couple DNA translocation within the nucleosome to DNA loop propagation
through the nucleosome. This reaction causes the movement of a nucleosome with
respect to a given DNA sequence and also drives its disassembly. It is becoming clear
that the biology of these factors is very complex considering the plethora of known
ATP-dependent nucleosome remodelling factors and their many, in part overlapping
functions and varied ways of regulation and targeting. Finally, nucleosome remodelling
may only be one aspect of the function of these enzymes, because they may impart
or regulate higher order levels of chromatin organization. The importance of these
enzymes for normal growth and development is illustrated by disorders and neoplasias
linked to mutations of those factors or their misregulation. Given that these enzymes
have such profound roles in gene expression and cell proliferation, they may constitute
important drug targets for clinical applications in the future
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1. INTRODUCTION

A high degree of organization is required to confine the eukaryotic genome into the
nucleus. In order to achieve this, DNA is associated with proteins that extensively
fold and condense it into a structure called chromatin. The fundamental unit of
chromatin, termed the nucleosome, is composed of 147 base pairs DNA wrapped
in about 2 superhelical turns around a histone octamer (reviewed in Luger and
Hansen, 2005). Nucleosomes are arrayed along the genome to form a nucleofilament
which can adopt higher levels of compaction ultimately resulting in the metaphase
chromosome. Despite this enormous degree of compaction, chromatin is not an
unwavering and static complex. In contrast, it is a dynamic assembly that can adopt
many different conformations and substructures and allows DNA to be accessed as
needed while simultaneously being packaged. Non-canonical histone variants (such
as H2A.Z and H3.3) and non-histone chromosomal proteins (such as High Mobility
Group proteins and Heterochromatin Protein 1, HP1) are incorporated to modify
the structure and properties of chromatin (reviewed in Henikoff and Ahmad, 2005;
Hiragami and Festenstein, 2005). Nucleosomes containing histone variants have an
altered propensity for subsequent remodelling or polymerase passage events and
may affect the higher order chromatin structure. Histone chaperones also play a key
role in chromatin dynamics by facilitating nucleosome assembly and disassembly,
transiently shielding the positively charged histones to regulate their interaction
with negatively charged DNA (reviewed in Adkins and Tyler, 2004; Akey and
Luger, 2003).

Key factors that render chromatin dynamic and regulate access to packaged genes
are enzymes which affect the function, stability, and positioning of nucleosomes.
These are broadly divided into two major classes: histone modification enzymes
and ATP-dependent chromatin remodelling factors. This review highlights recent
progress in our understanding of the mode of action of ATP-dependent nucleosome
remodelling.

2. HISTONE MODIFICATIONS

The so-called histone tails, spanning about 25 amino acids, protrude out of the
nucleosome body and are accessible to a range of post translational modifications
such as acetylation, phosphorylation, methylation, ADP-ribosylation and ubiqui-
tination (Peterson and Laniel, 2004). These modifications may impart epigenetic
information, defining gene expression patterns through multiple cell generations. It
is thought that specific combinations of modifications in one or more histones form a
‘code’ which is recognized by particular regulatory proteins and trans-acting factors
including ATP-dependent remodelling enzymes (see below), leading to additional
downstream events (Jenuwein and Allis, 2001). Whereas acetylation, phosphory-
lation and ubiquitination are readily reversible, lysine and arginine methylation are
comparatively more stable marks. Reversal of some forms of methylation have
been demonstrated only recently by Peptidyl Arginine Deiminase (PADI4/PAD4)
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(Cuthbert et al., 2004), nuclear amine oxidase LSD1 (Shi et al., 2004) and JmjC-
domain containing proteins – JHDM1 and JMJD2 (Tsukada et al., 2006; Whetstine
et al., 2006;). These enzymes differ in their substrate specifity and demethylate
mono-, di- or trimethylated histones specifically. Besides the histone tails, many
modifications have been mapped to lie in the structured globular histone core
which may interfere with the wrapping of DNA around the histones lateral surface.
Such modifications could play a direct role in modulating histone-DNA interactions
within the nucleosome, thereby determining the ease with which a nucleosome can
be translocated along DNA (Cosgrove and Wolberger, 2005). Histone modifica-
tions and ATP-dependent remodelling enzymes could therefore regulate nucleosome
mobility in a concerted action, providing an energetically efficient way to generate
accessible DNA.

3. ATP-DEPENDENT CHROMATIN REMODELLING FACTORS

The DNA in the core nucleosome contacts the histone surface at 14 sites with
clusters of hydrogen bonds and salt links (Luger and Richmond, 1998). Collectively,
these weak interactions render the nucleosome a rather stable structure. Movement
of the nucleosome would require these interactions to be broken and reformed which
would lead to a free energy penalty. Nucleosome remodelling factors are able to
lower the energy barrier by coupling ATP hydrolysis to the disruption of histone-
DNA contacts. They mediate a range of alterations to chromatin structure that in
effect regulate the access to the underlying DNA. These include the (1) sliding
and spacing of nucleosomes, (2) altering the path of the DNA wrapped around
nucleosomes, (3) transferring the histone octamer in trans to DNA molecules,
(4) exchanging the canonical histones of the core with variants, (5) creating dinucle-
osome like structures, and (6) generating superhelical torsion in DNA (reviewed
in Becker and Hörz, 2002; Langst and Becker, 2004). These enzymes are usually
complexes of diverse proteins but have a common subunit of a Snf2p-related
ATP hydrolysing enzyme sharing sequence homology with the DEXX-box helicase
superfamily 2 (SF2) (Eisen et al., 1995). Based on characteristic domain features
and functional properties, chromatin remodellers are subdivided into at least four
major subfamilies: SWI2/SNF2, ISWI, INO80 and CHD (reviewed in Eberharter
and Becker, 2004). The SWI2/SNF2 subfamily consists of proteins that share the
most extensive homology with Snf2p (also named Swi2p) and include a bromod-
omain. Homologues of SWI2/SNF2 are Brahma (in Drosophila), Brm and Brg1
(in mammals). The ISWI proteins contain a C-terminal SANT and SLIDE domain
which interacts with both DNA and proteins (Grune et al., 2003). The CHD family
proteins contain PHD fingers and a chromodomain while the Ino80 family contains
a split ATPase domain. Differences between enzymes in each class are reflected
by their different ATPase activities. For example, the Swi2 ATPase is maximally
stimulated by free DNA whereas the ATPase Mi-2 (belonging to the CHD family)
is induced in the presence of nucleosomal but not free DNA (Brehm et al., 2000).
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4. THE MANY FUNCTIONS OF ATP-DEPENDENT CHROMATIN
REMODELLING FACTORS

Given that around 80% of nuclear DNA is packaged by nucleosomes, it is
not surprising that ATP-dependent chromatin remodelling factors function in
all processes involving DNA such as transcription, replication, recombination
and repair (reviewed in Corona and Tamkun, 2004). They affect transcription
by changing the accessibility of transcription factors to genes leading either to
activation or repression. A compelling link with transcriptional repression has
emerged with the discovery of the NURD complexes (containing the CHD-type
ATPase Mi-2) which have both nucleosome remodelling and histone deacetylation
activities (reviewed in Bowen et al., 2004). NoRC (for Nucleolar chromatin
Remodeling Complex) containing the ISWI-homologue SNF2H is involved in
the repression of PolI transcription through the recruitment of the SIN3/HDAC
co-repressor to the ribosomal DNA promoter (Santoro and Grummt, 2005 and
references therein). The role of remodellers in gene regulation impacts development.
An illustration of this are the roles of two distinct ATP-dependent chromatin remod-
elling factors, ISWI and DOM, in controlling specific stem cell self renewal (Xi
and Xie, 2005). They do this by regulating responses to peptide factor signalling in
the stem cell microenvironment (‘niche’). In Drosophila, ISWI was found to control
Germline Stem Cell self-renewal and DOM was shown to be essential for Somatic
Stem Cell self renewal. These findings suggest that different stem cell types depend
on different chromatin remodelling factors to control their self-renewal, at least
in part by regulating their gene expression response to the niche signals. Because
these chromatin remodelling complexes are highly conserved, it is possible they
may play a role in stem cell self-renewal in other organisms, including humans.

Remodelling factors play important regulatory roles to facilitate the many steps of
eukaryotic DNA replication. (reviewed in Falbo and Shen, 2006). For example, the
mammalian ISWI isoform SNF2H has been shown to be required for efficient DNA
replication from a viral origin of replication and through heterochromatin (Collins
et al., 2002; Zhou et al., 2005). SNF2H may have also a role in chromatin maturation
and the maintenance of epigenetic patterns through replication by being targeted
to replication sites in a complex with the Williams Syndrome Transcription Factor
(WSTF) that in turn binds directly to replication factor PCNA (Poot et al., 2004).
The remodelling event might serve to keep an open state of chromatin after the
replication fork passes, thereby creating an opportunity for the epigenetic marks to
be copied and transmitted to the next generation (Poot et al., 2005). Roles of various
ATP-dependent nucleosome remodelling factors in DNA repair and recombination
have also been identified (reviewed in Huang et al., 2005; Shaked et al., 2006).
Finally, remodelling factors may also play an important regulatory and architectural
role in the maintenance of higher order structure of chromatin (reviewed in Varga-
Weisz and Becker, 2006; see also MacCallum et al., 2002).

Several links have emerged between remodelling factors and oncogenesis
(reviewed in Cairns, 2001). Subunits of the mammalian SWI/SNF complex possess
intrinsic tumour suppressor function or are required for the activity of other
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tumour suppressor genes. SNF5 (INI1), a core subunit of SWI/SNF is inactivated
in malignant rhabdoid tumours, a highly aggressive cancer of early childhood
(reviewed in Roberts and Orkin, 2004). Specific mutations in the mammalian
SWI2/SNF2 homologue BRG1 have been identified in pancreatic, breast, lung and
prostrate cancer cell lines (Wong et al., 2000). SWI/SNF also directly interacts with
tumour suppressors and proto-oncogenes such as RB, BRCA1, c-Myc and MLL
(Bochar et al., 2000; Cheng et al., 1999; Dunaief et al., 1994; Nie et al., 2003).
However, the mechanisms by which the remodelling complex contributes to tumour
suppression are yet to be fully understood. Mutations in other ATP-dependent
chromatin remodelling factors have been linked to disease, such as in ATR-X,
causing X-linked mental retardation syndromes. The phenotypes include facial
dysmorphism, urogenital defects, and alpha-thalassaemia (resulting from reduced
alpha-globin expression (Xue et al., 2003 and references therein). The SWI/SNF-
related SMARCAL1 is mutated in Schimke immuno-osseous dysplasia, a pleiotropic
disorder with the diagnostic features of T-cell immunodeficiency, spondyloepi-
physeal dysplasia, renal failure, hypothyroidism, episodic cerebral ischemia, and
bone-marrow failure (Boerkoel et al., 2002).

5. INSIGHTS FROM STRUCTURES OF SWI2/SNF2-FAMILY
MEMBERS

The ATPase domains of SWI/SNF-family members exhibit a conserved architecture
with an N-terminal domain containing conserved motifs I, Ia, II and III, required
for ATP-hydrolysis, and a C-terminal domain (motifs IV to VI) (Eisen et al., 1995).
Functional analysis of these conserved sequence motifs have shown that whereas
many of them play key roles in ATP binding and hydrolysis, certain residues
within the conserved motif V are specifically required to couple ATP hydrolysis to
chromatin remodelling activity: Deletion of eight amino acids in Motif V cripples
the chromatin remodelling activity of SWI/SNF without altering its DNA-stimulated
ATPase activity (Smith and Peterson, 2005). Therefore, this particular motif seems
to be required specifically for coupling the energy from ATP-hydrolysis to the actual
biomechanical force required for nucleosome remodelling. Remarkably, Motif V of
the human SWI2/SNF2 homolog Brg1 has been shown to be a possible hot spot
for mutational alterations associated with cancers (Medina et al., 2004).

Helicases catalyze the processive separation of duplex DNA into single strands.
Despite sharing similarity to helicases, none of the chromatin remodelling factors,
with the exception of the INO80 complex, have been shown to catalyze the
separation of DNA strands (Shen et al., 2000). Instead, they can translocate on
double-stranded (ds) DNA in an ATP-hydrolysis dependent manner and are charac-
terized by their ability to generate superhelical torsional strain in DNA (Havas et al.,
2000; Saha et al., 2002; Whitehouse et al., 2003). The crystal structure of Rad54,
a member of the SWI/SNF family has been solved for both S. solfataricus and
zebrafish which helps to understand the mechanism of the SWI/SNF ATPase
domain in remodelling processes (Durr et al., 2005; Thoma et al., 2005). It reveals
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a striking similarity to the SF2 helicases suggesting that SWI2/SNF2 proteins use a
mechanism analogous to helicases to translocate on DNA. Moreover, the motifs for
ATP and Mg2+ binding and interlobe-interaction are related to those found in other
helicases. However, they contain two SWI2/SNF2-family specific insertions where
other helicases have accessory domains and these are likely to play a central role
in the remodelling mechanism. Studies on RecG and PcrA helicases have shown
that translocation on DNA and strand separation are separable activities (reviewed
in Caruthers and McKay, 2002; Singleton and Wigley, 2002). The translocation
activity resides within the bi-lobal ATPase core whereas strand separation requires
the wedge-like DNA binding accessory domains specific for the particular helicases.
The lack of an equivalent wedge-like structure may explain the absence of helicase
activity in SWI/SNF ATPases.

The similarities of DNA recognition by the Rad54 ATPase domain and helicases
explain how the biochemical activities of SWI2/SNF2 enzymes are generated by
a mechanism that is related to that of Dexx-box helicases (Durr et al., 2005). The
Rad54 catalytic core consists of two domains, Domain 1 and 2, separated by a deep
cleft. Prior to translocation, DNA is bound at Domain 1 at the high affinity DNA
binding site. In the presence of ATP, Domain 2 would undergo a conformational
change that would push on the upstream minor groove of DNA advancing the
ds DNA in the active site of SWI2/SNF2 enzymes. Following advancement of
DNA, ATP hydrolysis might relax the structure, allowing rebinding of Domain 1
to DNA, ADP to ATP exchange and rebinding of Domain 2 at a new translocated
upstream DNA binding site. It is important to note that even a relatively moderate
translocation of DNA by sliding along the minor groove would include a substantial
rotation of DNA along the helical axis. Both translocation and rotation could
be used by remodelling factors for force generation. Remodelling factors might
bind to substrate DNA-protein complexes both by the catalytic domain and by
additional substrate binding domains. The screw motion of the DNA at the catalytic
domain could not only transport DNA but also generate torque that would lead to
disruption of DNA-protein interfaces. The precise mechanism of remodelling is yet
not understood completely. However, some models have been proposed recently
which will be discussed below.

6. MECHANICS OF NUCLEOSOME REMODELLING
BY ATP-DEPENDENT CHROMATIN
REMODELLING FACTORS

The image of two DNA windings around the highly charged histone octamer
implies a stable, if not static structure for the nucleosome. However, the nucleosome
is actually surprisingly dynamic on its own account (reviewed in Luger, 2006).
Fluorescence Resonance Energy Transfer (FRET) experiments show that mononu-
cleosomes exist in a dynamic equilibrium conformational transition in which
the ends of the DNA unpeel from the surface of the histone octamer (Li et al.,
2005). Measurement of the equilibrium constants for this transition at millisecond
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timescales showed that under physiological conditions, a nucleosome is in its altered
conformation 2–10% of the time. A single molecule approach to study nucle-
osome structure in solution also revealed that the nucleosome dynamically switches
between an ‘open’ and ‘closed’ state (Tomschik et al., 2005). Under the conditions
tested, nucleosomes preferred the closed state and made brief, ∼100 ms excursions
into the open state. This timescale is sufficient to permit binding of regulatory
proteins to nucleosomal DNA and allows access for the transcriptional machinery.
Binding of an ATP-dependent remodeller or a transcription factor can capture and
stabilize the partially dissociated DNA. Knowledge of the rate of site exposure will
help to distinguish whether remodelling factors act simply as Brownian ratchets,
trapping and harnessing spontaneous nucleosome unwrapping events or whether
they actively drive DNA off the nucleosome.

Nucleosomes can also slide along DNA spontaneously and such movements
were first explained by the ‘twist diffusion model’ that suggests that thermal
energy fluctuations would be sufficient to twist the DNA helix at the edge of the
nucleosomes, replacing histone-DNA interactions by neighbouring DNA base pairs
(reviewed in van Holde and Yager, 2003; see Fig. 1). This distortion within the
nucleosome is propagated over the histone octamer surface changing the trans-
lational position of the nucleosome. According to this model, the DNA rotates
around its axis as it ‘screws’ over the surface of the nucleosome in a base-by-base
reaction. Remodelling complexes have been shown to introduce superhelical torsion
into nucleosomal DNA supporting a twisting mechanism (Havas et al., 2000).
However, single stranded DNA nicks, abasic sites and bulky adducts that should
inhibit DNA twisting did not inhibit remodelling by several enzymes, indicating
that the twisting mechanism alone does not explain nucleosome remodelling by
ATPases (Aoyagi and Hayes, 2002; Langst and Becker, 2001; Strohner et al., 2005;
Zofall et al., 2006).

Several studies of the action of ISWI-, SWI/SNF- and the SWI/SNF-related
RSC-complexes support an alternative mechanism – the ‘loop recapture’ (Kassabov
et al., 2003; Lorch et al., 2005; Saha et al., 2005; Schwanbeck et al., 2004; Strohner
et al., 2005; Zofall et al., 2006), see Fig. 1. According to this proposal, a detachment
of a segment of DNA occurs at the entry site of the nucleosome. Dissociation of
a DNA segment and interaction of freed protein surfaces with neighbouring DNA
segments would lead to the formation of a DNA loop on the histone octamer.
The propagation of the DNA loop over the histone octamer (like in a caterpillar
motion) would change the translational position of the nucleosome corresponding
to the size of the DNA loop. Loop size is expected to be a function of how far the
enzyme reaches into the nucleosomal linker in order to pull in DNA. Mapping of
the nucleosome remodelling intermediates shows that nucleosomes move in about
10 bp increments (a full turn of the DNA superhelix), from 10 to 50 bp, without
detectable intermediates (Zofall et al., 2006). This predicts that a loop of 10–50 bp
is propagated over the nucleosome surface by the action of the remodeller.

How is the property of DNA translocation applied to nucleosomes to break
histone-DNA contacts, enabling nucleosome mobility? Insights into this come from
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Figure 1. Schematic representation of remodelling mechanisms. (Adapted form Langst and
Becker, 2004.) The schemes show nucleosomes from the top. (a) The twist diffusion model – Twisting
of DNA moves it over the histone surface in one base pair increments. This changes the position of
the DNA with respect to the histone, as shown by the open and closed circles. (b) The Loop recapture
model – Extranucleosomal DNA is pulled into the nucleosomes to replace a DNA segment which
consequently loops out. This loop is then propragated over the histone surface like ripples of a wave.
The star, *, indicates how this leads to a change in the position of DNA relative to the nucleosome. (See
Colour Plate 4.)
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experiments on Sth1, the catalytic core of RSC (Saha et al., 2005). These studies
indicate that Sth1 binds the nucleosome core in the absence of ATP and then uses ATP
hydrolysis to track along a DNA strand in the 3′–5′ direction, leading to translational
movement of DNA along the octamer surface. It is proposed that Sth1 binds to DNA
at a fixed site inside the nucleosome, about two DNA helical turns off the dyad axis.
The suggestion is that directional DNA translocation by Sth1 breaks histone-DNA
contacts creating a DNA wave intermediate that then propagates to the distal entry/exit
site by diffusion. However, in contrast to the related movements of DNA helicases,
Sth1 remains anchored at the histone octamer at a position where the Histone H4 N-
terminus passes between two gyres of nucleosomal DNA. This site was also found to
be essential for remodelling by the ISWI containing NURF complex as DNA nicks in
this region compromise nucleosome sliding (Schwanbeck et al., 2004). ISW2 (a yeast
ISWI complex) and the SWI/SNF complex also show similar DNA translocation from
an internal site (Zofall et al., 2006). The latter study was done by placing DNA gaps at
the nucleosome dyad to determine whether it interfered with nucleosome mobilization.
Changes in histone-DNA interactions were mapped by attaching a photoreactive group
to a unique amino acid residue on the surface of the histone octamer and cross-linking
it to a proximal nucleotide. The movement of the DNA on the histone surface can
therefore be tracked throughout the remodelling reaction with base pair resolution.
These experiments showed that gaps interfered with nucleosome movement only when
positioned adjacent to the internal translocation site. Therefore, the earlier view that
remodellers translocate along extranucleosomal DNA to displace DNA from nucle-
osomes has to be amended in light of these new findings (Becker and Hörz, 2002).
Further studies on the ISW2-complex indicate that ATP-hydrolysis mediated confor-
mationalchangesof theremodellingenzymesandDNA-bindingand-releasecyclesare
likely to be important aspects of the nucleosome remodelling mechanism (Fitzgerald
et al., 2004). A future challenge will be to understand the coordination and temporal
sequence of the various aspects of ATP-dependent nucleosome remodelling, such
as conformation transitions, DNA loop formation and translocation. Finally, it
should be emphasized that nucleosome remodelling is likely only one of several
functional aspects of many chromatin remodelling complexes, because these are often
quite abundant chromatin constituents and large multiprotein assemblies, harbouring
several activities (MacCallum et al., 2002; Varga-Weisz and Becker, 2006).
They may also affect the chromatin fiber by folding DNA into quite large
(400 bp or more) loops as recently shown by single molecule analysis (Lia et al., 2006).

7. TARGETING AND REGULATION OF CHROMATIN
REMODELLING FACTORS

Remodelling complexes appear to have no intrinsic DNA sequence specificity.
Targeting may therefore occur primarily via interactions with other regulatory
proteins or to epitopes on the histones marked by specific modifications. Both
these means of recruitment are important and may not be mutually exclusive. They
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are illustrated by several studies of ISWI-complexes. These complexes show two
modes of binding to chromatin: a basal level of binding globally throughout the
genome, and a more target specific interaction (Fazzio et al., 2005). The target
specific binding in vivo requires the presence of sequence specific DNA binding
proteins like Ume6p or Bdp1p (Bachman et al., 2005). Another mode of targeting
is seen with the Williams Syndrome Transcription Factor (WSTF) which interacts
with PCNA directly to target chromatin remodelling by SNF2H to replication foci
(Poot et al., 2004).

ISWI complexes also ‘sense’ histone modification. They have been shown to
require the H4 ‘basic’ patch of amino acids R17H18R19 to specifically associate
with the target sites on chromatin (Clapier et al., 2002). In Drosophila ISWI is
essential and ISWI mutants show chromosome defects in the male X-chromosome
but not in the autosomes or female X-chromosomes (Deuring et al., 2000).
Ordinarily, the transcription of genes on the male X-chromosome is increased
two-fold relative to females due to dosage compensation, a process involving the
acetylation of histone H4 at Lysine 16 (H4K16), next to the basic patch that
is so critical for ISWI function. Blocking this H4K16 acetylation suppresses the
X-chromosome defects resulting from loss of ISWI function in males (Corona
et al., 2002). Therefore, it appears that H4K16 acetylation reduces the ability of
ISWI to interact productively with its substrate and directly counteracts chromatin
compaction mediated by the ISWI ATPase. It is possible that the acetylation of
the adjacent Lysine 16 modulates the structure of this patch and hence interferes
with ISWI function. ISWI is also targeted to nucleosomes that are decorated by
specific methylation marks, however, the mechanism of interaction with methylated
histones is not understood (Mellor and Morillon, 2004; Santos-Rosa et al., 2003).
Another example of specific recognition of histone modifications is the interaction
of CHD1 with methylated Lysine 4 of histone H3 (Flanagan et al., 2005; Pray-Grant
et al., 2005; Sims et al., 2005). In summary, site-specific histone modifications are
a mechanism of targeting and regulating remodelling factor action.

Besides the localization of remodelling complexes, the activities of the complexes
themselves must be tightly regulated, because aberrant activity could have delete-
rious effects on the organization and expression of eukaryotic genomes. For
example, Mi-2 is shown to be regulated by phosphorylation by Casein Kinase
2 in Drosophila cell extracts (Bouazoune and Brehm, 2005). Dephosphorylation
increases its affinity for the nucleosomal substrate, nucleosome stimulated ATPase
and ATP-dependent nucleosome mobilization activities. These findings suggest that
constitutive phosphorylation serves to restrain enzymatic activity and that Mi2 is
fully activated by an unidentified phosphatase following recruitment to chromatin.
This presents a possible mechanism to rapidly and reversibly control Mi2 activity,
subsequent to chromatin association. Phosphorylation also inactivates human forms
of the SWI/SNF complex as cells traverse mitosis and dephosphorylation restores
the nucleosome remodelling activity. This transitional inactivation and reactivation
of human SWI/SNF may be required for formation of mitotic chromatin and
reformation of an active and open chromatin structure as cells exit mitosis (Muchardt
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et al., 1996; Sif et al., 1998). Secondary messengers like Inositol polyphosphates
have been implicated in regulating the activity of several yeast nucleosome remod-
elling complexes (Rando et al., 2002; Shen et al., 2003; Steger et al., 2003).
Protein-protein interactions and protein quality control systems may also regulate
the activity of multimeric enzyme complexes by maintaining stoichiometric levels
of the subunit proteins as seen in the human SWI/SNF complexes (Chen and
Archer, 2005). Many more means of regulation of the remodelling factors exist,
other than those discussed above. Understanding these regulatory mechanisms is
essential given the varied functions performed by the remodellers.

8. CONCLUSION

Chromatin remodelling factors are molecular motors that play a crucial role in
maintaining the dynamic eukaryotic genome. However, there are still many avenues
that are unexplored and questions to be answered such as: Why do we need so many
remodelling complexes? Why has nature evolved different classes of remodelling
factors which act through different mechanisms? Do these complexes play distinct
or overlapping roles? How is the cross talk between histone modifying enzymes
and ATP-dependent remodelling factors mediated? Is the final outcome an effect
of the cooperativity between these two factors? Complete understanding of the
functional diversification of these factors, their targeting, regulation and mechanism
of action is an important goal for the future. However, what has become clear is
the importance of these factors in gene regulation and cell proliferation. Given that
other pleiotropically acting ATPases such as topoisomerase II are prime drug targets
for cancer therapy, it is likely that at least some of the ATP-dependent nucleosome
remodelling factors could be rewarding targets for future development as well.
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Abstract: Poly(ADP-Ribose) Polymerase-1 (PARP-1) is the prototypical and most abundantly
expressed member of a family of PARPs that catalyze the polymerization of ADP-
ribose (ADPR) units from donor NAD+ molecules on target proteins. PARP-1 plays
roles in a variety of genomic processes, including the regulation of chromatin structure
and transcription in response to specific cellular signals. PARP-1 also plays important
roles in many stress-induced disease states. In this chapter, we review the molecular
and cellular aspects of PARP-1’s chromatin-modulating activities, as well as the impact
that these chromatin-modulating activities have on the regulation of gene expression.
In addition, we highlight the potential therapeutic use of drugs that target PARP-1’s
enzymatic activity for the treatment of human diseases
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1. OVERVIEW OF THE BIOLOGY OF PARP-1 AND PAR

1.1. PARP-1: A Multifunctional Nuclear Protein Involved
in the Regulation of Chromatin Structure and Transcription

Poly(ADP-ribose) polymerase-1 (PARP-1) is a ubiquitous and abundant (∼1 to 2
million molecules per cell) nuclear protein involved in a variety of nuclear processes.
Although PARP-1 has historically been studied as a DNA damage detection and
repair protein, more recent studies have demonstrated a clear role for PARP-1 under
non-pathological cell states. For example, PARP-1 has been shown to function
as a sequence-specific DNA-binding transcriptional regulator, a DNA-binding-
independent transcriptional coregulator, and a modulator of chromatin structure
(Table 1) (Kraus and Lis, 2003; Kim et al., 2005). The role of PARP-1 as a
modulator of chromatin structure, as well as its chromatin-dependent effects on
gene expression, will be the focus of this review. The reader is directed to a
number of available reviews for more information on other transcription-related,
as well as non-transcription-related, functions of PARP-1 (D’Amours et al., 1999;
Burkle, 2001, 2005; Smith, 2001; Kraus and Lis, 2003; Amé et al., 2004; Diefenbach
and Burkle, 2005; Kim et al., 2005).

1.2. PARP-1 Structure and Function

PARP-1 is the founding and most abundantly expressed member of the PARP
family, which contains as many as 18 distinct proteins in humans (Amé et al., 2004).
PARP-1 and its enzymatically active paralogs (e.g., PARP-2, tankyrases) catalyze
the polymerization of ADP-ribose (ADPR) units from donor NAD+ molecules on
target proteins through a process called poly(ADP-ribosyl)ation (or PARylation)
(Fig. 1a, b) (D’Amours et al., 1999). PARP family members share a conserved
catalytic domain, including a highly conserved ∼50 amino acid sequence called
the “PARP signature” motif, which defines the PARP family. In addition, PARP
family members typically contain one or more additional motifs or domains [e.g.,
DNA-binding domains, “BRCA1 C-terminus-like” (BRCT) motifs, ankyrin repeats,
macro domains, WWE domains] that “functionalize” the PARP proteins and dictate
their unique activities. For example, PARP-1 contains (1) an amino-terminal DNA-
binding domain (DBD) with two zinc finger motifs, (2) a nuclear localization signal

Table 1. Molecular and cellular functions of PARP-1

• DNA damage detection and repair
• Cell death pathways: apoptosis and necrosis
• Chromatin modulation
• Transcriptional regulation
• Insulator function
• Mitotic apparatus function
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Figure 1. Synthesis of PAR from NAD+ on target proteins by PARP-1. (a) PARP-1 catalyzes the
polymerization of ADP-ribose units from donor NAD+ molecules on target proteins, resulting in the
attachment of PAR and the release of nicotinamide. (b) The chemical structure of NAD+. (c) The
chemical structure of PAR. PAR is a branched polymer synthesized by PARPs on acceptor proteins.
The ADPR units in the ADPR chain are linked by 1′′ ⇒ 2′ ribose–ribose glycosidic bonds, whereas the
ADPR units at the branch points are linked by 1′′′ ⇒ 2′′ ribose–ribose glycosidic bonds. The degradation
of PAR is catalyzed by PARG, an enzyme with both exoglycosidase and endoglycosidase activities, that
hydrolyzes the glycosidic linkages between the ADPR units of PAR (see red arrow for one example of a
cleavage site). The remaining protein-proximal ADPR monomers are removed by ADP-ribosyl protein
lyase (blue arrow)

(NLS), (3) a central automodification domain (AMD) with a BRCT motif, and
(4) a carboxyl-terminal PARP catalytic domain (Fig. 2) (D’Amours et al., 1999;
Amé et al., 2004).

PARP-1 binds through its DBD to a variety of DNA structures, including single
and double strand breaks, crossovers, cruciforms, supercoils, and specific double-
stranded DNA sequences (Rolli et al., 2000). In the absence of an allosteric
activator, PARP-1’s basal enzymatic activity is very low. In contrast, in the presence
of an allosteric activator, such as damaged DNA, some undamaged DNA struc-
tures, nucleosomes, and a variety of protein binding partners, PARP-1’s enzymatic
activity can be stimulated as much as 500-fold (D’Amours et al., 1999; Oei and
Shi, 2001; Kun et al., 2002, 2004; Kim et al., 2004). The targets of PARP-1’s
enzymatic activity include PARP-1 itself, which is the primary target in vivo, as
well as a variety of secondary targets such as core histones, the linker histone
H1, and a variety of transcription-related factors that interact with PARP-1 (Ogata
et al., 1981; Huletsky et al., 1989; D’Amours et al., 1999; Kraus and Lis, 2003).



48 David A. Wacker et al.

1014

DNA
Binding
Domain

Auto-
modification

Domain

Catalytic Domain

NLS PARP
Signature

hPARP-1

Zinc
Fingers

FI FII BRCT

NAD+Binding

Figure 2. Structural and functional domains of PARP-1. PARP-1 has a highly conserved structural and
functional organization including: (1) an N-terminal DNA binding domain with two Cys-Cys-His-Cys
zinc finger motifs (FI and FII), (2) a nuclear localization signal (NLS), (3) a central automodifi-
cation domain containing a BRCT (“BRCA1 C-terminus-like”) protein-protein interaction motif, and
(4) a C-terminal catalytic domain with a contiguous 50 amino acid sequence, the “PARP signature”
motif, that forms the active site

Automodification of PARP-1 occurs in the AMD, which contains a number of
glutamate residues that are the likely targets for PAR attachment, as well as a
BRCT motif that is thought to function in protein-protein interactions (D’Amours
et al., 1999; Rolli et al., 2000). AutoPARylated PARP-1 exhibits dramatically
reduced DNA-binding activity and, hence, altered activities in a number of cellular
endpoints. Together, the various biochemical activities of PARP-1 make it ideally
suited as a regulator of a variety of signal-dependent nuclear processes.

1.3. Effects of PARylation on Target Proteins

Poly(ADP-ribose) (PAR) is a heterogenous branched polymer of repeating ADPR
units linked via glycosidic ribose-ribose 1′′ ⇒ 2′ bonds in the linear chain and
glycosidic ribose-ribose 1′′′ ⇒ 2′′ bonds at the branchpoints (Fig. 1c) (D’Amours
et al., 1999; Kim et al., 2005). A single PAR molecule may contain as many as 200
ADPR units and has approximately one branch per 20 to 50 ADPR units. Based
on its chemical similarity to DNA and RNA, PAR has been referred to as the
“third type of nucleic acid” (D’Amours et al., 1999). Each ADPR residue in PAR
contains an adenine moiety capable of base stacking and hydrogen bonding, as well
as two negatively charged phosphate groups (Amé et al., 2000). Thus, PAR may
form definitive structures through intramolecular interactions (Minaga and Kun,
1983a, b), and these structures have the potential for non-covalent attractive or
repulsive interactions with other molecules (Mathis and Althaus, 1987; Wesierska-
Gadek and Sauermann, 1988; Panzeter et al., 1992).

PAR may alter the activity of PARylated proteins by functioning as a site-specific
covalent modification or a steric blocker. For example, inhibition of PARP-1’s
DNA binding activity by autoPARylation may be the result of charge repulsion
between PAR and DNA, or steric effects of PAR that mask PARP-1’s DBD
(D’Amours et al., 1999). Furthermore, PAR may act as a protein binding matrix for
a variety of nuclear proteins. In this regard, proteomic approaches have been used
to identify a 20 amino acid PAR binding motif in a heterogeneous group of PAR-
binding proteins, including core histones, p53, and XRCC-1 (Pleschke et al., 2000;
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Gagne et al., 2003). Some non-sequence-specific DNA-binding proteins, such as
the linker histone H1, may even have a greater affinity for PAR than DNA (Malanga
et al., 1998). Thus, an understanding of PAR is an important aspect of understanding
the biology of PARP-1 and other PARPs.

1.4. PAR Catabolism by PARG

The steady-state levels of PAR in vivo are regulated by the opposing actions of
PARPs and poly(ADP-ribose) glycohydrolase (PARG). PARG is an enzyme with
both exo- and endoglycosidase activities that hydrolyzes the glycosidic linkages
between the ADP-ribose units of PAR producing free ADP-ribose (Amé et al., 2000;
Davidovic et al., 2001) (Fig. 1c, see red arrow). Although PARP-1 may be present
at a 5- to 20-fold molar excess over PARG in some cell types, PARG has a higher
specific activity than PARP-1 and its enzymatic activity increases with increased
PAR length (D’Amours et al., 1999). Furthermore, nucleo-cytoplasmic shuttling
of the PARG protein may modulate the level of nuclear PARG activity (Bonicalzi
et al., 2003; Ohashi et al., 2003). Ultimately, the activity of PARP-1 is intimately
tied to the regulatory actions of PARG, yet this is an area of research that has
not been explored in sufficient detail. Where appropriate below, we have described
results that tie the actions of PARG to the biological function of PARP-1. For more
details about the catabolism of PAR by PARG, as well as the interplay between
PARP-1 and PARG, the reader is directed to the additional references listed in the
bibliography (e.g., Davidovic et al., 2001).

2. REGULATION OF CHROMATIN STRUCTURE
AND CHROMATIN-DEPENDENT TRANSCRIPTION
BY PARP-1 AND PAR

The role of PARP-1 as a modulator of chromatin structure, as well as its
chromatin-dependent effects on transcription, has been well established in the
literature (D’Amours et al., 1999; Kraus and Lis, 2003; Rouleau et al., 2004;
Kim et al., 2005). In this section, we will highlight some of the historical studies,
as well as more recent studies, that have characterized the role of PARP-1 and
PAR in these processes. Note that, when describing this work, the term “PARP”
in the absence of any additional identifiers refers to PAR-generating proteins of
ambiguous identity (e.g., as in early studies, which were conducted without the
knowledge that multiple PARP family members exist, or when multiple splice
variants of a PARP-1-like protein exist in a single organism, as in Drosophila).

2.1. Early Studies Examining the Effects of PARylation
on Chromatin Structure

In the past three decades, numerous biochemical studies have shown that PARP
enzymatic activity can dramatically alter chromatin structure and nucleosome
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stability (D’Amours et al., 1999; Kraus and Lis, 2003; Rouleau et al., 2004;
Kim et al., 2005). Poirier et al. (1982) demonstrated by using electron microscopy
that native chromatin incubated in the presence of PARP-1 and NAD+ has a more
open conformation than chromatin incubated with PARP-1 in the absence of NAD+.
This work was later confirmed and extended by de Murcia et al. (1986), who demon-
strated rapid kinetics for NAD+-dependent decondensation of chromatin by PARP-1
(i.e., beginning immediately and peaking between 30 and 60 minutes). In addition,
Huletsky et al. (1989) demonstrated that PARylation of linker histone H1-depleted
chromatin prevents recondensation by exogenously added H1, despite binding of
the added H1. The specific role of PARylation in these PARP-induced chromatin
changes is evident from studies showing that PARG activity can reverse the PARP-
dependent effects (de Murcia et al., 1986; Realini and Althaus, 1992). Collectively,
the results from these studies indicate that PARP enzymatic activity promotes
chromatin decondensation. This conclusion has been well supported by additional
biochemical studies using gradient sedimentation assays (de Murcia et al., 1986;
Huletsky et al., 1989), epitope accessibility assays (Huletsky et al., 1989; Thibeault
et al., 1992), and in vitro reconstitutions (Kim et al., 2004; see below), as well as
a variety of in vivo assays (Tulin et al., 2002, 2006; Tulin and Spradling, 2003;
see below).

2.2. Histones and Chromatin-Associated Proteins
as Targets for PARylation

While the precise mechanisms for the aforementioned PARP-mediated effects on
chromatin structure are unclear, several clues have been provided from the liter-
ature. First, multiple chromatin proteins are targets for PARylation, including
histone proteins (Krupitza and Cerutti, 1989), especially histones H1 and H2B
(Adamietz and Rudolph, 1984), some high-mobility group proteins (Tanuma and
Johnson, 1983), and other DNA-binding proteins such as DNA ligases and topoi-
somerases (D’Amours et al., 1999). PARylation may alter the activity of these
proteins, thereby changing the way they interact with chromatin and alter chromatin
structure. For example, PARylation of H1, a key target of PARP-1 activity in vivo,
may block H1 binding to nucleosomes and inhibit chromatin compaction by H1
(de Murcia et al., 1986) (Fig. 3a). This may be accomplished either through steric
hindrance caused by the PAR chain, or electrostatic repulsion between the negatively
charged DNA and PAR. Likewise, PARylation of core histones may disrupt histone-
DNA contacts and destabilize nucleosomes (Mathis and Althaus, 1987; Realini and
Althaus, 1992). In addition to these direct effects on target proteins, PAR chains may
also form an anionic scaffold that can bind displaced histones and other chromatin
proteins (Mathis and Althaus, 1987; Realini and Althaus, 1992) (Fig. 3b). Removing
these proteins from the DNA to a PAR scaffold would allow access for transcription,
replication, and repair enzymes, as well as increase accessibility of the chromatin
proteins to enzymes that could covalently modify them (Tulin and Spradling, 2003).
While these mechanisms are likely to play a role in PARP-mediated alteration of
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Figure 3. Possible mechanisms for the modulation of chromatin structure by PARP-1 and PAR. Multiple
models for the modulation of chromatin structure by PARP-1 and PAR are shown. (a) A number of
chromatin proteins are targets for PARylation by PARP-1, including the linker histone H1. PARylation
may alter the interaction of these proteins with chromatin (as shown for H1 in this panel) and, as
a result, alter chromatin structure. (b) PAR chains may form an attractive anionic scaffold that can
bind displaced histones and other chromatin proteins. Removing these proteins from the DNA to a
PAR scaffold would allow access for transcription, replication, and repair enzymes. (c) PARP-1 is a
nucleosome-binding protein that binds at or near the dyad axis of the nucleosome (blue diamond) and
contacts the linker DNA where it exits the nucleosome. (d) PARP-1, through its nucleosome-binding
activity, functions as a structural component of chromatin and promotes the compaction of chromatin
into transcriptionally repressed structures. Upon autoPARylation in the presence of NAD+, PARP-1 is
released from chromatin and the compaction is reversed, promoting the formation of transcriptionally
active chromatin structures and allowing activator binding. PARG cleaves the PAR chains from PARP-1,
allowing PARP-1 to re-bind to the nucleosomes. (See Colour Plate 5.)

chromatin structure, more recent discoveries highlighted below have elucidated new
functions for PARP-1 and suggest new mechanisms for PARP-1’s influence on
chromatin structure.

2.3. The Role of PARP-1 as a Specific Nucleosome-Binding Factor:
Effects on Chromatin Compaction and Chromatin-dependent
Transcription

In addition to its role in the covalent modification of chromatin proteins, PARP-1
also functions as a nucleosome-binding protein and, hence, a structural component
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of chromatin. A recent study from our lab using an in vitro chromatin recon-
stitution system demonstrated a specific nucleosome-binding activity of PARP-
1, which resembles the nucleosome-binding activity of the linker histone H1
(Kim et al., 2004). Like H1, PARP-1 binds to nucleosomes at or near the dyad
axis and contacts the linker DNA where it exits the nucleosome (Fig. 3c). Through
this binding, PARP-1 acts as a structural component of chromatin and promotes
the compaction of nucleosomal arrays into higher-order structures (Fig. 3d). In
accordance with this role, PARP-1 binding protects in vitro assembled chromatin
arrays from nuclease digestion and increases their sedimentation velocity in glycerol
gradients, both of which are indicative of a change in the chromatin to a more
condensed or compacted form. Imaging by atomic force microscopy has confirmed
these results (Fig. 4). Furthermore, the length of nucleosomal DNA protected
in limiting micrococcal nuclease digests (i.e., the nucleosomal “repeat length”)
increases in the presence of PARP-1, much like it does in the presence of H1,
indicating that PARP-1 binding protects the nucleosomal DNA where it exits the
nucleosome (Kim et al., 2004). Interestingly, the addition of NAD+ to PARP-1-
associated chromatin arrays can reverse these effects by promoting the autoPARy-
lation of PARP-1 and the dissociation of PARP-1 from chromatin.

The enzymatic activity of PARP-1 is not required for its binding to nucle-
osomes, but it is required for NAD+-dependent release and, hence, dynamic
NAD+-modulated association/dissociation (Fig. 3d) (Kim et al., 2004). This
suggests an exciting difference between PARP-1 and other nucleosome-binding
proteins, such as the linker histone H1. While the binding of either induces chromatin
compaction, PARP-1 is unique in that it can facilitate its own release via its
enzymatic activity. PARP-1’s primary enzymatic substrate in vivo is itself (Ogata
et al., 1981), and autoPARylation of PARP-1 blocks its DNA-binding activity
(Ferro and Olivera, 1982). In this regard, nucleosomes themselves are potent stimu-
lators of PARP-1 enzymatic activity (Kim et al., 2004). AutoPARylation causes
PARP-1 to dissociate from nucleosomes and the chromatin to relax or decompact
to a more open conformation. These effects are reversed by PARG, which cleaves
the PAR chains from PARP-1 and allows it to bind again to nucleosomes (Kim
et al., 2004) (Fig. 3d). This mechanism for the NAD+-dependent modulation
of chromatin structure is consistent with previous biochemical assays showing
that the formation and maintenance of PAR chains is critical for maintaining
an open chromatin conformation (de Murcia et al., 1986; Realini and Althaus,
1992).

A system such as this can provide a powerful mechanism for transcrip-
tional control. While bound to nucleosomes, PARP-1 promotes a transcriptionally
repressed state, but one that is simultaneously poised for activation because of
the allosteric activating effect of nucleosomes on PARP-1 enzymatic activity. In
the presence of NAD+, PARP-1 can autoPARylate and release from nucleosomes,
shifting the chromatin to a more transcriptionally active conformation. PARG can
reset the system by cleaving the PAR chains from PARP-1, allowing PARP-1
to re-bind the nucleosomes and re-establish a transcriptionally repressed state.
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Figure 4. Visualization of PARP-1-mediated chromatin compaction by atomic force microscopy.
Chromatin assembled in vitro on a circular ∼10�5 kb plasmid DNA was purified, incubated with or
without recombinant human PARP-1, and imaged by atomic force microscopy. Two types of images are
shown: scan probe oscillation amplitude (top) and topography (bottom; height scale is indicated). The
length scale is indicated. (See Colour Plate 6.)

As expected, in vitro transcription assays involving PARP-1, NAD+, and PARG
illustrate these predicted outcomes (Kim et al., 2004). Even when driven by a
transcriptional activator, such as estradiol-bound estrogen receptor, transcription
is repressed when PARP-1 is added to chromatin templates. The repression is
reversed by NAD+, and the NAD+-dependent effects are reversed by PARG
(Kim et al., 2004). This system for transcriptional control shifts new importance
onto the enzymes responsible for synthesis of NAD+ in the nucleus, such as nicoti-
namide mononucleotide adenylyltransferase-1 (Magni et al., 2004). Because NAD+

facilitates the decompaction of chromatin and the derepression of transcription,
nuclear NAD+ biosynthetic enzymes may play critical roles as cofactors.

2.4. The Role of PARP-1 as a Modulator of Chromatin Structure
and Chromatin-dependent Transcription: in vivo Studies

In a recent series of studies, Tulin et al. (Tulin et al., 2002, 2006; Tulin and
Spradling, 2003) used Drosophila as a model system to study the role of PARP-1 in
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the modulation of chromatin structure in vivo. Drosophila is a tractable model for
studying PARP-1 activity since it has only two PARP genes, PARP-1-like, which
expresses three isoforms, and tankyrase-like (Hanai et al., 1998; Miwa et al., 1999).
Using a Drosophila line devoid of PARP-1-like molecules (referred to as ParpCH1),
Tulin et al. demonstrate that loss of dPARP causes alterations in chromatin structure
and transcription at some loci (Tulin et al., 2002). Notably, transcription of copia,
a multicopy retrotransposon, is increased by more than 50-fold in ParpCH1 animals
compared to those that express dPARP. This increase in transcription is accom-
panied by an increase in nuclease accessibility in the chromatin of the copia repeats
and at other heterochromatic loci, but not in euchromatic regions. While it is not
trivial to draw a direct connection, together these results suggest that dPARP acts
to repress transcription at certain loci by promoting the formation or helping to
maintain heterochromatin structures.

Tulin and Spradling also investigated the role of dPARP in chromatin structure
and transcription by probing Drosophila polytene chromosomes, particularly the
transcriptionally active “puffs” (or decondensed regions), for dPARP and PAR
(Tulin and Spradling, 2003). They showed that although dPARP is broadly
distributed on polytene chromosomes, PAR appears only at a limited number of loci.
At signal-regulated loci known to puff in response to external stimuli, such as 75A
and 75B (ecdysone-inducible) and 87A and 87C (heat shock-inducible), dPARP is
present before and during puffing. In contrast, PAR accumulates only after puff
formation and begins to decline just before regression of the puff (i.e., recon-
densation). As might be expected, knockout (i.e., ParpCH1) or chemical inhibition
(i.e., 3-aminobenzidine) of dPARP prevents puffing at heat shock-induced loci
and may block expression of the genes located in the puffs. Collectively, these
results demonstrate a role for dPARP in the regulation of chromatin structure
in vivo. Furthermore, they demonstrate a role for dPARP enzymatic activity in
the NAD+-dependent decondensation of dPARP-containing chromatin in vivo,
consistent with the biochemical studies of Kim et al. described in the preceding
section.

Our lab has also used Drosophila polytene chromosomes to examine the local-
ization of dPARP, as well as the linker histone H1, on genomic chromatin.
Although both PARP-1 and H1 show broad distribution on the chromosomes,
they localize in patterns that are distinct from each other and from sites of active
transcription (Kim et al., 2004). These results are supported by mononucleosome-
chromatin immunoprecipitation-Western blotting assays using human (i.e., HeLa)
cells, which demonstrate that PARP-1 and H1 occupy distinct nucleosomal fractions
(Kim et al., 2004). Together, these results suggest that although PARP-1 and H1
both localize to chromatin, they are directed to distinct chromatin domains or nucle-
osomal populations by distinct signals. Specific post-translational modifications
of histone tails (i.e., a “histone code”), which have been shown to direct factor
binding to specifically modified nucleosomes (Bannister et al., 2001; Jenuwein and
Allis, 2001; Lachner et al., 2001), may be one of these signals.
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2.5. Connections between PARP-1 and SIRT1, Two NAD+-Utilizing,
Chromatin-Modulating Enzymes

Several recent studies have suggested interesting connections between PARP-1 and
the NAD+-dependent histone deacetylase SIRT1 (Zhang, 2003; Kim et al., 2005).
For example, PARP-1 and SIRT1 are both: (1) NAD+-utilizing nuclear enzymes,
(2) chromatin-modulating proteins, (3) potential substrates for each other’s
enzymatic activities, and (4) involved in NAD+ metabolic pathways that generate
potential ligands for the histone variant macroH2A (D’Amours et al., 1999;
Moazed, 2001; Parsons et al., 2003; Karras et al., 2005; Kim et al., 2005;
Kustatscher et al., 2005). These similarities underlie a possible interplay between
the two proteins that has the potential to control certain aspects of nuclear function,
perhaps at the level of chromatin structure (Fig. 5).

Activity and function of SIRT1. SIRT1 is the mammalian homolog of yeast
Sir2, the founding member of a family of NAD+-dependent protein deacety-
lases (the sirtuins) conserved from prokaryotes to mammals (Blander and
Guarente, 2004). Yeast Sir2 regulates chromatin-dependent silencing at the
mating type loci, telomeres, and the rDNA locus (Sinclair and Guarente, 1997;
Kaeberlein et al., 1999), and deacetylation of histone substrates is critical for these
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Figure 5. Interplay between PARP-1 and SIRT1, two NAD+-utilizing, chromatin-modulating enzymes.
PARP-1 and SIRT1 are both: (1) NAD+-utilizing nuclear enzymes, (2) chromatin-modulating proteins,
(3) potential substrates for each other’s enzymatic activities, and (4) involved in NAD+ metabolic
pathways that generate potential ligands for the histone variant macroH2A. These similarities underlie
a possible interplay between the two proteins that has the potential to control certain aspects of nuclear
function, perhaps at the level of chromatin structure. In this regard, recent studies have suggested that
increased PARP-1 activity in stressed cardiac myocytes leads to a depletion of NAD+ levels and a
reduction in SIRT1 deacetylase activity. Conversely, activation of SIRT1 by the small-molecule activator
resveratrol leads to a decrease in PARP-1 activity in response to DNA damage
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biological functions (Imai et al., 2000; Blander and Guarente, 2004). Mammalian
SIRT1 has been implicated in metabolic processes, apoptosis, and cellular stress
responses (Blander and Guarente, 2004). The role of global histone deacetylation
in the biological functions of mammalian SIRT1 is unclear, although localized
histone deacetylation may be important in SIRT1 function. In addition, deacety-
lation of non-histone targets by mammalian SIRT1 plays important roles as well.
For example, SIRT1 deacetylates and regulates the activity of a wide range of
transcription factors and nuclear regulatory proteins (Blander and Guarente, 2004),
including the p53 tumor suppressor (Luo et al., 2001; Vaziri et al., 2001), the FOXO
transcription factors (Brunet et al., 2004; Motta et al., 2004) and the DNA repair
and anti-apoptotic factor Ku70 (Cohen et al., 2004), all of which are involved in
cellular stress responses and organismal aging. Interestingly, p53 and Ku70 are also
targets for modification and regulation by PARP-1 (Wesierska-Gadek et al., 1996;
Ruscetti et al., 1998; Smith and Grosovsky, 1999; Li et al., 2004). SIRT1-dependent
deacetylation also represses PPAR-� regulated fat storage (Picard et al., 2004) and
estrogen receptor � DNA binding (Kim et al., 2006).

One area of intense research is the regulation of lifespan by Sir2/SIRT1
in a wide range of organisms. Sir2/SIRT1 overexpression extends lifespan in
yeast (Kaeberlein et al., 1999), C. elegans (Tissenbaum and Guarente, 2001)
and Drosophila (Rogina and Helfand, 2004). Furthermore, Sir2 is required for
caloric restriction (CR)-induced lifespan extension in yeast (Lin et al., 2000) and
Drosophila (Rogina and Helfand, 2004), and SIRT1 mediates CR-induced anti-
apoptotic effects in cultured human cells (Cohen et al., 2004). Direct activation of
Sir2/SIRT1 by small molecules also extends lifespan (Howitz et al., 2003; Wood
et al., 2004). Overall, the nuclear functions of Sir2/SIRT1 appear to control cell
survival and aging. Interestingly, PARP-1 plays a role in the regulation of these
same processes (Burkle et al., 2005; Kim et al., 2005).

Connections between PARP-1 and SIRT1. Recent studies have suggested an
intriguing connection between the activities of PARP-1 and SIRT1 at the molecular
level (Zhang, 2003). For example, Pillai et al. have examined the competition
between SIRT1 and PARP-1 for NAD+ stores, focusing on its consequences for
myocyte cell survival (Pillai et al., 2005). Their results indicate that increased
PARP-1 activity in stressed cardiac myocytes leads to a depletion of NAD+ levels
and a reduction in SIRT1 deacetylase activity, conditions that promote death of the
myocytes. Conversely, Kolthur-Seetharam et al. (2006) have shown that activation
of SIRT1 by the small-molecule activator resveratrol leads to a decrease in PARP-1
activity in response to DNA damage. Furthermore, the loss of SIRT1 in SIRT1
knockout cells leads to a dramatic increase in PAR synthesis and ultimately results
in AIF (apoptosis inducing factor)-mediated cell death. Collectively, these results
suggest an important functional interplay between PARP-1 and SIRT1 in DNA
damage and cell survival responses (Fig. 5).

The extent to which the chromatin-dependent activities of PARP-1 and SIRT1
are involved in the functional interplay between these two proteins has not yet been
determined. However, the catalytic activity of both enzymes in the presence of
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NAD+ is likely to play a role. As shown by Kim et al., autoPARylation blocks the
nucleosome-binding activity of PARP-1, promoting the formation of decondensed,
transcriptionally active chromatin (Kim et al., 2004). In contrast, deacetylation of
nucleosomal histones by SIRT1 might promote the formation of more condensed,
transcriptionally inactive chromatin (Parsons et al., 2003). Furthermore, ADPR and
O-acetyl-ADPR (OAADPR), enzymatic products of PARP-1/PARG and SIRT1,
respectively, bind to the macro domain of the histone variant macroH2A (Karras
et al., 2005; Kustatscher et al., 2005). Although the functional consequences of
ADPR and OAADPR binding to macroH2A have not been determined, it could
provide a signal for the control of chromatin structure by PARP-1 and SIRT1
through macroH2A (Fig. 5). PARP-1 and SIRT1 may also directly regulate each
other’s activities through post-translational modification. PARP-1, which is acety-
lated by the p300 acetyltransferase, may be a target for deacetylation by SIRT1
(Hassa et al., 2005). Likewise, SIRT1 may be a target for PARylation by PARP-1, at
least in PARG-deficient Drosophila (Tulin et al., 2006). Collectively, these studies
suggest multiple ways in which PARP-1 and SIRT1 may interact to modulate the
structure and activity of chromatin.

3. ADDITIONAL ROLES FOR PAR AND PARPs

IN THE NUCLEUS: TRANSCRIPTIONAL INSULATOR
FUNCTION, NUCLEAR ARCHITECTURE,
AND CHROMOSOME DYNAMICS

In addition to PAR and PARP-1’s ability to modulate local chromatin structure,
recent studies suggest that PAR and a variety of PARPs may play additional roles
in the regulation of genomic function, including the regulation of insulator function,
nuclear architecture, and chromosome dynamics. For example, Tulin et al. showed
that a loss of dPARP function in Drosophila causes chromatin to appear more
diffuse upon visualization by DAPI staining and inhibits the formation of nucleoli
(Tulin et al., 2002). These gross changes in chromatin and nuclear organization are
suggestive of more global effects on chromatin-dependent functions.

PARP-1 and Insulators. A recent study from Yu et al. (2004) showed that
PARylation regulates the activity of CTCF, a ubiquitous DNA binding protein,
at transcriptional insulators. Insulators are elements that organize the genomic
chromatin into discrete regulatory domains by limiting the actions of enhancers and
silencers through a “positional blocking” mechanism (Bell et al., 2001). Yu et al.
showed that the function of the insulator contained within the imprinting control
region (ICR) of the Igf2-H19 locus, an element that binds CTCF and limits the
extent of expression in a parent-of-origin-specific manner, is dependent on PARP
activity. The presence of PAR at the ICR was only detected on the maternally
inherited allele and was dependent on functional CTCF binding sites. PAR and
CTCF were found at nearly 80 percent of the ∼180 CTCF target sites examined
by chromatin immunoprecipitation assays. Although CTCF was not directly shown
to be the PARylated protein at these sites, CTCF was shown to be PARylated by
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PARP-1 in vitro. The insulator function of most of the same CTCF target sites
was sensitive to the general PARP inhibitor 3-aminobenzamide. Collectively, these
results support a role for PAR and PARP(s) in the activity of insulators, with an
insulator-bound protein, possibly CTCF, as a target for PARylation.

PARP-1 and the nuclear matrix. Several studies have found PARP-1 at regions
of genomic DNA responsible for connection to the nuclear matrix. For example,
Yanagisawa et al. observed a ∼114 kDal protein (later identified as PARP-1;
[Galande and Kohwi-Shigematsu, 1999]) associated with matrix attachment regions
in breast carcinoma samples (Yanagisawa et al., 1996). This association was specific
to the breast carcinoma samples, however, and was not observed in healthy breast
tissue, or breast tissue with benign disease. PARP-1 has also been detected in
association with the nuclear matrix (Vidakovic et al., 2004), and components of
the nuclear matrix are targets for PARylation (Cardenas-Corona et al., 1987).
Further studies will be needed to understand the functional consequences of these
associations.

PARP-1 and the mitotic apparatus. A number of studies have suggested a role for
PARP-1 and other PARP family members in mitotic apparatus function. PARP-1
and at least five other PARPs (i.e., PARP-2, PARP-3, VPARP, tankyrase 1 and
tankyrase 2) are associated with components of the mitotic apparatus, the cellular
machinery required for accurate chromosome segregation during cell division
(Smith, 2001; Amé et al., 2004). For example, both PARP-1 and PARP-2 localize to
mitotic centromeres, the chromosomal regions where kinetochores form to capture
microtubules from the mitotic spindle (Earle et al., 2000; Saxena et al., 2002a, b).
Several PARPs, including PARP-1, PARP-3 and tankyrases, are associated with
centrosomes, the cellular microtubule organizing center that functions as the spindle
pole during mitosis (Smith and de Lange, 1999; Kaminker et al., 2001; Augustin
et al., 2003; Kanai et al., 2003). Furthermore, VPARP and PARG localize to the
mitotic spindle (Kickhoefer et al., 1999; Chang et al., 2004). Recent studies by
Chang et al. suggest that increased production of PAR during mitosis plays an
essential role in the assembly and structure of bipolar spindles (Chang et al., 2004).
These studies implicate PAR and PAR-metabolizing enzymes in the function of the
mitotic apparatus, although their specific roles have not yet been determined.

4. PARP-1 AS A THERAPEUTIC TARGET IN DISEASE

4.1. Role of PARP-1 in Physiological and Pathophysiological
Processes: Genome Maintenance, Cell Death, and Inflammation

PARP-1 has been implicated in a variety of physiological and pathophysiological
processes, including genome maintenance, carcinogenesis, aging, immunity, inflam-
mation, and neurological function (Kim et al., 2005) (Table 2). PARP-1’s roles in
DNA repair, cell death pathways, and pro-inflammatory gene expression underlie
many of the contributions PARP-1 makes to the aforementioned processes and,
as such, have been the focus for therapeutic targeting. Less clear, however, is
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Table 2. Physiological and pathophysiological processes
involving PARP-1

• Genome maintenance
• Carcinogenesis
• Cell death
• Aging
• Inflammatory responses
• Neuronal function

the connection between PARP-1’s role in regulating chromatin structure and its
contribution to these physiological and pathophysiological processes.

DNA damage detection and repair. PARP-1 has a well-characterized role in DNA
damage detection and repair. The binding of PARP-1 to damaged DNA (e.g., single
strand and double strand breaks) potently activates PARP-1 enzymatic activity
(D’Amours et al., 1999), allowing PARP-1 to function as a DNA damage sensor.
Protein PARylation by PARP-1 is an immediate response to DNA damage induced
by oxidation, alkylation, and ionizing radiation. With low levels of DNA damage,
PARP-1 acts as a survival factor that can promote the repair of damaged DNA
(Fig. 6a). PARP-1 has been implicated in multiple DNA repair pathways, including
the single strand break, double strand break, and base excision repair pathways
(Burkle, 2001; Masutani et al., 2003), making PARP-1 a key regulator of genomic
integrity. In this regard, Parp-1−/− mice or Parp-1−/− embryonic fibroblasts exhibit
defective single strand break repair, as well as increased homologous recombination,
sister chromatid exchange, and micronuclei formation (de Murcia et al., 1997; Wang
et al., 1997; D’Amours et al., 1999; Burkle, 2001). In addition, PARP-1 deficiency
causes increased deletion mutations and insertions/rearrangements after treatment
with alkylating agents (Shibata et al., 2005). Thus, as expected, Parp-1−/− mice
show increased tumor formation in a number of chemically-induced and transgenic
cancer models (Masutani et al., 2005), suggesting a role for PARP-1 in preventing
tumor formation in response to DNA damage.

Cell death pathways. In contrast to its role as a survival factor in response
to low levels of DNA damage, PARP-1 acts to promote cell death under condi-
tions of extensive DNA damage (Burkle et al., 2005) (Fig. 6a). Thus, chemical
inhibition or genetic ablation of PARP-1 can provide protection from a number
of DNA damage-dependent pathophysiological conditions leading to cell death,
including (1) ischemia-reperfusion injury, (2) glutamate excitotoxicity in the central
nervous system, (3) 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
Parkinsonism, (4) cardiac infarction, (5) inflammatory injury, and (6) streptozotocin-
induced diabetes (Szabo, 1998; Mandir et al., 1999; Shall and de Murcia, 2000;
Beneke et al., 2004). PARP-1 plays a role in both necrotic and apoptotic cell
death pathways. In the necrotic pathway, hypersynthesis of PAR by PARP-1
in response to extensive DNA damage causes the depletion of cellular NAD+

and ATP, subsequent cellular energy failure, and ultimately cell death (Decker
and Muller, 2002; Bouchard et al., 2003). In contrast, PARP-1 can promote a
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Figure 6. PARP-1 plays important roles in genome maintenance, cell death, and inflammatory responses.
PARP-1’s roles in DNA repair, cell death pathways, and pro-inflammatory gene expression underlie
many of the contributions of PARP-1 to various disease states. (a) PARP-1 has well-characterized roles
in DNA repair and cell death. With low levels of DNA damage, PARP-1 acts as a survival factor that
can promote the repair of damaged DNA. Under conditions of extensive DNA damage, PARP-1 acts
to promote cell death through necrotic and apoptotic pathways. (b) PARP-1 has been implicated in
pathophysiological inflammatory responses through its role as a coactivator of transcription factors that
regulate immune and inflammatory response genes (e.g., NF-� B and AP-1). (See Colour Plate 7.)

caspase-independent apoptotic pathway through apoptosis inducing factor (AIF),
a proapoptotic flavoprotein that is among the most powerful triggers of apoptosis
(Chiarugi and Moskowitz, 2002; Yu et al., 2002). The mechanisms underlying the
choice between necrosis and apoptosis in response to genotoxic stimuli are unclear,
but may be influenced by the type, strength, and duration of the stimuli, as well as
the cell type (Virag, 2005).

Inflammatory responses. In addition to DNA repair and cell death pathways,
PARP-1 has also been implicated in pathophysiological inflammatory responses, in
which it plays two roles. First, as noted above, PARP-1 induces necrotic cell death
in response to genotoxins. This leads to the release of intracellular components into
the surrounding tissue, causing tissue damage and promoting inflammation. Second,
PARP-1 functions as a coactivator of transcription factors that regulate immune and
inflammatory response genes (e.g., NF-� B and AP-1) (Oliver et al., 1999; Hassa
and Hottiger, 2002; Andreone et al., 2003) (Fig. 6b). In accordance with these obser-
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vations, Parp-1−/− mice show resistance to inflammation, including streptozotocin-
induced diabetes and lipopolysaccharide-induced septic shock (Oliver et al., 1999;
Mabley et al., 2001; Hassa and Hottiger, 2002). Furthermore, NF-�B- and AP-1-
regulated pro-inflammatory genes are down regulated in Parp-1−/− mice or Parp-
1−/− immune cells (Zingarelli et al., 1998; Shall and de Murcia, 2000; Hassa and
Hottiger, 2002) and up-regulated in immune cells treated with a PARG inhibitor
(Rapizzi et al., 2004).

How does PARP-1’s role as a nucleosome-binding protein and modulator of
chromatin structure, which is evident under normal physiological conditions, impact
PARP-1-dependent DNA repair, cell death, and inflammatory response pathways,
which occur under pathophysiological conditions? A number of different scenarios
are possible. For example, PARP-1’s chromatin-dependent activities may be critical
for its function as a DNA repair protein, since the repair of genomic DNA must occur
in the context of chromatin. In addition, nucleosome-stimulated autoPARylation
may play a role in depleting cellular NAD+ pools in response to cellular stresses.
Furthermore, PARP-1’s chromatin-dependent activities may help to regulate the
expression of immune and inflammatory response genes. These possibilities will
need to be examined in the future.

4.2. Therapeutic Applications of PARP-1 Inhibitors

Chemical inhibition of PARP-1 activity has potential therapeutic applications in
both acute and chronic diseases. For example, PARP-1 inhibitors can potentially
enhance the cytotoxicity of DNA-damaging anticancer drugs, reduce parenchymal
cell necrosis in conditions such as stroke or myocardial infarction, and inhibit
inflammation and tissue injury pathways in conditions such as circulatory shock and
diabetes mellitus (Jagtap and Szabo, 2005). As noted above, PARP-1 deficiency or
inhibition in mouse and cell models exerts protective effects against pathological cell
death and inflammatory responses. Thus, PARP-1 has been an attractive therapeutic
target for chemical inhibition. One concern, however, is that chronic use of PARP-1
inhibitors could pose a long-term risk for genomic instability and secondary cancers
(Jagtap and Szabo, 2005). Clinical trials currently underway will help to resolve
if this concern is justified. Studies examining the interplay between PARP-1 and
SIRT1 (see above) suggest that chemical modulators of SIRT1 activity may also
be useful as therapeutic agents for treating PARP-1-dependent diseases.

Chemistry. Nicotinamide (NAm), a product of PARP-1 enzymatic action on
NAD+ and a weak inhibitor of PARP-1 activity (Curtin, 2006), was used as a
model for the first PARP-1 inhibitors, including benzamide and 3-aminobenzamide
(3AB) (Shall, 1975) (Fig. 7a). Benzamide and 3AB inhibit PARP-1 activity in
the mM range and may also inhibit other PARP family members (e.g., PARP-2
and tankyrase; Smith et al., 1998; Amé et al., 1999), thus lacking the potency
and specificity required for therapeutic purposes. Banasik et al. developed 1,5-
dihydroisoquinoline (Fig. 7c) and a variety of other inhibitors (Banasik et al., 1992),
which were used in turn to develop even more inhibitors with greater specificity,
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Figure 7. Structures of PARP-1 inhibitors. The structures of PARP-1 inhibitors discussed in the text
are shown. Nicotinamide (a), a product of PARP-1 enzymatic action on NAD+ and a weak inhibitor of
PARP-1 activity, served as a model for the first synthetic PARP-1 inhibitors, including benzamide and 3-
aminobenzamide (b). Later synthetic compounds, such as 1,5-dihydroisoquinoline (c), were used in turn
to develop even more inhibitors with greater specificity, potency, and solubility, including PD128763
(d), NU1025 (e), and NU1085 (f). The incorporation of bi-, tri-, and tetra-cyclic frameworks, and cyclic
lactam rings, which interact more strongly with the catalytic residue Glu988, as in AG14361 (g), has
generated even more potent and specific PARP-1 inhibitors

potency, and solubility, including PD128763 (Fig. 7d) (Arundel-Suto et al., 1991;
Suto et al., 1991), NU1025 (Fig. 7e) (Griffin et al., 1995), and NU1085 (Fig. 7f)
(Bryant and Helleday, 2004; Curtin, 2006). These inhibitors are 50- to 100-fold more
potent than benzamides, inhibiting PARP-1 activity in the �M to nM concentration
range. Although the improvements are striking, PD128763, NU1025, and NU1085
may still not be potent enough for clinical use.

The “benzamide” style of PARP-1 inhibitor has recently been improved based on
X-ray crystal structure data. The incorporation of bi-, tri-, and tetra-cyclic frame-
works, and cyclic lactam rings, which interact more strongly with the catalytic
residue Glu988 (e.g., as in AG14361; Fig. 7g), has generated even more potent and
specific PARP-1 inhibitors (Jagtap and Szabo, 2005; Curtin, 2006; Tao et al., 2006;
Wells et al., 2006). X-ray crystal structures have revealed that most PARP-1
inhibitors bind to the active site and mimic the nicotinamide moiety of NAD+ (Ruf
et al., 1996, 1998; Oliver et al., 2004; Jagtap and Szabo, 2005). The key structural
features for high potency inhibition include an electron-rich aromatic ring system, a
non-cleavable bond at the 3-position of the benzamide moiety, and a carboxamide
group placed in a favorable position so as to restrict free rotation of the molecule
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(Curtin, 2006). In summary, PARP-1 inhibitors have been improved considerably
since the development of the benzamide and 3AB prototypes, possessing greater
specificity, potency, solubility, and pharmokinetics.

Therapeutic applications. PARP-1 inhibitors may ultimately have utility as
therapeutic agents for the treatment of cancers, cardiovascular diseases, diabetes
mellitus and other diseases. For example, PARP-1 inhibitors promote cell death
in chemically-treated or radiation therapy-treated cancers by impairing DNA
damage response and repair pathways, and ultimately promoting apoptosis (Delaney
et al., 2000; Tentori et al., 2002b; Bryant and Helleday, 2004; Curtin et al., 2004).
The efficacy of some anti-cancer chemotherapies or radiotherapies is improved
when they are administered with PARP-1 inhibitors. For example, in mouse models
and human cancer cell lines, the efficacy of temozolomide, an anti-cancer alkylating
agent that damages DNA and inhibits DNA replication, is improved when co-
administered with the PARP-1 inhibitor NU1025, which blocks PARP-1’s DNA
repair activities (Delaney et al., 2000; Tentori et al., 2002a, b). Some PARP-1
inhibitors, such as AG14361, are being tested in clinical trials as therapeutic agents
for cancers (Curtin et al., 2004).

PARP-1 inhibitors can provide protection from cardiovascular diseases. Acute
and chronic cardiovascular disease can lead to the release of oxidants and free
radicals that promote DNA damage within cells, as well as the release of toxic
mediators to nearby tissues. Inhibition of PARP-1 can attenuate these effects,
promoting cell survival and improved cellular function within the affected area. The
PARP-1 inhibitor INO1001 has passed Phase I clinical trials and is currently being
tested in Phase II trials as a therapeutic agent for cardiovascular diseases (Graziani
and Szabo, 2005). Some PARP-1 inhibitors, such as PJ-34, may also have utility
as therapeutic agents in diabetes mellitus, acting to protect against islet necrosis
by reducing the levels of nitric oxide and reactive oxygen species through reduced
cytokine production (Tentori et al., 2002b; Beneke et al., 2004). Additionally, PJ-
34 can reduce hyperactivation of PARP-1 in response to massive DNA damage,
thereby blocking the PARP-1-dependent necrotic cell death pathway. The ability of
PARP-1 inhibitors to block pathological inflammatory responses may have thera-
peutic utility. The examples presented here are only a few of the many examples
of the potential therapeutic applications of PARP-1 inhibitors for the treatment
of diseases. Current clinical trials will provide an indication of whether PARP-1
inhibitors will ultimately become widely used therapeutic agents.

5. CONCLUSIONS

PARP-1 is an abundant (∼1 to 2 million molecules per cell) and ubiquitous nuclear
protein that plays important roles in a variety of cellular functions. One aspect of
PARP-1 biology is the modulation of chromatin structure through direct nucleosome
binding, covalent modification of chromatin proteins, or the production of PAR
which can serve as a polyanionic matrix for the binding of chromatin proteins. Given
its role in a variety of physiological and pathophysiological processes, PARP-1 has
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become an attractive target for drug-based therapies. Although the role of PARP-
1’s nucleosome-binding and chromatin-modulating activities in PARP-1-dependent
DNA repair, cell death, and inflammatory response pathways have not yet been
defined, they are likely to play a critical role. Continued biochemical and cell-based
studies will help to clarify PARP-1’s role as a chromatin-modulating protein, as
well as elucidate new ways to target PARP-1 for the treatment of disease.
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Abstract: Histone variant are non-allelic forms of the conventional histones. They are expressed
at very low levels compared to their conventional counterparts. All the conventional
histones, except H4, have histone variants. Together with histone modifications
and chromatin remodeling machines, the incorporation of histone variants into the
nucleosome is one of the main strategies that the cell uses to regulate transcription,
repair, chromosome assembly and segregation. The exact role of the histone variants in
these processes is far from clear, but the emerging picture is that the presence of histone
variants confers novel structural and functional properties of the nucleosome which
affect the chromatin dynamics. In this article we will discuss the functional significance
of histone variants on chromatin function and its link to disease manifestation

1. INTRODUCTION

DNA is packaged in the nucleus into the form of chromatin. Chromatin is a
nucleoprotein complex composed of histone and non-histone proteins, DNA and
RNA and it exhibits a repeating structure (van Holde, 1988). The basal unit
of chromatin, the nucleosome, is composed of a histone octamer (two each of
H2A, H2B, H3 and H4) around which two superhelical turns of DNA are wrapped
(van Holde, 1988). The structure of both the histone octamer (Arents et al, 1991)
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and the nucleosome core particle (Luger et al, 1997) was solved by X-ray crystal-
lography. The histone octamer exhibits a complex outer surface (Arents et al, 1991).
The �H3-H4�2 tetramer formed a central kernel, which is flanked by two H2A-
H2B dimers. All four histones within the octamer consist of an elongated struc-
tured domain, termed histone fold, and unstructured N-terminal tails (Arents
and Moudrianakis, 1993; Arents et al, 1991). The repeating structural motifs at
the histone octamer surface allowed the suggestion of a specific organization of
the nucleosomal DNA (Arents and Moudrianakis, 1993). The crystal structure of
the nucleosome core particle showed that DNA is wrapped around the histone
octamer in a flat, left-handed non-uniform superhelix, which formed multiple
contacts with the histone octamer (Luger et al, 1997). The histone N-terminal tails
protruded from the nucleosome core particle and appeared to be highly flexible
(Luger et al, 1997).

The nucleosome is a barrier for numerous cellular processes, which required
accessibility of distinct protein factors to their cognate DNA sequences (Beato and
Eisfeld, 1997). To overcome the nucleosome barrier the cell uses different strategies
including histone modifications, chromatin remodelers, histone chaperones and
histone variants (Becker, 2002; Henikoff and Ahmad, 2005; Henikoff et al, 2004;
Strahl and Allis, 2000). The roles of histone modifications and chromatin remodelers
are widely studied and were the topics of numerous reviews in the literature, while
how histone variants function remains elusive. In this review we will summarize the
reported data on the structure of histone variant nucleosomes. We will further discuss
the emerging picture of the role of histone variants in DNA repair, chromosome
segregation, transcription and spermatogenesis and their possible associations with
pathologies such as tumorigenesis and infertility.

2. HISTONE VARIANTS: GENERAL DESCRIPTION

Histone variants are non-allelic isoforms of conventional histones, which are able to
substitute for the canonical histones within the nucleosome. The mRNA of histone
variants, in contrast to that of conventional histones, is polyadenylated (Tsanev
et al, 1993; van Holde, 1988). The histone variant mRNA lacks a stem-loop in
the 3′end of the transcript, a feature required for cell-cycle regulated degradation
(Pandey and Marzluff, 1987). Instead, transcripts encoding histone variants are
characterized by a longer poly-A tail, which results in higher transcript stability
(Moss et al, 1989). Histone variants coding genes are not organized in cluster as the
conventional histone genes. The variants exhibit three major characteristics, which
made them distinct from conventional histones: (i) the timing of expression, (ii) the
association with specific genomic DNA sequences and, (iii) few cases, the tissue
specific expression. Interestingly, the expression of histone variant is not coupled
with replication as in the case of conventional histones and they can be deposited
in the nucleosomes at different phases of the cell cycle (Tsanev et al, 1993; van
Holde, 1988). Some histone variants can be synthesized even in differentiated, non-
dividing cells (Bosch and Suau, 1995). Distinct histone variants are specifically
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associated with distinct DNA sequences and remained associated with chromatin
in mature spermatozoa (Palmer et al, 1990). Several testis-specific histone variants
are described to date (for a recent review see, Govin et al, 2005). Though it is
not clearly understood yet, presumably different histone variants might use distinct
chaperone complexes for deposition at the specific sites (reviewed in Loyola and
Almouzni, 2004).

3. H2A HISTONE VARIANT NUCLEOSOMES

The histone variants of H2A form the largest family of identified histone variants
(Redon et al, 2002; Sarma and Reinberg, 2005). This could be associated with
both the strategic position that has the histone H2A within the histone octamer
and the less stable interaction of the H2A-H2B dimmer with both DNA and
the �H3-H4�2 tetramer within the nucleosome (Luger et al, 1997). Most of the
histone H2A variants exhibit a unique property: in addition to the N-terminal tail
domain, they also posses an unstructured C-terminal tail. To date four variants
of histone H2A have been discovered. These include, H2AZ, H2A.X, macroH2A
and H2A.Bbd. The highest differences in the primary structure of these H2A
variants are observed in their C-terminal portion. Each of these variants could
be efficiently incorporated in the nucleosome in vitro and in vivo. The presence
of these variants alter the structural and functional properties of the nucleosome
distinctly.

3.1. H2A.Z Histone Variant Nucleosome

H2A.Z is one of the best studied histone variants. H2A.Z is a highly conserved histone
variant, which is found in all eukaryotes. In budding yeast H2A.Z is a non-essential
gene, while in both Drososphila and mouse it is required for survival (Clarkson
et al, 1999; Dhillon and Kamakaka, 2000; Faast et al, 2001; Santisteban et al, 2000).
To date only H2A.Z nucleosome structure has been solved by X-ray crystallog-
raphy (Suto et al, 2000). The overall H2A.Z nucleosome structure was quite similar
to the structure of the conventional nucleosome and the protein-DNA interactions
were found to be essentially unaffected upon the replacement (Luger et al, 1997).
In agreement with the crystallographic data, the DNase I footprinting analysis also
suggested that the structure of the H2A.Z nucleosome in solution closely resembles
the conventional core particle (Abbott et al, 2001). Some local changes between the
variant H2A.Z-H2B dimmer and the �H3-H4�2 tetramer were, however, observed
in the crystal structure. It was suggested that these changes could alter the stability
of the H2A.Z nucleosome. The measurements of the sedimentation coefficient at
different ionic strength suggested that the variant particle is relatively less stable as
compared to the conventional one (Abbott et al, 2001). The salt dependent folding
of the nucleosome arrays was also altered upon replacement of conventional H2A
by H2A.Z (Abbott et al, 2001). These observations indicate that the presence of the
H2A.Z histone variant may play a chromatin destabilizing role (Abbott et al, 2001).
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In contrast, according to Fan and colleagues (Fan et al, 2002), the intramolecular
folding ability of nucleosome arrays appeared to be facilitated by H2A.Z.

The most intriguing feature of the H2A.Z nucleosome is the increased acidic
nature of the nucleosome surface (the acidic patch) (Luger et al, 1997; Suto
et al, 2000). HP1�, a mediator of chromatin compaction and a marker of heterochro-
matin, was able to induce the folding of nucleosomal array, which was enhanced
by H2A.Z in an acidic patch dependent manner (Fan et al, 2004). In agreement
with this, the suppression of the expression of H2A.Z resulted in perturbations in
both the structure of constitutive heterochromatin and HP1�–chromatin interactions
leading to strong mitotic defects (Rangasamy et al, 2004). In Drosophila H2A.Z
was associated with the establishment of heterochromatin and HP1 recruitment
(Swaminathan et al, 2005). In addition, H2A.Z may directly interact with the
passenger protein INCENP (Rangasamy et al, 2003), a member of the Aurora
B kinase complex, which plays a crucial role in chromosome segregation and
cytokinesis (Adams et al, 2001). In yeast, Htz1 the orthologue of H2A.Z, was
found to be associated with the actively transcribed regions that flanked Sir
silencing complex containing heterochromatin. In absence of Htz1, the heterochro-
matin spreads in vivo, suggesting that it may be involved in the maintenance or
establishment of the boundary between heterochromatic or euchromatic regions.
Though at this stage it is very difficult to propose a unified model for the
role of H2A.Z in chromatin organization, all these data support the view that
H2A.Z is significantly important for both heterochromatin assembly and mainte-
nance and chromosome segregation through a specific higher order chromatin
folding.

H2A.Z appeared to be involved not only in mitosis, but also in transcriptional
regulation. Genome-wide high-resolution localization of H2A.Z in yeast was studied
by several groups, but the reported data exhibited some controversial character
(Guillemette et al, 2005; Li et al, 2005; Raisner et al, 2005 ; Zhang et al, 2005a). All
authors agreed that H2A.Z occupied promoters genome-wide. One group mapped
H2A.Z to the 5′ends of nearly all promoters of both inactive and active genes
(Raisner et al, 2005). Intriguingly, the H2A.Z nucleosomes exhibited a very specific
promoter localization pattern with two precisely positioned nucleosomes, which
flanked a nucleosome free transcription start site region (Raisner et al, 2005).
A 22 bp DNA sequence was involved in the formation of this pattern (Raisner
et al, 2005). Another study, using also chromatin immunoprecipitation (ChIP)
combined with hybridization with DNA microarrays, pointed to a preferential
deposition of H2A.Z to repressed/basal Pol II promoter. In this case preferential
deposition of H2A.Z was observed at the TATA-less promoters (Zhang et al, 2005a).
The analysis of six selected promoters with quantitative PCR has revealed that the
amount of H2A.Z associated with the promoters peaked from ∼100 to ∼400 bp
upstream of the transcription start site. Other two groups reported a H2A.Z prefer-
ential occupancy on the promoter of inactive genes all across the genome and
these groups have also used a ChIP-DNA microarray based approach (Guillemette
et al, 2005; Li et al, 2005). In addition, it was found that in general H2A.Z was not
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a determinant for the nucleosome positioning (Li et al, 2005). It is difficult to
point out the reasons for these disagreements at present. The reagents, especially
antibodies used in the chromatin immunoprecipitation assays, might have made the
differences.

In Tetrahymena thermophila H2A.Z was found exclusively in the transcrip-
tionally active macronucleus, which indicated that the H2A.Z might be involved in
the activation of gene expression. Curiously, H2A.Z was shown to be important for
both activation and repression of transcription in yeast and was found to be partially
redundant with chromatin remodeling complexes (Dhillon and Kamakaka, 2000;
Meneghini et al, 2003; Santisteban et al, 2000). The C-terminal region of H2A.Z
was crucial for its role in transcription and some results indicated that H2A.Z acted
as an activator, which was required for preferential binding to intergenic DNA
(Adam et al, 2001; Larochelle and Gaudreau, 2003). The H2A.Z location correlated
with both particular transcription factors and particular histone acetylation pattern
(Raisner et al, 2005; Zhang et al, 2005a). The presence of H2A.Z was inversely
correlated with the transcription rates (Li et al, 2005; Zhang et al, 2005a). Recent
report suggested that H2A.Z was not associated with a direct regulation of transcrip-
tional repression, but instead it might play a crucial role for optimal activation of
a subset of genes (Li et al, 2005). Interestingly in yeast chromatin, the histone
H2A.Z was more susceptible to release than the conventional histones H2A and
H3 and transcriptional activation was associated with H2A.Z loss, while repression
was associated with H2A.Z acquisition (Zhang et al, 2005a). The deposition of
H2A.Z requires the Swr1 histone exchange complex, which is able to exchange the
H2A-H2B conventional dimmer for the H2A.Z-H2B variant dimmer (Mizuguchi
et al, 2003). The Swr1 complex contains several polypeptides, some of which are
common to INO80 complex.

3.2. H2AX Containing Nucleosomes

H2AX is highly conserved histone variant, which represents up to 25% (depending
of cell type and tissue studied) of the mammalian histone H2A. H2AX exhibited
an even distribution across the genome (Siino et al, 2002). The primary H2AX
sequence differs from the conventional H2A in its C-terminus. The C-terminus
of H2AX contained, however, a sequence termed the SQ motif, which is highly
homologous in all eukaryotes from yeast to human, pointing to a conserved
function (Redon et al, 2002). A seminal manuscript from William Bonner’s
lab was first to demonstrate that the serine of this motif (serine four from the
carboxyl terminus of H2AX) was phosphorylated when double strand breaks
(DBS) were introduced into DNA by ionizing irradiation of different cells
in culture and mouse (Rogakou et al, 1998). The phosphorylated specie of
H2AX was called �-H2AX (Rogakou et al, 1998). The yeast did not have a
H2AX variant, but the yeast H2A is also phosphorylated as a result of DSB
induction (for simplicity further in the text we will used also the term �-H2AX
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for the phosphorylated form of yeast H2A). The phosphorylation of H2AX
was shown to be a general phenomenon correlating with the induction with
DSB in all eukaryotes suggesting that �-H2AX is associated with the repair
of DSB (Redon et al, 2002). �-H2AX formed foci in cells containing DSB,
which could be easily visualized by using anti-�-H2AX antibodies (Rogakou
et al, 1999).

The invariant SQ motif in the C-terminus of H2AX is a consensus sequence
for the 3 kinases belonging to the PIKK family, namely ATM, DNA-PK and
ATR (Stiff et al, 2004). These kinases are involved in DNA repair. ATM [ataxia
telangiectasia (A-T) mutated protein] is a crucial kinase for the signal transduction
DSB pathway (Savitsky et al, 1995) and it is widely accepted that ATM is the
major kinase involved in the in vivo phosphorylation of H2AX (Burma et al, 2001;
Fernandez-Capetillo et al, 2002; Redon et al, 2002). The two other kinases were
also associated with the generation �-H2AX, but they appeared not to be dominant
(Redon et al, 2002; Stiff et al, 2004).

The appearance of �-H2AX is one of the earliest cellular responses to the
induction of DSB (Celeste et al, 2003b; Rogakou et al, 1999). The phosphorylated
serine in �-H2AX is localized at the end of the unstructured C-terminus, which
made it accessible to protein factors. The induction of �-H2AX foci resulted in
the accumulation of several protein factors (including ATM, Mdc1 and 53BP1)
involved in DNA repair and their colocalization with the �-H2AX foci (Bekker-
Jensen et al, 2006; Fernandez-Capetillo et al, 2002). Some of these factors are
shown to directly interact with the �-H2AX (reviewed in (Bassing and Alt, 2004;
Fernandez-Capetillo et al, 2004)).

Chromatin within the nucleus is in a highly condensed state and in order the DSB
to be repaired it would be necessary it to decondense. This suggests a potential
involvement of chromatin remodelers to alter the chromatin structure, to decrease
the chromatin compaction and to facilitate repair in vivo. And indeed, a series of
recent papers using yeast as a model system demonstrated that this is really the case
(Downs et al, 2004; Morrison et al, 2004; van Attikum et al, 2004). These papers
used a common approach for the generation of a HO-nuclease induced DSB in the
yeast genome. This has allowed the use of ChIP for localization of the remodeling
chromatin machineries in vicinity of the single DSB (Downs et al, 2004; Morrison
et al, 2004; van Attikum et al, 2004). The data showed that the chromatin remodeler
INO80 was recruited to the DSB via a specific direct interaction with �-H2AX. The
Nhp10 subunit of INO80 was required for this interaction (Morrison et al, 2004).
In addition, it also found that the two actin related subunits of INO80, Arp5 and
Arp8, bind near sites of DNA damages (van Attikum et al, 2004). The presence
of a non-phosphorylable form of H2A.X compromised the recruitment of INO80
(van Attikum et al, 2004). The NuA4 HAT complex, involved in the acetylation of
histone H4, was shown to associate specifically with �-H2AX, suggesting that the
chromatin acetylation by NuA4 was important for DSB repair (Downs et al, 2004).
The interaction of NuA4 with �-H2AX required Arp4, a NuA4 subunit common
also for both INO80 and Swr1 chromatin remodeling complexes, which were found
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to interact with �-H2AX (Downs et al, 2004). This indicated that �-H2AX could
be viewed as a mark of the DSB, which are recognized by different remodelers
(Downs et al, 2004).

3.3. The Unusual MacroH2A Nucleosomes

Histone macroH2A (mH2A) is an unusual histone variant. Its size is about three
times the size of the conventional H2A. It consists of H2A-like domain, which
showed ∼65% identity with the conventional histone H2A, fused to a large
Non-Histone Region (NHR). The NHR is also termed macrodomain (Pehrson and
Fried, 1992). In humans, two mH2A genes, mH2A1 and mH2A2, were identified,
which coded for two distinct, but closely related proteins (Chadwick et al, 2001;
Costanzi and Pehrson, 2001; Pehrson and Fuji, 1998). mH2A1 has two spliced
variants, mH2A1.1 and mH2A1.2, which differed only by a short aminoacid
sequence in the macrodomain (Pehrson and Fuji, 1998).

The macro domain is characteristic for numerous bacterial, archaebacterial and
eukaryotic proteins, indicating that it might play important roles in several evolu-
tionary conserved phenomena (Allen et al, 2003). AF1521, a Archaeoglobus
fulgidus protein, consisting of a stand-alone macrodomain, was successfully crystal-
lized and its crystal structure was solved with 1.7 Å resolution (Allen et al, 2003).
The structure is characterized by a mixed alpha/beta fold and exhibited similarity to
the N-terminal binding domain of the E. Coli leucine aminopeptidase PepA and to
members of the P-loop family of nucleotide hydrolysases (Allen et al, 2003). Both
AF1521 and macrodomain yeast protein (the product of the YBR022w gene) had
an ADP-ribose-1′′-phosphate (Appr-1′′-p)-processing activity (Allen et al, 2003;
Martzen et al, 1999). Based on this and on some other structural considerations, it
was proposed that the macrodomain of mH2A could act as an ADP-ribose phospho-
esterase (Allen et al, 2003; Ladurner, 2003). No experimental data confirming this
interesting hypothesis were reported to date.

Recently, evidence was provided that macrodomains are ADP ribose binding
modules (Karras et al, 2005; Kustatscher et al, 2005). It was demonstrated that the
macro domain fold possessed a conserved pocket, which binds to ADP-ribose with
high affinity (Karras et al, 2005). Intriguingly, the macro domain of mH2A1.1, but
not this of mH2A.2, binds the SirT1-metabolite O-acetyl-ADP-ribose (Kustatscher
et al, 2005). Since the two proteins are spliced variants and they differ only by a short
amino-acid stretch embedded within the macro domain, this points to a regulation of
the of the binding of NAD (nicotinamide adenine dinucleotide) metabolites through
alternative splicing (Kustatscher et al, 2005). Experimental data supporting this
suggestion are still missing.

Several reports in the literature suggest a function of mH2A in the assembly and
maintenance of heterochromatin (Chadwick and Willard, 2002; Choo et al, 2006;
Costanzi and Pehrson, 1998; Grigoryev et al, 2004; Ma et al, 2005; Perche
et al, 2000; Rasmussen et al, 2000). The location of mH2A was modified during
the induced reorganization of heterochromation upon DNA CpG hypomethylation
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(Ma et al, 2005). The localization of both mH2A and HP1� was dramatically changed
during lymphocyte reactivation. Reciprocal changes in the localization of both
proteins were observed in activated fibroblasts induced into quiescence (Grigoryev
et al, 2004). In senescent cells the silent senescence-associated heterochromatin
foci (SAHF) were found to be enriched in mH2A (Zhang et al, 2005b).

For many years it was believed that the inactive X chromosome (Xi) is enriched of
mH2A (Chadwick and Willard, 2001a; Costanzi and Pehrson, 1998, 2001; Mermoud
et al, 1999). Indeed, immunofluorescence data showed much stronger staining
of the Xi compared to other regions of the nucleus, suggesting that mH2A is
selectively accumulated at the Xi (Chadwick and Willard, 2001a; Costanzi and
Pehrson, 1998, 2001; Mermoud et al, 1999). This preferential staining could reflect,
however, the higher density of the nucleosome within the Xi and not an enrichment
of mH2A (Perche et al, 2000).

The in vitro studies with reconstituted mH2A chromatin templates was highly
useful to understand the function of mH2A (Angelov et al, 2003; Doyen et al, 2006).
The reconstituted nucleosomes containing mH2A were refractive to both SWI/SNF
and ACF chromatin remodeling and binding of transcription factor to their cognate
sequence incorporated into the nucleosomal DNA (Angelov et al, 2003). In addition,
the presence of mH2A interferes with the initiation of Pol II transcription and
histone acetylation (Doyen et al, 2006). The macrodomain of mH2A was found to
be essential for this interference (Doyen et al, 2006). These data suggest that mH2A
could be viewed in vivo as a major stopper of transcription by negatively regulating
two different chromatin associated pathways, namely nucleosome remodeling and
histone acetylation (Doyen et al, 2006). In agreement with this, transient transfection
experiments with the macrodomain of mH2A showed a macro domain-mediated
inhibition of Pol II transcription (Perche et al, 2000). A general model for mH2A
mediated transcriptional repression is shown in Fig. 1.

3.4. The H2A.Bbd Nucleosomes

The recently identified histone variant H2A.Bbd (Barr body deficient) is the least
studied histone variant of the H2A family and, as its name indicates, it was
found excluded from the inactive X chromosome (Chadwick and Willard, 2001b).
This variant is very divergent compared to the conventional H2A (it exhibits
only 48% identity with H2A). In contrast to mH2A, H2A.Bbd is relatively short
and it lacks both the typical for the H2A-family flexible C-terminus and the
very last fragment of the docking domain, which is responsible for the inter-
action of histone H3 within the histone octamer (Chadwick and Willard, 2001b;
Luger et al, 1997). In addition, its N-terminal tail contains a row of six arginines,
indicating that it could interact stronger than the N-tail of H2A with nucleo-
somal DNA (Chadwick and Willard, 2001b). Nucleosomes, reconstituted with
H2A.Bbd (H2A.Bbd nucleosomes) instead of conventional H2A, exhibited altered
structure and these structural alterations appeared to determine the inability
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Figure 1. Schematics of the effect of mH2A on transcription. (a) The mobilization of conventional
promoter nucleosome by the chromatin remodeling complex generated a nucleosome-free promoter,
which allowed the binding of the transcription factors and transcription to proceed. (b) MacroH2A
nucleosome cannot be mobilized by the chromatin remodeling complex and the transcriptions factors are
unable to bind macroH2A nucleosome containing promoter, which results in inhibition of the initiation
of transcription. (See Colour Plate 8.)

of the chromatin remodeling machines SWI/SNF and ACF to remodel them
(Angelov et al, 2004). Microccocal nuclease digestion data indicated that the
variant H2A.Bbd octamer organized only 118 base pairs of DNA and the unusual
H2A.Bbd docking domain determined the looser nucleosomal DNA organization
(Bao et al, 2004). FRET, sedimentation analysis and biochemical studies suggested
that the incorporation of H2A.Bbd in the nucleosome resulted in its destabilization
(Angelov et al, 2004; Bao et al, 2004; Gautier et al, 2004). The destabilization
effect of H2A.Bbd was further confirmed in vivo in a series of FRAP studies
(Gautier et al, 2004). The in vitro transcription studies showed that H2A.Bbd
nucleosomal arrays, contrary to mH2A arrays, are easily transcribed and acety-
lated (Angelov et al, 2004). These data suggest a role of H2A.Bbd in gene
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Figure 2. Effect of H2A.Bbd on transcription. The presence of H2A.Bbd confers lower stability and
more loose structure to the nucleosomes, which allows the transcription factors binding to this variant
nucleosome and thereby recruitment of p300 and acetylation of the promoter proximal histones. The
remodeling complex can not mobilize the variant nucleosome, but instead helps in the removal of
H2A.Bbd-H2B dimer. All these events facilitate transcription. (See Colour Plate 9.)

activation by a specific, but still unknown mechanism (Fig. 2). The in vivo
colocalization of H2A.Bbd with regions of the nucleus containing chromatin
with hyperacetylated histones further supports this hypothesis (Chadwick and
Willard, 2001b).

4. THE HISTONE H3 VARIANT NUCLEOSOMES

The two major histone variants of H3, CENP-A (centromeric protein A) and H3.3,
are the object of several studies. CENP-A is present in all eukaryotes and it has
different names (Kamakaka and Biggins, 2005), but here for simplicity we will use
the name CenH3 (centromeric H3) for this protein. CenH3 is specifically localized
to the centromeres and it replaces the canonical H3 in the centromeric chromatin
(Palmer et al, 1989, 1990). The CenH3 gene is essential and its disruption resulted
in very early embryonic lethality (Howman et al, 2000). The structured region
of CenH3 is well evolutionary conserved, while its N-terminal tail exhibits high
divergence between the different organisms (Malik and Henikoff, 2003). In vitro
studies using reconstituted nucleosome, where conventional H3 was substituted
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with CenH3 (CenH3 nucleosome), showed that the overall structure of this particle
was very similar to the conventional nucleosome (Yoda et al, 2000).

Within the centromere the conventional and CenH3 nucleosomes are interspersed
(Blower et al, 2002). It is widely accepted that CenH3 is absolutely required for the
assembly of the kinetochores (Blower and Karpen, 2001; Howman et al, 2000). The
depletion of CenH3 in worm, fly and mouse resulted in massive mislocalization of
the kinetochore proteins (Blower and Karpen, 2001; Howman et al, 2000; Oegema
et al, 2001). The reported data indicated that CenH3 interacts directly or indirectly
with several kinetochore proteins (Van Hooser et al, 2001). When CenH3 was
mistargeted to non-centromeric regions of chromatin, kinetochore proteins were
also mistargeted to these regions by a mechanism, which required the N-terminal
tail of CenH3 (Van Hooser et al, 2001).

CenH3 is selectively and quantitatively retained in the mature spermatozoa and it
forms discrete foci in the nucleus (Palmer et al, 1990). This suggests that information
on the centromeric organization of chromatin is transmitted through generations
and thus, CenH3 could act as a specific epigenetic marker.

Three recent reports addressed the mechanism of deposition of CenH3 and the
assembly of CenH3 nucleosomes (Foltz et al, 2006; Furuyama et al, 2006; Okada
et al, 2006). In Drosophila cells, a CenH3 soluble assembly complex was isolated.
This complex consists of CenH3, histone H4 and the protein RbAp48 (Furuyama
et al, 2006). The single protein RbAp48 exhibited histone chaperone properties
and it has the ability to promote the assembly of CenH3 nucleosomes in vitro.
This observation made the chaperone (which is active on its own) distinct from the
other chromatin assembly complexes, which consists of several subunits (Furuyama
et al, 2006). By using tandem affinity purification, a human multiprotein complex
(CenH3 NAC) directly recruited by CenH3 nucleosome, was identified (Foltz
et al, 2006). CenH3 NAC comprised three new centromere proteins (CENP-M,
CENP-N and CENP-T) and the assembly of CenH3 NAC depended on these proteins
(Foltz et al, 2006). In addition, the transcription implicated protein FACT and the
histone chaperone nucleophosmin were found associated with CenH3 independent
of CenH3 NAC (Foltz et al, 2006). Another study claimed that the CenH3 NAC
consists of three subcomplexes and each one of them was found to be essential for
faithfull chromosome segregation (Fukagawa et al, 2004).

H3.3, the other major histone variant of H3, differs from H3 by only four
aminoacids, three of which are in the histone fold (globular) domain of the protein.
These three residues are crucial for the distinctive deposition of H3.3 during the
cell cycle. The epigenetic markers of H3.3, such as di- and tri-methylation of
lysine4 (K4), acetylation of lysine9, 18, and −23 and methylation at K79 suggest its
important role in the transcriptional activation. H3.3 could be deposited at all stages
of cell cycle, unlike histone H3 which assembles only in the S-phase. In Drosophila,
a good correlation between the transcriptional gene activity and genome-wide local-
ization of H3.3 was demonstrated (Mito et al, 2005). In contrast to H3, it is deposited
exclusively by the histone chaperone HIRA in a replication-independent manner
(Bosch and Suau, 1995; Tagami et al, 2004). However, involvement of histone
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chaperone(s) in the deposition as well as removal of H3.3 during transcriptional
activation and repair could not be ruled out.

5. THE H2B VARIANT NUCLEOSOMES

Very few variants of H2B, have been identified so far. The identified H2B variants
play some yet not well understood role during gametogenesis (Doenecke et al, 1997;
Poccia and Green, 1992; Tanphaichitr et al, 1978). Recently, H2BFWT, a novel H2B
variant, was cloned (Churikov et al, 2004). This variant, has very low homology
(45% identity) with the conventional H2B but could replace H2B efficiently in
the nucleosome (Boulard et al, 2006). The H2BFWT nucleosome showed identical
DNase I footprinting pattern of the conventional nucleosome, indicating that
the variant nucleosome also may have very similar solution structure (Boulard
et al, 2006). Intriguingly, the highly divergent N-terminal tail of H2AFWT, was
unable to recruit chromosome assembly factors and to participate in the formation
of condensed mitotic chromosomes (Boulard et al, 2006).

The involvement of a testis specific H2B variant in specialized higher order
chromosomal domain such as telomeric heterochromatin has been documented
(Gineitis et al, 2000). Indeed, an uncharacterized H2B variant was identified as
a component of the telomere binding complex, which is implicated in telomere
membrane attachment in human spermatozoa (Gineitis et al, 2000). Presumably,
H2BFWT is a sperm specific histone variant associated with telomeric sequences
(Churikov et al, 2004). Nevertheless, it has been also suggested that H2BFWT could
be a component of the large telomeric chromatin of some somatic cells (Churikov
et al, 2004). Taken together these data suggest that H2BFWT, as CenH3, could be
an epigenetic marker required for the transmission of distinct chromatin structure
through generations.

6. HISTONE VARIANTS AND DISEASE

6.1. Histone Variants and Cancer

The involvement of histone variants in disease is just beginning to emerge. Some
causal relationships between H2AX and tumorigenesis are already well established
in a series of experiments with H2AX knockout mice (Celeste et al, 2002). H2AX-/-

mice are immune deficient, radiosensitive, exhibited repair defects, chromosomal
instability and enhanced susceptibility to cancer in the absence of p53 (Bassing
et al, 2003; Celeste et al, 2003a). In particular, mice deficient for both H2AX and
p53, developed rapidly immature T and B lymphomas, sarcomas, leukemia and
solid tumors (Bassing et al, 2003; Celeste et al, 2003a). The lymphomas in these
mice exhibited an increased frequency of clonal nonreciprocal translocations and
amplifications (Celeste et al, 2003a). Rescue with H2AX restores both genomic
stability and radiation resistance (Celeste et al, 2003a). Importantly, if replacement
of the H2AX null allele was carried out with a non-phosphorylable H2AX (a single
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H2AX aminoacid mutant bearing a serine within the SQ motif substituted to either
alanine or glutamic acid residues), no rescue of genome stability and radiation
resistance was achieved (Celeste et al, 2003a). These data support the hypothesis
that H2AX functions as a genome caretaker and tumor suppressor. This is consistent
with the cytogenetic location of the H2AX gene in the region 11q23, which is
altered in numerous cancers (Monni and Knuutila, 2001).

A recent study claimed that H2AX could be used as a potential target for radio-
therapy (Taneja et al, 2004). When a peptide of the H2AX C-terminal tail, containing
the SQ motif (containing the phosphorylable serine), was used to compete for
phophorylation with the endogenous H2AX and to affect the efficiency of DNA
repair, the radiotherapy effect on resistant tumor cell lines was clearly increased
(Taneja et al, 2004). Of note is that in contrast to the cytotoxic agents commonly
used in chemotherapy, the targeting of H2AX would not affect the non-irradiated
tissue (Taneja et al, 2004).

A well characterized feature of human cancers is aneuploidy. CenH3 is, as
described above, a key player in kinetochore assembly, maintenance and function.
CenH3 was overexpressed in primary human colorectal cancer tissues and this
occurred at the transcriptional level (Tomonaga et al, 2003). Immunofluores-
cence studies showed that the tumor cells in these tissues contained the overex-
pressed CenH3, which in addition was mistargetted to noncentromeric chromatin
(Tomonaga et al, 2003). In Drosophila, mistargetting of CenH3 resulted in the
promotion of the formation of ectopic centromeres and multicentric chromosomes,
which in turn led to aneuploidy and growth defects (Heun et al, 2006). These
results strongly suggest that CenH3 could be involved in genomic instability during
cancer progression and, in particular, it could play an important role in aneuploidy
in colorectal cancers (Tomonaga et al, 2003).

6.2. Histone Variants and Infertility

Since, H2AX deficient males, but not female mice, are infertile, H2AX could be
involved in male infertility (Celeste et al, 2002). The size of the testes of male
H2AX-/- mice was twofold reduced, the diameter of the seminuferous tubules was
smaller and at early pachytene stage the H2AX-/- cells showed apoptotic features,
pointing that the H2AX-/- spermatocytes were arrested in the pachytene stage of
meiosis I (Celeste et al, 2002). An accumulation of �-H2AX in the sex body (a
condensed structure observed in the nuclei of the mammalian spermatocytes at
meotic prophase I, which contains the highly condensed X-Y chromosome pair) was
also observed (Fernandez-Capetillo et al, 2003). This accumulation did not depend
on the meiotic recombination-associated DSB (Fernandez-Capetillo et al, 2003).
Importantly, the loss of H2AX resulted in the absence of sex-body and no initi-
ation of meiotic sex chromosome inactivation was detected (Fernandez-Capetillo
et al, 2003). In addition, the X and Y chromosomes in H2AX-/- mice exhibited
severe defects in chromosome pairing. All these data evidence for participation
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of H2AX in remodeling of chromatin and silencing in male meiosis (Fernandez-
Capetillo et al, 2003).

To date the identified and characterized H2B variants are specifically express in
the testes at the early (for instance in spermatogonia) or later stages of spermatoge-
nesis (Moss et al, 1989; Unni et al, 1995). During spermatogenesis somatic histones
are initially replaced by the testis specific histone variants, then by transitional
proteins and finally by protamines. It was found that spermatozoa from infertile
males contained more histones than these of fertile males, indicating that insuffi-
cient removal of histone or the lacking of one variant might be involved in infertility
(Chevaillier et al, 1987; Foresta et al, 1992; Hofmann and Hilscher, 1991). Thus,
the human testis H2B variant TH2B has been observed in variable amount among
several subfertile males witch are characterized by abnormality of spermatozoa
morphology (van Roijen et al, 1998). This example points an association between
an altered regulation in a testis specific histone variant and infertility.
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CHAPTER 5

HISTONE VARIANTS AND COMPLEXES INVOLVED
IN THEIR EXCHANGE
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Abstract: In contrast to canonical histones, which are assembled into nucleosomes during DNA
replication, histone variants can be incorporated into specific regions of the genome
throughout the cell cycle. Recent findings suggest that histone variants associate with
factors mediating their deposition into specialized chromatin domains. The mechanisms
of their targeted deposition, their turnover, and their posttranslational modification
are not yet fully understood. Emerging evidence indicates that histone variants and
associated factors are essential for the epigenetic control of gene expression and other
cellular responses. Thus, histone variants and complexes involved in their exchange are
likely to play major roles in controlling chromosomal architecture, and their deregulation
is expected to be linked to cancers, infertility, mental disorders, ageing, and degenerative
diseases

1. INTRODUCTION

The genetic information of eukaryotic cells is propagated in the form of chromo-
somal DNA. Besides the nucleic acid component, chromosomes contain architec-
tural proteins as stoichiometric components, which are involved in the protective
compaction of the fragile DNA double strands. Together, the DNA and proteins
form a nucleoprotein structure called chromatin. The fundamental repeating unit of
chromatin is the nucleosome core particle. It consists of about 147 base pairs of DNA
wrapped around a histone octamer of a �H3/H4�2 tetramer and two (H2A-H2B)
heterodimers. One molecule of the linker histone H1 (or H5) binds the linker
DNA region between two nucleosome core particles (Bates and Thomas 1981).
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H1 is believed to regulate the further compaction of the nucleosomes and to
have influence on gene regulation (Parseghian and Hamkalo 2001). All four core
histones are synthesized during DNA replication, and they are deposited by histone
chaperone complexes to fill the gaps forming behind the progressing replication
fork. The �H3/H4�2 tetramers are deposited prior to the incorporation of the
heterodimers into the nucleosomes.

Nucleosomes are considered to be some of the most stable nucleoprotein
complexes in a cell (Luger and Richmond 1998); however, photobleaching and other
studies revealed that chromatin structure is highly dynamic and changes locally in
response to gene expression, cell cycle progression, DNA damage, replication, and
recombination (reviewed in Jin et al. 2005 and references therein). The removal of
histones from an octamer as well as the destabilization of the histone-DNA inter-
actions within a nucleosome can increase the efficiency of the above mentioned
processes and other events requiring increased access to the DNA (reviewed in
Ehrenhofer-Murray 2004). A number of multiprotein complexes introducing struc-
tural changes within nucleosomes have been identified. They roughly can be
subdivided into (1) enzyme complexes that posttranslationally modify histones or
(2) factors that introduce structural changes to the histone DNA interface in an
ATP-dependent manner. A third, less understood class of complexes incorporates
variants of histones into certain areas of chromosomes.

While some histone variants can become deposited during DNA replication,
certain variants also are assembled into chromatin in a replication-independent
manner (reviewed in Jin et al. 2005). This allows the incorporation of histone
variant into chromosomal regions with high levels of histone turnover. Histone
variants can distinguish the affected nucleosomes from their canonical counterparts
and are likely to have important function in the specialization of chromatin domains
and their epigenetic maintenance.

Variants for all four histones as well as the linker histones have been identified,
which are distinguished from their canonical counterparts by specific deviations
in their amino acid sequences. These specific amino acid exchanges can lead
to the generation of structural differences between nucleosomes, but also allow
the differential interaction of variants with distinct histone depositing factors,
chromatin remodeling and modifying enzyme complexes. We are only beginning
to understand the complex roles of histone variant incorporation, their posttrans-
lational modifications, and their turnover in the epigenetic control of chromatin
organization. In the following, we attempt to provide an overview of the histone
variants thus far identified, function, and the complexes involved in their dynamic
turnover.

2. VARIANTS OF HISTONE H3

Initial studies in mice lead to a classification of histone variants into three main
subgroups on the basis of their expression and integration into chromosomes
(Isenberg 1979). These are DNA replication-dependent, replication-independent,
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and tissue-specific histones. Variants of histone H3 are represented in all three classes
as outlined below. H3 variants have important roles in gene regulation, heterochro-
matin formation, and faithful transmission of the genome during replication.

2.1. Histones H3.1 and H3.2

The histones H3.1 and H3.2 are expressed and deposited strictly during DNA repli-
cation (Table 1). H3.2 is found in all eukaryotes except for S. cerevisiae, which only
possesses histone H3.3 (Malik and Henikoff 2003). H3.1 and a testis-specific variant
H3.1t are solely present in mammals (Witt et al. 1996). H3.1 and H3.2 are almost
identical and differ in only one amino acid. Recent studies demonstrated that these
histone variants might have different biological functions (Hake et al. 2006): H3.2
is mostly enriched in posttranslational modifications associated with gene silencing
such di- and trimethylation of lysine 27, while H3.1 was shown to be enriched for
posttranslational modifications linked to gene activation (lysine 14 acetylation) as
well as silencing (dimethylation of lysine 9). These findings support distinct function
and chromosomal distribution for each of the two H3 variants, and demonstrate that
a single amino acid exchange can have fundamental consequences for subsequent
patterns of posttranslational modifications of the affected nucleosomes. It is possible
that this single amino acid exchange mediates the interaction of each of the variants
with distinct loading factors. The amino acid difference between H3.1 and H3.2
lies within a region that appears to be required for the interaction of H3-relatives
and their deposition chaperones. While it has been shown that H3.1 is deposited by
a complex containing the histone chaperone CAF-1 (chromatin assembly factor 1),
a H3.2-specific chaperone remains yet to be identified (Tagami et al. 2004). It also
needs to be determined whether these two replication-dependent histone variants
indeed are incorporated into different chromosomal regions as suggested by their
differential posttranslational modifications.

2.2. Histone H3.3

H3.3 is a replication-independent histone and therefore is available for the chromo-
somal deposition during interphase (Ahmad and Henikoff 2002). H3.3 interacts with
the histone chaperone HIRA, and HIRA is essential for H3.3 deposition (Tagami
et al. 2004). The interaction domain lies within a C-terminal domain that contains
three out of the four amino acid exchanges between H3.2 and H3.3 (Fig. 1).
H3.3 is enriched in covalent modifications linked to transcriptionally active genes
(McKittrick et al. 2004). During transcription at the hsp70 locus, H3.3 initially
replaces H3, and then is turned over constantly until the transcription of the gene
seizes (Schwartz and Ahmad 2005). In differentiated, non-dividing cells, H3.3 can
contribute to over 25% of the total H3 in chromatin, supporting that it is mainly
incorporated in a replication-independent fashion. A deregulation of H3.3 turnover
can have severe consequences. In the nerve cells of patients suffering from the
X chromosome-linked neurodegenerative Rett syndrome, an excess accumulation
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Figure 1. Variants of the histones H3 from yeast (Saccharomyces cerevisiae; S.c.), fruit fly (Drosophila
melanogaster; D.m.), and human (Homo sapiens; H.s.). H3.1 is identical to H3.2 with the exception
of a serine to cysteine exchange (top). H3.3 differs from H3.1/H3.2 only in four amino acid positions.
Centromer-specific histones (CenH3’s) have an amino terminus of variable length (between 20 and 200
residues). They also possess an extended loop 1 region in the histone fold domain

of H3.3 leads to a progression of the neurological deterioration. Rett syndrome is
usually associated with the loss of the methyl-CpG binding protein MeCP2. The
lack of MeCP2 causes reduced levels of H3 methylation at lysine 9, and leads to
impaired recruitment of histone deacetylases to chromatin. These defects eventually
cause hyperacetylation of H3-relatives within the cells (Shahbazian et al. 2002). An
excessive incorporation of the transcription-associated variant H3.3 might further
contribute to the loss of the epigenetic silencing by DNA methylation and associated
chromatin modifications.

More recent studies in Drosophila revealed that H3.3 also plays an important
role in the male pronucleus after fertilization (Loppin et al. 2005). The loss of
the H3.3 chaperone HIRA impairs the replacement of paternal non-histone proteins
from the sperm nucleus with maternally provided histones including H3.3, while
the maternal genome exclusively contains the canonical H3. Thus, H3.3 and its
deposition factor HIRA function in early fertilization events and might have a role
in imprinting in higher eukaryotes.

2.3. Centromer-specific H3 Variants

Centromer-specific H3 variants (CenH3’s) are known as CENP-A in mammals, Cid
in flies, Cse4 in yeast (Fig. 1; Table 1; reviewed in Smith 2002). CenH3’s are incor-
porated into nucleosomes independently of centromeric DNA replication. CenH3-
containing nucleosomes associate with a number of factors with important roles in
centromere structure and kinetochore assembly. Recently, the deposition complex
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of human CENP-A has been identified (Foltz et al. 2006; Okada et al. 2006).
It contains a number of centromere proteins, the chaperone nucleophosmin, and
subunits of the FACT (facilitates chromatin transcription) complex. These findings
further illustrate that different histone chaperones are specifically associated with
distinct H3 variants as shown for H3.1 and H3.3 (see above). CenH3’s are atypical
H3 variants with no sequence similarity to H3.1/H3.2 or H3.3 in the N-terminal tail
(Fig. 1). This region varies between 20 and 200 amino acids in different species.
The N-terminal tail is involved in binding of kinetochore components and other
proteins. It is possible that the high variability within the N-terminus of CenH3’s
is due to changes in centromere structure between these organisms. In their histone
fold domain, CenH3’s also are only about 50% homologous to other H3 relatives,
and they have a longer Loop 1 region with atypical amino acid composition
compared to other H3 relatives (Fig. 1). This loop is one of the histone-DNA inter-
action regions, and the extended surface might contribute to a higher DNA-binding
specificity.

3. VARIANTS OF THE HISTONE H2A

Variants of histone H2A are most common in higher eukaryotes. Thus far, five
H2A-type histones have been described, of which two are found in all eukaryotes
from yeast to mammals (Table 1). These are the histones H2A.X, and H2A.Z
(Thatcher and Gorovsky 1994). While all other eukaryotes possess a canonical
H2A, S. cerevisiae utilizes H2A.X as general, replication-dependent H2A form.
Vertebrates possess an additional H2A variant named macroH2A, while the fifth
known H2A variant H2ABBd (Barr body-deficient), is only conserved for mammals
(Chow and Brown 2003; Gautier et al. 2004). Besides the most abundant canonical
H2A, which is deposited into chromatin during DNA synthesis, other H2A variants
also are synthesized outside of the S phase. Like specialized variants of H3, these
proteins also are available for incorporation into chromatin independent of DNA
replication.

3.1. Histone H2A.Z

H2A.Z is common for all eukaryotes from yeast to mammals, suggesting that
this histone variant has important functions in chromatin-related processes. H2A.Z
variants are known as the yeast Htz1, Plasmodium H2A.Z, Tetrahymena hv1,
Drosophila H2Av, sea urchin H2AF.Z, avian H2AF, and the mammalian H2A.Z
(also see Fig. 2; Table 1). While H2A.Z relatives only share about 60% homology
to the canonical H2A, their amino acid sequences are highly conserved suggesting
that this variant arose very early during evolution (Thatcher and Gorovsky 1994).
H2A.Z contributes to an estimated 5–10% of all nucleosomal H2A variants (Redon
et al. 2002). Although H2A.Z has been identified in the 1980s, its role within
chromatin is not yet fully understood due to its complex biology.
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The crystal structure of nucleosomes core particles containing H2A.Z has been
resolved and indicates that H2A.Z confers unique structural features to a nucleosome
compared to H2A (Suto et al. 2000). The most prominent difference exists in the
region of interaction between H2A and the �H3 − H4�2 tetramer, which also is
called docking-domain (amino acids 81–119; also see Fig. 2). Within the docking
domain, three amino acid substitutions are mainly responsible for unique structural
changes. These exchanges are believed to cause a partial destabilization of the
H2A.Z-tetramer interaction. In addition, an extended acidic path on the surface
of the H2A.Z-containing histone octamers might change the interaction with the
N-terminal tail of H4 or generate a surface for the interaction with other non-histone
proteins.

Various studies support the crystallographic analyses and confirmed that nucleo-
somes containing H2A.Z are more salt-labile than canonical nucleosomes (Abbott
et al. 2001; Flaus et al. 2004; Zhang et al. 2005). In fluorescence resonance
energy transfer analyses, however, H2A.Z-containing nucleosomes exhibited slower
dissociation kinetics compared to their canonical counterparts (Park et al. 2004).
The different observations made in these studies could be due to the different
sources of chromatin as well as the methodology used to compare the stability
of H2A.Z-containing nucleosomes. Future studies will be necessary to determine
whether the incorporation of H2A.Z into a nucleosome has positive or negative
impact on its stability under in vivo conditions.

Figure 2. Histone H2A variants from yeast (Saccharomyces cerevisiae; S.c.), fruit fly (Drosophila
melanogaster; D.m.), and human (Homo sapiens; H.s.). Two conserved domains distinguish H2A.Z-
relatives (boxed regions; amino acid sequences in the top). H2A.X possesses a conserved C-terminal
stretch of four amino acids. The serine (red) becomes phosphorylated at sites of DNA damage. H2ABbd

(‘Barr body-deficient’) and marcoH2A are present in mammals
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The genome-wide incorporation of H2A.Z into chromatin is not completely
random as suggested by its replication-independent deposition. However, its
deposition is not strictly associated to a specific cellular response and also seems
to vary between different species. In Tetrahymena, the H2A.Z-varaint hv1 is
predominantly associated with the transcriptionally active macronucleus (Stargell
et al. 1993). This early findings suggested that H2A.Z mainly functions in
transcriptional regulation in Tetrahymena. Genome-wide gene expression studies
in S. cerevisiae supported this notion. Htz1 is required for the proper expression
of about 200 genes (Mizuguchi et al. 2004; Kobor et al. 2004). Recent studies
demonstrated that H2A.Z is deposited into the nucleosome directly upstream of
promoters of the majority of gene promoters in yeast (Guillemette et al. 2005;
Raisner et al. 2005; Zhang et al. 2005). The positioning of H2A.Z upstream of
promoters is remarkably specific. In general, H2A.Z is present in two nucleosomes
flanking a nucleosome-free region of about 22 base pairs. This region corresponds to
the transcription initiation site of most genes. The 22 base pair sequence is sufficient
to promote the deposition of the two H2A.Z-containing nucleosomes, but at the same
time remains nucleosome-free (Raisner et al. 2005). These observations suggest that
the promoter-proximal regions of most genes in yeast share a DNA sequence that
mediates the deposition of H2A.Z. Indeed, the sequences contain a highly conserved
binding site for the Myb-domain factor Reb1 flanked by an AT-rich tract, both
of which are important for positioning of the two H2A.Z-containing nucleosomes.
Taken together, the deposition of H2A.Z in promoter-proximal regions is likely to
depend on a specific DNA sequence in yeast.

In mammalian cells, H2A.Z becomes removed from open reading frames upon
transcriptional activation, suggesting that it might be inhibitory to transcription
in higher eukaryotes (Farris et al. 2005). The Drosophila H2A.Z-relative H2Av
also is involved in developmental gene silencing and functions as Polycomb
Group protein (Swaminathan et al. 2005). Although yeast Htz1 also appears to be
enriched upstream of inactive genes, it has not been clarified whether it becomes
mobilized upon transcription activation or not (Li et al. 2005b; Zhang et al. 2005;
Millar et al. 2006).

Besides its role in transcription, H2A.Z also might play an important role at
the boundaries between euchromatin and heterochromatin. The loss of Htz1 causes
ectopic spreading of the heterochromatic factors Sir2, Sir3, and Sir4 (Meneghini
et al. 2003). In chicken erythrocytes, the 5′ region of the �-globin locus is enriched
for H2A.Z; However, H2A.Z is also more abundant at the heterochromatin-
euchromatin boundary at nearby insulator (Bruce et al. 2005), suggesting that H2A.Z
an insulator function of H2A.Z at the barrier between eu- and heterochromatin.
In mammalian cell lines, H2A.Z is enriched in heterochromatic foci, and it must
be assumed that H2A.Z has more functions in these cells than in the definition of
eu- versus heterochromatin. Intriguingly, the RNAi-mediated knockdown of H2A.Z
causes genomic instability and leads to chromosome breaks, and it likely acts as a
guardian of genome integrity (Rangasamy et al. 2004). In yeast, the loss of Htz1
causes chromosome segregation defects (Krogan et al. 2004). Drosophila H2Av
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is not only present in euchromatin, but also is enriched in the chromocenters,
pericentric chromatin and other heterochromatic regions (Leach et al. 2000). In
flies, H2Av has important roles in heterochromatin formation as demonstrated by
the effects of its mutation on Position Effect Variegation, and genome integrity
control (Kusch et al. 2004; Swaminathan et al. 2005).

More recent studies indicate that H2A.Z deposition is dynamic and changes
during development. In early mouse embryos, H2.A.Z is concentrated at pericentric
heterochromatin, while it a little later becomes depleted from the inactive X
chromosome. In cell lines from even later developmental stages, H2A.Z is not
detectable at centromeres, but becomes enriched in other heterochromatin in the
chromosome arms (Rangasamy et al. 2004). H2A.Z is also not detectable in
totipotent cells prior to their differentiation, suggesting that the histone variant
is not involved in the regulation of early developmental transcriptional programs
(Rangasamy et al. 2003).

First studies in yeast demonstrated that H2A.Z is deposited by a complex
containing 13 proteins including the ATPase Swr1p (Krogan et al. 2003; Kobor
et al. 2004; Mizuguchi et al. 2004). This complex exchanges the canonical H2A
from nucleosomes with H2A.Z in an ATP-dependent manner. While the Swr
complex is mainly responsible for genome-wide deposition, residual chromosomal
deposition independent of Swr1 has recently been reported (Wu et al. 2005).
The subunits of this complex are conserved from yeast to mammals (Kusch
et al. 2004; Cai et al. 2005). In mammals, the Swr1 homologue, SRCAP, catalyzes
a similar histone exchange reaction. Intriguingly, mammals possess a second Swr1-
type protein called p400. This factor is component of the Tip60 complex (Ikura
et al. 2000), which is comprised of subunits of the Swr1 complex as well as the yeast
NuA4 histone acetyltransferase complex. In Drosophila, a homologous complex
has been demonstrated to be sufficient to catalyze the replication-independent
incorporation of H2Av into nucleosomes (Kusch et al. 2004). Taken together, the
Tip60 complex from higher eukaryotes is likely to combine the features of the Swr1
and NuA4 complexes.

Intriguingly, the acetyltransferase activity of the fly dTip60 complex is essential
for efficient exchange, and recently it has been demonstrated that the NuA4 complex
transiently acetylates Htz1 at lysine 14 (Millar et al. 2006). This acetylation depends
on the transcriptional activity of the affected gene and is redundantly regulated by
the NuA4 and SAGA histone acetyltransferase complexes. The latter is also highly
conserved between yeast, flies and mammals, and future studies will reveal whether
this complex also has a role in the posttranslational modification of H2A.Z in other
organisms (Ogryzko et al. 1996; Kusch et al. 2003). In Tetrahymena, the deletion
of all six lysines in the N-terminus of hv1 is lethal (Ren and Gorovsky 2001). In
Drosophila, acetylation of lysine 5 of H2Av by the dTip60 complex is linked to its
ATP-dependent exchange during DNA repair (Kusch et al. 2004).

The striking similarities between yeast and higher eukaryotes in H2A.Z
metabolism suggest that the fundamental molecular mechanisms of chromatin
regulation by this variant are mostly conserved. However, the readout of H2A.Z in
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both euchromatin and heterochromatin appears to have undergone some variation
in different species. One must assume that both the targeted deposition as well
as differential posttranslational modifications of nucleosomes containing H2A.Z
are responsible for the dynamic and somewhat paradoxical roles of this variant in
the definition of domains within eu- as well as heterochromatin. It is also likely
that the role and regulation of H2A.Z incorporation into chromatin has changed
during evolution. Further studies will be necessary to understand the function of
H2A.Z-relatives in its entirety.

3.2. Histone H2A.X

H2A and its variant H2A.X are very similar in their amino acid sequences aside from
their C-terminal region. Homologues of H2A.X are found in all eukaryotes including
fungi, plants, protostomes, and deuterostomes (Malik and Henikoff 2003). Their
similarity to the canonical H2A makes it difficult to trace their evolutionary links
by comparative analyses. The C-terminal amino acid sequence contains a conserved
serine residue (Fig. 2). This serine becomes phosphorylated in chromatin flanking
sites of DNA lesions within minutes after the damage has occurred (reviewed in
Li et al. 2005a). Phosphorylated H2A.X (also known as �-H2A.X) functions in
the control of DNA repair and has other functions in genome integrity control as
outlined below. The incorporation of H2A.X into chromatin is rather random and
is not restricted to certain chromatin domains. The general deposition of H2A.X
also does not seem to occur outside of DNA replication as it has been reported for
H2A.Z. Factors that specifically deposit H2A.X/H2B heterodimers have not been
identified thus far.

The phosphatidylinositol 3 (PI3)-kinases, ATM, ATR, and DNA-PK, phospho-
rylate the C-terminal serine of H2A.X within minutes after DNA damage occurs
(reviewed in Sedelnikova et al. 2003). Members of this kinase family are found
in all eukaryotes and they play highly conserved roles in the regulation of DNA
damage response pathways. The addition of the bulky, negatively charged phosphate
in �-H2A.X might have some impact on the decondensation of the nucleosome,
but it appears more likely that �-H2A.X serves signaling purposes for a number of
reasons. Only about 10% of all H2A.X-containing nucleosomes become phospho-
rylated at sites of DNA damage. The phosphorylation spreads for several kilobases
from the site of DNA damage, while 1–2 kilobases immediately adjacent to the site
of the lesion are free of �-H2A.X (Petersen et al. 2001). A mutation mimicking the
phosphorylation of H2A.X (serine to glutamate) rescues DNA damage sensitivity of
yeast cells lacking PI3 kinases (Downs et al. 2000). In mammalian cells, H2A.X is
not essential for the initial formation of DNA repair foci, but for their stabilization
(Fernandez-Capetillo et al. 2003a). In addition, �-H2A.X recruits cohesins to DNA
flanking sites of damage, presumably to tether the broken DNA ends or to allow
repair by homologous recombination (Unal et al. 2004).

Knockout studies in mice revealed that the loss of H2A.X causes an increased
frequency of chromosomal rearrangements, which often result in oncogenic transfor-
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mations (Celeste et al. 2002). In addition, H2A.X seems to be important in functions
associated with telomere maintenance and meiotic recombination (Fernandez-
Capetillo et al. 2003b). In male mice, H2AX functions in the silencing of the sex
chromosomes as well as in meiosis and its loss results in infertility (Fernandez-
Capetillo et al. 2003c). Intriguingly, H2A.X is also necessary for the incorporation
of the H2A variant macroH2A1.2 (see below) into the inactivated sex chromo-
somes. The underlying mechanism and the link between these H2A variants are not
yet understood. H2A.X also mediates apoptosis and somatic recombination events
(Petersen et al. 2001).

In yeast, H2A.X is dephosphorylated by the phosphatase PPH3p after it has
been released from chromatin. The release of �-H2A.X from repaired chromatin is
independent of DNA replication, and it therefore must be assumed that a chromatin
remodeling complex actively exchanges �-H2A.X from nucleosomes. Thus far,
several candidate remodeling complexes have been identified that specifically target
nucleosomes containing �-H2A.X.

A complex containing the ATPase Ino80p is recruited to sites of DNA double
strand breaks and its deletion renders cells sensitive to genotoxic stresses (Downs
et al. 2004; Morrison et al. 2004; van Attikum et al. 2004). Although Ino80 shares
similarities in the ATPase domain with the H2A/H2A.Z-exchange factor Swr1p,
it has not yet been demonstrated that the Ino80 complex indeed can catalyze
the removal of �-H2A.X from chromatin. Like for the INO80 complex, mutants
for subunits of the SWR1 complex also exhibit DNA-damage sensitivity. Both
complexes contain Arp4, a protein that preferentially interacts with �-H2A.X over
its unmodified counterpart (Downs et al. 2004), and it therefore cannot be excluded
that both complexes function in �-H2A.X turnover at sites of DNA damage.
Arp4-relatives are also present in another complex with a conserved role in DNA
repair: The Tip60-type complexes from yeast, flies, and mammals contain Arp4-
relatives and their histone acetyltransferase activity is important for DNA double
strand break repair (Ikura et al. 2000; Allard et al. 2004; Kusch et al. 2004).
Indeed, the Drosophila dTip60 complex is capable of exchanging �-H2Av with
unmodified H2Av in vitro (Kusch et al. 2004). Mutations of subunits of the
fly dTip60 complex severely impair the clearance of �-H2Av from chromatin
during DNA repair. Since the dTip60 complex is a combination of the yeast
NuA4 and SWR1 complexes, it appears highly likely that the mechanisms of �-
H2A.X clearance are conserved in eukaryotes. The role of Ino80 in this process
remains somewhat unclear. Recent studies in Drosophila suggest that Ino80 is
involved in repression and might contribute to the generation of more condensed
chromatin domains (Klymenko et al. 2006). Indeed, the loss of Ino80 complex
subunits leads to a precocious decrease of �-H2Av levels in Drosophila after DNA
damage, suggesting that Ino80 might protect �-H2A.X from premature release from
damaged chromatin (T.K., unpublished). This might provide a mechanism by which
damaged chromatin is remodeled to facilitate access of the damaged DNA to repair
proteins without losing an important checkpoint for damage-dependent cell cycle
arrest.
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3.3. Histone MacroH2A

MacroH2A is an unusual vertebrate-specific H2A lineage. MacroH2A is enriched
in the inactive female X chromosome (‘Barr body’) and in the inactivated male
sex chromosomes during meiosis (Costanzi and Pehrson 1998; Hoyer-Fender
et al. 2000). Its role in X chromosome inactivation might be a rather recent evolu-
tionary event, since macroH2A is also present in birds, which do not regulate
dosage compensation by inactivation of one sex chromosome (Ellegren 2002). Two
distinct macroH2A variants have been identified in both mice and humans. Although
they are closely related, their amino acid sequence deviates in the macroH2A-
specific extended C-terminal stretch of about 200 amino acids. This C-terminus has
similarity to nucleic acid binding domains, a putative leucine zipper domain, and
can bind histone deacetylases (Chakravarthy et al. 2005). The C-terminal domain
of macroH2A also bears strong homology to proteins with phosphoesterase activity
found in RNA viruses, eubacteria, archea, and eukaryotes (Pehrson and Fuji 1998).
This suggests that the C-terminal domain might carry out an enzymatic function;
however, such an enzymatic activity and a potential substrate of macroH2A have
not yet been described. Several reports support a role of macroH2A in transcrip-
tional silencing (Angelov et al. 2003; Doyen et al. 2006). Nucleosomal arrays
containing macroH2A are not accessible to transcription factors and are resistant
to mobilization by chromatin remodeling complexes. In addition, macroH2A inter-
feres with P300-dependent histone acetylation and RNA polymerase II passage
through the nucleosomes in vitro. Taken together, macroH2A appears to confer
a tighter packaging of nucleosomes. Little is known about the incorporation of
macroH2A into chromosomes, and no macroH2A-specific deposition factors have
been identified thus far.

3.4. Histone H2ABbd

H2A ‘Barr body-deficient’ (Bbd) is an evolutionary relatively ‘young’ histone
variant sharing only about 48% amino acid sequence similarity to H2A. This
histone variant appears to be specific for mammals (Chadwick and Willard 2001).
As indicated by the name, the transcriptionally inactive and highly condensed
X chromosome in female mammals (also known as ‘Barr body’) is depleted for
H2ABbd, while this variant is detectable in autosomes and the active sex chromo-
somes. This observation suggested that H2ABbd is linked to transcriptionally active
euchromatin. H2ABbd cofractionates in sedimentation centrifugation with hyper-
acetylated histone H4, further corroborating that it associates with transcriptionally
active euchromatin.

Nucleosomes core particles containing H2ABbd only have 118 base pairs of DNA
incorporated compared to the canonical nucleosomes protecting about 147 base
pairs from micrococcal nuclease (Bao et al. 2004). These nucleosomes are more
flexible in structure and might facilitate passage of RNA polymerase II. However,
the function of this histone variant in mammalian cells is not fully understood. As
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for macroH2A, it is also not yet known how and when H2ABbd becomes deposited
into chromatin, and which chaperones associate with this H2A variant.

4. VARIANTS OF OTHER HISTONES

4.1. Histone H4

Histone H4 seems to be the most slowly evolving histones, very few amino
acid exchanges have been reported for fungi, plants, and metazoans (Malik and
Henikoff 2003). One explanation for this could be the extensive protein-protein
interactions between H4 and other histones within the nucleosome. Amino acid
substitutions within H4 would be possible only in a few positions without disrupting
the structure or the nucleosome. The N-terminal tail of H4 is also conserved, since
it is extensively posttranslationally modified by methyltransferases, kinases, acetyl-
transferases, and other enzymes. Thus far, no H4 gene with expression outside of
S-phase has been reported, supporting that H4 has not undergone any functional
specialization during evolution.

4.2. Histone H2B

A number of variants of histone H2B have been identified, but they do not appear
to have evolved significantly different functions. H2B interacts with nucleosomal
DNA in the histone fold domain and in the C-terminus. This helix lies on the
outer plane of the nucleosomal ‘disc’ and could also help the stacking of nucleo-
somes into higher order structures. Two notable exceptions for H2B lineages have
gonadal functions (Table 1). Vertebrates possess a testis-specific histone variant
TH2B, which is detectable in chromatin during early spermatogenesis until mid-late
pachytene (Thatcher and Gorovsky 1994). In lilies, a pollen-specific H2B variant
has been described. Lilies also possess pollen-specific H2A and H3 variants (Ueda
et al. 2000). The function and deposition of germline-specific H2B histone variants
has yet to be further defined.

4.3. Linker Histone Variants

In mammals, at least six somatic H1/H5 variants have been identified (see Fig. 3;
Table 1). These are H1.1 to H1.5, and H1o. In addition, an oocyte-specific
linker, H1oo/H1foo, and two testis-specific forms, H1t and HILS1, were described
(reviewed in Khochbin et al. 2001; Woodcock et al. 2006).

In the mid-pachytene stage of meiosis, H1t becomes preferentially enriched in
testicular cells and contributes to up to 50% of the total chromosomal linker histones
(Cole et al. 1986). The deletion of H1t has no effect on viability and fertility of mice
(Drabent et al. 2000). It is not quite clear whether other H1 variants are upregulated
in pachytene spermatocytes of H1t-deficient animals and compensate for the loss
of H1t (Drabent et al. 2003; Nayernia et al. 2005). Thus, very little is known about
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Figure 3. Representative linker histone variants from human (Homo sapiens; H.s.), and yeast (Saccha-
romyces cerevisiae; S.c.). The globular domain indicates the winged helix DNA binding domain that
is common for all linker histones. H1c is a typical somatic linker histone common for most cells. Ho

is expressed in all somatic cells, but is more abundant in terminally differentiated tissues. H1foo is
an oocyte-specific linker histone. The structure of S. cerevisiae Hho1p with two globular domains is a
notable deviation

the function, deposition, and turnover of H1t as well as the other testis-specific
variant HILS1. Thus far, no linker histone-specific deposition complexes have been
identified either.

The oocyte-specific H1 variant, H1Foo (also known as H1oo), becomes incor-
porated into chromatin in the growing and maturing oocyte as well as in the
zygote prior to midblastula transition (Tanaka et al. 2001, 2005). Upon fertilization,
H1Foo rapidly associates with the introduced paternal genome and replaces sperm-
specific histone-like proteins (Becker et al. 2005). In contrast to H1, only H1Foo
can properly associate with chromatin in developing oocytes. This specificity is
conferred by the N-terminal and globular domains of H1Foo. Intriguingly, H1 is
replaced by H1Foo in a similar fashion during somatic cell nuclear transfer. This
strongly suggests that H1Foo associates with a germline-specific histone deposition
and exchange machinery, which has not yet been characterized. After midblastula
transition, H1Foo is gradually replaced by somatic linker histones. In Xenopus,
this replacement is completed at the end of gastrulation (Steinbach et al. 1997).
The accumulation of somatic H1 is rate limiting to the loss of mesodermal compe-
tence and leads to the selective silencing of mesoderm-specifying transcriptional
regulators. Future studies will be necessary to shed more light on the function and
structure of H1Foo, which apparently plays a key role in the regulation of early
developmental transcription programs.

A series of recent studies has questioned the role of H1 as general repressor of
transcription and as stoichiometric unit of chromatin (reviewed in Catez et al. 2006).
Live imaging studies have demonstrated that H1 is highly mobile in living cells,
suggesting that it might not necessarily package chromatin into a static higher order
structure as suggested from earlier studies. These findings also suggest that H1
might be subjected to active removal from chromosomes in large proportions. In
addition, the ratio of H1 to nucleosomes is not one to one, and it is possible that
H1 deposition also might be restricted to certain regions of chromatin. In mouse
embryonic stem cells, a twofold reduction of H1 levels leads to shortening of the
nucleosomal repeat length; however, the expression of less than 30 genes was
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affected in these cells. Yet, this two-fold reduction led to severe developmental
defects at midgestation stage, causing an early embryonic death of the affected
animals.

In general, the differences in expression and structure of H1 variants strongly
suggests that variants of linker histones have important roles in chromatin archi-
tecture, and might be essential players in the epigenetic control of developmental
gene expression. Future studies will be necessary to identify factors that target,
modify, and mobilize different linker histones.

5. CONCLUDING REMARKS

From our current albeit limited knowledge, the incorporation of histone variants
into chromatin appears to have major impact on the organization of chromatin
in cells. Most importantly, the turnover and the patterns of their posttranslational
modifications are highly dynamic and undergo dramatic changes in developing as
well as maturing and senescing cells. Thus, histone variant metabolism is likely
to be one of the main determinants in chromatin architecture and eventually the
regulation and maintenance of developmental gene expression programs. We only
are beginning to understand how the manifestation and the progression of cancer and
hereditary diseases depend on epigenetic aspects of chromatin regulation by histone
variants. Deciphering the functions of histone variants, their modifications, and
their interplay within chromatin will be an endeavor for many research laboratories
in the upcoming years. The generation of epigenetic maps of the human genome is
already on its way.

Along this line, a great challenge of equal importance will be the characterization
of multiprotein machineries that are involved in histone variant exchange and
thereby regulate the dynamic changes of epigenetic patterning within cells. The
identification of these factors will unravel the molecular nature of cancers, infertility,
mental disorders, ageing, and degenerative diseases and eventually will help develop
new and effective diagnostics and therapeutics.
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CHAPTER 6

HISTONE CHAPERONES IN CHROMATIN DYNAMICS
Implications in disease manifestation
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Abstract: Histone chaperones are the histone interacting factors that stimulate histone transfer
reaction without being a part of the final product. They are involved in the histone
storage, histone translocation to the nucleus, and histone exchange and histone
deposition onto the DNA for replication dependent chromatin assembly. Interestingly,
they have also been demonstrated to possess the histone removal activity. While
the involvement of the histone chaperones in chromatin transcription is undisputed,
the question of their local versus global involvement is under scrutiny. This review
enumerates the role played by various histone chaperones in the establishment of
chromatin structure and regulation of chromatin transcription. The role of histone
chaperones in disease manifestation is not very clear, preliminary results with few
histone chaperones suggest that expression and function of these factors dramatically
alters in carcinogenesis. This review will also focus on the possible role of histone
chaperones in cancer diagnosis and progression

1. INTRODUCTION

The genome of the eukaryotic cell is packaged in a topologically complex, fibrous
superstructure known as chromatin. The nucleosome core particle is the fundamental
building block of chromatin and contains 146 bp of DNA wrapped in roughly two
super helical turns around an octamer of four core histones (H3, H2B, H2A and
H4) resulting in a beads on a string structure. This 10 nm structure further folds and
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organizes into higher order of compaction through interaction of N-terminal histone
tails, linker histone H1 and other chromatin associated proteins (CAPs). This
facilitates the accommodation of vast expanse of eukaryotic genome into the
limited confines of the nucleus. However, in spite of such higher degree of
compaction, the eukaryotic chromatin is highly dynamic in nature with diversity
being generated through local chromatin composition (presence of histone variants),
covalent modifications of histones as well as methylation status of the DNA
and the ATP dependent chromatin remodeling, which ensures the progress of
various nuclear processes. The maintenance of chromatin integrity is crucial
for the cellular life. During the S phase of cell cycle high fidelity dupli-
cation of chromatin organization occurs in proper coordination with DNA repli-
cation. Like chromatin assembly, disassembly or reorganization of chromatin
is also essential for most of the cellular processes. Histone chaperones are
among the key factors for this dynamic organization of chromatin template. They
are involved in the histone storage, histone translocation to the nucleus, and
histone exchange and histone deposition onto DNA for replication dependent
chromatin assembly (Table 1) (Fig. 1). Chromatin assembly is a two-step
process, where initial step is the deposition of H3-H4 tetramer on DNA
(Worcel et al., 1978; Smith and Stillman, 1991) followed by the deposition
of a pair of H2A-H2B dimers (Smith and Stillman, 1991). Various histone
chaperones and ATP dependent chromatin spacing and remodeling factors facil-
itate the organization of nucleosomes in a regularly spaced array (Haushalter
and Kadonaga, 2003). Newly synthesized histones are acetylated which are
recognized and bound by histone chaperones and loaded onto the DNA in a
sequential manner to assemble a functional nucleosome. Lastly linker histone
H1 is assembled onto each dyad axis of the nucleosomes (Bustin et al., 2005)
with the help of specific linker histone chaperone, which compacts it further
into a 30 nm solenoid structure. Increasing number of reports suggest that histone
chaperones have significant contribution in chromatin reorganization (variant
exchange and/or histone removal) during transcription initiation as well as during
elongation (Fig. 2) (Gamble et al., 2005; Angelov et al., 2006; Schwabish and
Stuhl, 2006). Their involvement in both replication and transcription (also in
repair) clearly indicates that dysfunction of these group of proteins would result
in several disease manifestation. Emerging evidences show that indeed proteins
having histone chaperone activity are responsible for viral pathogenesis (Van
Leeuwen et al., 2003) and cancer prone disorders (Verhaak et al., 2005; Grisendi
et al., 2006).

2. HISTONE CHAPERONES IN CHROMATIN ASSEMBLY

Histone chaperones are the physiological chromatin assembly factors, which are
crucial to regulate the deposition of histones onto DNA in vivo, both in replication
dependent and independent manner. The chromatin assembly factor 1 (CAF-1)
initiates the replication dependent chromatin assembly. The newly synthesized
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Table 1. Functional Diversity among Histone Chaperones (Based on Haushalter and Kadonaga, 2003)

Histone
Chaperone

Binding
Preference

Function

CAF-1 H3-H4
(Preferably
acetylated)

• Replication-coupled chromatin assembly
• DNA repair
• Silencing
• Cell cycle progression

Asf1 H3-H4
(Preferably
acetylated)

• Replication-coupled chromatin assembly(as RCAF complex)
• DNA repair,Silencing
• Global regulator of transcription
• Histone sink during replicational stress

NAP1 H2A-H2B
H3-H4

• Nuclear import of histones
• Linker histone chaperone (in Xenopus oocytes)

HIR H2A-H2B
H3-H4
H3.3

• Histone gene regulation
• Replication independent chromatin assembly
• Assembly factor for histone variant H3.3
• Formation of heterochromatin foci

Nucleoplasmin H2A-H2B
H3-H4

• Storage of histones in oocytes
• Chaperone activity during rapid replication in early

embryogenesis
• Sperm decondensation
• Chromatin condensation during apoptosis

N1/N2 H3-H4 • Storage of histones in oocytes
• Chaperone activity during rapid replication

Spt6 H3-H4 • Histone-transfer vehicle
• Transcription-elongation factor (FACT)

Nucleophosmin H2B
H3-H4

• Activation of transcription in acetylation dependent manner

FKBP H2A-H2B
(dimer)
H3-H4
(tetramer)

• Histone chaperone regulating rDNA silencing

JDP2 H2A-H2B
H3-H4

• Regulates transcription via inhibition of p300 mediated
histone acetylation

Nucleolin H2A-H2B
(preferentially)

• FACT like activity
• Facilitates transcriptional elongation

Rtt106 H3-H4 • Heterochromatin mediated silencing

Hif1p H3-H4
(Preferably
acetylated)

• Chromatin assembly

NASP H1 • Linker histone chaperone



114 Jayasha Shandilya et al.

CYTOPLASM NUCLEOPLASM

Histone Synthesis

H3-H4

H2A-H2B

NAP-1
Histone Transfer
into the Nucleus

N1-N2
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CAF1
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Replication Dependent
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HIRA

Replication Independent
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Figure 1. Different histone chaperones in the key histone metabolic pathways: Functions of histone
chaperones range from the storage of newly synthesized histones in the cytoplasm, its transfer into
the nucleus and in histone assembly into nucleosomes. Apart from this the histone chaperones are
also involved in histone exchange, maintenance of heterochromatin and in the regulation of chromatin
structure during transcription. (See Colour Plate 10.)

H3-H4 tetramers which are acetylated at their conserved lysine residues (K5,
K8 and K12 of histone H4) by cytoplasmic histone acetyl transferase, Hat1
(Verreault et al., 1998) are deposited first in a newly replicated DNA followed by
addition of H2A-H2B dimers. Chromatin Assembly Factor1 (CAF-1) which is a
heterotrimer that comprises of p150, p60, and p48 subunits is found to be generally
complexed with newly synthesized H3 and H4. CAF-1 deposits histones on the
replicating fork and is recruited there through its interaction with Proliferating Cell
Nuclear Antigen (PCNA) (Smith and Stillman, 1991). The p48 subunit of CAF-1
is known to associate with a wide variety of histone deacetylases, which could
deacetylate the freshly assembled histones. However, it was found that CAF-1 is
not essential for yeast cell viability suggesting that there are several other pathways
of chromatin assembly. Efficient nucleosome assembly also requires a replication-
coupled assembly factor (RCAF), which comprises of anti-silencing factor1 (Asf1).
RCAF acts synergistically with CAF-1 for chromatin assembly and interacts directly
with CAF-1. Apart from its role in the replication coupled chromatin assembly, Asf1
is also involved in the replication independent chromatin assembly. It was origi-
nally identified as a protein involved in derepressing silenced chromatin upon over
expression (Munakata et al., 2000). More recently, Asf1 has been shown to act as a
global chromatin disassembly factor (Adkins and Tyler, 2004). Rtt106p is another
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Figure 2. Histone chaperones facilitate favorable chromatin dynamics during transcriptional activation:
Transcriptional competence of chromatin template is achieved by the replacement of histone variants and
finally removal of histones. Histone chaperone may help in both the process in a replication independent
manner. Acetylation of histone and also the chaperone may assist in this process. Recent evidence suggest
that NPM1 may participate in these events globally or gene specific manner. (See Colour Plate 11.)

H3-H4 chaperone, which shares several properties with Asf1. It also interacts with
CAF-1 and enhances the ability of CAF-1 to promote nucleosome formation onto
replicated DNA. Similar to Asf1 mediated telomere silencing, Rtt106 is involved
in maintaining silenced heterochromatin most probably through its interaction with
Hir1p (Huang et al., 2005). Nucleosome Assembly Protein1 (NAP1) is a histone
chaperone that facilitates the random assembly of nucleosomes on the DNA. This
histone chaperone preferentially binds to H2A-H2B, even its interaction with H3-
H4 is also documented (McBryant et al., 2003). NAP1 and its homolog NAP2 are
known to translocate into the nucleus in the S phase and are involved in replication
coupled deposition and mitotic progression (Ito et al., 1996; Rodriguez et al., 2000).
NAP2 is a homolog of NAP1 that has neural tissue specific expression. NAP1
was found to have linker histone chaperone activity (Kepert et al., 2005), which
deposits histone H1 after the core particle assembly. However, it is not known
whether this activity is replication dependent. Apart from NAP1, recently another
linker histone chaperone, NASP (Nuclear Autoantigenic Sperm Protein) has been
discovered (Richardson et al., 2006). NASP is present in a multichaperone complex
in the cell, which also contains Asf1 and CAF-1. It transports histone H1 into
nuclei and exchanges H1 histones with DNA and is required for normal cell cycle
progression and development (Richardson et al., 2006). Hif1p is a histone chaperone
that selectively interacts with H3 and H4 in yeast. Hif1p associates with nuclear
Hat1p/Hat2p complex, which is bound to, acetylated histone H4 and histone H3.
Hif1p is also a chromatin assembly factor and it promotes deposition of histones
onto DNA (Ai and Parthum, 2004). Hif1p and NASP share sequence similarities
with the Xenopus protein N1/N2 (Ai and Parthum, 2004). Consequently NASP
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appears to be a conserved and a critical member of multichaperone complexes
that participate in nucleosome remodeling.

The replication independent chromatin assembly is essential for the regulation
of transcription and DNA repair. Presumably, HIRA (Histone Regulator A) plays
a major role in the deposition of H3-H4 tetramer in this process (Polo and
Almouzni, 2005). Spt6 was identified as histone chaperone through genetic studies
that indicated that mutations in spt6 could overcome transcription defects in the
swi/snf defective yeast strains. Furthermore, spt6 could alter chromatin structure
primarily through its interaction with histone H3 (Bortivin and Winston, 1996).
The H2A-H2B chaperone may be common for both the replication dependent
and independent chromatin assembly. The mechanism of replication independent
chromatin organization and its functional consequences will be discussed in the
following sections.

3. HISTONE STORAGE AND TRANSPORT BY HISTONE
CHAPERONE

Apart from histone chaperones such as NAP1 and Asf1, which are important in
nucleosome assembly at replication fork, others have prominent roles in oogenesis,
decondensation of sperm chromatin after fertilization and nucleosome assembly
in early embryonic cells. Nucleoplasmin and N1/N2 represent distinct chaperone
families that bind to H2A-H2B dimers and H3-H4 tetramer, respectively (Dilworth
et al., 1987). These chaperones are the most abundant proteins in the nuclei of
Xenopus oocytes. Thus, nucleoplasmin and N1/N2 may function as a repository for
excess core histones in oocytes and eggs, which are required in order to assemble
chromatin during the rapid rounds of replication, characteristic of the early cleavage
divisions in frog embryo. Nucleoplasmin has been found as histone storage molecule
in egg cytoplasm bound to early embryonic pool histone H2A and H2B. Xenopus
sperm chromatin has a markedly reduced content of H2A and H2B relative to
H3 and H4, which is replaced by sperm specific basic proteins (SSBP). Nucleo-
plasmin has higher affinity for SSBP than for the H2A-H2B dimer, thus upon sperm
decondensation nucleoplasmin binds and removes the SSBP while depositing an
H2A-H2B dimer. Furthermore, both nucleoplasmin and N1/N2 can act together to
assemble nucleosomes onto naked double-stranded DNA in absence of replication
(Kleinschmidt et al., 1990; Dilworth et al., 1987). Physiological significance of this
observation, however, is yet to be shown. The versatile histone chaperone, NAP1 is
also involved in the nuclear transport of histone H2A-H2B dimer from cytoplasm.

4. TRANSCRIPTIONAL REGULATION BY HISTONE
CHAPERONES

The four canonical histones H2A, H2B, H3 and H4 of nucleosomes are often
replaced by specific variants that help in specialized chromatin function, for
example, transcription (Henikoff et al., 2000). The notable instance is the presence
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of histone H3 variant, H3.3 in the transcriptionally active loci. H3.3 get deposited
onto the DNA in replication independent manner (Ahmad and Henikoff, 2002). Apart
from this, covalent modifications such as acetylation, methylation and phospho-
rylation of histones further influences composition and active state of particular
gene or chromatin territories (Jenuwein and Allis, 2001). The nucleosomes are also
mobilized by complexes termed as remodelers, which can either, facilitate or impede
processes, such as transcription (Owen-Hughes, 2003). Prominent among the non-
enzymatic machineries that are involved in the alteration of chromatin structure are
replication independent histone chaperones. The transcriptional activation brought
about by these chaperones occurs through multiple ways. The prominent mecha-
nisms being either nucleosome depletion at the promoter region or histone variant
exchange at the active loci. In addition, they might also help in the recruitment
of components of basal polymerase machinery at the initiation site. In yeast, Anti
silencing function1 (Asf1) is a highly conserved histone H3-H4 chaperone. It was
originally identified as a protein facilitating Chromatin Assembly Factor1 (CAF-
1), mediated chromatin assembly on newly replicated DNA (Tyler et al., 1999).
In yeast, Asf1 plays a significant role in transcriptional activation of PHO5 and
PHO8 gene by the removal of nucleosomes from their promoter region. Physical
and genetic interactions between Asf1 and yeast specific transcription factors like
Bdf1 and Bdf2 also place Asf1 at the site of transcription (Chimura et al., 2002).
Similarly Drosophila Asf1 was also localized at the transcriptionally active inter-
genic bands of polytene chromosome (Tyler et al., 2001). In higher eukaryotes, the
existence of Asf1 in a protein complex with histone variant H3.3 further strengthens
the hypothesis that the replication independent chromatin assembly function of Asf1
is involved in reorganizing the chromatin template for transcriptional activation
(Tagami et al., 2004). In vertebrates, HIRA has recently been shown to be critical
for a nucleosome assembly pathway independent of DNA synthesis that specif-
ically involves the H3.3 histone variant. Nucleosomes containing H3.3 and not
H3 are specifically assembled in paternal Drosophila chromatin before the first
round of DNA replication. The exclusive marking of paternal chromosomes with
H3.3 represents a primary epigenetic distinction between parental genomes in the
zygote, and underlines an important consequence of the critical and highly specialized
function of HIRA at fertilization (Loppin et al., 2005) (Fig. 2).

Histone chaperone NAP1 is involved in transcriptional regulation through
chromatin remodeling (LeRoy et al., 2000). NAP1 acts synergistically with ATP
dependent chromatin remodeling factors such as NURF and ACF to remodel the
chromatin structure (Jiang et al., 2000). NAP1 and NAP2 are found to interact with
p300 and stimulate transcription from p21 and E2F promoters (Ito et al., 2000).
Nucleoplasmin and NAP1 co-operate with SWI/SNF complex in chromatin remod-
eling and facilitate transcription factor binding to the nucleosomal DNA (Chen
et al., 1994). TAF1/SET (Template Activating Factor/patient SE translocation) a
member of Nucleosome Assembly Protein (NAP) family of histone chaperones
was recently identified as a factor generally required for chromatin transcription.
TAF1 plays distinct roles in chromatin assembly and transcription. Although TAF1
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acts after chromatin is assembled, it is required prior to the elongation phase
of the transcription cycle distinguishing it mechanistically from FACT a factor
required for RNA polymerase II to overcome nucleosome barrier in elongation.
TAF1 is likely to act in concert with other transcription factors or chromatin remod-
elers to render chromatin transcriptionally competent. The other H2A-H2B histone
chaperone complex is the FACT complex, required for the RNA polymerase II
mediated transcriptional activation from the chromatin template. FACT is mainly
involved in efficient transcript elongation through removal of H2A-H2B in front
of the advancing polymerase (Belotserkovskaya et al., 2003). Among the subunits
of FACT a human homologue of yeast spt16/cdc68 protein is involved in cell
cycle regulation and transcription. More recently spt6 was found to be involved
in maintenance of chromatin structure during transcriptional elongation (Saunders
et al., 2003). The human spt6 has been shown to stimulate transcriptional elongation
also in vitro transcription assays (Endoh et al., 2004).

Recently, we have shown that the multifunctional nucleolar protein nucle-
ophosmin (NPM1) is a histone chaperone (Okuwaki et al., 2001; Swami-
nathan et al., 2005) and activates transcription from chromatin template in
an acetylation dependent manner (Swaminathan et al., 2005) (Fig. 3). Inter-
estingly, it is found that NPM1 gets acetylated in vitro and in vivo, specifi-
cally by p300. The enhancement of transcription requires prior acetylation of
NPM1. This would be the first report of acetylation of histone chaperone.
Presumably, reversible acetylation of histone chaperones may act as a regulatory
mechanism for the chaperone function. NPM1 is known to interact with both
histone H3-H4 tetramer and H2A-H2B dimer. Acetylation of histones and as
well as the chaperone further strengthens the histone and chaperone interaction.
Possibly higher affinity of acetylated NPM1 to the hyperacetylated histones
induces the removal of promoter proximal histones, which further facilitates
the transcription (Swaminathan et al., 2005). More recently, another member of
histone chaperone family, nucleolin has been found to facilitate transcription
through displacement of H2A-H2B dimer, which resembles the activity of FACT
complex. Interestingly, nucleolin also increases the efficiency of nucleosomal
remodeling activity of ACF and SWI/SNF on nucleosomes composed of canonical
histones and macroH2A nucleosomes, but not H2ABbd nucleosomes (Angelov
et al., 2006). These data suggest that composition of nucleosomes (presence of
particular variants) may add another regulatory point for the histone chaperone
function.

5. INVOLVEMENT OF HISTONE CHAPERONES IN DNA REPAIR

Sensing DNA damage is essential for maintenance of genomic integrity and cell
cycle progression. DNA repair is the second major site of DNA synthesis in a cell
after replication and it involves chromatin assembly after efficient repair process.
In yeast, the histone chaperone CAF-1 (chromatin Assembly factor1) mediates
histone H3-H4 assembly on to newly replicated DNA and also mediates nucleotide
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Figure 3. (a) Scheme of transcription. (b) Histone chaperone nucleophosmin/NPM1 enhance acety-
lation dependent chromatin transcription: NPM1 stimulates chromatin transcription in a dose dependent
manner. Lane 1,without activator; lanes 2–6, with the activator Gal-VP16 (50 ng); lanes 3–6, with
p300 (25 ng); lanes 4–6, with acetyl CoA (1�5 �M); lane 5, 1 pmol, lane 6, 10 pmols of full length
NPM1

excision repair in vitro (Gaillard et al., 1996). In the absence of CAF-1 yeast cells
are highly sensitive to double-strand DNA-damaging agents and sensitive to UV
irradiation. CAF-1 is found to play a role in both homologous recombination and
non-homologous end-joining pathways. (Emili et al., 2001). The largest subunit
(p150) of this factor is known to interact with PCNA (Proliferating Cell Nuclear
Antigen), which is essential for DNA damage processing and check point control.
(Moggs et al., 2000). The function of CAF-1 during double-strand break repair is
distinct from that of another histone H3-H4 chaperone, Anti-silencing function 1
(Asf1). Asf1 also plays a role in the response to UV irradiation that is apparent in
the absence of CAF-1 (Tyler et al., 1999). In absence of DNA damage or replicative
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stress, nearly all of the soluble pool of Rad53, a DNA damage checkpoint protein
in yeast is bound to Asf1 (Linger and Tyler, 2005). Activation of Rad53 by the
DNA damage checkpoint kinases releases Asf1 into the vicinity of the DNA lesion
in order to bind to histones and assemble chromatin. The human homologs of
Asf1 (hAsf1) are shown to function synergistically with human CAF-1 (hCAF-1)
to assemble nucleosomes during nucleotide excision repair in vitro. Asf1 proteins
can interact directly with the p60 subunit of CAF-1. In contrast, to hCAF-1 p60,
the nuclear hAsf1 proteins are not significantly associated with chromatin in cells
before or after the induction of DNA damage. A transient physical interaction
between Asf1 and CAF-1 occurs for allowing histone delivery from Asf1 to CAF-1,
which facilitates nucleosome formation during DNA repair (Mello et al., 2002). In
yeast Hif1, which is a H3-H4 chaperone, exists as a complex with Hat1p/Hat2p
and was found to be required for telomeric silencing and DNA double strand break
repair (Qin and Parthun, 2006). These evidences clearly indicate at the increasing
involvement of histone chaperones in repair of a wide spectrum of DNA damage
in the chromatin context.

6. HISTONE CHAPERONE AND DISEASE

Role of histone chaperone in disease manifestation is not clearly understood yet.
However, emerging evidences strongly suggest that soon these factors will be
considered as diagnostic markers and also as targets for therapeutics. Here, we
shall discuss about a few available examples. The significant requirement of CAF-1
complex for the replication dependent chromatin assembly and S phase progression,
clearly suggests that the expression as well as function of CAF-1 would be strikingly
different between proliferating and quiescent cells. In agreement with this hypothesis
it was found that indeed CAF-1 expression is dramatically down regulated in
quiescent cells (Polo and Almouzni, 2005). On the other hand CAF-1 was found
to be overexpressed in breast cancer cell line as compared to the cell line derived
from the normal cells. This observation raises the possibility of using CAF-1
as a prognostic marker for breast cancer and eventually also as a therapeutic
target.

Multifunctional histone chaperone proteins like NPM1 are involved in regulating
diverse cellular processes. It is more abundant in tumor cells than in normal resting
cells (Chan et al., 1989). Mutations in NPM1 are implicated in the disease phenotype
of Acute Myelocytic Leukemia (AML). Probably cytoplasmic localization of NPM1
instead of nucleolar is one of the causes of this malignancy. Acute promyelo-
cytic leukemia (APL) is uniquely associated with chromosomal translocations that
disrupt the gene encoding the retinoic acid receptor. The presence of cytoplasmic
NPM1 correlated with the clinical and biological features of the disease. NPM1
has also been reported to get upregulated in Glioblastoma multiforme (GBM), the
most malignant class of glial neoplasm (grade IV), which carries the worst clinical
prognosis among primary brain tumors in adults. However, it is not known whether
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the histone chaperone activity of NPM1 is involved during these disease manifes-
tations. NPM1 directly interacts with the tumor suppressor protein p53 and confers
to its stability (Colombo et al., 2002). We have shown that NPM1 activates the
p53 responsive gene expression (Colombo et al., 2002, Swaminathan et al., 2005).
Taken together these reports suggest that NPM1 would be actively involved in
tumor suppressor activity of p53 and also the stress response. Furthermore, NPM1
also interacts with several viral proteins with varied functional consequences. It
binds to the human immunodeficiency virus protein Tat (Transactivating regulatory
protein) via the nucleolar localization motif of Tat. Presumably, NPM1 acts as a
human factor for the nucleolar localization of Tat (Li., 1997). NPM1 also interacts
with another HIV protein Rev (Miyazak, and Nosaka Hatanaka 1996). It would be
interesting to find out whether, the histone chaperone activity of NPM1 is exploited
by the retroviruses like HIV for establishment of the pathogenesis by altering the
integrated chromatinized viral genome in humans.

Recently, it was discovered that Nucleolin, a major multifunctional nuclear
phosphoprotein also possesses histone chaperone activity (Angelov et al., 2006).
It is phosphorylated by Cdc2 kinase during mitosis (Dranovsky et al., 2001). In
patients with Alzheimer’s disease (AD), Cdc2 phosphorylated nucleolin was present
in neurofibrillary tangles (NFT) (Dranovsky et al., 2001). In the brain, nucleolin
was localized not only to nuclei but also to neuronal cytoplasm, and it is a marker
for early NFT. These findings suggest that phosphorylation of nucleolin by Cdc2
kinase is a critical event and is the point of convergence of the two distinct
pathways, mitosis and neurodegeneration (Dranovsky et al., 2001). Role of nucleolin
in disease manifestation has been discussed in details in a separate chapter of
this book.

7. FUTURE PERSPECTIVES

Though histone chaperone, nucleoplasmin is known since past two decades, an
active effort to understand its role in chromatin function is rather quite recent.
Molecular events of replication dependent chromatin assembly and function of
histone chaperones have been elucidated to a great extent, but very little is known
about the regulation of chaperone function. Possibly post-translational modifica-
tions of histones and also the chaperones would play crucial role in regulating their
functions. Recent reports suggest that histone chaperone play equally important
role in transcription and DNA repair. Further analysis of replication independent
functions like involvement in histone transfer or removal should be done, in the
context of histone variants. Histone chaperones are probably recruited in the form
of a large complex. Specific variants may be associated with specific complex.
The exact mechanism of recruitment of the chaperone complex to the promoter
needs to be elucidated. Posttranslational modifications, especially acetylation of the
chaperone seems to be important for chromatin-mediated transcriptional activation.
It would be interesting to find out whether other epigenetic modifications and
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chromatin remodeling are also involved in the process of activation. Since, epige-
netic markers dramatically alter under various pathological state (viral infection
or malignancy/neoplastic development), the better understanding of the functional
regulation of histone chaperones in disease manifestation would be helpful in
targeting them for therapeutics.
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Abstract: Alteration of nuclear morphology is often used by pathologist as diagnostic marker
for malignancies like cancer. In particular, the staining of cells by the silver staining
methods (AgNOR) has been proved to be an important tool for predicting the clinical
outcome of some cancer diseases. Two major argyrophilic proteins responsible for the
strong staining of cells in interphase are the nucleophosmin (B23) and the nucleolin
(C23) nucleolar proteins. Interestingly these two proteins have been described as
chromatin associated proteins with histone chaperone activities and also as proteins
able to regulate chromatin transcription. Nucleolin seems to be over-expressed in highly
proliferative cells and is involved in many aspect of gene expression: chromatin remod-
eling, DNA recombination and replication, RNA transcription by RNA polymerase
I and II, rRNA processing, mRNA stabilisation, cytokinesis and apoptosis. Interest-
ingly, nucleolin is also found on the cell surface in a wide range of cancer cells,
a property which is being used as a marker for the diagnosis of cancer and for the
development of anti-cancer drugs to inhibit proliferation of cancer cells. In addition
to its implication in cancer, nucleolin has been described not only as a marker or as
a protein being involved in many diseases like viral infections, autoimmune diseases,
Alzheimer’s disease pathology but also in drug resistance. In this review we will focus
on the chromatin associated functions of nucleolin and discuss the functions of nucleolin
or its use as diagnostic marker and as a target for therapy

INTRODUCTION

Hypertrophy of the nucleolus is one of the most distinctive cytological features of
cancer cells (Derenzini et al., 2000). The larger nucleolus displayed in malignant
cells compared to benign cells is a key diagnostic feature of high grade prostatic
intraepithelial neoplasia, an early stage that appears to be the precursor to the
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majority of invasive prostate cancer (Fischer et al., 2004) and reflects the dereg-
ulation of biological functions accomplished by the nucleolar compartment. This
structural modification is associated with a deregulated expression of several
nucleolar proteins like nucleolin, nucleophosmin (B23) and P120.

Besides the well known role of the nucleolus in ribosome biogenesis, nucleoli
play important roles in the regulation of many fundamental cellular processes,
including cell cycle regulation, apoptosis, telomerase production, RNA processing
(Pederson , 2002) and therefore it is not surprising that many nucleolar proteins
appear to be multifunctional proteins. Nucleolin, one of the most abundant non-
ribosomal proteins of the nucleolus (Bugler et al., 1982) has been the focus of many
studies since it was first described 33 years ago (Orrick et al., 1973). In addition
to its role in RNA polymerase I transcription and pre-ribosomal processing and
assembly in pre-ribosomes (Ginisty et al., 1999), nucleolin seems to be involved
in many aspects of DNA metabolism, chromatin regulation and appeared to be a
good pharmalogical target for drug development.

Nucleolin, a 77 KDa protein is highly conserved in higher eukaryotes (Bourbon
et al., 1988; Caizergues-Ferrer et al., 1989; Maridor and Nigg, 1990; Srivastava
et al., 1989) and analogous proteins could be found in plants and yeast (for a
review see (Ginisty et al., 1999)). Nucleolin is composed of three main domains:
a N-terminal domain rich in acidic residues; a central domain containing 4 RNA
recognition motifs (RBD or RRM motif) and a C-terminal domain rich in arginine
and glycine residues (RGG or GAR domain). The exact contribution of the
N-terminal domain for nucleolin function is not known, but since it is the site of
numerous phosphorylation by CK2 and CDK1 (Belenguer et al., 1990; Caizergues-
Ferrer et al., 1987; Peter et al., 1990), it might play an important role in the
regulation of nucleolin function during cell cycle.

The central domain has been the focus of many studies. Biochemical, genetic
and NMR structural studies have shown that this domain interacts specifically with
RNA (Allain et al., 2000a,b; Bouvet et al., 2001; Ghisolfi-Nieto et al., 1996; Serin
et al., 1997). Through its first two RBDs, nucleolin interacts with a stem-loop
structure found in pre-ribosomal RNA (Serin et al., 1996, 1997). This interaction
is very specific and mutation of a single residue in the RNA loop or in the active
binding site of the protein almost completely abolishes the interaction. It is believed
that by binding to this RNA structure during pre-rRNA transcription, nucleolin
plays a role of chaperone, helping pre-rRNA to fold correctly (Allain et al., 2000a).
Interestingly, all four RBDs of nucleolin are required for binding to another single-
stranded RNA motif (Ginisty et al., 2001), and this binding is required for the first
processing step of pre-rRNA (Ginisty et al., 1998, 2000 ). These RBDs also seem to
be involved in binding other RNA and DNA targets although the specificity of these
interactions has not been always convincingly demonstrated. The RGG domain
is the site of N G�N G-dimethylarginines modifications (Lischwe et al., 1982) and
interacts non specifically with nucleic acids (Ghisolfi et al., 1992a,b) which could
facilitate the specific binding of the RBD with targets located within large RNA.
RGG domains have also been described as protein-protein interaction domains
(Bouvet et al., 1998; Sicard et al., 1998).
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1. NUCLEOLIN AS A PROTO-ONCOGENE THAT STIMULATES
CELL PROLIFERATION

It has been shown that in cancer cell lines characterized by different prolifer-
ation rates, the transcriptional activity of RNA polymerase I and the expression
of the major nucleolar proteins involved in the control of rRNA transcription and
processing are directly related to nucleolar size and to the rapidity of cell prolif-
eration (Derenzini et al., 1998). Several observations suggest that nucleolin is a
major actor in promoting cell proliferation. First of all, its amount is correlated with
the proliferative status of the cell: nucleolin level is higher in tumours and actively
dividing cells (Derenzini et al., 1995; Mehes and Pajor, 1995; Roussel et al., 1994;
Sirri et al., 1995, 1997) and is widely used as a marker of cell proliferation.
Secondly, over expression of nucleolin cooperates with oncogenic mutant Ras in a
rat embryonic fibroblast transformation assay (Takagi et al., 2005). Nucleolin can
therefore be considered a bona fide proto-oncogene. Thirdly, transfection of several
tumour cell lines with G-rich oligonucleotides (GROs) arrests cells in S phase (Xu
et al., 2001) and the anti-proliferative activity of GROs is perfectly correlated with
their ability to bind nucleolin (Bates et al., 1999; Dapic et al., 2003). The exact
mechanism of action of GROs is not unravelled yet, but one likely explanation is
that they sequester nucleolin, thereby preventing its binding to DNA (see below).

If these results suggest a positive role for nucleolin on proliferation, they do
not indicate which of its activities are responsible for it. One hypothesis is that
the stimulation of ribosome biogenesis by nucleolin is indispensable for active cell
division. Indeed, a direct link between protein translation and cancer is clearly
emerging (Ruggero and Pandolfi, 2003). However the studies mentioned above
suggest a more direct impact of nucleolin on cell division. If part of its effects could
come from its capacity to repress p53 mRNA translation (Takagi et al., 2005), a
more direct role of nucleolin in DNA replication can also be considered.

1.1. Nucleolin and RNA Polymerase I Transcription

Although the higher level of nucleolin in tumours and actively dividing cells
suggests that nucleolin could play a positive role in the production of ribosomal
RNA, most of the studies rather show a repressive effect of nucleolin on RNA
polymerase I transcription.

A strong link between the phosphorylation of nucleolin, its proteolysis and the
production of ribosomal RNA has been observed (Bouche et al., 1984; Bourbon
et al., 1983; Warrener and Petryshyn, 1991). The inhibition of proteolysis using
leupeptin leads to a lower rRNA transcription in an in vitro transcription system
(Bouche et al., 1984). In another series of experiments, the injection of nucleolin
antiserum leads to 2–3.5 fold stimulation of pre-rRNA synthesis in Chironomus
tentans salivary glands (Egyhazi et al., 1988), although it was not clearly demon-
strated that these antibodies blocked specifically the homolog of nucleolin in this
species. A model was proposed based on these observations where nucleolin was
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suggested to be involved in regulating elongation of rRNA transcripts. In this model,
nucleolin could interact with the nascent rRNA through RNA binding domains
(RBDs) and with the RNA pol I machinery through its N terminal. This inter-
action was envisaged as a stalling mechanism, and proteolysis of nucleolin after
its phosphorylation could release the transcriptional block (Ginisty et al., 1999).
However, this model was challenged by recent experiments using the xenopus
oocyte system (Roger et al., 2002). The injection of a 2–4 fold excess of nucleolin
in Xenopus laevis stage IV oocytes leads to a significant reduction in accumu-
lation of 40 S pre-RNA (Roger et al., 2002). This repression was specific for RNA
polymerase I, and could be obtained with a minimal pol I promoter independently of
the nature of the RNA sequence that is transcribed, ruling out that the specific inter-
action of nucleolin with nascent pre-rRNA was required to regulate transcription
elongation.

A recent study in the carp (Cyprinus carpio) shows that level of nucleolin is up
regulated in cold-acclimatized carp with a concomitant nucleolar segregation and
depression in rRNA transcription (Alvarez et al., 2003).

On the other side, it has been demonstrated that nucleolin phosphorylation and
rRNA transcription go hand in hand. Nucleolin phosphorylation could be triggered
by a variety of stimuli like androgens and growth factors (Bonnet et al., 1996;
Bouche et al., 1987; Issinger et al., 1988; Suzuki et al., 1985, 1991; Tawfic
et al., 1994) and the phosphorylation is invariably accompanied by increased
rRNA transcription and cell proliferation. All these observations suggest that indeed
nucleolin could have regulatory role in RNA polymerase I transcription. However,
further experiments are clearly required to clarify the function of nucleolin in rRNA
transcription.

1.2. Nucleolin and RNA Polymerase II Transcription

Several reports indicate that nucleolin is also involved in some aspect of RNA
polymerase II transcription. A multiprotein complex containing YY1, HMGB2 and
nucleolin binds the D4Z4 repeats and could regulate the transcription of genes
located on chromosome 4q35 involved in Facioscapulohumeral muscular dystrophy
(FSHD) (Gabellini et al, 2002). However, these proteins do not seem to be impli-
cated in the FSHD cases not linked to 4q35 (FSHD1B) (Bastress et al., 2005).

Cell transformation induced by the Human Papillomavirus (HPV18) could also
involve nucleolin (Grinstein et al., 2002). Nucleolin binds in a sequence-specific
manner to the HPV18 enhancer. Antisense inactivation of nucleolin blocks E6 and
E7 oncogene transcription and selectively decreases HPV18(+) cervical cancer cell
growth. Nucleolin might be involved in opening the chromatin structure of the HPV18
enhancer suggesting that through this mechanism, nucleolin functions as a regulator
of HPV18 oncogene transcription and HPV18-induced cervical carcinogenesis.

Nucleolin has also been implicated in the regulation of transcription of
the Krüppel-like Factor 2 (KLF2) transcription factor. KLF2 is required for
developmental and cellular functions in several distinct tissue types. Its transcription
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involves several transacting factors, chromatin modifications, and signaling
pathways. Nucleolin has been identified as a protein that binds to a palin-
dromic response region in the KLF2 promoter. Co-immunoprecipitation experiments
indicated that nucleolin interacts with additional factors involved in KLF2 gene
regulation (p85 and hnRNP-D) and small interfering RNAs targeting the nucleolin
sequence selectively reduced nucleolin expression and were sufficient to block the
induction of KLF2.

Nucleolin together with HnRNP D has been shown to form the LR1 transcription
factor. LR1 is a B cell-specific, sequence-specific DNA binding activity that
regulates transcription in activated B cells (Hanakahi et al., 1997; Hanakahi and
Maizels, 2000). DNA bending induced by nucleolin and hnRNP D might regulate
the transcriptional activation by LR1 (Hanakahi and Maizels, 2000).

Finally, nucleolin has also been identified as a repressor of polymerase II
transcription (Yang et al., 1994). Biochemical and functional studies further estab-
lished that nucleolin is a transcription repressor for regulation of alpha-1 acid
glycoprotein (AGP)

These different reports indicate that nucleolin could influence transcription
positively or negatively. These seemingly contradictory data might be explained
if one considers that nucleolin does not act as a real transcriptional activator or
repressor, but rather indirectly through the regulation of chromatin structure.

Indeed, since it has been discovered, it is well known that nucleolin binds
to chromatin (Olson et al., 1975; Olson and Thompson, 1983). Furthermore,
it interacts with histone H1 and seems to modulate chromatin structure (Erard
et al., 1988, 1990).

This is only recently that a clear role for nucleolin in chromatin dynamic has
been reported (Angelov et al., 2006) (Fig. 1). It was shown that nucleolin possesses
a histone chaperone activity and assists chromatin remodelers like SWI/SNF and
ACF in their functions. In particular, nucleosome SWI/SNF dependent sliding and
remodeling are greatly enhanced in the presence of nucleolin (Fig. 1). The presence
of the acidic region in the N-terminal domain of nucleolin is a characteristic of
many proteins with histone chaperone activity (Philpott et al., 2000). The acidic
domain is required for nucleolin chaperone activity, but is not sufficient to explain
this activity since a nucleolin truncated protein containing only this acidic region
does not carry the chaperone or co-remodeling activity (Angelov et al., 2006).
Nucleolin is able to destabilise the histone octamer, promoting H2A-H2B dimer
displacement. Interestingly, passage of RNA polymerase II through the nucleosome
is greatly facilitated in presence of nucleolin (Angelov et al., 2006). H2A-H2B
dimer displacement and facilitated transcription of pol II through the nucleosome
are reminiscent of the activity of FACT complex (Orphanides et al., 1998). The
dual properties of nucleolin to bind non-specifically to DNA sequences and to
interact with histones through its highly acidic domain recapitulate the character-
istics of FACT subunits (Spt16 and SSRP1) in a single polypeptide. As mentioned
above, nucleolin could exert a positive or a repressive effect on transcription. Such
seemingly contradictory results could be explained if one takes into account that
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Nucleolin

SWI/SNF +    +    +    +

Nucleolin– – –

–

Figure 1. Nucleolin acts as a histone chaperone and boosts the activity of chromatin remodeler SWI/SNF.
(a) In vitro histone deposition assay shows the histone chaperone activity of nucleolin. Recombinant core
histones were incubated with 5S 147 bp DNA in presence or absence of nucleolin. Note the disappearance
of aggregates in the wells and the formation of nucleosomal particles in presence of increasing amount
of nucleolin. (b) Sliding assay performed on centrally positioned 601 nucleosomes (250 bp). The amount
of SWI/SNF used here is insufficient to slide the nucleosomes. Note that in presence of nucleolin even
the suboptimal quantity of SWI/SNF is able to slide the nucleosomes

nucleolin assists remodelers like SWI/SNF in their functions, and these remodelers
are involved in both activation and repression of transcription (Martens and
Winston, 2003).

2. NUCLEOLIN, DNA METABOLISM AND CANCER

DNA metabolism, i.e� DNA replication, recombination and repair, is a central
process in oncogenesis. Proteins that ensure an accurate replication of the genome
and protect it from genotoxic agents are “caretaker” tumor suppressor (Kinzler
and Vogelstein, 1997): their loss of function leads to the rapid accumulation of
deleterious mutations or chromosomal abnormalities. In parallel, proteins that stop
cell proliferation when the integrity of the genome is offended are “gatekeeper
tumor suppressors” (Kinzler and Vogelstein, 1997). On the other side, proteins that
promote entry into S phase are potential proto-oncogenes whose gain of function
enhances transformation and immortalization. It should be noted that the effects
of the loss of function of many DNA replication and repair enzymes are by far
not restricted to carcinogenesis. For example, mutations in several RecQ helicases
cause various syndromes characterized by quite different defects (Hickson, 2003):
premature ageing in Werner’s syndrome, dwarfism, immunodeficiency and infer-
tility in Bloom’s syndrome or skin atrophy and skeletal abnormalities in Rothmund-
Thomson syndrome.

A role for nucleolin in DNA replication, recombination and repair is suggested
by its ability to bind directly both DNA and proteins involved in these processes
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(see below). As we shall see now, nucleolin could function either as a “caretaker”,
a “gatekeeper” or a proto-oncogene, depending on the cellular context.

2.1. A Positive Role for Nucleolin in DNA Replication?

Nucleolin has been shown to bind non specifically to denatured single-stranded
DNA (Sapp et al., 1986), particularly to G-rich sequences, such as those
found in non-transcribed spacer region of ribosomal DNA (Olson et al., 1983),
telomeric DNA (Ishikawa et al., 1993; Pollice et al., 2000) or switch regions of
immunoglobulin genes (Hanakahi et al., 1997). This probably reflects a specific
affinity for G quartets (Bates et al., 1999; Hanakahi et al., 1999), a conformation
adopted by G-rich single strands through Hoogsteen bonding between guanines.
However, this protein is also able to bind single-stranded DNA devoid of G-rich
sequences such as MVMp DNA (Barrijal et al., 1992), but this target also adopts a
complex secondary structure.

Even though nucleolin has no or very little affinity for double-stranded DNA,
it binds efficiently Matrix-Attachment Regions (MARs) (Dickinson and Kohwi-
Shigematsu, 1995). Nevertheless, MARs, which mediate attachment of chromo-
somes to the nuclear matrix contain a sequence with an unusually high base
unpairing potential (Galande, 2002), and nucleolin binds far more efficiently the
T-rich single strand of MARs (Dickinson and Kohwi-Shigematsu, 1995).

Nucleolin lacks a characteristic DNA binding domain (Ginisty et al., 1999). Its
non-specific affinity for DNA is conferred by two different domains: its four RNA
binding domains, particularly the 3rd and the 4th ones, and its C-terminal GAR
domain (Hanakahi et al., 1999; Sapp et al., 1989). Of importance, these properties
were determined in vitro with the native protein purified from cell extracts or
recombinant truncated proteins; they are likely to be altered in vivo by interaction
with other DNA binding factors (Dempsey et al., 1998) and/or by post-translational
modifications.

What could be the function of nucleolin in DNA replication? An intriguing
possibility is that nucleolin may be a component of the DNA replication machinery
as it was found associated with a DNA synthesome (Applegren et al., 1995). Some
authors attributed a helicase activity to human nucleolin and identified it as human
helicase IV (Tuteja et al., 1995 ). A possible ortholog of nucleolin in Pea displayed
a similar activity which mapped to its GAR domain, even though it has no sequence
homology with any other helicase (Nasirudin et al., 2005). These results should,
however, be interpreted cautiously as the activity described was far less efficient
than that of typical helicases, while other groups simply did not detect it (Ginisty
et al., 1999). Moreover, two other studies demonstrated an antagonistic activity of
nucleolin that favors complementary strand annealing (Hanakahi et al., 2000; Sapp
et al., 1986). The reason for the discrepancy is not clear: either nucleolin does have
antagonistic activities depending on its post-translational modifications, or some
activities reported are conferred by contaminants.
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However, one recent paper reports a genuine activity of nucleolin in repli-
cation (Seinsoth et al., 2003). In this study, the authors demonstrate that nucleolin
forms a ternary complex with the SV40 helicase T-antigene and endogenous topoi-
somerase I. Nucleolin could mediate the cohesion of this bipartite holoenzyme
helicase complex, thus enhancing plasmid unwinding. It is not known at present
whether nucleolin could play a more general role in endogenous replication initi-
ation complexes or replication forks, through its helicase activity, its histone
chaperone properties (Angelov et al., 2006) or some yet unknown functions. Never-
theless, this notion is supported by the fact that nucleolin is a MAR binding
protein (Dickinson and Kohwi-Shigematsu, 1995; Olson et al., 1983) and a
bona fide component of nuclear and nucleolar matrix (Dickinson and Kohwi-
Shigematsu, 1995; Gotzmann et al., 1997) where DNA replication is believed to
occur (Cook, 1999; Falaschi, 2000). It is noteworthy that MAR-binding proteins
are frequently involved in cancer (Galande, 2002), but one has to keep in mind
that MARs and nuclear matrix likely play equally important roles in other cellular
processes, namely regulation of transcription (Falaschi, 2000).

At last, nucleolin might play a specific role in telomeric replication and
maintenance, as suggested by two types of data. First, it binds telomeric repeat
(TTAGGG)n in vitro (Ishikawa et al., 1993; Pollice et al., 2000), with a marked
preference for the single-stranded form. Secondly, it interacts in vitro and in vivo
with hTERT (Khurts et al., 2004), the protein catalytic component of human telom-
erase. This interaction takes place both in the cytoplasm and in the nucleolus, where
it could promote the assembly of hTERT with the RNA subunit hTERC. As a
conclusion, many data regarding the involvement of nucleolin in DNA replication
are indirect and an experimental demonstration through knockdown or knockout
studies is still awaited.

2.2. Nucleolin as a Stress-Responsive Tumour Suppressor?

An unexpected role of nucleolin in an S-phase checkpoint triggered by various
stresses was recently uncovered. The story began with the discovery that heat shock
causes a dramatic redistribution of nucleolin from the nucleolus to the nucleoplasm
in HeLa cells (Daniely and Borowiec, 2000). This relocalization is very quick, since
it starts as early as 5 minutes after a 15 minute heat shock at 44�C and is only
transient, lasting around 1 hour. These results were subsequently confirmed in other
cell lines and extended to other cell stresses such as exposition to gamma-irradiation
or camptothecine, a topoisomerase I inhibitor (Daniely and Borowiec, 2000; Wang
et al., 2001). This phenomenon is nevertheless stress-selective, since it is not
triggered by UV irradiation or hydroxurea exposure.

How specific stresses provoke nucleolin redistribution remains an open question.
A block of ribosomal transcription cannot account for the whole phenomenon as
shutdown of RNA polymerase I activity by actinomycin D induces rather a nucleolar-
to-cytoplasmic change in nucleolin localization (Daniely and Borowiec, 2000). Inter-
estingly, the relocalization is dependent on p53 since it does not occur in cell



Functions of the Histone Chaperone Nucleolin in Diseases 133

lines that lack p53 (Daniely et al., 2002). Activated p53 interacts transiently with
nucleolin after heat shock or gamma irradiation, through its last 30 C-terminal
amino acids (Daniely et al., 2002) known to bind several DNA repair proteins.
The precise cell compartment where this interaction takes place is not known for
the moment as nucleolin shuttles between the cytoplasm, the nucleoplasm and the
nucleolus (Borer et al., 1989). However, stress-activated nucleoplasmic p53 most
likely binds nucleolin and prevents its import into the nucleolus, resulting in its
accumulation onto the nuclear matrix (Daniely et al., 2002). What induces the
transient interaction in either compartment is also not known at present, but it is
highly probable that nucleolin itself undergoes specific post-translational modification
after stress, such as serine phosphorylation by casein kinase II (Kim et al., 2005).

What is the biological meaning of this transient relocalization? Heat shock causes
a transient arrest of DNA replication and kills cells preferentially in S-phase (Wang
et al., 2001). Elevated temperature has pleitotropic effects, including inhibition of
origin firing, elongation step, histone deposition into chromatin and ligation of
replication intermediates. These effects cannot be explained by mere alterations
of the chromatine substrate, as lysates of heated cells fail to replicate exogenous
plasmids carrying the SV40 origin of replication (Wang et al., 2001): this in vitro
assay accurately reproduces natural DNA replication, requiring only the addition of
SV40 T-antigen. One of the main components affected by heat shock is RPA, the
primary single-stranded DNA binding protein of eukaryotic cells which is necessary
for both initiation and elongation steps of chromosomal DNA replication (Iftode
et al., 1999). Indeed, addition of recombinant hRPA to the cell lysates reverses
the inhibition (Wang et al., 1998). Interestingly, nucleolin was shown to interact in
vitro with hRPA via its GAR domain and this interaction is induced in vivo upon
heat shock (Daniely and Borowiec, 2000; Kim et al., 2005). Since there is a striking
correlation between the kinetics of replication inhibition, nucleolin mobilization
and formation of nucleolin-RPA complex, it is tempting to build the following
model: heat shock would provoke p53-dependent nucleolin redistribution to the
nucleoplasm where it could sequester RPA and thereby inhibit origin unwinding
and replication elongation (Daniely et al., 2002). Importantly, nucleolin inhibits
hRPA without affecting its single-stranded DNA binding activity (Daniely and
Borowiec, 2000), which suggests that it sterically prevents interaction of hRPA
with another factor. This model is strengthened by the observation that nucleolin-
RPA complexes are preferentially located outside replicating regions (Daniely and
Borowiec, 2000).

However, although this model is very attractive, it is still a matter of debate
(Kim et al., 2005). First of all, co-immunoprecipation experiments proved that
the formation of a nucleolin-RPA complex occurs in the nucleolus as well as in
the nucleoplasm (Kim et al., 2005). Secondly, the interaction can be detected in
a cell line which lacks p53 expression. Thirdly, hydroxyurea also induces RPA-
nucleolin interaction without mobilizing nucleolin. On the other hand, mutant forms
of Nucleolin that are constitutively mislocalized outside the nucleolus also constitu-
tively interact with RPA, provided they retain the GAR domain (Kim et al., 2005).
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Moreover, overexpression of the same mutants inhibit DNA replication and block
the cells at the G1/S-phase transition (Kim et al., 2005), emphasizing the potential
role of nucleolin mobilization. It is therefore highly probable that two different
processes help the formation of RPA-nucleolin complexes after a genotoxic stress:
a post-transcriptional modification of nucleolin that renders the GAR domain of
nucleolin accessible to RPA, and its p53-dependent relocalization to the nucle-
oplasm where a higher amount of RPA is available. Of importance, nucleolin
relocalization is transient and lasts far less than replication inhibition (Daniely and
Borowiec, 2000). This means that nucleolin-RPA interaction is only an initial event
and that other mechanisms account for prolonged replication inhibition.

As a conclusion, vertebrate nucleolin has acquired new functions in cell cycle
control, compared to its yeast homologs GAR2 and NSR1. Nucleolin is a genuine
stress-responsive protein which functions in a new S-phase checkpoint. This could
relate to a more general function of the nucleolus as a stress sensor that enables
coupling of cell metabolism (through ribosome biogenesis and therefore protein
translation) and proper cell division (through control of DNA replication). Though
paradoxical, this function is not incompatible with other results describing nucleolin
as a proto-oncogene that promotes cell replication in normal conditions: depending
on its post-translational modifications triggered by the phase of the cell cycle or the
environment, nucleolin could play antagonistic roles. Of interest, other nucleolar
proteins involved in ribosomal biogenesis display an additional role in cell cycle
control. For example, nucleophosmin/B23 is rearranged or mutated in a number of
hematological malignancies. Its inactivation in mouse leads to embryonic lethality
and carcinogenesis, caused by unrestricted centrosome duplication and genome
instability (Grisendi et al., 2005).

2.3. A Function for Nucleolin in DNA Repair and Recombination?

Several enzymatic properties of nucleolin support a role for this protein in DNA
repair and recombination: it is able to bend DNA (Hanakahi and Maizels, 2000) and
can either unwind double-stranded DNA or enhance annealing of complementary
DNA strands (Hanakahi and Maizels, 2000; Nasirudin et al., 2005; Sapp et al., 1986;
Tuteja et al., 1995).

Consistent with this idea, nucleolin was found in a B-cell specific recombination
complex (Borggrefe et al., 1998). It also forms a complex with hRNP-D that
binds switch regions of immunoglobulin genes in B lymphocytes which undergo
class-switch recombination (Hanakahi et al., 1997). If nucleolin is clearly not the
endonuclease of this recombination process, it still could have an accessory function
such as structuring the switch regions or recruiting other factors.

Interestingly, nucleolin interacts with several key DNA repair and recombination
proteins. First of all, it interacts with topoisomerase I through its N terminus
(Bharti et al., 1996; Edwards et al., 2000). This interaction does not modify the
enzymatic activity of topoisomerase I per se, but it could play important role in
its predominantly nucleolar localization as it was demonstrated in yeast (Edwards
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et al., 2000). Nucleolin could thus modulate rDNA recombination, an important (but
not unique) function of topoisomerase I. Nucleolin also interacts with p53 (Daniely
et al., 2002), YB-1 (Gaudreault et al., 2004) and RPA (Daniely and Borowiec, 2000),
three proteins notably involved in DNA repair. At last, a recent paper describes
a surprising interaction between nucleolin and Rad51 (De et al., 2006), a RecA
homolog required for homologous recombination. Most strikingly, the authors of
this study show that inhibition of nucleolin by electroporation of a blocking antibody
impairs intra-plasmid homologous recombination activity and sensitizes the cells to
a topoisomerase II inhibitor, a phenotype quite similar to that observed after Rad51
inactivation by the same approach (De et al., 2006).

Nucleolin could therefore contribute to genome stability in two different ways:
by modulating the activities of several DNA repair enzymes through physical
interaction and by enhancing the translation of some of these proteins after a
genotoxic stress (Yang et al., 2002).

2.4. Nucleolin as a Cell Surface Receptor

Although nucleolin is found almost exclusively within the nucleolus, increasing
evidence indicates its presence at the surface of various cell types. While it can
be argued that the detected protein could be a closely related antigen in some
reports, several laboratories unequivocally identified nucleolin, using a combi-
nation of western blot, immunofluorescence, immunogold labeling, FACS analysis
and micro-sequencing of the purified protein (Callebaut et al., 1998b; Dumler
et al., 1999; Hirano et al., 2005).

Although the presence of nucleolin at the cell surface could appear at first
surprising, there are now a growing number of nuclear proteins involved in DNA
metabolism and chromatin structure that have been shown to be present on the cell
surface. Examples include the Ku protein which is involved in multiple nuclear
processes (Dalziel et al., 1992), nucleophosmin (Brandt et al., 2004), Nopp140
(Kubler, 2001) and the chromosomal associated protein HMGB1 which was recently
discovered to be a crucial cytokine that mediates the response to infection, injury
and inflammation (Lotze and Tracey, 2005). Interestingly, auto-antibodies to human
nucleolin (Valdez et al., 1995), nucleophosmin (Chung and Utz, 2004), Ku proteins
(Kelavkar et al., 2002; Reeves et al., 1991) and even to nucleosomal particles
(Amoura et al., 2000; Ghirardello et al., 2004) were found associated with auto
immune diseases like the Systemic lupus erythematosus.

Difficulties in detecting nucleolin on the cell surface could be explained by its
very low concentration in this compartment (Hovanessian et al., 2000). Moreover,
this cell surface expressed nucleolin protein has a different isoelectric point and it is
recognized by only one monoclonal antibody (mAb D3) in its native conformation
(Hovanessian et al., 2000). This probably reflects specific post-translational modifi-
cations undergone by nucleolin on the cell surface. Consistent with this hypothesis,
extracellular nucleolin is a substrate of ecto-protein kinases including casein kinase
II (Dumler et al., 1999; Jordan et al., 1994). Interestingly, indirect evidence suggests
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that nucleolin shutlles back and forth between the nucleus, the cytoplasm and the
cell surface. Indeed, mAb D3 anti-nucleolin antibodies are quickly internalized by
living cells (Hovanessian et al., 2000) and eventually gain access to the nucleolus
(Deng et al., 1996).

These observations are quite amazing since nucleolin lacks a hydrophobic signal
sequence (Ginisty et al., 1999) They raise two questions: how is nucleolin attached
to the cell surface and how is it translocated across the membranes? First of all,
nucleolin can be dissociated from the membrane at high salt concentrations (Harms
et al., 2001). Thus, it is likely to bind integral membrane or GPI-anchored proteins
through electrostatic interactions. The mechanisms of its externalization and subse-
quent re-internalization remain completely obscure for the moment. Externalization
of nucleolin occurs through a mysterious alternative secretory pathway which is
insensitive to inhibitors of the transport within the ER-Golgi network but requires
physiological temperatures (Hovanessian et al., 2000). Of note, such alternative
pathways have already been described for several proteins, namely interleukin-
1� and FGF-2 (Nickel, 2005). After internalization, nucleolin is detected within
cytoplasmic smooth vesicles (Dumler et al., 1999; Hovanessian et al., 2000) and
colocalizes with EEA1, a marker specifically associated with clathrin in early
endosomes (Legrand et al., 2004). Nucleolin may therefore use the classical endocytic
pathway in an initial step owing to its association with the actin cytoskeleton
(Hovanessian et al., 2000) and unidentified membrane-anchored proteins.
It would subsequently penetrate the cytosol through an unknown mechanism.

What could be the function of this protein at the cell surface? Independent affinity
chromatography experiments suggested that nucleolin is a receptor for plenty of
ligands, including several growth factors and adhesion molecules. It is doubtful that
a single nucleolar protein is endowed with so many activities and the physiological
relevance of these results awaits further confirmation. However, several experi-
mental data support the idea that nucleolin is a genuine surface receptor in at least
a few cases. First of all, a few putative ligands induce clustering of nucleolin at
the cell surface: midkine (Said et al., 2002), HIV particles (Nisole et al., 2002a,b),
lactoferrin (Legrand et al., 2004) and pleiotrophin (Said et al., 2005). Secondly, the
same molecules and two others (urokinase (Dumler et al., 1999) and F3 peptide
(Christian et al., 2003)) are co-internalized with nucleolin and this process can be
blocked by anti-nucleolin antibodies. Nucleolin could thus act as a bridge between
the cell surface and the nucleus, guiding growth factors such as midkine, lactoferrin
and FGF-2 directly to the effector compartment where they would modulate the
expression of ribosomal genes for example. This would explain why many tumour
cells and angiogenic endothelial cells display an apparent accumulation of nucleolin
at the cell surface (Christian et al., 2003): abnormal relocalization of nucleolin
would confer a competitive advantage by increasing the access to growth factors.
At the same time, this observation makes nucleolin an attractive target for cancer
therapy. Indeed, F3, a tumor homing peptide that binds specifically to nucleolin,
and mAb D3 antibodies injected intravenously selectively accumulate in tumour
and angiogenic vessels (Christian et al., 2003; Joo et al., 2005).
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Cell surface expression of nucleolin could also have a pathophysiological signif-
icance as it has been shown to interact with several viruses and enteropathogenic
bacteria. Depending on the micro organism, nucleolin may promote either their
initial attachment to the cell surface (Callebaut et al., 1998a,b; de Verdugo
et al., 1995; Sinclair et al., 2006; Sinclair and O’Brien, 2002, 2004) or their entry in
the host cell (Bose et al., 2004; Nisole et al., 2002a). A well documented example
is the relationship between nucleolin and HIV. Nucleolin binds to V3 loop of gp120
and to a pseudo-peptide, HB-19, which mimics its structure (Callebaut et al., 1998a).
As a consequence, HB-19 (Nisole et al., 2002a) as well as other putative ligands of
nucleolin such as midkine (Callebaut et al., 2001), lactoferrin (Legrand et al., 2004)
and pleitrophin (Said et al., 2005) inhibits HIV attachment to the cell surface of
mammalian cells and subsequent viral entry. Therefore, nucleolin could be a target
of interest to design new antiviral molecules, but this would require first a deeper
understanding of the physiological role of nucleolin at the cell surface.

3. CONCLUDING REMARKS: NUCLEOLIN AS A NEW
PHARMACOLOGICAL TARGET

The recent findings of the localisation of nucleolin at the cell surface of cancer
cells and its involvement in DNA replication have promoted the development of
anti-cancer drugs targeting nucleolin and the use of nucleolin as a marker for the
diagnosis of cancer.

For many years, the detection of AgNOR proteins by immuno cytochemistry has
been used by pathologists to predict the clinical outcome of some cancer diseases.
Nucleolin, together with nucleophosmin is mostly responsible for this specific silver
staining and is, therefore, an interesting marker for diagnosis of cancer. More
recently, the apparent preferential expression of nucleolin on the cell surface of
cancer cells, is leading to the development of new tools for diagnosis of cancer
cells. In particular detection of nucleolin at the cell surface using a monoclonal
antibody was used in the Nucleolin OncoMarker kit (Assay Designs).

Several molecules with potential pharmaceutical activities targeting nucleolin
function have been also developed. One can mention for example the devel-
opment of the aptamer AS1411 (also known as AGRO100) by the company
Antisoma (England). These aptamers are G-rich oligonucleotides, which can form
G-quartet structures. They affect cell proliferation by inhibiting DNA replication
(Xu et al., 2001). It is claimed that these aptamers bind nucleolin on the cell surface
of cancer cells, and then inhibit nucleolin function in cell proliferation by inhibiting
DNA replication or another unknown process. Interestingly, these aptamers AS1411
reduced tumour growth in xenograft models of both renal and lung cancers and are
currently being tested in phase I study with patients with kidney and lung cancers.

By targeting nucleolin on the cell surface, HB-19 pseudo-peptides (Nisole
et al., 2002a) inhibit HIV attachment to the cell surface of mammalian cells and
subsequent viral entry, demonstrating that nucleolin could also be an interesting
pharmaceutical target to prevent viral infection.
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These examples demonstrate that nucleolin could be a therapeutic target for
the development of innovative molecules against cancer and virus infection. The
newly described function of nucleolin in chromatin dynamics and gene expression
is potentially another function of nucleolin that could be targeted for the search of
specific inhibitors of cell proliferation.
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CHROMATIN AS A TARGET FOR THE DNA-BINDING
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Abstract: Chemotherapy has been a major approach to treat cancer. Both constituents of
chromatin, chromosomal DNA and the associated chromosomal histone proteins are the
molecular targets of the anticancer drugs. Small DNA binding ligands, which inhibit
enzymatic processes with DNA substrate, are well known in cancer chemotherapy.
These drugs inhibit the polymerase and topoisomerase activity. With the advent in the
knowledge of chromatin chemistry and biology, attempts have shifted from studies of
the structural basis of the association of these drugs or small ligands (with the potential
of drugs) with DNA to their association with chromatin and nucleosome. These drugs
often inhibit the expression of specific genes leading to a series of biochemical events.
An overview will be given about the latest understanding of the molecular basis of
their action. We shall restrict to those drugs, synthetic or natural, whose prime cellular
targets are so far known to be chromosomal DNA

Keywords: Nucleosome, Chromosome, Intercalators, Groove-binders, DNA-cleaving agents,
Cross-linkers, Chromatin condensation, Histone tails, Nucleosome phasing

The history of modern chemotherapy of cancer dates back to as early as 1946
when Goodman et al., 1946, produced the first report of clinical results from 67
patients treated with nitrogen mustards for Hodgkin’s disease, lymphosarcoma,
and leukemia. From then onwards, the search for newer and better anticancer
agents has continued with an ever-increasing pace. Drugs designed vary not only
in their sources, chemical compositions and modes of action, but also in their
targets. Whereas certain anticancer drugs target nucleic acids, others target specific
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metabolic and signaling enzymes and even microtubules. Unfortunately, the major
problem of anticancer drugs is their cytotoxicity. Lack of specificity of these
compounds along with their chemically reactive centers augments their cytotoxic
effects.

Chromatin is well recognized as a target for anticancer agents, in that both
constituents of chromatin – chromosomal DNA and the associated chromosomal
proteins have been utilized as drug targets for the past few decades. From the
biochemical perspective, drugs have been designed that (1) may block the template
property of DNA at the chromatin level, thereby inhibiting the action of replication
or transcription machinery (Straney and Crothers, 1987; Gniazdowski and Czyz,
1999); (2) may inhibit the function of DNA associated proteins such as topoiso-
merase, DNA methyltransferase, high mobility group of proteins (HMGs), TATA
binding proteins (TBPs), histone acetyltransferases (HATs), histone deacetylases
(HDACs) (Schäfer and Jung, 2005); (3) may block the telomere function. All of
the above processes lead to cell death.

In this review article we shall mostly confine ourselves to drugs that target
the DNA, thereby falling into the first category mentioned above. The following
figure depicts the target sites of the DNA-interactive anticancer drugs. Since the
discovery of the double helical nature of DNA and the associated central dogma
of molecular biology, there has been a plethora of studies to understand the struc-
tural basis of recognition of these drugs and the biological consequence of this
recognition upon the nucleic acid template under in vitro condition. Interestingly,
though many DNA-binding drugs, synthetic or from natural sources, are used to
treat various types of cancer after extensive clinical trials, their mode of action
inside the normal and neoplastic cells are still not very well known. In many cases
there has been no extensive studies aimed at the target validation for these drugs.
This is almost certainly due to the imperative social necessity to employ them to
alleviate the sufferings and prolong the life expectancy of cancer-afflicted patients
before a comprehensive understanding of their mode of action. In the last two or
three decades efforts have been made to attain an incisive understanding of their
interaction at the cellular level along with the validation of their targets at the level
of cellular organelle.

More recently the concept of ADMET profile (Absorption Distribution
Metabolism Excretion Toxicity profile) has further streamlined the molecular
pharmacology aspects of these drugs with the ultimate objective of providing
efficient target directed drugs with least toxicity.

Since chromatin targeted DNA-binding anticancer drugs take advantage of the
dynamic nature of chromatin, so for the appreciation of the molecular and structural
aspects of chromatin as target for these drugs, a brief introduction to the chromatin
structure is essential. The nucleus houses over two meters of DNA, compacted
to nearly one hundred thousandth of its dimension by a hierarchical scheme of
folding, with an equal mass of proteins. This nucleoprotein complex is called
‘chromatin’ (Widom, 1998; Richmond and Widom, 2000). The term chromatin
structure is open in the sense that it covers a wide range of phenomena and levels
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of organization, encompassing the atomic details of nucleosome architecture to the
large-scale arrangements of interphase chromosomes that make up the nucleus.

It is now well established that the packaging of DNA in the eukaryotic nucleus,
the principal target site of the DNA-binding antibiotics, involves several distinct
hierarchical events. The first level of compaction occurs when DNA is wrapped
around an octamer of core histones to form the repeating subunit nucleosome.
An additional stretch of linker DNA connects adjacent nucleosomes. The linker
DNA and nucleosome core are associated with linker histone H1 (Kornberg and
Lorch, 1999). Each of the four core histones comprises a structured central domain,
an amino-terminal tail, and in some cases a carboxyterminal tail (H2A and H3)
(Van Holde et al., 1995). N and C terminal tail sequences contribute nearly 28%
of their mass. The high-resolution structure of the nucleosome core particle (Luger
et al., 1997, 2006; Davey et al., 2002) has shown that two turns of the DNA super-
helix in the nucleosome core are arranged in such a way that they create sufficient
gaps for the amino-terminal tails of both H2B and H3 histones to pass through
to the outside of the core particle. H2A and H4 tails pass across the superhelix
on the flat faces of the particle to the outside as well. Histone tails are exposed.
They are posttranslationally modified during eukaryotic transcription. The modifi-
cations alter the charge distribution pattern on the N-terminal tails. It is an essential
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requirement for the eukaryotic gene expression (Workman and Kingston, 1998).
Along with sliding of the core particles along the linker (chromatin remodeling) the
tail domains also play an important role in the access of transcription factors and
other DNA-binding proteins to the nucleosomal templates. These tails have extreme
biological significance as they play a vital role in regulating the nucleosomal spacing
(i.e. in chromatin remodeling) and the state of condensation of chromatin. The
inter-conversion of fluid interphase chromatin (Gasser, 2002) from transcriptionally
blocked to transcriptionally active states is possibly tightly regulated by reversible
modifications of selective amino acid residues in the tail parts of the histones, of
other associated proteins, and of DNA (Jenuwein and Allis, 2001; Berger, 2002;
Urnov, 2002). Trypsinized nucleosomes leading to chopped N-terminal tails have
been found to be more accessible to transcription factors such as TFIIIA, DNase
cleavage, and other sequence-specific DNA binding proteins (Ausio et al., 1989;
Juan et al., 1994, Garcia-Ramirez et al., 1992). Thus the tails could impede
access of proteins and DNA-binding drugs to nucleosomal DNA (Workman and
Kingston, 1998)

In fact, a nucleosome is a dynamic system that can take up many subtly different
conformations and substructures at all organizational levels and thereby allow
chromosomal DNA to be accessed while simultaneously being packaged into highly
condensed chromosomal structures. The resulting accessibility of DNA has funda-
mental implications in all physiological processes that use DNA as substrate, such
as transcription, replication, DNA repair and recombination. Nucleosome dynamics
may be intrinsic or may be due to the action of protein-mediated pathways. Using
stopped-flow fluorescence resonance energy transfer, (Li and Widom, 2004), have
shown that the ends of nucleosomal DNA unwrap and rewrap rapidly (within 50–
250 ms) from the histone surface. This timescale is sufficient to permit transcription
factor and anti-cancer drug binding to nucleosomal DNA during its partially
unwrapped stage and to allow access of the transcription machinery. Like the
nucleosomes, the higher level of organization, the chromatin fiber is also capable
of assembling and disassembling of superstructures by both intrinsic and protein
mediated mechanisms. A recent report (Bucceri et al., 2006) using yeast DNA
repair by photolyase as a model system to monitor the rapid accessibility of nucleo-
somal DNA in yeast on a second time scale suggests that spontaneous unwrapping
of nucleosomes rather than histone dissociation or chromatin remodeling provides
DNA access to transcription factors, enzymes and probably small DNA-binding
ligands. Thus, study of the kinetics might be relevant to understand the molecular
approach of the anticancer drugs towards chromosomal DNA (Sischka et al., 2005).

1. DNA AS TARGET FOR ANTICANCER DRUGS

The structure of the DNA molecule makes it an extremely versatile target for
anticancer drugs. It has a negatively charged phosphate backbone, hydrogen
accepting and donating functional groups from the bases in the major and minor
grooves, phosphate oxygen atoms and aromatic hydrophobic components of the
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bases able to promote van der Waals interactions. DNA is polymorphic, and has
been observed in several different conformations (e.g. A, B, Z etc.) that differ
in the geometry of the double helix, including the depth and width of major
and minor grooves (Saenger, 1984). The groove shapes and hydration patterns in
a particular conformation are also sequence dependent to certain extent. Along
with these, the molecule of DNA also has several levels of structural organi-
zation. The most basic level is the primary base sequence. The roll, tilt and
twist from one base pair to the next in the double strand depend on the base,
thereby giving rise to sequence dependent microheterogeneity in the DNA backbone.
The bending of the backbone arising from stretches of A-bases is probably the
extreme example of such feature. The small and large DNA binding ligands
recognizes this structural variability along the double helix. It leads to sequence
specific recognition. Higher levels of organization include the DNA secondary
structures, such as hairpins, and Holliday junctions, triple helices and DNA quadru-
plexes. All of the above features have been exhaustively exploited in designing
anticancer drugs.

2. MOLECULAR AND STRUCTURAL BASIS OF DNA-BINDING
ANTICANCER DRUG ACTION

Anticancer drugs targeted to DNA bind to the same by either non-covalent
forces or covalent interactions. The primary and most important step in the
functioning of a DNA targeting drug is the base-specific recognition of DNA
by the drug. This initial process of recognition is driven by size and shape
complementarities between the drug and its DNA – binding site. Non-covalent
forces such as the coulombic force, van der Waals interactions, hydrogen bonding
and stacking interaction stabilize the primary complex formed. For drugs that
interact with DNA via non-covalent forces, the active primary complex is
responsible for its intracellular function; whereas, for drugs that interact with
DNA via covalent forces, the covalent bond formation is preceded by the non-
covalent reversible drug-DNA association that determines the specificity, because
it positions the reactive part of the drug along the target site in the DNA. The
general mechanism of action of DNA targeting anti-cancer drugs is shown
below:

Chemical basis of action for DNA targeting anti-cancer drugs 

DRUG + DNA   DRUG-DNA COMPLEX  PRODUCTS

Covalently Interacting drugs 

Non-covalently interacting drugs 

cleaved DNA/ 
covalent adducts/ 
cross-linked 
products
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3. GENERAL APPROACHES TO STUDY
ASSOCIATION OF ANTICANCER DRUGS
WITH DNA AT THE CHROMATIN LEVEL

There have been two basic approaches. First one involves isolation of the chromatin
and nucleosome from the healthy and diseased cell line. The second approach is the
reconstitution of the model target such as nucleosome followed by the association
with the drug(s). The second approach has been extensively employed to identify
the binding site in the protein-nucleic acid complex. A pre-knowledge about the
components and their arrangements in the reconstituted system sometime makes it
the preferred approach. Different biophysical, biochemical and genetic techniques
have been employed to understand the mode of association and the effect of the
drugs upon chromatin/nucleosome structure and function.

3.1. Non-covalently Interacting Anticancer Drugs

There are two principal modes by which drugs can bind non-covalently to DNA:
intercalation and external groove binding.

3.1.1. Intercalators

Intercalating drugs consist of planar heteroaromatic ring systems, which have the
potential to be inserted between two adjacent base pairs in a helix. The complex
is stabilized by �-� stacking interactions between the drug molecule and the DNA
base pair accommodating the ring. In general, intercalating drugs are characterized
by the presence of one or more planar aromatic rings, parallely oriented and/or
separated by linker regions of varying lengths. Structure of a typical intercalator,
Actinomycin, is given below:

Actinomycin D

Intercalation results in structural perturbations in DNA so as to lengthen it
by ∼1 bp spacing (i.e. ∼ 3�4 Å) and there is also some unwinding of the DNA
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helix. As a result, the DNA adopts a C3′-endo –(5′, 3′)-C2′-endo mixed puckering
conformation around the intercalation site. Intercalators are known to bind the DNA
via both the minor and major grooves.

Mono-alkylators (e.g. daunomycin and related anthracycline drugs) contain a
planar chromophore group of 4 fused six-membered rings, substituted at different
loci and containing an amino sugar residue. The chromophores are inserted in a
‘head-on’ fashion with the long axis of the aglycone moiety oriented at right angles
to the long axis of adjacent base pairs. One of the cyclohexane rings protrudes into
the minor groove leaving the amino sugar in the minor groove.

The anthracycline antibiotic daunomycin and its derivatives are antitumor drugs
widely used in cancer chemotherapy to treat myelogenous leukemia and solid
tumors (Gianni et al., 1983, Myers et al., 1988, Carrion et al., 2004). Cellular
DNA is the primary target for these drugs. Daunomycin acts by intercalation of
its planar aglycon chromophore between DNA base pairs, and its amino sugar
ring lies in the minor groove of the double helix (Barcello et al., 1988; Chaires
et al., 1982, 1990; Chaires, 1996) leading to inhibition of replication and
transcription.

DaunomycinDoxorubicin

These drugs were few of those whose association with chromatin and
nucleosome was studied (Mizuno et al., 1975; Zunino et al., 1980; Chaires
et al., 1982, 1983, 1990; Ganguli et al., 1983; Terasaki et al., 1984; Fritzsche et al.,
1987; Simpkins et al., 1984; Chaires, 1996; Chakrabarti et al., 1996) when the
molecular nature of the chromatin was established. The first detailed structural study
(Chaires et al., 1982) employed equilibrium, hydrodynamic, and electric dichroism
studies of the complex of daunomycin with H1-depleted 175 bp nucleosomes, along
with some comparative data for ethidium. The results showed that in contrast to
ethidium, daunomycin binding to nucleosomes is strongly reduced relative to the
affinity for free DNA. The salt concentration dependence of the binding constant
suggested that approximately one Na+ ion is released from both nucleosomes and
free DNA upon daunomycin binding. The early melting transition of nucleosomes is
preferentially stabilized by low levels of both drugs, but more markedly by ethidium.
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Ethidium also stabilizes the second nucleosome melting transition, but daunomycin
does not. Dichroism and rotational relaxation time measurements indicated that
daunomycin unfolds nucleosomes. The data favored an unfolded structure in which
the nucleosome elongates along the DNA superhelical axis. Higher concentration
of the drug at a ratio more than 0.15 per DNA base pair promotes nucleosome
aggregation. The authors suggested that the activity of daunomycin as an antitumor
agent arises out of its special intercalation geometry that strongly prefers free
DNA regions to the bent helices found in nucleosomes and chromatin. As a result
of this preference there is an increased local concentration of the drug in the
genetically active regions of nuclear DNA in which nucleosomal structure is less
prevalent. Presumably the abundance of such regions in tumor cells makes them
especially sensitive to daunomycin. There have been many other reports, which
aimed to quantitatively define the affinity of daunomycin and related drugs with
chromatin and nucleosome (van Helden and Wild, 1982). Fluorescent probes were
used to examine the effect of adriamycin on supercoiled DNA and calf thymus
nucleosomes.

Equilibrium dialysis and sedimentation velocity analysis (Rabbani et al., 1999)
were also employed to characterize the binding of the antitumor drug daunomycin
to chicken erythrocyte chromatin before and after depletion of linker histones and
to its constitutive DNA under several ionic strengths (5, 25, and 75 mM NaCl).
The equilibrium dialysis experiments showed that the drug binds cooperatively
to both the chromatin fractions and to the DNA counterpart within the range of
ionic strength used in this study. A significant decrease in the binding affinity was
reported at 75 mM NaCl. Binding of daunomycin to DNA does not significantly
affect the sedimentation coefficient of the molecule in contrast to the effect noticed
when the drug binds to chromatin and to its linker histone-depleted counterpart. In
these instances, preferential binding of the drug to the linker DNA regions induces
an unfolding of the chromatin fiber that is followed by aggregation. Transient
electrical dichroism studies also supported the condensation of the chromatin fiber.

Earlier reports showed that treatment of adriamycin to Novikoff hepatoma nuclei
enhanced the DNA fragmentaion by micrococcal nuclease (Ross et al., 1978;
Gyapay et al., 1985). Exposure of murine thymocytes to doxorubicin triggered rapid
DNA degradation, as indicated by the appearance of a major subdiploid population
demonstrated by DNA flow cytometry (Zaleskis et al., 1994). Electron microscopic
comparison of samples with large subdiploid populations versus those with little
or no such subset revealed significantly more cells with the characteristic features
of apoptosis. Daunorubicin – induced internucleosomal DNA fragmentation was
also reported in acute myeloid cell lines. A plausible mechanism of this DNA-
degradation may be the chemical activation of the drug by an intracellular redox
system, which leads to the production of active oxygen species (Akman et al., 1992;
Quillet-Mary et al., 1996). There are reports of DNA base modifications induced
in isolated human chromatin by NADH dehydrogenase- catalyzed reduction of
doxorubicin. Induction of apoptosis via DNA cleavage has now been accepted as
one of the actions of the drug and its related compounds.
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In a recent study (Nair et al., 2005) the transcription inhibitory effect upon a
particular gene by the drug and the related compound WP361 was demonstrated
with the urokinase receptor (uPAR). It is transcriptionally activated in several
cancers and contributes to tumor progression by promoting cell migration and
proteolysis. The bisanthracycline (WP631) represses uPAR gene expression and
cell migration of RKO colon cancer cells by interfering with transcription factor
binding to a chromatin-accessible -148/-124 promoter region. It was suggested from
DNaseI hypersensitivity, genomic footprinting, and chromatin immunoprecipitation
experiments that chromatinized -148/-124 regulatory region of the uPAR promoter
is accessible to small molecules and that WP631, which disrupts the interaction of
DNA binding proteins with this region, diminishes uPAR expression and function.

Recently, a novel observation has raised question about the DNA as the only
target of daunomycin at the chromatin level inside the cell. It was shown using a
compositionally defined chicken erythrocyte chromatin fraction that that the drug
is also able to interact with chromatin-bound linker histones without any noticeable
binding to core histones (Rabbani et al., 2004). The drug can interact in an equal
fashion with both histone H1 and H5 and to a greater extent with core histones
H3/H4 and H2A/H2B as free proteins in solution. Binding of daunomycin to linker
histones appears to primarily involve the trypsin-resistant (winged-helix) domain
of these proteins.

Since anthracycline antibiotics play an important role in cancer chemotherapy,
the necessity for an improvement of their therapeutic index has enthused an ongoing
search for anthracycline analogues with improved pharmacological properties.
Cardiac toxicity is a negative feature in their use as drugs. Along with DNA, the
DNA topoisomerase II was recognised to be another prime cellular target. Several
anthracyclines interfere with topoisomerase II functions by stabilizing a reaction
intermediate in which DNA strands are cut and covalently linked to tyrosine residues
of the enzyme (Binaschi et al., 2001). Investigations on the sequence specificity of
doxorubicin in vitro and in nuclear chromatin of living cell have led to a molecular
model of drug receptor on the topoisomerase II-DNA complex. Anthracyclines
are likely placed at the interface between the DNA cleavage site and the active
site of the enzyme, forming a DNA-drug-enzyme ternary complex. Moreover, a
quite detailed structure-function relationship has been established for anthracy-
clines. These studies have revealed that (a) drug intercalation is necessary but not
sufficient for topoisomerase II poisoning; (b) the deletion of the 4-methoxy and
3′-amino substituents results in an enhancement of the drug activity; and (c) the
3′ substituent of the sugar moiety markedly influences the sequence selectivity of
anthracycline-stimulated DNA cleavage. These relationships have been exploited
during the last decade by several groups in the search for new anthracycline drugs
with lower side effects and higher activity against resistant cancer cells. A scheme
utilizing the DNA replication in Xenopus egg extract system to simultaneously
evaluate DNA-interacting drugs as potential anti-cancer agents and gain insight into
the mechanism of drug action has been proposed (Kumar et al., 2004). According to
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the authors this system might be useful for large scale screening of DNA-interacting
chemotherapeutic compounds in cellular milieu.

3.1.2. External groove binders

The grooves (minor and major) of the DNA molecule are of immense structural
and chemical significance. The difference in the pattern of hydrogen bond donors
and acceptors in the minor and major grooves allow for sequence readout by these
group of ligands. Thus, the external groove binders search for the shape and size of
DNA grooves, which are specifically recognized by them. The molecules may even
induce structural changes in the DNA duplex for better structural complementarity
between drug and DNA. The drug can also alter its own structure by ‘induced fit’
type of mechanism (Spolar et al., 1994, Chaires, 1997).

3.1.2.1. Minor groove binders. Minor groove binders are typically composed
of several aromatic rings such as pyrrole, furan, or benzene that are connected
by bonds with torsional freedom. In all complexes of minor groove binders with
DNA, the drug displaces the ‘spine of hydration’ and fits snugly into the minor
groove. These drugs generally adopt a characteristic curved shape isohelical with
the target groove. Van der Waals interactions, hydrophobic forces, and hydrogen
bonds stabilize the resulting DNA–drug complex.

Minor groove binders have a binding preference for A•T base pairs, probably
because there are favorable hydrophobic contacts between the adenine C2 hydrogen
atoms and the aromatic rings in the drug. Besides, the A•T base pairs possess
hydrogen bond acceptors such as C2 carbonyl oxygen of thymine or N3 nitrogen of
adenine that can readily interact with any hydrogen bond donors. Although similar
hydrogen bonding opportunities exist at G•C base pairs, the amino group of guanine
may be a steric block to hydrogen bonds involving either guanine N3 or cytosine
C2 atoms. The favorable curvature of some tailor made ligands can overcome this
and can bind to G•C base pair as well.

However, with the discovery of a new motif – the side-by-side pyrrole-imidazole
amino acid pairing, or 2:1 (ligand: DNA) complex, it is possible to distinguish all
four Watson-Crick base pairs (G•C, C•G, A•T and T•A) (Dervan et al., 1999).
Using the 2:1 motif for recognition of the minor groove, a 6-bp sequence can be
read even at subnanomolar concentrations (Tranger et al., 1996). Minor groove
binding drugs are comprehensively reviewed in Zimmer (1986).

Aureolic acid group of antibiotics: We have given below an extended summary
of the work done with this group of antibiotics, because we have been actively
involved in understanding the mode of action of these DNA-binding antibiotics.
The summary also illustrates the model example of how different biophysical and
biochemical approaches were undertaken to characterize the association of these
drugs with chromosomal DNA and the sequential effect of this binding upon the
chromatin structure.
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Aureolic acid group of antitumor antibiotics, mithramycin (MTR) and
chromomycin A3 (CHR), from Streptomyces plicatus and Streptomyces griseus,
respectively, are clinically employed for testicular carcinoma and Paget’s disease
(Calabresi and Chabner, 1991). With a gross structural similarity, MTR and CHR
have difference in the nature of sugar rings connected to aglycone ring via O-
glycosidic bond. Antitumor properties of MTR and CHR in experimental tumors
have been ascribed to their inhibitory roles in replication and transcription processes
during macro molecular biosyntheses (Wohlert et al., 1999). They inhibit the
expression of proto-oncogenes like c-myc, that have an important role in the
regulation of cell proliferation and differentiation (Synder et al., 1991). A potential
use of these antibiotics is as neurological therapeutics for the treatment of diseases
associated with aberrant activation of apoptosis (Chatterjee et al., 2001).
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Prime cellular target of these antibiotics is DNA. A bivalent cation such as Mg2+ is
an essential requirement for their association with DNA at and above physiological
pH (Dimaraco et al., 1975). We have shown that in absence of DNA these antibiotics
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bind to Mg2+ and form two different types of complexes, complex I (1:1 in terms
of antibiotic : Mg2+) and complex II (2:1 in terms of antibiotic : Mg2+) (Dimaraco
et al., 1975; Aich and Dasgupta, 1990; Aich et al., 1992a, b). The equilibria
associated with the reversible association along with the affinity constants are given
below:

Drug+Mg2+
� Drug � Mg2+ �Complex I�

Drug � Mg2+ +Drug� �Drug�2 � Mg2+ �Complex II�

Affinity parameters for the formation of antibiotic: Mg2+ complexes

Antibiotic
Type
of complex

Apparent association
constant (M−1)

Stoichiometry

Mithramycin
I 1�8×104 1.1
II 1�6×103 2:1

Chromomycin
I 1�9×104 1:1
II 5�8×102 2:1

Since the second complex contains two molecules of drug, therefore, we refer to
it as dimer complex. Keeping in view the milli molar concentration of the metal
ion present in the cell, possibility of the formation of dimer complex is more under
in vivo conditions. However, in certain cases of cancer the metal ion concentration
goes down to micro molar range. Under these unusual conditions, complex I is
formed. Recently we have shown that mithramycin forms only dimer complex with
Zn2+, another metal ion playing an important role as cofactor in many enzymes and
DNA binding proteins like transcription factors.

These complexes are DNA binding ligands at and above physiological pH and
bind to DNA via minor groove (Dimaraco et al., 1975; Cons and Fox, 1989; Aich
and Dasgupta, 1990; Aich et al., 1992a, b; Aich and Dasgupta, 1995). It was
established in our laboratory from spectroscopic and thermodynamic studies that
the modes of binding of the two ligands with natural DNA, polynucleotides and
oligomeric duplexes are different (Dimaraco et al., 1975; Aich and Dasgupta, 1990;
Aich et al., 1992a, b; Aich and Dasgupta, 1995). We also illustrated the role of
DNA minor groove size and the accessibility of the 2-amino group in the minor
groove of guanosine in drug–DNA interaction using designed nucleotide sequences
(Aich and Dasgupta, 1995; Majee et al., 1997; Chakrabarti et al., 2000–2001, 2002).
Detailed NMR studies from other laboratories have helped to understand how the
bulky complex II is accommodated at the cost of a considerable widening of the
minor groove in B-DNA type structure (Keniry et al., 1993; Sastry et al., 1995).
In our laboratory we have shown from a detailed thermodynamic analysis of the
association of the dimer complex with different DNAs, natural and oligonucleoides,
with defined sequences, that B to A type transition in the groove leads to a positive
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change in enthalpy. This is compensated by a positive change in entropy arising from
the release of bound water in the minor groove (Aich and Dasgupta, 1995; Majee
et al., 1997; Chakrabarti et al., 2000–2001, 2002). Sugars present in the antibiotics
play a significant role during the association with nucleic acids (Majee et al., 1997;
Chakrabarti et al., 2000–2001, 2002). Absence of substituents like acetoxy group
in the sugar moieties of mithramycin imparts conformational flexibility of greater
degree than chromomycin. Therefore, the drug dimer of mithramycin has been
found to have a better conformational plasticity than chromomycin when it binds
to the minor groove of DNA.

Two approaches are usually taken to study the effect of the association of DNA
binding anticancer drugs upon the structure of chromatin and nucleosome. The
first one is reconstitution of the model nucleosome in the presence of the drugs.
This has been reported earlier in the case of mithramycin (Fox and Cons, 1993;
Carpenter et al., 1993). In our laboratory, so far we have taken the second approach
of comparing the association of the anticancer drugs with isolated chromatin at
various levels.

Spectroscopic studies such as absorbance, fluorescence and CD have demon-
strated directly the association of the above complexes with chromatin and its
components under different conditions. We made a comparison of the affinity
parameters, apparent dissociation constant and binding stoichiometry, in order to
throw light on the nature of the association. The reduced binding affinity of the
antibiotic: Mg2+ complexes to nucleosome or chromatin might be a consequence of
bending of double helix or, additionally, of unusual DNA conformations induced
by the histone binding. Alternatively, one can say that histone-DNA contacts and
N-terminal tail domains of individual core proteins in nucleosome core particle
reduce the accessibility of nucleosomal DNA to antibiotic: Mg2+ complexes. In the
chromatin, presence of linker H1 further reduces the binding potential of the ligand.
Structural and thermodynamic studies are mutually complementary and both are
necessary for understanding molecular basis of the binding process. Therefore we
made a comparison of the associated energetics. Linear van’t Hoff plot characteristic
of the association processes reported here implies the small value of heat capacity
changes. It can be attributed to the absence of any major conformational alterations
involving histones and DNA. In developing correlation between thermodynamic and
structural data, it is essential to consider that enthalpy-entropy compensation leads
to the observed free energy change. We resolved the enthalpy contributions from
three plausible sources: (a) the molecular interactions between bound ligand and
polymer binding site, (b) conformational changes in either DNA or drug molecule
or the complex.

Antibiotic:Mg2+ complex induced alteration in the ultrastructural changes in the
native and H1 depleted chromatin were monitored by thermal melting analysis,
polyacrylamide gel mobility assay, dynamic light scattering experiments and
transmission electron microscopic studies. Micrococcal nuclease digestion is the
biochemical probe to assess the accessibility of the antibiotic: Mg2+ complexes to
nucleosomal DNA.
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Quantitative characterization of the binding of antibiotic: Mg2+ complexes with different levels of
chromatin

Antibiotic Type of
complex

System Kd

(�M)
n

(base/drug)
�G

(Kcal
mol−1)

�H
(Kcal

mol−1�

�S
(eu)

Mithramycin

I

Native chromatin
H1 depleted chromatin
Core particle
Chopped core particlea

Naked DNA

107
85

154
72
33

14
13
18
13
5

−5�4
−5�4
−5�1
−5�5
−5�9

−12�0
−10�8
−9�8
−5�9
−7�5

−22�6
−18�4
−16�0
−1�4
−5�5

II

Native chromatin
H1 depleted chromatin
Core particle
Chopped core particle
Naked DNA

184
153
201
85
32

33
24
38
15
7

−5�1
−5�2
−4�9
−5�3
−6�0

2.1
3.9
4.6
5.2
3.5

24.3
30.9
32.6
35.7
32.3

Chromomycin

I

Native chromatin
H1 depleted chromatin
Core particle
Chopped core particle
Naked DNA

110
85

116
85
54

13
11
18
14
6

−5�4
−5�4
−5�3
−5�5
−5�7

−9�9
−7�8
−7�7
−4�8
−5�2

−15�4
−8�3
−8�1

2.2
1.7

II

Native chromatin
H1 depleted chromatin
Core particle
Chopped core particle
Naked DNA

ndb

nd
210
85
20

nd
nd
32
15
7

nd
nd

−4�9
−5�5
−6�3

nd
nd
2.2
6.0
7.0

nd
nd

24.2
39.2
45.6

aChopped core particle means nucleosome core particle with the N-terminal tails of core histones
removed by tryptic digestion.
bnd: not determined because aggregation of native chromatin at 	Mg2+
 > 3 mM has confined our studies
to complex II of mithramycin.

The antibiotic: Mg2+ complexes bind to nucleosomal DNA in presence of histones
none of which bind to them. Role of the histones is probably limited to steric
hindrance for the access of these complexes to the minor groove of DNA, though
the possibility of noncovalent interactions between the DNA bound ligand and the
potential hydrogen bonding site(s) in the histones can not be overlooked. In general
we have noticed that the presence of histones leads to an increase in the dissociation
constant and binding site size compared to naked DNA. Further increase in these
parameters for nucleosome core particle provides indirect support that they bind to
both core and linker DNA. Nuclease digestion pattern of the chromatin in presence
of the antibiotics also favors the above proposition. Presence of the antibiotics
reduces the accessibility of the nuclease to the potential cleavage sites in the linker
region. This observation implies that presence of the anticancer drugs bound to the
chromatin is a potential obstruction for the entry of the transcription factor(s) at
the target promoter sites in the gene. Stabilization of the chromatin structure as
indicated from the increase in transition temperatures as a sequel to the binding
of the ligands would make the RNA polymerase induced opening of the duplex
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energetically costly during transcription. Furthermore, during nucleosome tracking,
another key step in eukaryotic transcription, histone-DNA contacts in the nucle-
osome region need to be ruptured.

Depletion of histone H1 after covalent modification from chromatin is a key
step in eukaryotic transcription (Lee et al., 1993; Juan et al., 1994; Rice and
Allis, 2001). A comparison of the association of the antibiotic: Mg2+ complexes
with the normal and H1 depleted chromatin suggests that smaller ligands, like
anticancer drugs, have better accessibility for H1 depleted chromatin compared to
native chromatin. H1 depleted chromatin is also more prone to aggregation upon
association with the complex I of the antibiotic: Mg2+ complexes. It is also less
accessible to micrococcal nuclease. We propose that H1 depleted chromatin is a
better target of these antibiotics compared to native chromatin. This observation is
particularly significant in case of neoplastic cells where most of the cell nuclei are
transcriptionally active, and, therefore, contain H1 depleted chromatin.

We modified the nucleosome by chopping the N-terminal tails sticking out of
the core particle. From a scrutiny of the spectroscopic features of two bound
complexes (for mithramycin and chromomycin) and comparison of the binding
and associated thermodynamic parameters, we noticed the following features. N-
terminal and intact and chopped core particles interact differentially with the same
antibiotic: Mg2+ complex. Tryptic removal of the N-terminals tail domains of core
histones enhances the binding potential and access of the antibiotic: Mg2+ complexes
to the nucleosomal DNA. The association of the DNA-binding anticancer drugs
with nucleosome core particle leads to a slow release of the nucleosomal DNA.
Such disruption of histone-DNA interaction might be one of the mechanisms of the
transcription inhibitory potential of these drugs. Compared to the N-terminal intact
nucleosome, the N-terminal chopped nucleosome is more susceptible to disruption
(shown in a carton below). Release of free DNA has also been reported when
another groove binder DAPI interacts with reconstituted nucleosome (Fitzgerald
and Anderson, 1999).

We extended this study to include daunomycin, which is widely used as an
anticancer drug, in order to examine whether mode of binding to DNA influences the
association to normal and N-terminal chopped nucleosome. The extent of the above
effects is more pronounced in case of the intercalator, daunomycin. N-terminal tail
domains protect the eukaryotic genome from external agents, such as anticancer
drugs and the degree of protection is dependent upon the mode of binding to DNA.
Although N-terminal tails are structureless entities of the nucleosome (Van Holde
et al., 1995), our studies indicate that they have a part in maintaining the structural
integrity of the nucleosome. The DNA release has been noted for other drugs also
(unpublished observations from our laboratory) and may be a general feature at
least with mononucleosome.

Notwithstanding the importance of in-depth analysis of the structural features of
the association of the anti-gene transcription inhibitors with DNA, it is clear that
structural studies on the association of these compounds with chromatin and its
components like nucleosome and H1 histone under different conditions are essential
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to get a molecular picture of how they function in vivo. To the best of our knowledge
very few extensive structural studies at the level of chromatin as presented above
have yet been done with any other anticancer drugs (or synthetic ligand) working
via the inhibition of transcription (Gottesfeld et al., 2002). It is now well known
that chromatin of the cell under neoplastic conditions is highly transcriptionally
active. Even in a normal cell the process of transcription is dynamic in terms
of the chromatin structure. Remodeling of the chromatin is a key factor in this
process (Tsukiyama and Wu, 1997; Kadam and Emerson, 2002). Our future goal
is to ascertain the molecular role of these small transcription inhibitors in this
dynamic process.

Distamycin and other minor groove binders of the same class: In order to detect
the binding loci of this class of groove binders in the nucleosomal DNA, hydroxyl
radical and DNase I footprinting studies were carried out on the complexes of four
AT-selective minor groove binding ligands (Hoechst, distamycin, netropsin and
berenil) with DNA fragments which have been reconstituted with nucleosome core
particles (Brown and Fox, 1996). Hydroxyl radical footprints of reconstituted tyrT
DNA show that all four ligands induce changes in the phased cleavage pattern,
consistent with the suggestion that they cause the DNA to rotate by 180� on the
nucleosome surface. Regions to which the ligands are bound are turned away from
the protein surface, thereby minimising electrostatic repulsion between the cationic
charges on the ligand and protein.

In one of the earlier reports hydroxyl radical footprinting was employed to analyze
the interaction of distamycin and actinomycin with the 5s ribosomal RNA genes of
Xenopus (Churchill et al., 1990). The two drugs showed different hydroxyl radical
footprints. Distamycin gives a conventional (albeit high-resolution) footprint, while
actinomycin does not protect DNA from hydroxyl radical attack, but instead induces
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discrete sites of hyper reactivity. The results suggest that the shape of the DNA rather
than the specific sequences leads to the recognition by distamycin. Similar trends
were noticed from the footprinting studies of the reconstitution of two fragments
of Xenopus borealis DNA 135 and 189 base-pairs long with chicken erythrocyte
histones, after incubation with echinomycin (a bisintercalating antitumour antibiotic)
or distamycin (Low et al., 1986, Portugal and Waring, 1987). Controlled digestion
of these defined sequence core particles using DNAase I revealed new cleavage
products, indicative of a change in orientation of the DNA molecule on the surface
of the nucleosome. This new rotational setting of DNA within the core particle
appears to be practically independent of DNA sequence (Brown and Fox, 1996).
This study has shown that minor groove binding ligands like distamycin, netropsin
and berenil alter the rotational positioning of DNA fragments on nucleosome core
particles.
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Combilexins are a group of synthetic DNA ligands having a sequence-specific
minor groove-binding element combined with an intercalating chromophore, which
stabilizes the DNA complex and can interfere with topoisomerases (Pindur
et al., 2005 and related references therein). Collectively, the structural and kinetic
data concur that the conjugate threads through the DNA double helix so that
its acridine chromophore could intercalate, leaving the netropsin moiety and the
methanesulfonanilino group positioned within the minor and major grooves of the
double helix, respectively. The hybrid maintains the AT selectivity conferred by the
netropsin moiety. The threading-type intercalation process, evidenced by stopped-
flow measurements, is affected when the DNA is wrapped around histones. The
composite drug can bind to both the DNA linker segments and the nucleosomal
cores in chromatin. In contrast to its constituents, it antagonizes the salt-induced
condensation of chromatin.

The (A•T)-selective recognition of these group of DNA binding ligands have
been used to selectively block these regions during the experiments to understand
the activation or repression of a gene by transcription factor. One such typical
example is the following report (Kas et al., 1989, 1993). Scaffold-associated regions
(SARs) are A+T-rich sequences defined by their specific interaction with the nuclear
scaffold. The interaction of distamycin with SAR sequences leads to a complete
suppression of binding to either scaffolds or histone H1, implying that �dA�dT�n

tracts play a direct role in mediating these specific interactions and that histone H1
and nuclear scaffold proteins may recognize a characteristic minor groove width or
conformation. The effect of distamycin on these specific DNA–protein interactions
in vitro also proposes that binding of SARs to the nuclear scaffold and SAR-
dependent nucleation of H1 assembly might be important targets of the drug in vivo
(Sumer et al., 2004).

In fact much progress has been made in recent years in developing small
molecules that target the minor groove of DNA. Synthesis of molecules that
recognize specific DNA sequences with affinities comparable to those of eukaryotic
transcription factors is a major stride in this direction. This makes it feasible
to modulate or inhibit DNA/protein interactions in vivo, a major step towards
the development of general strategies of anti-gene therapy. Examples from
anti-parasitic drugs also suggest that synthetic molecules can affect a variety
of cellular fractions crucial to cell viability by more generally targeting vast
portions of genomes based on their biased base composition. Approaches based
on selective interactions with broad genomic targets such as satellite repeats,
essential for cellular proliferation employ synthetic polyamides or diamidines
that bind the DNA minor groove. These highly selective agents are capable
of interfering with specific protein/DNA interactions that occur in A+T-rich
repeated sequences that constitute a significant portion of eukaryotic genomes.
The satellite localization of cellular proteins that bind the minor groove of DNA
via domains such as the AT hook motif is highly sensitive to these molecules
(Susbielle et al., 2005).
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3.1.2.2. Major groove binders. Mainly proteins recognize the major
grooves of DNA. Non-peptidyl compounds have a tendency to bind to the minor
groove, potentially allowing simultaneous major groove recognition by proteins.
However, oligomers called triplex forming oligonucleotides (TFOs) (Thuong and
Hélène, 1993) can bind to polypurine–polypyrimidine duplex sequences in the major
groove to form hydrogen bond with bases on the purine strand. TFOs bind within
the existing major groove of DNA and the orientation of the third strand relative to
the duplex is dependent on the sequence.

Peptide nucleic acids (PNAs with a peptide like backbone) also bind via the
major groove (Neilsen, 1999). PNAs form a triplex (Lohse et al., 1999), which then
result in the displacement of the non-complementary oligopyrimidine DNA strand.
This has been extensively reviewed by Hurley (2002).

3.2. Covalently Interacting Anticancer Drugs

Anticancer drugs that interact with DNA covalently do so by a primary non-
covalent interaction, which is immediately followed by covalent interaction with
either the phosphate backbone, or DNA bases, or deoxyribose sugar moieties.
Covalent interactions lead to any of the following effects: cleavage of DNA strand,
cross-linking, alkylation and adduct formation and base release. These events are
mutually interconnected. Mono-alkylating agents alkylate the nucleophilic sites
within the double helix. Bifunctional alkylating agents cross-link the two strands
of DNA and as a result, the integrity of DNA, as a template is lost.

3.2.1. DNA adduct forming or alkylating agents

Alkylating agents were the first drugs to be used to treat highly proliferating cancers.
They are mainly of two types: the relatively non-specific nitrogen mustards and the
even less selective nitrosoureas.

Nitrogen mustards form strong electrophiles through the formation of carbonium
ion intermediates. Most common sites of attack are the N7 atoms of adenine and
guanine bases in the major groove. N2 and N3 atoms are the other potential
sites. Chloroethyl side chains are the main structural features of nitrogen mustards
such as Chlorambucil, Melphalan, and Cyclophosphamide. Chlorine is a good
leaving group, therefore, it facilitates nucleophilic attack of nitrogen to form an
imminium ion in a strained ring system. This readily undergoes alkylation at N7
of guanine in the major groove to form a monoalkylation product. Bifunctional
alkylating agents can undergo a second cyclization of the second side chain and
form a covalent bond with another nucleophilic group, possibly an N7 of another
guanine or some other nucleophilic moiety. This results in the cross-linking of
the two complementary strands of DNA, primarily at 5’GPuC sequences (Hansson
et al., 1987). Cyclophosphamide requires activation by cellular mixed function
oxidases. It is a non-specific pro-drug of the active metabolite phosphoramide
mustard and the most widely used alkylating agent.
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Nitrosoureas encompass a class of compounds that breakdown to very unstable
intermediates leading to indiscriminate reactions. Among this class are included
Streptozotocin, which is used in the treatment of Hodgkin’s disease (Schein
et al., 1974), triazenes such as Decarbazene, widely used for malignant melanoma
(Cohen et al., 1998), and the more recent Temozolomide, used for gliomas (Friedman
et al., 2000). Temozolomide is a monoalkylating drug that methylates guanine
residues in DNA following a DNA facilitated rearrangement. Figure shows the
chemical structures of some DNA alkylating agents.

Chemical structures of some DNA alkylating anticancer drugs.

3.3. DNA Cleaving Anticancer Drugs

This class consists of potent antitumor agents that mainly exhibit a radical
mechanism. Among the members of this class, esperamicin, calicheamicin,
dynemicin and neocarzinostatin function by an endiyne mechanism. They undergo
an inducible chloroaromatization to an aryl or indenyl diradical, which abstracts
hydrogens from proximate deoxyribosyl sites, leading to DNA scission (Smith
et al., 1994). Bleomycin, on the contrary, has a different mechanism of action. The
amino terminal tripeptide of Bleomycin molecule seemingly intercalates between
guanine-cytosine base pairs of DNA. The opposite end of the Bleomycin peptide
binds Fe(II) and serves as a ferrous oxidase, able to catalyze the reduction of
molecular oxygen to superoxide or hydroxyl radicals responsible for DNA strand
scission (Takeshita et al., 1978; Giloni et al., 1981). Recently, a new class of
drugs is being developed – pyrazolo-triazoles that are DNA cleaving agents upon
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Chemical structures of DNA cleaving antibiotics

photoactivation (Manfredini et al., 2000). The reaction proceeds from the lowest
excited singlet state to an azoimine that converts thermally or photochemically to
an intermediate. The intermediate in the singlet state reacts directly or undergoes
intersystem crossing to the triplet. It is capable of hydrogen abstraction followed
by DNA cleavage.

Constraints on the structure of nucleosomal and the linker DNA induced by
the associated histones and the non-histone chromosomal proteins will play an
important role in the loci of DNA-damage in the nucleus by this group of antibi-
otics. One of the initial reports employed Chinese Hamster cell nuclei (Kuo and
Samy, 1978). They were reacted with neocarzinostatin and its DNA was analyzed
on non-denaturing agarose gel. A series of bands with a multiplicity of 175 bp
was obtained. A similar result was also obtained when the DNA samples were
electrophoresed under denaturing gels. Later, a detailed study reported the DNA
damage in HeLa nuclei and isolated nucleosome core particles with several more
members of the enediyne family of antitumor antibiotics such as calicheamicin �l
(CAL), esperamicin Al (ESP Al), esperamicin C (ESP C), and neocarzinostatin
(NCS). All three enediyne antitumor antibiotics produce DNA damage in He La
nuclei that was modulated at the level of the nucleosome (Yu et al.,1994; Smith
et al., 1996). DNA damage induced by ESPA1 and NCS was limited to the linker
DNA. On the other hand, the damage produced by CAL and ESP C also occurred in
the nucleosome core with a 10-nucleotide periodicity. The differences in the site of
the damage have been ascribed to the structural differences between the enediynes.
Distinctive features of drug structure that may limit damage to the nucleosome
core include the presence of substituents on both sides of the CAL/ESP-type core,
and the presence of an intercalating moiety, such as the naphthoate of NCS and
possibly the anthranilate of ESP Al. These observations further emphasize the point
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that DNA-damage by the covalently interacting drugs depend on the geometry of
the drug–DNA complex resulting from the first step of the non-covalent associ-
ation between them. Keeping in view the fact that these antigene compounds are
potent cytotoxic agents, there is scope to understand how these drugs might switch
off the active genes for transcription. As proposed earlier it is possible that the
conversion of nucleosomes to nuclease hypersensitive sites is a mechanism of
transcription inhibition for the active genes. However, the chemically active nature
of these drugs also make them possible players in any one or more steps in the
chromatin remodeling, an essential pre-requisite for transcriptional activity of the
active chromatin.

3.3.1. Bleomycin

The antitumor antibiotic bleomycin (structure shown below) is a glycopeptide that
binds to the DNA minor groove and induces sequence specific single and double
strand breaks in DNA by a free radical mechanism. It forms a coordination complex
with Fe (II) and in the complexed state it combines with oxygen to produce a highly
reactive species, which specifically abstracts hydrogen from the C4’ of deoxyribose
sugar moiety. This leads to strand breakage or production of abasic sites. In the
process of formation of double strand breaks, bleomycin primarily induces single
strand breaks at pyrimidines of G-C and G-T sequences which is followed by
secondary cleavage on the opposite strand (Povirk and Goldberg, 1987; Steighner
and Povirk, 1990).

Biochemical and cytological studies of bleomycin actions on chromatin and
chromosomes have revealed that bleomycin interacts with nuclei isolated from a
variety of mammalian cells to release nucleosomes. i.e. bleomycin cleaves chromatin
at linker regions (Kuo and Samy, 1978). Moreover, the ability of bleomycin to
induce DNA lesions depends on nucleosome repeat length (Lonn et al., 1990), the
number of DNA lesions created being lower for salt-incubated nuclei with short
average nucleosome repeat length (140–145 bp) compared to nuclei with longer
(190–195 bp) repeat length. bleomycin induced DNA cleavage is also asymmetric
towards the periphery of nucleosome bound DNA (Smith et al., 1994), where
marked inhibition of cleavage is observed toward the upstream side, but negligible
inhibition occurs towards the downstream side for chromatin, reconstituted with
Xenopus laevis 5S rRNA gene.

Another factor, which is of prime importance in the context of bleomycin activity
on chromatin, is the degree of chromatin compaction. Restriction enzyme digestion
of DNA from drug-treated nuclei along with Southern blotting procedures has shown
that bleomycin preferentially cleaves the chromatin at actively transcribing regions
(Kuo, 1981). In fact, the DNA sensitivity to bleomycin is inversely correlated with
the degree of chromatin coiling (Lopez-Larraza and Bianchi, 1993). CHO cells
with decondensed chromatin show higher DNA sensitivity to bleomycin than CHO
cells with maximal chromatin compactness. Furthermore, a comparative study of
the response of mosquito (ATC-15) and mammalian (CHO) cells to bleomycin
reveals that ATC-15 cells, which have higher chromatin condensation compared to
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Bleomycin 

CHO cells, also show a lower sensitivity to bleomycin (Lopez-Larraza et al., 2006).
The ATC-15 cells exhibit satisfactory growth at bleomycin doses that produce a
permanent growth arrest of CHO cells, thereby suggesting that mosquito cells might
have linker DNA shorter than that of mammalian cells.

Bleomycin induced chromosomal damage in Chinese hamster bone marrow gives
rise to micronuclei by means of lagging chromatin; main and micronuclei eventually
become asynchronous in consecutive cell cycles and mitosing main nuclei induce
premature chromosome condensation in the micronuclei (Kurten and Obe, 1975).

The cells respond to bleomycin induced chromatin damage by activating
nuclear poly (ADP-ribose) polymerase (PARP), which regulates chromatin structure
and DNA repair. Closely associated with PARP, is the activity of cellular
integrins. A fluorescence microscopy based study using wild type and PARP
knockout mouse lung endothelial cells and the PARP inhibitor, 3-aminobenzamide
showed that integrin clustering protect wild type cells from DNA breakage and
3-aminobenzamide and PARP knockout inhibit this protection. Hence, the antigeno-
toxic effect of integrin activation requires PARP, but at the same time, integrins
alter chromatin structure by both PARP-dependent and independent mechanisms
(Sidik and Smerdon, 1990).

Ultimately the DNA lesion is repaired by a ‘short patch’ repair mechanism,
which, in linker regions of nucleosomes or open regions of chromatin (where lesions
are generally concentrated) is associated with minimal nucleosome rearrangement
(Jones et al., 2001).
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3.4. DNA Cross-linkers: Cisplatin and Mitomycin C

The most widely used drug in this category is cisplatin. Therfeore, we have
summarized below its action at the chromatin level. The anti-tumour drug cis-
diamminedichloroplatinum(II) (cisplatin) is employed for the treatment of ovarian
and testicular carcinomas, as well as solid tumours (Loehrer and Einhorn, 1984;
Zamble and Lippard; 1995).

Cisplatin 

The covalent binding of cisplatin to cellular DNA mediates the cytotoxicity of
the anti-cancer agent (Roberts and Thomson, 1979; Bruhn et al., 1992; reviewed
in Jamieson and Lippard, 1999). The reaction of cisplatin with DNA results
in covalent cisplatin-DNA adducts that can inhibit DNA replication. The most
prevalent covalent adduct is an intra-strand cross-link formed between the N-7 of
two adjacent guanine residues (Dabrowiak and Bradner, 1987; Bruhn et al., 1992).
Inter-strand DNA crosslinks, as well as some DNA–protein cross-links, also occur.
An interesting observation is that linker histone H1 binds preferentially to cisplatin
damaged DNA (Yaneva et al., 1997). The sequence specificity of cisplatin DNA
damage using a polymerase stop assay (Temple et al., 2000) has shown that runs
of consecutive guanines is the most prevalent with lesser damage at AG, GA
and GC dinucleotides. A similar DNA sequence selectivity has also been found
in intact human cells (Murray et al., 1998; Davies et al., 2000). Footprinting
techniques, utilising bleomycin and DNase I as the damaging agents, were employed
to establish the precise location of positioned nucleosomes with respect to the
DNA sequence in reconstituted chromatin (Galea and Murray, 2002). Reconsti-
tuted nucleosomal DNA was treated with cisplatin and drug-induced DNA adduct
formation was quantitatively analysed with a polymerase stop assay using Taq
DNA polymerase. The results from the studies show that the preferred site of
cisplatin DNA binding was in the linker region of the nucleosome. The effect
of chromatin structure upon cisplatin damage has also been studied in the intact
human cells using epsilon-globin promoter as the DNA target. The study had
shown that chromatin structure has a large impact upon the degree of damage,
particularly, the binding of a transcription factor resulted in an enhancement
of the DNA damage. Protein induced distortion of the DNA could lead to the
formation of novel adduct that could evade the normal repair pathway thereby
leading to the anti-tumor activity of the drug. In the cell, exposure of the damaged
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DNA duplex to the exterior of the nucleosome is necessary for the damage
repair of the platinum lesion by the appropriate machinery. The rotational setting
of the nucleosomal DNA on the surface of the histone octamer decides the
solvent accessibility of the nucleotides (Danford et al., 2005 and related refer-
ences therein). Enzymatic digestion by exonuclease III of the nucleosome substrates
suggested that the platinum cross-link affects the translational positioning of the
DNA, forcing it into an asymmetric arrangement with respect to the core histone
proteins. These phasing phenomena might play an important role in the recog-
nition and processing of platinum- DNA adducts in cancer cells treated with these
drugs.

Mitomycin C (structure shown below) is a naturally occurring antitumor
antibiotic, used in cancer chemotherapy, particularly for the treatment of bladder
cancer (Bradner, 2001). The cytotoxicity of this drug arises due to inter and
intra-strand DNA crosslinking, following adduct formation. Mitomycin C induces
the formation of monoadduct at guanine N2. Similarly, two guanine residues in
proximity in the DNA minor groove may cross-link with each other through
their respective 2-amino groups (Iyer and Szybalski, 1963; Dorr et al., 1985;
Keyes et al., 1991). Crosslinking renders the DNA unsuitable as a template
for replication or transcription to occur, and if left unrepaired, are highly
cytotoxic.
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It has been found that mitomycin C treatment initiates certain active cellular
processes, which result in non-random chromatid interchanges. The frequency of
exchange between homologous chromosomes by far exceeds what is expected by
chance (Shaw and Cohen, 1965; Morad et al., 1973). Quadriradical formation
predominantly occurs with human chromosomes1, 9, and 16 and exchange break-
points appear within the C bands of these chromosomes. Furthermore, the frequency
of exchange events in these chromosomes tends to be directly correlated with
the size of their paracentromeric heterochromatic bands (C-bands). Abdel-Halim
et al., (2005) have reported that majority of exchange breakpoints of chromosome
9 are located within the paracentromeric heterochromatin and that over 70% of the
exchanges occur between its homologues in G0/G1 and S-phase cells. It therefore
implies that mitomycin C treatment induces heterochromatin-specific pairing and
formation of exchanges.
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Mitomycin C treatment is often followed by the induction of cross-link repair
in vivo. The initiation of cross-link repair possibly occurs when the DNA repli-
cation or transcription machinery are stalled at the damaged site. Single strand
DNA foci appear as an outcome of cross-link repair and these single strand DNA
foci may occur in S-phase cells (Rothfuss and Grompe, 2004). A detailed in vivo
analysis of mitomycin C induced DNA damage and repair (Lee et al., 2006)
identifies the involvement of Xeroderma pigmentosum (XP) proteins. Induction
of single strand DNA patches by mitomycin C is completely dependent on the
presence of XPG and XPE proteins, as human mutant cells, defective in XPG
and XPE fail to form single strand DNA foci on treatment with mitomycin C.
Moreover, mitomycin C induced cross-link causes XPG to localize exclusively in
the nucleus and to associate with chromatin. However, treatment of XPF deficient
cells with mitomycin C results in a strong reduction of chromatid interchange
frequency (Abdel-Halim et al., 2005). Lack of XPF also significantly delays
the formation of mitomycin C induced single strand DNA foci in vivo. Thus,
XPG, XPE and XPF, all play unique roles in the repair of mitomycin C induced
DNA damage.

3.5. Anticancer Drugs Targeting the Structural Organization of DNA

Different levels of structural organization of DNA are targets for anticancer drugs.
The first, most basic level is the chemical interaction of the drug with the
DNA double helix. The DNA primary base sequence may be targeted in a non-
sequence-specific (global) manner or the same may be targeted at repetitive DNA
sequences such as AT rich regions (ORIs and MARs) or specific DNA sequences
(e.g. oncogenes). Similarly, the secondary DNA structures such as DNA quadru-
plexes (telomeres), hairpins, Holliday junctions and triple helices also serve as
potential targets for anticancer drugs.

3.6. Targeting the DNA Primary Base Sequence

Non-sequence-specific or global DNA damage is generally caused by random DNA
alkylation, cross-linking or strand scission, the mechanisms and consequences of
which have been previously mentioned.

3.7. Targeting the Repetitive DNA Sequences

Clusters of repetitive DNA sequences are present over vast areas of the human
genome. In some cases, these sequences may provide important regulatory functions.
Repetitive DNA often has the ability to take on non-B-form DNA conformations,
which might recruit certain regulatory proteins that participate in control of gene
expression. AT-islands, containing nearly 85–100% AT sequences may function
as matrix attachment regions (MARs) that organize DNA loops on the nuclear
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matrix and coordinate nuclear activities such as DNA replication, transcription
and mitosis (Woynarowski, 2002). Moreover, origins of replication and certain
promoters contain AT rich sequences. Unfortunately, these repetitive sequences are
unstable. Polymerase slippage or unequal recombination (Debrauwere et al., 1997)
may cause expansion or deletion of the repetitive elements and this is often
associated with disease state. Therefore, selective damage to AT-rich DNA might
be an important mechanism of drug action since binding to these sequences affects
specific gene expression by preventing transcription factor binding, increasing the
affinity of a transcription factor for its sequence, or creating unnatural binding sites
(Gniazdowski et al., 2005).

Efforts are being made to design anticancer drugs that will specifically interact
with AT-rich sequences and interfere directly with the metabolic processes therein.
In fact, certain cyclopropyindoline compounds such as CC-1065, adozelesin, and
bizelesin have been studied that alkylate the N3 of adenine in the minor groove
of AT-rich DNA sequences. These compounds have been shown to inhibit DNA
replication in cell free and cell based yeast and mammalian systems (McHugh
et al., 1994, 1999; Cobuzzi et al., 1996; Woynarowski and Beerman, 1997;
Weinberg et al., 1999; Wang et al., 2001). In addition, certain aminoindoline
compounds have been found to target AT-rich sites located within the c-MYC gene
in vitro (Nelson et al., 2005).

3.8. Targeting Specific DNA Sequences or Oncogenes

Certain drugs have been designed that span DNA and recognize a limited number
of specific sequences. The pyrrole-imidazole polyamides (Dickinson et al., 2004)
are the most discriminatory sequence selective DNA binding agents that inhibit
transcription factor binding in vitro. However, these hairpin polyamides have not
been found effective in vivo (Dudouet et al., 2003). Chlorambucil conjugated
polyamides have been designed that cause cell cycle arrest in G2/M. Molecules such
as polyamide 1-CBI (1-chloromethyl)-5-hydroxyl-1,2-dihydro-3H-(benz[e]indole)
conjugate exhibit sequence specific DNA alkylation in mammalian cells. 1-CBI
is able to damage encapsidated SV40 DNA by penetrating the virions (Philips
et al., 2005). Moreover, the differences in sequence specificities of DNA alkylation
of these conjugated polyamides lead to marked differences in biological activities
(Shinohara et al., 2006).

Ecteinascidin (Et-743) is a minor groove-alkylating agent, currently in clinical
development. The drug alkylates N2 of the central guanine of the DNA binding
triplet and causes a conformational change in DNA, with the minor groove
widening and the double helix bending towards the major groove (Pommier
et al., 1996; Garcia-Nieto et al., 2000; Hurley et al., 2001; Zewail-Foote and
Hurley, 1999, 2001). This compound demonstrates a unique potential to alter gene
expression of discrete loci based on the presence of GC boxes in the promoter
regions.
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4. DNA SECONDARY STRUCTURES AS TARGETS
FOR ANTICANCER DRUGS

DNA secondary structures containing stretches of single stranded DNA are present
in the human genome and are involved in the regulation of crucial processes
such as transcription. Hairpins or cruciforms are the potential recognition sites
for binding of transcription factors. Of equal importance are telomeres, the DNA-
protein complexes marking the ends of chromosomes. Facile interconversion
between double and single stranded DNA and G-quadruplex at physiological condi-
tions renders these secondary DNA structures attractive candidates for biological
signaling molecules and consequently, potential targets for anticancer agents.

4.1. Targeting DNA Quadruplexes

Telomeres are DNA protein complexes at the ends of eukaryotic chromosomes that
protect the linear DNA ends from erosion over multiple replication cycles and also
from being recognized as double strand breaks and subsequent repair by exonucle-
olytic trimming and end-to-end fusion. Chromosomal telomeres contain 3′ G-rich
overhang of 150—200 bp that forms a G-quartet structure. It is in the form of
stacked tetrads of guanines in a cyclic Hoogsteen hydrogen bonding arrangement.
G-quartets can be stabilized by sodium and potassium ions and this stabilization can
inhibit telomerase activity. A number of small molecules have been identified that
interact with G-quartets. For instance, 2,6-diamidoanthraquinone BSU1051 has been
found to interact with and stabilize the G-quartet, and thereby inhibit telomerase
activity (Sun et al., 1997). A 3,6,9-trisubstituted acridine is also a potent inhibitor
of telomerase. Apart from these, certain cationic porphyrins such as TMPyP4 are
another class of agents that bind to G-tetrads by interactive stacking. TMPyP4 has
selectivity for intermolecular G-quadruplex structures (Liu et al., 2005). Telomes-
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tatin is a natural G-quadruplex intercalating agent, which holds greater promise
compared to previously studied G-quadruplex targeted molecules. On treatment
of multiple myeloma cells with Telomestatin, inhibition of telomerase activity
occurs along with reduction in telomere length followed by cell growth inhibition
(Shammas et al., 2004). A third class of G-tetrad interacting compounds comprises
of perylenetetracarboxylic diimide PIPER which shows binding characteristics,
similar to the porphyrins. These compounds not only bind to G-quadruplexes, but
also induce their formation in cells (Han et al., 1999).

Apart from telomeres, G-quadruplexes are also present in the upstream promoter
regions of certain oncogenes. G-quadruplex targeted molecules may interact
at these sites as well. In fact, the cationic prophyrin, TMPyP4 and the core
modified expanded prophyrin analogue 5,10,15,20-[tetra(N-methyl-3-pyridyl)]-
26,28-diselenasapphyrin chloride (Se2SAP) have been found to cause repression
of transcriptional activation of c-MYC in cells by G-quadruplex stabilization
(Seenisamy et al., 2005).

4.2. Targeting Hairpins and Holliday Junctions

Hairpins, cruciforms or single strand DNA containing secondary structures play an
important role in the regulation of transcription. A molecule that can selectively
bind to hairpins has the potential to block transcription by interfering with protein
recognition of that specific site. The transcription inhibitor Actinomycin D and its
analogues bind nearly 10 fold more tightly to the hairpin conformation formed from
the single stranded DNA 5′-A7TAGT4A3TAT7-3′ than to the same strand in fully
duplexed form.

4.3. Targeting DNA Triplexes

Specific targeting of triplex DNA structures is one of the most important strategies of
‘antigene’ based chemotherapy (Jenkins, 2000). The main aim is to target individual
gene sequences at the DNA duplex level to modulate their expression or interac-
tions with DNA binding proteins or to interfere with the vital template processes.
A genomic DNA duplex is targeted using either a triplex forming oligonucleotide
(TFO) or peptide nucleic acid analogue (PNA) to produce local DNA triplex struc-
tures that can inhibit the transcription of specific genes. The specificity of these triple
helical structures stems from the Z—X · Y base triplets formed by Hoogsteen or
reverse Hoogsteen hydrogen bonding arrangements involving pyrimidine or purine
bases (Z) in the third strand and the purine strand (X) of the host DNA duplex. The
triple helical structures formed have low thermal and thermodynamic stability and
this poses a problem for effective targeting. So DNA triplex-targeted drugs mainly
aim at stabilization of DNA triplexes.

Significant increase in triplex stability can be achieved by using interca-
lating agents, either by conjugate attachment to the third strand TFO or as a
separate adjunct ligand, if binding of this residue can preferentially stabilize a
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triple stranded DNA. Various fused and unfused heterocycles have been studied.
They include naphthylquinoline, BePI (benzo[e]pyridoindole), imidazothioxan-
thone, acridine derivatives, coralyne, and the phenothiazinium dye, methylene
blue. These molecules have (i) an extended planar aromatic system to maximize
�-overlap with successive base triplet planes, (ii) a cationic charge on the interca-
lated chromophore and (iii) a pendant side-chain terminating in an amine residue
that can be protonated. Due to these characteristics, the compound is easily delivered
to the target DNA and it anchors the bound ligand through interaction with the
grooves or the anionic phosphodiester backbone.

Efforts have also been made to design groove directed drugs for triplex stabi-
lization. Ideally, these agents should have little or no inherent affinity for the
underlying duplex in order to prevent intergroove cross talk and consequent binding
induced displacement of the third strand. However, most of the compounds studied
are mainly A/T specific with high affinity for DNA duplexes rather than DNA
triplexes.

5. PROTEIN–DNA COMPLEXES AS MOLECULAR TARGETS
FOR ANTICANCER DRUGS

Chromosomal DNA is the scaffold on which DNA binding proteins assemble and
regulate vital cellular processes such as DNA packaging, transcription, replication,
recombination and repair. Since these proteins use DNA as template for carrying
out their respective functions, they are found associated with DNA some time or
the other in the cell cycle. Several drugs have been designed that target the protein-
DNA complexed state and thereby inhibit the enzyme function. Among this class
of drugs, the best-studied are the topoisomerase poisons.

Topoisomerases (I & II) are enzymes that modify the DNA topology by a complex
catalytic cycle involving DNA strand cleavage, strand passage and religation
(Osheroff et al., 1991). The necessity of topoisomerases in the cell arises from
the fact that the DNA double helix is normally stored in a highly supercoiled
complexed state in chromatin which has to be unwound for processing. The cytotox-
icity of topoisomerase poisons is due to stabilization of the enzyme-DNA covalent
‘cleavage complex’ (Nelson et al., 1984). Topoisomerase I inhibitors stabilize a
covalent bond between a tyrosine residue on the protein and the 3′ phosphoryl
end of the single strand it breaks (Hsiang et al., 1985), while topoisomerase II
inhibitors stabilize a covalent bond between a tyrosine residue on the protein and
the 5′ phosphoryl end of each broken strand of DNA with a 4 bp stagger between
cleavage sites on complementary strands. In either case, it leaves the topoisomerase
molecule covalently bound to DNA, masking the cleavage site.

The major class of topoisomerase I inhibitors comprise of the camptothecins,
while topoisomerase II inhibitors fall into several classes – anthracyclines (e.g.
doxorubicin), anthracenediones (mitoxantrone), anthrapyrazoles (bianthrazole),
actinomycins (actinomycin D), acridines (m-AMSA), ellipticines (9-hydroxy-
ellipticine) and epidophyllotoxins (Etoposide (VP-16) and VM-26). The chemical
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Chemical structures of some topoisomerase inhibitors 
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structures of some topoisomerase inhibitors are shown below. Except for the
camptothecins and epidophyllotoxins, the drugs bind to DNA through intercalation
and then form a ternary drug/DNA/enzyme complex that inhibits the DNA resealing
activity of the enzyme, stabilizing the cleavage complex and resulting in DNA
double strand breaks. Camptothecins and epidophyllotoxins are believed to bind
primarily to the protein followed by ternary complex formation.

However, topoisomerase poisons show a limited sequence preference. Especially
the topoisomerase II targeted drugs trigger random double stranded breaks
throughout the genome, which at times induce chromosomal translocations and in
turn cause secondary leukaemia. With the intention to impart greater specificity
to topoisomerase II poisons, Duca et al., 2006 have designed derivatives of VP16
conjugated to triplex forming oligonucleotides. These molecules induce cleavage
13—14 bp from the triplex end where the drug was attached. Hence, the molecules
are expected to offer great promise in cancer chemotherapy.

Apart from the topoisomerase poisons, other drugs that trap proteins in ternary
complexes include Cisplatin, and Et-743.

Cisplatin (cis-diamminedichloroplatinum (II)) initially binds covalently to
adjacent guanines in the major groove of DNA and bends DNA in the direction of
the major groove (Bellon et al., 1991). This distortion facilitates protein binding
in the minor groove and stabilizes the interactions between DNA and its binding
proteins such as TATA box binding protein (TBP), High mobility group 1 (HMG1),
High mobility group 2 (HMG2), human upstream binding factor (hUBP) and
sex-determining region Y protein (SRY) (Gniazdowski and Czyz, 1999). These
proteins bind to DNA and enforce bending of DNA. So, trapping of these proteins,
either at their natural or unnatural binding sites imposes architectural changes
that are eventually hazardous to the cell. The above review is a glimpse of the
activities with the platinum containing anticancer drugs. There has been some
excellent reviews in this area in the last year (Sedletska et al., 2005; Wheate and
Collins, 2005).
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Ecteinascidin 743 (Et-743) is a complex natural product, which also seems to
work by trapping DNA-binding proteins at sites where structural distortion of the
DNA is recognized. The chemical structures of Cisplatin and Et-743 are shown
earlier in this review.

Blocking an essential enzyme in its DNA bound state may be an intriguing
mechanism to cause cell death, but in reality this feat has rarely been achieved.
The drugs designed to target DNA/protein complexes have high cytotoxicity and
low clinical efficacy. So, efforts are being made to handle these problems as far as
possible and at the same time, newer classes of drugs, the ‘epigenetic’ drugs are
coming up with greater promise.

6. EPIGENETIC THERAPY OF CANCER

‘Epigenetic’ is a term used to describe a state of gene expression that is mitotically
and meiotically inherited without any change in the sequence of DNA. Epigenetic
mechanisms are mainly of two classes: (1) the DNA may be modified by the covalent
attachment of a moiety that is then perpetuated. (2) a self-perpetuating protein
state may be established (Zelent et al., 2004). The two most studied epigenetic
phenomena are DNA methylation and histone tail modifications (Mai et al., 2005).

Methylation is the most commonly occurring epigenetic modification of human
DNA. Under normal conditions, it helps to maintain transcriptional silence in
non-expressed or non-coding regions of the genome. Methylation results from the
activity of a family of DNA methyl transferases (DNMTs) that catalyze the addition
of a methyl group to the 5-position (C5) of the cytosine ring, almost exclusively in
the context of CpG dinucleotides. Low levels of DNA methylation in the promoter
region of genes are linked to active gene expression. On the contrary, methylation
near the transcription start site stand in the way of gene expression.

Apart from gene silencing, other effects of DNA methylation include spontaneous
deamination, enhanced DNA binding of carcinogens and increased UV absorption
by DNA, all of which increase the rate of mutations, DNA adduct formation and
subsequent gene inactivation

DNA methylation is one such epigenetic phenomenon, which is abnormal in tumor
cells (Szyf ,2003;LundandvanLohuizen,2004).MethylationofCpGislands,a feature
of cancer cells, occurs rarely in normal tissue. Hence, methylation provides a tumor
specific therapeutic target. De novo methylation as well as maintenance of methylation
is carried out by DNMTs. There are 5 known human DNMTs – DNMT1, DNMT2,
DNMT3a, DNMT3b and DNMT3L. Apart from DNMT2 and DNMT3L, which lack
the amino terminal regulatory domain and the catalytic domain respectively (Goll
and Bestor, 2005), the remaining DNMTs all have enzymatic function. Inactivation
of DNMTs is the most effective means of inhibiting DNA methylation and restoring
normal patterns of methylation. However, targeting the methyl transferase enzyme
leads to loss of specificity and hypomethylation of the genome. The overall decrease
in methylation level may even activate the potentially deleterious oncogenes (Szyf
et al., 2004). DNA methylation inhibitors are of two broad classes: nucleoside and
non-nucleoside analogues.
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7. THERMODYNAMICS AND CRYSTALLOGRAPHY
OF DRUG–DNA INTERACTION IN CHROMATIN
AND NUCLEOSOME

An elucidation of the energetics of association of the non-covalently binding drugs
to DNA as an integral part of chromatin and nucleosome is required to understand
the structural basis of their association. It tells about the alteration in the state of the
DNA in the chromatin (or nucleosome) as a result of the association with the drug.
The scenario will be more complex for the covalently binding drugs. However, there
has been very few studies aimed at understanding the energetics of drug–chromatin
(nucleosome) interaction.

Haq, 2002, has described the overall observed drug–DNA binding free energy
as being composed of at least five component free energy terms: �Gconf (the free
energy contribution arising from conformational changes in DNA and drug); �Gr+t

(the unfavorable contribution to free energy arising from losses in translational
and rotational degrees of freedom upon complex formation); �Ghyd (free energy
for the hydrophobic transfer of the drug from bulk solution to the DNA binding
site); �Gpe (the polyelectrolyte contribution, mainly due to coupled polyelectrolyte
effects, the most important of which is the release of condensed counterions from
the DNA helix upon drug binding); �Gmol (the contribution to free energy from
weak non-covalent interactions such as hydrogen bond formation, van der Waals
interactions, specific electrostatic bond formation, dipole–dipole interactions, etc.
between the drug and DNA). In the case of chromosomal DNA, the additional
contributions from the reshuffling of histone–DNA interactions and the potential
contribution from histones need to be considered.

The general trend for minor groove binders is that binding is driven largely by
hydrophobic effect and favorable entropy is derived from the release of bound
water and counterions from DNA and drug upon complex formation. Intercalators,
on the other hand, have slightly lower affinities for DNA than minor groove
binders. As with minor groove recognition the interaction of intercalators with
DNA results from a delicate balance of opposing energetic factors. There is a free
energy cost associated with deforming the DNA lattice in order to accommodate
the intercalating chromophore. There are also energetic penalties that arise from
losses in rotational and translational freedom in the DNA and drug upon complex
formation. However, in case of intercalation, drug – binding results in additional
van der Waals interactions between drug and adjacent bases that are capable of
providing a significant favorable contribution to the overall free energy.

Detailed reports of the energetics of binding of an antibiotic to nucleosomal DNA
under different conditions have been done only with aureolic acid group of antibi-
otics from our laboratory (Mir and Dasgupta, 2001a, b; Mir and Dasgupta, 2003) .
The thermodynamic parameters were evaluated from temperature dependence of the
affinity constants with native chromatin, nucleosomal DNA and naked DNA. The
results showed that there is a gradual reduction in the free energy as we go down
the series-naked DNA, native chromatin and nucleosomal core particle. It origi-
nates from an alteration in the extent of enthalpy-entropy compensation for each
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system. A continuation of the studies with the same group of antibiotics showed
that chopping of the N-terminal tails leads to a decrease in the free energy of associ-
ation of the drugs with nucleosome. The effect of lowering in free energy is more
pronounced in the case of intercalator like daunomycin (Mir et al., 2004). While
these studies have thrown light upon the energetics of association, the isothermal
titration calorimetric approach will provide an incisive picture. There is a report of
calorimetric investigation of ethidium and netropsin binding to chicken erythrocyte
chromatin (Taquet et al., 1998). They demonstrated that the presence of histones
on DNA still allows the ligand binding that takes place according to a simple one
single-site model. The results show the enthalpic origin of the association with little
variation of heat capacity change with temperature. Knowledge about the variation
of heat capacity change with temperature for the DNA will be a necessary input for
understanding the structural basis of drug-chromatin/nucleosome association. Such
studies are in progress in our laboratory. Melting studies and differential scanning
calorimetry are other potential thermodynamic tools to get an idea about the effect
of the drugs upon the energetics of histone–DNA interactions at the nucleomal
and linker level. There have been many differential scanning calorimetric studies
to understand the fine structure of nuclei, chromatin and nucleosome. Differential
scanning calorimetry of nuclei was used as test for the effects of strand breakers
like bleomycin on human chromatin (Almagor and Cole, 1989). We have employed
melting studies to examine the effect of aureolic acid group of antibiotics upon DNA
in the chromatin, nucleosome and H1-depleted chromatin (Mir and Dasgupta, 2003).

Evaluation of crystal structure will provide insight to the site-specific nature of
the drug-DNA interaction at the nucleosomal level. In this regard, a recent report
on the crystal structures of three nucleosome core particles in complex with site-
specific DNA-binding ligands, the pyrrole-imidazole polyamides has been the first
study (Suto et al., 2003). The notable feature emerging from this study shows that
the minor groove of nucleosomal DNA is capable (within limits) of adjusting its
parameters to allow recognition and binding of small ligands while retaining a full
complement of histone–DNA interactions. However, nucleosomal DNA undergoes
significant structural changes at the ligand-binding sites and in adjacent regions to
accommodate the ligands. Notwithstanding the importance of this result, appropriate
control studies should be done to check that association of the ligands does not lead
to disruption of the nucleosome.

8. EFFECT OF REVERSIBLE DNA-BINDING OF ANTIBIOTICS
UPON CHROMATIN CONDENSATION

The ability of DNA-binding drugs to induce chromatin condensation calls for in-
depth studies, because the biological consequence of chromatin condensation is its
loss of transcriptional ability. Therefore it might be a mechanism of transcription
inhibition by the reversible DNA binders. The first report in this line (Sen and
Crothers, 1986) employed transient electric dichroism to study the ability of the
drugs to induce folding of chromatin from the 10- to 30-nm fiber either by
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themselves or in conjunction with multivalent cations. It was found that charge
on the drug is a factor for its condensation potential. Interestingly these drugs,
irrespective of the groove binder nature or intercalative nature, inhibit compaction
of chromatin; they rather induce condensation. Physiscochemical studies with metal
complexes of aureolic acid group of antibiotics, chromomycin A3 and mithramycin,
and some other intercalators like daunomycin from our laboratory also suggest
that these drugs induce condensation of the chromatin. Based on these results we
propose a model for the effect of these drugs upon chromatin structure. At present
we are examining the validity of this mechanism for other reversible binders to
DNA. However, studies need to be done to examine whether the condensation
ability differs for normal and neoplastic cells.

9. CONCLUDING REMARKS

There have been excellent review articles related to the present topics (e.g.
Muenchen and Pienta, 1999; Nelson et al., 2004, Inche and La Thangue, 2006).
Our review has provided an overview of the research activities to understand the
molecular basis of the function of the various classes of DNA-targeting drugs at
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the chromatin level. By no means, the review has covered all reports in this area.
We have emphasized upon the salient features.

The rationale that has driven cancer drug design over the years is the specific
targeting of tumorigenous cells, leading to induction of cell death. In that run, the
DNA targeting drugs have occupied an important position. The earliest anticancer
agents were the DNA alkylators/cross-linkers which modify the strands of DNA
and thereby inhibit their templating properties. Later, utilizing this same principle,
the DNA strand cleaving molecules were developed. Along with them reversible
binders of DNA were also examined and employed as drugs (Martinez and Chacon-
Garcia, 2005).

DNA secondary structures and protein-DNA complexes were subsequently
targeted for specific drug design. The modern era of chemotherapeutics holds
prospects for the DNA secondary structures and protein-DNA complexes as
anticancer drug targets. This not only imparts high specificity to the drug, but also
establishes the importance of the anti-gene approach and the drug target.

At present, cancer treatment schemes mostly use combination chemotherapy
which (1) kills maximum number of cells within the range of toxicity tolerated by
the host for each drug; (2) offers a broader range of coverage of resistant cell lines
in a heterogeneous tumor population; and (3) prevents or slows the development
of new drug-resistant cell lines. This strategy will perhaps remain the method of
choice in future as well. Since, DNA damage and subsequent apoptosis induction
is physiological effect of many DNA-binding anticancer drugs, therefore, nontoxic
amplification of DNA-cleaving activity of anticancer drugs would effectively reduce
drug dose and side effects, leading to development of improved chemotherapy.
In a recent survey (Kawanishi and Hiraku, 2004), the enhancing effects of DNA-
binding ligands (‘amplifiers’), especially minor groove binders and intercalators,
on anticancer drug-induced apoptosis and DNA cleavage were made using human
cultured cells and (32)P-labeled DNA fragments obtained from the human genes.
The mechanism of amplification of DNA cleavage has been ascribed to the fact that
binding of amplifier changes the DNA conformation to allow anticancer drug to
interact more appropriately with the specific sequences, resulting in enhancement
of anticancer effect. This study on amplifiers of anticancer agents shows a novel
approach to the potentially effective anticancer therapy.

A major objective of the present-day synthetic, chemical and structural biology
and molecular medicine is to find natural or synthetic small molecules with the
DNA – binding potential, so that their site-specific binding potential to DNA
can be utilized to regulate the DNA-templated biological processes. The major
problem confronting the above task is the inability to define their full range of
specific targets in the cell nucleus (Kim et al., 2003) and therefore to predict the
target sites and their effectiveness to kill specifically the target cells afflicted with
neoplasia. A recent report (Warren et al., 2006) has been a pathfinder to address
this problem at a global level. The group has developed a comprehensive high-
throughput platform that can rapidly and reliably identifies the cognate sites of
DNA-binding molecules. This platform provides an unbiased analysis because it
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consists of a double-stranded DNA array that displays the entire sequence space
represented by 8 bp (all possible permutations equal 32,896 molecules) and can
currently be extended to as many as 10 variable base pair positions. This report
has featured the importance of chemical genomics approach as one of the tools to
achieve the target (Jung et al., 2003). Delivery of the drugs to the appropriate site
is another challenge for chemical biology. There has been considerable progress in
this area too.

The focus of research interest in my laboratory has been to elaborate the effect
of DNA-binding class of anticancer drugs upon the chromatin structure related
to its function during the process of gene expression. As the literature survey
shows, there has been a lacuna of information in this area. A judicious combination
of biophysical, biochemical and genetic approaches would definitely unfold the
intricacies behind the different steps responsible for the mode of action of these
drugs. In order to focus upon the site of action, the expression of genes and proteins,
which are suppressed or enhanced as a consequence to the use of the drugs, also
need to be identified in order to assess their efficacy as anticancer drugs. However,
from the knowledge accrued from the research in the last decade on chromatin
structure and function it is becoming progressively clear that effect may not be
confined to a singular locus. A network of steps might be responsible for the ultimate
cellular function of these DNA-binding drugs. In this connection identification and
validation of a single (or more) target is an absolute prerequisite to understand the
molecular pharmacology of the drugs.
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CHAPTER 9

REVERSIBLE ACETYLATION OF NON HISTONE
PROTEINS
Role in cellular function and disease
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Abstract: Post-translational modifications of nonhistone proteins play a significant role in
regulating the chromatin structure, dynamics and thereby gene regulation. Among the
different posttranslational modifications, reversible acetylation of non-histone proteins
has profound functional implications on wide range of cellular processes. The acety-
lation status of these proteins is regulated by several cellular and non-cellular factors
like viruses, physiological stresses, DNA damaging agents and ROS. Mutations found in
the acetylation sites of these proteins and aberrant acetylation are related to imbalances
in different cellular pathways and various diseases. Several factor acetyltransferases
and deacetylases are known to regulate the acetylation of the nonhistone proteins.
Modulators of these enzymes derived from natural as well as synthetic sources can thus
have important therapeutic implications. Designing strategies to specifically target the
acetylation of these proteins can be used as a valuable tool for new generation drugs

1. INTRODUCTION

Chromatin is a highly complex, dynamic nucleoprotein organization of eukaryotic
genome, which play significant role in the regulation of cellular homeostasis. Physi-
ologically, chromatin is not just DNA and histone complex, rather it is a dynamic
organization of DNA associated with histone and histone interacting nonhistone
proteins. The structure and function of chromatin is regulated by post-translational
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modifications of chromatin (histone and nonhistone) proteins and ATP- dependent
remodeling of chromatin-DNA in the nucleosomes. Furthermore, post-translational
modifications of different transcription factors also play crucial role in transcriptional
regulation(Sterner and Berger, 2000; Yoon and Seger, 2006; Martin and Zhang, 2005;
Bedford and Richard, 2005). Among the different post-translational modifications
(reversible acetylation, phosphorylation, methylation, ubiquitination and sumoy-
lation) acetylation and deacetylation has been extensively studied (Sterner and
Berger, 2000). However, different post-translational modifications and ATP-
dependent chromatin remodeling, function in a highly coordinated manner and
thus set the finer regulation of transcription. Recent reports suggest that acety-
lation, methylation and phosphorylation of histones as well as nonhistone proteins
are regulated through highly interconnected network (Sterner and Berger, 2000;
Martin and Zhang, 2005; Bedford and Richard, 2005). In this review we shall
focus on reversible acetylation of nonhistone proteins. Significantly, apart from the
histones, the acetyltransferases have a broad range of substrate specificity which
include, transcription factors, coactivators, hormone receptors, structural proteins,
histone chaperones and hence are known as Factor Acetyl Transferases (FAT).
Reversible acetylation of these factors can lead to an altered DNA binding as well
as protein (histone)-protein interaction, thereby influencing the structure-function
dynamics of chromatin. Interestingly, acetylated histones and nonhistone proteins
can act as specific signaling platform promoting critical interactions with several
factors leading to an open chromatin structure facilitating transcription (Davie and
Hendzel, 1994). However, the interplay of factor acetylation, chromatin remodeling
and histone chaperones coordinately regulates the transcription. Many components
of basal transcriptional machinery get acetylated, although its functional significance
has not been clearly established. Acetylation of histones is pre-requisite for transcrip-
tional activation and histone chaperones helps in removal of acetylated histones
thereby leading to transcriptional activation. Acetylation of several transcription
factors subsequently affects transcriptional activation (Fig. 1a). Reversible acety-
lation also influences DNA replication. It has been reported that HBO1 can acetylate
ORC1 leading to activation of DNA replication (Fig. 1b). Presumably, chromatin
remodeling may precede histone acetylation whereby H3-H4 tetramer, which are
initially in a state of transient acetylation gets deposited by Chromatin Assembly
Factor 1 (CAF1) and gets deacetylated shortly after incorporation into chromatin
(Smith and Stillman, 1991; Ruiz-Carrillo et al., 1975; Jackson et al., 1976). This is
subsequently followed by deposition of H2A-H2B dimer by Nucleosome Assembly
Protein 1 (NAP1). Efficient nucleosome assembly also requires Replication Coupled
Assembly Factor (RCAF), which has Anti-silencing Factor 1 (Asf1) as a component.
RCAF acts synergistically with CAF1 for efficient chromatin assembly (Fig. 1c). Thus
reversible acetylation has diverse physiological consequences. We elucidate here the
role of reversible acetylation of nonhistone proteins in diverse cellular phenomena
like transcription, DNA repair, cell cycle progression, apoptosis and various signaling
pathways. Further aberrant acetylation status of these proteins and consequent disease
manifestation and therapeutic implications has also been highlighted in this review.
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Figure 1. Mechanistic effect of acetylation/deacetylation of histones and nonhistones on
chromatin structure.(a) Acetylation of non-histone proteins results in transcriptional activation
(b) Acetylation of ORC1 by HBO1 is important for replication. (c) Acetylation of newly synthesized
histones necessary for chromatin assembly. (See Colour Plate 12.)

2. ROLE OF NON HISTONE PROTEINS ACETYLATION
ON CELLULAR FUNCTION

Reversible acetylation of histone and nonhistone proteins play key role in maintaining
cellular homeostasis. In this following section we shall discuss about the physio-
logical significances of acetylation and deacetylation of different classes of nonhistone
proteins.

2.1. Chromatin Dynamics and Transcription

Nonhistone chromatin proteins are integral structural components of the chromatin.
The dynamicity of the chromatin is maintained by chromatin compaction leading to
higher order structure formation and decompaction leading to an open chromatin that
is a prerequisite for gene expression. There is a vast repertoire of nonhistone struc-
tural components viz. HMGs, HP1, MeCP2, Polycomb group of proteins, MENT
complex, PARPs (McBryant et al., 2006), which are responsible for chromatin
higher order structure formation. However, the acetylation dependent functional
regulation is reported in few cases only. The HMGs are a set of nonhistone
proteins that have direct influence in chromatin architecture. HMG group of proteins
led to a decompaction of chromatin structure working in opposition to linker
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histone H1 (Catez et al., 2003). Acetylation of HMGs can significantly alter their
dynamic interaction with chromatin. Acetylation of HMGN1 by p300 or HMGN2
by p300 or PCAF has distinct functional consequence (Bergel et al., 2000; Herrera
et al., 1999). Acetylation of HMGN2 leads to a weak nucleosome binding ability
(Herrera et al.,1999). Binding of HMGN1/N2 to the nucleosomal core particle also
inhibits the acetylation of nucleosomal H3 by PCAF (Lim et al., 2005). However,
HMGN (especially HMGN2) has been shown to act as chromatin specific transcrip-
tional coactivator (Paranjape et al., 1995). Interestingly, acetylation of HMGN2
by p300 inhibits this coactivator activity (Banerjee and Kundu unpublished data).
Presumably HMGN2, binding to the chromatin assist in the activator binding,
which recruits the HAT. The active-HAT (complex) then acetylates the activators,
promoter proximal histones, as well as HMGNs. These events may lead to the
opening of chromatin for activator dependent transcriptional activation and also the
removal of acetylated HMGN.

Enhanceosomes are nucleoprotein complexes, where specific regulatory proteins
and activators interact to bring about the activation of specific genes. HMGA
proteins are found to be integral components of enhanceosomes. Acetylation of
HMGA by p300/CBP leads to enhanceosome disruption and hence transcrip-
tional repression (Bergel et al., 2000). On the other hand acetylation of HMGA
by PCAF leads to enhanceosome assembly and transcription activation (Herrera
et al., 1999). This differential functional consequence can be attributed to the change
in protein-protein and DNA-protein interaction brought about by the HATs. PARP-1
functions both as a structural component of chromatin and a modulator of chromatin
structure through its intrinsic enzymatic activity. PARP1 is acetylated by p300/ CBP
in vivo and acetylation is induced in response to inflammatory responses (Hassa
et al., 2005). However PARPs acetylation and its effect on chromatin structure still
needs to be understood.

Acetylation is known to regulate the function of several transcription factors by
multiple ways, like effecting the DNA binding ability, protein protein interactions,
protein half-life, and protein localization (Table 1). Acetylation causes enhanced
sequence specific DNA binding for transcription factors like p53, E2F, EKLF, p50
and PC4 (Bode and Dong, 2004; Martínez-Balbás et al., 2000; Marzio et al., 2000;
Chen and Bieker, 2004; Chen et al., 2004; Kumar et al., 2001, Table 1), where as
it reduces DNA binding of certain factors like Foxo1, HMGI (Y), p65 (Matsuzaki
et al., 2005)(Table 1). The ability to activate or repress the DNA binding ability
depends on the site of acetylation. If the acetylation sites lie in DNA binding domain
it repress the DNA binding and if they are adjacent to DNA binding domain, then
it activates DNA binding (see Table 1).

p53 is a sequence specific DNA binding transcription factor known to maintain
the cellular homeostasis. p53 function is directly correlated with its sequence
specific DNA binding to the promoters of its regulatory genes. p53 C-terminal
domain binds to its core DNA binding domain and prevents p53 DNA binding.
p53 was the first sequence specific transcription factor known to be acetylated
by p300/CBP (Gu and Roeder, 1997). Acetylation at specific lysine residues
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Table 1. Biochemical and cellular functions of non-histone protein acetylation

in the C-terminus of p53 consequently activate DNA binding by neutralizing
the positive charge and preventing its interaction with core DNA binding
domain (Luo et al., 2004) (Fig. 2). While the acetyltransferases enhance p53 DNA
binding ability, p53 dependant transactivation, deacetylases repress p53 dependant
transcription. Mdm2 a well-known negative regulator of p53 suppresses p300-
mediated acetylation by recruiting HDAC1 containing complex and that deacetylate
p53 (Ito et al., 2002; Jin et al., 2002, Fig 2). However MDM2 is also a substrate
of p300 and the acetylation of Mdm2 inhibits MDM2 mediated p53 degra-
dation (Wang et al., 2004). SirT1, a NAD dependant deacetylase, deacetylates
p53 and suppresses p53 dependant function in vivo (Vaziri et al., 2001, Fig 2).
Inhibition of SirT1 by a small molecular inhibitor increases acetylation at Lysine
382 residue of p53 after different types of DNA damage in primary human
mammary epithelial cells (Solomon et al., 2006). Therefore, it is quite evident that
reversible acetylation of p53 is a key regulator of the p53 activity as a transcrip-
tional regulator. However, the effect of p53 acetylation on its activation by other
proteins (like HMGB1 or PC4) is yet to be elucidated. The tumor suppressor, p53,
represses more number of genes than it activates (Kinzler and Vogelstein, 1996).
To date no information is available regarding the role of post-translational modifi-
cations of p53 on its transcription repression activity.
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Figure 2. Regulation of p53 function by acetylation / deacetylation: Under stresses conditions
p53 gets phosphorylated, acetylated and consequently gets stabilized. Acetylated p53 has enhanced
transcriptional ability leading to the activation several p53 responsive genes, which plays important
roles in diverse cellular processes. Decateylation of p53 by SirT1 and HDAC1 down regulates
p53 activity by enabling interaction with MDM2 followed by nuclear export and p53 degradation.
(See Colour Plate 13.)

Another important transcription factor that plays crucial role in cell cycle
progression is E2F. p300/ CBP mediated acetylation at the N-terminus of E2F
enhances its sequence specific DNA binding ability, which is correlated with
the enhanced transcription from E2F responsive promoters. As expected the
acetylation dependent effect could be reversed by HDAC1 mediated deacety-
lation (Martínez-Balbás et al., 2000; Marzio et al., 2000). There are several
other non-histone factor acetyl transferase substrates like GATA1, CBP, Runx1
and HMGB1 etc. Prototype transcription factor GATA 1 regulates hematopoiesis
and autoregulates its own expression by self-association. GATA1 interacts with
p300/CBP and the acetylation of GATA1 increases the transcriptional activity
(Nishikawa et al., 2003). Mutations in acetylation sites present in GATA1 causes
decreased transcriptional activity. Cyclic AMP response element binding protein is
a substrate of CBP and the acetylation of CREB significantly elevates CREB/CBP
mediated transcription. (Lu et al., 2001). RUNX1 gene is mutated in many
human leukemia. Acetylation of RUNX1 by p300 increases its DNA binding ability
and transcriptional activation (Yamaguchi et al., 2004).
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Global transcriptional coactivator PC4 is known to get acetylated specifically by
p300 but not PCAF and GCN5 in vitro and in vivo in humans (Kumar et al., 2001,
Das and Kundu unpublished data). Acetylation of PC4 at least in the two-lysine
residues, enhances its DNA binding ability. In the cell PC4 is present predominantly
as a phospho-protein. Phosphorylation of PC4 was found to negatively regulate
the acetylation, which is a rare example for any protein, which harbor both the
posttranslational modifications (Kumar et al., 2001). Most of the cases, phospho-
rylation enhance (favor) the acetylation of proteins (Warnock et al., 2005). PC4
directly interact with p53 in vitro and in vivo and enhance the sequence specific
DNA binding of p53 (Banerjee 2004). Furthermore, it also induces the expression of
p53 responsive genes and thereby enhances the p53 dependent apoptosis. Since both
p53 and PC4 gets acetylated it would be interesting to find out the role of reversible
acetylation of these two proteins in the regulation of cellular homeostasis. However,
the deacetylation pathway of PC4 is not known yet. Initial data suggest that PC4
gets partially deacetylated by HDAC1 (Swaminathan and Kundu unpublished data).

Histone chaperones are also a group of nonhistone proteins, which directly interact
with core or linker histones and actively participate in the histone metabolism
pathway (also see chapter on Histone Chaperone in Chromatin Dynamics by Jayasha
et al.). Emerging evidences suggest that the acetylation of histones as well as
chaperones are the key regulator of histone chaperone function. The H2A-H2B histone
chaperone, NAP1 though is not an in vivo substrate for p300 acetylation, it is a
functional component of the p300 coactivator, which indicate, that NAP1 may be
a point of connection between chromatin and transcriptional coactivators (Shikama
et al., 2000). Interestingly, it was found that indeed the acetylation of histones by p300
facilitates the transfer of H2A-H2B from nucleosomes to NAP1 (Ito et al., 2000).
Presumably, this would help in the alteration of chromatin structure for transcrip-
tional activation. At this juncture it was important to know what would happen
if any chaperone, which is required for transcriptional activation gets acetylated.
Recently we have found that p300 specifically acetylates human histone chaperone,
Nucleophosmin (NPM1). Acetylation enhances its histone chaperone function and
chromatin transcriptional activity (Swaminathan et al., 2005). NPM1 is a multifunc-
tional nucleolar phosphoprotein. The level of nucleophosmin gets upregulated during
various stress like UV rays, DNA damaging drug treatment, various disease conditions
like acute myeloid leukemia, and glioblastoma multiforme (for further details
see Chapter on Histone Chaperone in Chromatin Dynamics by Jayasha et al.).

Acetylation of p53, E2F and many other proteins not only activates their transcrip-
tional activities but also half-life (Li et al., 2002; Martínez-Balbás et al., 2000).
Apart from DNA binding, and protein half-life, acetylation also plays pivotal role in
protein-protein interactions thereby cellular processes involved. However, the acety-
lation of pRb regulates the specific interaction with E2F-1 (Markham et al., 2006).
E2F activity is negatively regulated by its interaction with pRb, which recruits
histone decetylase complexes and probably lead to the deacetylation of E2F.

CtBP (carboxyl-terminal binding protein) participates in regulating cellular devel-
opment and differentiation by associating with a diverse array of transcriptional
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repressors. This family of protein plays crucial role in differentiation, apoptosis,
oncogenesis and development (Corda et al., 2006). CtBP interacts with p300
bromodomain and inhibits its transcriptional activity. It also interacts with nuclear
hormone receptor corepressor RIP140 and the acetylation of RIP140 inhibits its
interaction with CtBP and thereby acts negatively for transcriptional repression
(Vo et al., 2001). Acetylation of adenoviral protein E1A inhibits its interaction with
CtBP and leading to alleviation of transcriptional repression mediated by CtBP.
(Zhang et al., 2000).

In general, retroviral gene expression is regulated by chromatin dynamics of
the host genome. For example upon integration, HIV genome forms nucleosomal
structure and depends upon the host chromatin modifications for the viral gene
expression (for details see chapter on Chromatin modifying enzymes and HIV gene
expression by Quivy et al.,). Furthermore, the HIV1 Tat protein, crucial for viral
replication and transcription gets acetylated by both p300/CBP and PCAF. The
p300-mediated acetylation of Tat, enhances transcriptional coactivation and also
enhances its binding to core histones (Ott et al., 1999; Deng et al., 2000). Site-
specific acetylation of Tat differentially regulates its interacting partners like PCAF
and cyclin T1 (Tagami et al., 2002). The multifunctional transcriptional activator
NF-kB control the expression of several genes related to stress induced, immune,
inflammatory responses and the HIV gene expression. The activity of NF-kB is
negatively regulated by its interaction with IkB. Acetylation of NF-kB by p300/CBP
inhibits its interaction with IkB and induces translocation of the factor to nucleus
(Chen et al., 2004). Acetylation of NF-kB is regulated by the prior phosphorylation.
The phospho-acetylated forms of NF-kB display enhanced transcriptional activity.
Histone decateylase 3 (HDAC3) deacetylates NF-kB enabling it to bind IKB and
causing its translocation in to cytoplasm (Chen et al., 2004).

Acetylation at lysine residues present in nuclear localization signal of proteins
helps in nuclear retention. For example, acetylation regulates p53 subcellular
localization by promoting p53 nuclear export (Kawaguchi et al., 2006, Fig 2). The
other important instance is in the case of multifunctional non-histone chromatin
protein HMGB1, where p300 mediated acetylation causes nuclear export and
cytosolic accumulation. POP1 is a transcription factor mediates Wnt signaling
pathway and plays crucial role in embryogenesis. Acetylation of POP1 inhibits
nuclear export and increases nuclear import (Gay et al., 2003). HELA E box
binding protein (HEB) has an important role in thymopoiesis and acetylation by
HATs increases its nuclear retention and enhances its transcriptional activities.
The orphan nuclear receptor SF-1 regulates the development and differentiation
of steroidogenic tissues. Acetylation of SF1 by GCN5 regulates its transcriptional
activity and stabilizes the protein. Inhibition of deacetylation using TSA increases
SF1 mediated transcriptional activation and nuclear export of SF1 protein (Jacob
et al., 2001). These examples clearly establish the fact that acetylation of nonhistone
proteins is crucial for cell signaling.

DNA viruses can regulate the activity of cellular acetyltransferases and to effect
cell cycle progression in support of virus replication. Viral infection mediated
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assembly of enhanceosome at IFN-B promoter requires HMGI (Y). CBP, PCAF are
recruited to this complex and CBP mediated acetylation of HMG I (Y) decreases
its DNA binding ability and causes enhanceosome disruption (Munshi et al., 2001).
Autoacetylation of transcription factors is also one of the mechanisms in controlling
the gene expression. Autoacetylation of acetyl transferases also regulates its activity.
PCAF gets acetylated by itself and by p300 and the acetylation of PCAF enhances
its acetyl transferase activity (Herrera et al., 1997). Autoacetylation of general
transcription factor TFIIB strengthens its interaction with TFIIF (Choi et al., 2004)
and thereby transcription suggesting the role of transcription factor auto acetylation
in the regulation of transcription.

2.2. Cellular Processes

Cell cycle progression, apoptosis, DNA damage and DNA repair are cellular
functions that are regulated by several mechanisms. One such important regulatory
mechanism is posttranslational modification of histone and non-histone proteins.
Myriad of reports have been shown that acetylation of non-histone proteins apart
from histones, contributes in major to these processes.

2.2.1. Apoptosis

Apoptosis is physiological process of cell killing regulated by several families
of proteins (divided as proapoptotic and antiapoptotic proteins) and their post
translational modifications. Acetylation of p53 is very important for p53-mediated
apoptosis. Acetylation of p53 at distinct sites regulates different cellular activ-
ities performed by p53. Acetylation at 373 position in p53 by p300/CBP leads
to apoptosis where as acetylation at 320 residue by PCAF leads to cell cycle
arrest (Knights et al., 2006). Under stressed conditions acetylation levels of
p53 increases, which results in active form of p53. Acetylation of p53 is also
controlled by deacetylases such as HDAC1, HDCA3, and hSIRT1. hSIRT1, HDAC2
interact with p53. Inhibitors of hSIRT1 and HDAC2 enhance p53 acetylation
and thereby p53 mediated apoptosis (Huang et al., 2005; Olaharski et al., 2005).
p53 homologue, p73 also gets acetylated and activated in response to DNA
damage and potentiates the p73 mediated apoptosis (Costanzo et al., 2002). The
DNA end joining protein Ku70 prevents apoptosis by sequestering a proapop-
totic protein Bax from mitochondria (Cohen et al., 2004). However, the acety-
lation of Ku70 disrupts its interaction with Bax and elevates Bax mediated
apoptosis. On the other hand, Stat1 has been known to repress NF-kB mediated
cell signaling. Acetylated Stat1 interacts with NF-kB thereby preventing its DNA
binding ability, nuclear localization and finally expression of anti apoptotic genes
(Kramer et al., 2006). These examples clearly indicate that acetylation of nonhi-
stone proteins may induce or inhibit the apoptosis depending upon the protein
and physiological status. However, detailed information from this area of research,
would help to design therapeutic molecules that would activate apoptosis in the
malignant cells.
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2.2.2. Cell cycle progression

Crucial stages of cell cycle are generally controlled through transcriptional
regulation of a subset of genes, which in turn regulated by acetylation/deacetylation
of histone and non histone proteins. One of the notable examples is the regulation of
C-myc gene expression and cell cycle progression. C-myc regulates the expression
of several genes involved in growth promotion by associating with its DNA
binding partner max. p300 associates with C-myc and helps in C-myc stabilization
independent of p300 mediated acetylation where as C-myc acetylation increases
its turnover (Faiola et al., 2005). Another cell cycle regulatory protein CyclinD1
plays key regulatory role during G1 phase and is over expressed in many cancers.
Cyclin D1 interacts with PCAF and facilitates the association of ER and PCAF.
Over expression of PCAF results in cyclinD1 dependent regulation of ER activity
(McMahon et al., 1999). Interestingly, Cyclin D1 expression is down regulated by
HDAC1 complex recruited to its promoter by SMAR1, a matrix attachment region
binding proteins (Rampalli et al., 2005).

Nuclear receptor function is controlled by its acetylation similar to phospho-
rylation. The androgen receptor (AR) is a nuclear hormone receptor superfamily
member that conveys both trans repression and ligand-dependent trans-activation
function. Activation of the AR leads to diverse cellular processes like secondary
sexual differentiation in males and the induction of apoptosis by the JNK kinase,
MEKK1. p300 acetylates androgen receptor and acetylation governs ligand sensi-
tivity, cofactor recruitment and growth properties of receptors. Point mutations of
the AR acetylation motif that abrogate acetylation reduce trans-activation by p300
without affecting the trans-repression function of the AR. The AR acetylation mutant
was also defective in MEKK1-induced apoptosis, suggesting that the conserved
AR acetylation site contributes to a pathway governing prostate cancer cellular
survival (Fu et al., 2002). SirT1 physically interacts with AR and inhibits p300-
mediated transactivation though its NAD dependent deacetylase activity. Estrogen
receptor alfa regulates the ligand dependent and ligand independent transcription.
p300 acetylates ER alfa and mutations in the acetylation sites dramatically enhanced
the hormonal sensitivity and has no effect on MAPK signaling pathway suggesting
acetylation may suppresses ligand sensitivity.

2.2.3. Oxidative stress

Oxidative Stress is a general term used to describe the steady state level of oxidative
damage in a cell, tissue, or organ, caused by the reactive oxygen species (ROS)
which are free radicals, reactive anions containing oxygen atoms. Oxidative stress
and ROS have been implicated in disease states, such as Alzheimer’s disease,
Parkinson’s disease, cancer, and aging. In addition to modulation of signaling
processes and oxidation of cellular proteins and lipids, reactive oxygen species
(ROS) induce multiple damages in both nuclear and mitochondrial genomes, most
of which are repaired via the DNA base excision repair pathway. 8-Oxoguanine
(8-oxoG), a major ROS product in the genome, is excised by 8-oxoG-DNA glyco-
sylase (OGG1) and the resulting abasic (AP) site is cleaved by AP-endonuclease
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(APE1) in the initial steps of repair (Szczesny et al., 2004). OGG1 is acetylated by
p300 in vivo predominantly at Lys338/Lys341. Acetylation significantly increases
OGG1’s activity in the presence of AP-endonuclease by reducing its affinity for
the abasic (AP) site product. The enhanced rate of repair of 8-oxoG in the genome
by wild-type OGG1 but not the unacetylable K338R/K341R mutant. oxidative
stress increases the acetylation of OGG1 by about 2.5-fold after with no change at
the polypeptide level. OGG1 interacts with class I histone deacetylases, which is
responsible for its deacetylation (Bhakat et al., 2004). This indicates towards a novel
regulatory function of OGG1 acetylation in repair of its substrates in oxidatively
stressed cells. Forkhead transcription factor, DAF-16, regulates genes that contribute
both to longevity and resistance to various stresses in C. elegans. Members of
the FOXO, mammalian homologs of DAF-16, also regulate genes related to stress
resistance, such as GADD45. Acetylation of FOXO4, by the transcriptional coacti-
vator p300, counteracted transcriptional activation of FOXO4 by p300 (Kobayashi
et al., 2005). In contrast, mammalian SIRT1 (a class III histone deacetylase) was
found to bind to FOXO4, catalyze its deacetylation in an NAD-dependent manner,
and thereby increase its transactivation activity (Horst et al., 2004). In response
to oxidative stress, FOXO accumulates within the nucleus and induces GADD45
expression. FOXO-mediated GADD45 induction is markedly impaired in the cell,
which depleted SIRT1 expression by RNA-interference (Kobayashi et al., 2005).
These results indicate that mammalian SIRT1 plays a pivotal role for FOXO function
via NAD-dependent deacetylation in response to oxidative stress, and thereby may
contribute to cellular stress resistance and longevity.

Heat shock protein, Hsp90 is a well known stress-induced protein with a more
general housekeeping function. The emerging significance of Hsp90 in both normal
and oncogenic signaling highlights the need to understand how Hsp90 is regulated.
It is known that Hsp90 becomes transiently acetylated upon GR activation after
ligand stimulation, which might allow the conversion of GR-Hsp90 from a stable
complex into a dynamic one thereby enabling GR to enter the nucleus for transcrip-
tional activation. Subsequent deacetylation by HDAC6 would then allow Hsp90
to re-enter the productive chaperone complex (Murphy et al., 2005). Acetylation
of molecular chaperones might play a role in the dynamic reorganization of
chaperone complexes in response to “oncogenic stress” which might be induced
by high demand for “growth and proliferation”-associated signaling (Kovacs
et al., 2005). Under this scenario, HDAC6 may then be required for robust Hsp90
activity by regenerating deacetylated Hsp90 and thereby ensuring effective cell
signaling.

2.2.4. DNA damage and repair

Acetylation levels of histone and non-histone proteins are regulated upon DNA
damage. Retinoblastoma protein pRb controls G1-S phase transition and phospho-
rylation of pRb regulates it function. DNA damage induced acetylation of pRb
near the phosphorylation sites prevents it phosphorylation and keep pRb in active
form thereby leading to growth repression. DNA damage dependant association
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of E2F with p300 not only accumulates Ac-E2F but also subsequent ubiquitinated
E2F. However p300 induced ubiquitination is not dependant on pRb (Galbiati
et al., 2005). In another case, DNA damage induced phosphorylation of p53 at
ser 33 and 37 increases p53 affinity for p300 and PCAF thus promoting acety-
lation of carboxy-terminal sites including Lys-382 (by p300) and Lys-320 (by
PCAF)(Sakaguchi et al., 1998). Acetylation at both these sites causes conforma-
tional change and enhances sequence specific DNA binding ability of p53. p53
homologue p73 also gets accumulated during DNA damage and half-life of p73 is
partially dependant on C-ABL kinase (Gong et al., 1999). C-ABL is required for
p300 mediated acetylation of p73 upon genotoxic insult and enhances p73 dependant
apoptosis. Like p53 both phosphorylation and acetylation of p73 contributes to its
function under DNA damaging condition (Costanzo et al., 2002). The ATM protein
kinase is a critical intermediate in a number of cellular responses to ionizing irradi-
ation (IR) and possibly other stresses. DNA damage induces rapid acetylation of
ATM by TIP60. Inhibition of Tip60 blocks the ATM dependant phosphorylation
of p53 and Chk2 further sensitizes the cells to ionizing radiation (Sun et al., 2005).

Werner’s syndrome is a result of mutation in WRN gene, which encodes DNA
helicase. The translocation of WRN from nucleolus into nucleoplasmic foci is
significantly enhanced by its acetylation by p300 under DNA damaging condition
(Blander et al., 2002). DNA pol � is key protein involved in Base excision repair.
p300 acetylates pol� and severely impairs its activity implying the role of acetylation
in Base Excision Repair (Hasan et al., 2002). Another DNA repair protein DNA
glycosylase NEIL2 gets acetylated by p300 and the acetylation inhibits its repair
activity (Bhakat et al., 2004). Thymine DNA Glycolsylase (TDG) initiates repair of
G/T and G/U mismatches by removing thymine and uracil residues. TDG associates
with CBP/p300 and results in transcriptional activation by CBP. p300/CBP mediated
acetylation of TDG leads to disruption of CBP from DNA ternary complex and
also regulates recruitment of repair endonuclease APE (Lucey et al., 2005). Above
observation strongly argues for the potential regulatory role for protein acetylation
in base mismatch repair and a role for CBP/p300 in maintaining genomic stability.

3. NON HISTONE PROTEIN ACETYLATION LINK TO DISEASES

Aberrant acetylation levels of non histone proteins not only lead to the dysfunction
of these proteins but also cause disturbances in cellular processes thereby leading
to several diseases (Fig. 3). There are several reports of aberrant acetylation in
diseases like cancer, diabetes, cardiac hypertrophy and viral diseases.

Diabetes is hypothesized to cause cardiac protein acetylation and the acety-
lation alters the protein function (Fig. 3b). Hypoxia-inducible factor-1 (HIF1) is
a transcription factor found in mammalian cells cultured under reduced oxygen
tension that plays an essential role in cellular and systemic homeostatic responses
to hypoxia. Diabetes interferes with cellular response to hypoxia. In hyperglycemic
conditions HIF1 degradation is increased because of enhanced HIF1 acetylation by
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a factor acetyltransferase ARD1 that makes it susceptible to proteosomal degra-
dation (Jeong et al., 2002). Insulin receptor substrate proteins (IRS) are the key
regulators of insulin action. IRS1 is acetylated and the acetylation enhances its
phosphorylation, which mediates the down stream insulin dependent signaling. IRS1
is associated with HDAC2 and HDAC2 mediated deacetylation have the reverse
effect. HDAC2 specific small molecular inhibitors may elevate insulin sensitivity
in otherwise insulin resistant conditions (Kaiser and James, 2004). Hyperglycemia
also activates p53 and p53-regulated genes leading to myocyte cell death (Fiordaliso
et al., 2001). p53 acetylation, site specific phosphorylation levels goes up in
response to stress induced conditions like hypoxia, anti metabolites, nuclear export
inhibitors thereby maintaining cellular homeostasis. p300/CBP mediated acetylation
is negatively regulated by MDM2. MDM2 recruits HDAC1 and decatylates p53
making it susceptible for proteosomal degradation. Inhibitors of p53 deacetylases
or MDM2, could further stabilize p53 and may act as anticancer drugs. Phospho-
rylation and acetylation on STAT3 are important events for STAT3 to stimulate
cancer and metastasis. Small molecule inhibitors for both the events should be
effective for cancer treatment. Histone acetyl transferase p300 is mutated in several
cancers because the acetylation that is necessary for cell cycle regulation by this
protein is disrupted, so cells proliferate incessantly and leads to cancer. There are
several number of evidences suggest that p300 itself is a tumor suppressor (Imhof
et al., 1997).

Nuclear protein acetylation increases dramatically immediately after UV irradi-
ation suggesting causal relationship exists between nuclear protein acetylation and
nucleotide excision repair of DNA in human cells (Ramanathan and Smerdon, 1986).
Over expression of oncoprotein PU.1 inhibits erythroid cell differentiation and
contributes to the formation of murine erythroleukemias (MEL) by inhibiting CBP
mediated acetylation of several nuclear proteins (Hong et al., 2002) (Fig. 3b).
Microtubules are formed from a protein called tubulin and have to be broken
down for the cell to divide. Acetylation of tubulin leads to stabilizes micro-
tubules (Maruta et al., 1986) and therefore the inhibitors of tubulin deacetylases
are important for anti cancer therapy (Fig. 3b). �-catenin is key component in Wnt
signaling pathway, which is implicated in many human cancers (Clevers, 2004).
CBP mediated acetylation of �-catenin differentially regulates its function in
a promoter dependent manner. The site of acetylation found in � catenin is
often found to be mutated in thyroid cancers (Ma et al., 2005) (Fig. 3b).
Small molecule inhibitors specifically inhibit �-catenin TCF signaling pathway by
preventing CBP interaction with �-catenin and thereby acting as novel anticancer
compounds.

Imbalances in acetylation/deacetylation is the primary cause for cellular patho-
genesis in polyglutamine diseases such as Huntington disease (Sadri-Vakili
et al., 2006). Inhibitors of HDAC proteins could possible act as therapeutic reagents
for the treatment of these devastating diseases. Steroid hormone receptors are
essential cellular homeostasis. Over-expression or misregulation of receptors and
their signaling pathways leads several malignancies. HSP90 dependent maturation
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is critical for receptor ligand binding and activity. HDAC6 deacetylates HSP90
and inhibition of HDAC6 leads to accumulation of acetylated HSP90, which fails
to form stable complex with receptors. Modulators of HSP90 acetylation can be
used as effective therapeutic agents to abrogate aberrant steroid signaling pathways
(Kovacs et al., 2005).

HIV genome is composed of RNA, which is reverse transcribed to DNA by viral
reverse transcriptase immediately after infecting a new host cell. The early phase of
HIV infection is characterized by long latency period during which the viral DNA
integrates into the host genome and do not express any virus specific proteins. This
Integration is catalyzed by the viral protein integrase (IN) and it preferentially occurs
near transcriptionally active genes. The catalytic activity of IN is regulated by p300
mediated acetylation. Direct interaction with p300 results in acetylation of three
specific lysines (K264, K266, K273) in the carboxy-terminus DNA binding region of
IN. Acetylation increases IN affinity to DNA, and promotes the DNA strand transfer
activity of the protein. In the context of the viral replication cycle, point mutations
in the IN acetylation sites abolish virus replication by specifically impairing its
integration capacity (Cereseto et al., 2005) (Fig. 3b). This is the first demonstration
that HIV-1 IN activity is specifically regulated by post-translational modification.
The late phase of viral life cycle begins with early synthesis of highly spliced
mRNAs, HIV-1 transcription is predominantly dependent on viral transactivator
Tat. p300 acetylates Tat at lysine 50 and 28. Acetylation of Tat at lysine 50
prevents its interaction with CyclinT1 and recruits PCAF to elongating polymerase.
However acetylation at lysine 28 abrogates Tat and PCAF interaction. Moreover,
Tat changes the conformation of CBP/p300 such that the altered p300/CBP can bind
to other transcription factors with higher affinity, implying that Tat influences the
transcription machinery by aiding CBP/p300 to acquire new partners and increase
its functional repertoire (Deng et al., 2001) (Fig. 3b). Other transcription factors
which serves as a substrate for Tat and p300 HAT complex, is human TBP (Deng
et al., 2000). Acetylation of TBP increases its DNA binding to HIV-1 TATA box.
The major obstacle in treating HIV is the virus developing drug resistance. Currently
prevalent mode of treatment HAART (highly Active Antiretroviral therapy) targets
multiple viral proteins at a time like inhibitors of viral Reverse transcriptase, protease
and Integrase. Acetylation status of HIV Tat and Integrase is also crucial for viral
maintenance and expression inside the host. Small molecule inhibitors, which could

�

Figure 3. Role of nonhistone protein acetylation in maintaining cellular homeostasis- mis-regulation
and disease connection: (a) Acetylation of nonhistone proteins are associated with active or repressed
chromatin architecture as guided by suitable cellular signals for maintenance of gene expression. Misreg-
ulation of HAT function leads to diseased state, where chromatin architecture is altered than under
normal condition. In a parallel way the posttranslational modification status of these proteins may act
as versatile tool to diagnose the various stages of disease manifestation e.g. probable involvement of
acetylated NPM1 modulating its stress response function can lead us to use it as a marker for various
disease states. (b) Acetylation of nonhistone proteins in connection to diseases like Cancer, AIDS,
Diabetes and others. (See Colour Plate 14.)
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specifically inhibit p300, mediated acetylation of Tat or IN would be useful in
interrupting the progression of viral life cycle in host cell (Varier R and Kundu
T K., 2006). SirT1 enhances HIV transcription by deacetylating Tat in a cyclinT1
dependent manner (Pagans et al., 2005). So inhibitors of SirT1 could also be used
for its efficacy against HIV infection.

4. FUTURE DIRECTIONS

Among various post translational modifications, reversible acetylation of non
histone proteins play a very significant role in modulating their functions viz.,
transcriptional activation or repression, regulation of the cell cycle in spatial and
temporal manner and apoptosis. Understanding of the molecular mechanisms of
this reversible acetylation will help to design therapeutics in combating the diseases
emerging from aberrant acetylation status. The problems arising from the aberrant
acetylation can be countered either through targeting directly the non-histone
proteins, or enzymes involved in the reversible acetylation. The most challenging
task would be the target specificity of these molecules. Nanoparticle mediated drug
delivery and substrate analogs are the promising directions we would look forward.
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CHAPTER 10

MARS AND MARBPS

Key modulators of gene regulation and disease manifestation
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Abstract: The DNA in eukaryotic genome is compartmentalized into various domains by a
series of loops tethered onto the base of nuclear matrix. Scaffold/ Matrix attachment
regions (S/MAR) punctuate these attachment sites and govern the nuclear architecture
by establishing chromatin boundaries. In this context, specific proteins that interact
with and bind to MAR sequences called MAR binding proteins (MARBPs), are of
paramount importance, as these sequences spool the proteins that regulate transcription,
replication, repair and recombination. Recent evidences also suggest a role for these
cis-acting elements in viral integration, replication and transcription, thereby affecting
host immune system. Owing to the complex nature of these nucleotide sequences, less
is known about the MARBPs that bind to and bring about diverse effects on chromatin
architecture and gene function. Several MARBPs have been identified and characterized
so far and the list is growing. The fact that most the MARBPs exist in a co-repressor/
co-activator complex and bring about gene regulation makes them quintessential for
cellular processes. This participation in gene regulation means that any perturbation
in the regulation and levels of MARBPs could lead to disease conditions, particularly
those caused by abnormal cell proliferation, like cancer. In the present chapter, we
discuss the role of MARs and MARBPs in eukaryotic gene regulation, recombination,
transcription and viral integration by altering the local chromatin structure and their
dysregulation in disease manifestation

1. INTRODUCTION

The eukaryotic nuclei once referred to as “merely a bag of chromatin” has now
been recognized to be a highly ordered structure or a ‘hub’ of cellular activities.
The nucleus is seen as a three dimensional mosaic of nucleolus, inter-chromatin
regions and condensed chromatin, dispersed in a nuclear ground substance
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traditionally called the “Nuclear Matrix” (NM). The NM is a dynamic fibro-granular
structure postulated to contain chromatin and ribonucleoprotein domains (Berezney
and Coffey, 1977; Smith et al., 1984), serving as the structural milieu for gene
function. The multitude of genomic functions occurring in nuclear matrix include
gene replication (Smith and Berezney, 1980; Berezney and Buchholtz, 1981),
transcription (Jackson and Cook, 1985) and RNA splicing and processing (Mariman
et al., 1982; Zeitlin et al., 1987). All the cellular processes are highly coordi-
nated and programmed and this demands that the genome be organized as a set
of genes and gene clusters. Such an orderly arrangement of nuclear domains is
brought about by anchorage of specific sequences to the matrix at interphase
(Berezney and Coffey, 1974) and chromosomal scaffolds during mitosis (Mirkovitch
et al., 1984). These signature sequences known as S/MARs (Scaffold/ Matrix
Attachment Regions) serve as boundary elements that punctuate chromosomal DNA
into topologically restricted functional units, defining borders between chromatin
domains (Breyne et al., 1992; Chung et al., 1993). Several studies also indicate
the insulator nature of these elements, that together control single or multiple gene
expression, by serving as Locus Control Regions (LCRs) (Grosveld et al., 1987).
MARs are also known to aid cell specific expression by their co-habitation with
enhancers (Forrester et al., 1994) and reduce the position effect variegation from
local chromatin structures (Blasquez et al., 1989). This is done by recruiting topoiso-
merase II (Razin et al., 1991; Berrios et al., 1985) and absorbing torsional stress by
their base unwinding ability (Bode et al., 1992). Thus they orchestrate topological
organization of functional chromatin domains. Since MARs organize and govern the
accessibility to local chromatin structures, they are also targets for viral integration
and replication. Recent reports indicate the effect of MARs juxtaposed to retroviral
integration sites on human genome. Several studies report that integration is favored
near DNaseI hypersensitive sites or active genes (Mooslehner et al., 1990). Small
nuclear genome containing tumor viruses like HPV16, HBV, SV40, and HTLV-1
have also been shown to integrate near MARs (Shera et al., 2001). Recent obser-
vations regarding the retroviral integrations reveal that HIV-1 and MoMuLV favor
active genes for their integration (Schroder et al., 2002; Mitchell et al., 2004) Most
of these integration sites (95%) have been shown to be flanked by S/MARs, around
1 Kb region of integration, that could serve as promoters (Kulkarni et al., 2004;
Johnson and Levy, 2005). In this context, specific proteins that bind to S/MARs,
called MARBPs become significant, as they govern the chromatin accessibility
of the region. For example the ratio of SATB1 and Cux/CDP, two well known
MARBPs in various tissues for Mouse Mammary Tumor Virus region (MMTV)
defines the transcriptional status of the virus. (Zhu et al., 2000; Liu et al., 1999).
Similiarly, a study by Stunkel et al., showed that Cux recruits HDAC1 to the
LCR MAR of E6 promoter of Human Papilloma Virus (HPV) and represses this
oncoprotein (2000).

MARBPs have been routinely isolated using high salt extraction of the
matrix and their ability to have base unpairing potential (Galande and Kohwi-
Shigematsu, 1999). Several studies report the ability of these MARBPs to control
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gene expression by binding to MAR sequences within the regulator regions of
the gene and activate or repress the gene expression. They are often found
in a complex with co-activators or co-repressors, modulating gene function
by remodeling or covalently modifying the chromatin structure. Most of these
MARBPs have been shown to be drastically affected upon malignant transfor-
mations. Since aberrant gene expression gives rise to malignancies and abnormal
cell cycle progression, understanding the nature and order of these proteins
assumes great importance in the current scenario of chromatin biology and disease
manifestation.

2. DEFINING MARS

The available literature on MARs reveals that they can enhance the expression of
reporter genes by forming a domain and insulating them from position variegation
effect at the integration site (Breyne et al., 1992; Allen et al., 1993). Their main
function is to bring together control elements like promoters and enhancers loaded
with their transcriptional factors, creating a transcription factor and enzyme rich
nuclear microenvironment.

While there is no stead and fast rule for identifying MARs, certain traits
make the AT rich DNA elements function as MARs. The AT richness confers
DNA unwinding potential, so that in their single stranded form specific DNA
unwinding proteins bind to MARs, relieve the torsional stress and the energy is
used to relax positive supercoiling generated ahead of transcription elongation point
(Bode et al., 1992). Studies by Amati et al., (1990) and von Kries et al., (1991)
although suggest that this property of MARs might not be essential for matrix
binding. A number of studies show that MARs can allow the induction of DNaseI
hypersensitive sites in chromatin. This has been substantiated with several experi-
mental observations that MAR sites overlap with DNase I hypersensitive sites. The
proposed mechanism is that MARs become DNAse I hypersensitive at the time
of their activation as a result of binding of single strand binding proteins (SSBPs)
specifically during transcription and replication due to removal of nucleosomes that
preludes ORI activation (Hsieh et al., 1993).

Several triple helical or Z form, cruciform structure of MARs has also been
proposed. The cruciform loop part is susceptible to DNaseI and hence characteristic
nicking occurs. The role of MARs in chromatin dynamics has also been tested using
an artificial MARBP called MATH 20 (Strick and Laemmli, 1995). This protein has
numerous linked DNA binding domains called AT hooks, which preferentially bind
to AT tracts. Since this protein could then bind MARs and associated chromatin
specifically, this was used to study chromatin condensation in Xenopus oocytes. It
was found that titration of MARs with MATH 20 specifically inhibited chromatid
conversion without inhibiting condensation resulting in abortive mitotic structures.
When MATH 20 was added to chromatids, it leads to a structural collapse and
formation of chromatid balls. Thus, it is speculated that S/MARs could be target
of binding proteins that mediate or facilitate formation and juxtapositioning of
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metaphase chromatin loops (Hart and Laemmli, 1998). Similarly, MAR sites have
been found to be sites of illegitimate recombination, since these elements are found
at the site of DNA insertion, deletion and translocation (Sperry et al., 1989; Shapiro
et al., 1987).

List of well known MARBPs and functions

Name Species Tissue
specificity

Function Interactome

SATB1/L2a-
P1/

Homo
sapiens,
Mus
musculus

Predominantly
thymus,
minute
amounts in
brain

Repressor CDP,
HDAC1,
ACF1,
ISWI

Nucleolin Homo
sapiens

erythroleukemia
cell line K562

Glycosaminoglycan
stabilisation

Glycosaminoglycans

SAF-B Homo
sapiens

Ubiquitous Repressor RNA Pol II

SAF-A Homo
sapiens

HeLa,
Embryonic
kidney cell
line 293,
K562

Activator
Organization of
chromosomal
DNA &
packaging of
hnRNA

p300,
DNA PK

NF�NR/
Cux/ CDP

Mus
musculus

Breast,
Ubiquitous

Important
in organ
development

SATB1,
HDAC1,
SMAR1

p114 Homo
sapiens

Infiltrating
ductal
carcinoma
tissues,
normal breast
tissue, benign
breast
diseases

combined
property of PARP
and
SAF-A
(hnRNP-U)

PARP, Ku

Bright Mus
musculus

Ubiquitous B cell regulator
of immuno-
globulin
heavy-chain
transcription

Sp100,
LYSp100/p140

SP100 Homo
sapiens

Ubiquitous Repressor of
Bright

Bright

Ku
(subunit of
PARP)

Homo
sapiens

SKBR3 cell
line

chromosome
condensation,
subunit of
DNA-dependent
protein kinase

PARP

DNA-PK Homo
sapiens

Breast cancer downregulated
during cellular
senescence

PARP,
SAF-A
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LYSp100/p140 Homo
sapiens

B cells Co-activates
Bright

Bright

SMAR1 Homo
sapiens,
Mus
musculus

Ubiquitous but
predominant in
thymus

Represses
transcription,
downregu-
lated in breast
cancer cells

P53,
HDAC1,
mSin3a

MeCP2/ ARBP Homo
sapiens

Ubiquitous,
particular high
levels in neuron of
the post natal brain

Mutations in
the MECP2
gene cause
Rett
syndrome

mSin3a,
HDAC1,
HDAC2

3. ROLE OF MARBPS IN MODULATING MARS AS FUNCTIONAL
ELEMENT

Gene expression status involves changing of attachment points of chromatin loops
and hence implies the dynamicity of MARs and its association with nuclear matrix,
regulated and governed by cell type (Liebich et al., 2002). The intrinsic activity of
MAR is not sufficient to bring about position effects or transcriptional regulation
but may depend on the contribution of protein factors that specifically bind to these
motifs. These are classified based on their recognition sites as: abundant multi-
functional matrix proteins like High Mobility Group proteins (HMGs), transcription
factors like H box, Y box and CAAT binding proteins. Some class of proteins like
ARBP, MeCP2, SATB1, CDP and SMAR1 also interfere with the MAR- matrix
productive effects on transcription, unlike Bright that activate transcription. The
varied effects of MARBPs could involve changes in the chromatin structure and
activity by the recruitment or interaction with chromatin remodeling complexes. For
example MAR binding repressors like ARBP, MeCP2, SATB1, SMAR1, CDP and
CRBP mediate transcriptional repression by recruitment of components of histone
deacetylating pathways. This is in contrast with activator MARBPs like SAF-A
and Bright that recruits SWI or p300 and affect the acetylation and remodeling of
chromosomes. Apart from affecting chromatin remodeling, gene regulation is also
achieved by the direct interaction of MARBPs like SAF-B with RNA polymerase
II and/ or with RNA processing factor. Hence, MARBPs serve as molecular base
to assemble transcriptome and chromatin remodeling network. (Fig. 1)

4. MARBPS WORK IN CONSORT

Proteins that mediate MAR function (MARBPs) appear to control numerous genes
expressed in differentiated cells. SMAR1, one such MARBP, has been shown to
be ubiquitously expressed in all tissues, predominantly in thymus and governs the
transition of T cells from DN to DP stage. SATB1 is expressed predominantly in
thymus but also in brain and several other organs, while CDP expression occurs
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Figure 1. MARs serve to enrich the nuclear milieu by bringing in transcription factors and enzymes to
regulate transcription

in all but terminally differentiated cells. Binding of SATB1 and CDP to regulatory
elements has been associated with transcriptional repression of numerous genes
expressed in differentiated cells. For instance, SATB1 regulates gene expression
both spatially and temporally during T-cell development. Recently, SATB1 null-
mice were generated, and genome-wide expression profiling analysis indicated that
about 2% of all genes become significantly derepressed in thymocytes (Alvarez
et al., 2000). In contrast, the activator Bright is present in differentiated cells,
where it may compete with repressors for MAR-binding sites. Thus, there would
be a dynamic process of activation/ repression forming temporary sites of DNA
attachment. Bright overexpression was found to enhance transgene expression,
indicating that the normal activator protein level is limiting. In contrast, cotrans-
fection of CDP abrogated Bright transactivation and reduced the basal expression
level, indicating that CDP is able to override the DNA binding and/or transacti-
vation capacity of Bright (Herrscher et al., 1995). Some MARBPs, depending on the
context, either function as transcriptional repressors or activators. MARBPs such
as Cux/CDP and SATB1 can function as transcriptional repressors in non-B cells
by interacting with their target MAR sequences flanking the IgH intronic enhancer
(Alvarez et al., 2000). On the other hand, the MARBP Bright acts as a transcriptional
activator in B cells (Schubeler et al., 1996) and this activation is context-dependent
as it requires an intact IgH enhancer core (Zahn-Zabal et al., 2001).
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Different degrees of repression could be mediated by competition between
repressors and activators for MAR binding. For example, MAR�, which resides
400 bp upstream of TCR� enhancer (E�), is the docking site for three MARBPs:
SMAR1, Cux and SATB1 (Chattopadhyay et al., 2000). MAR� (HS1) is the major
DNase I hypersensitive site induced during the TCR co-receptor CD4−CD8− double
negative (DN) to CD8+CD4+ double positive (DP) stage of thymocyte development.
This induction is concomitant with halt of TCR� V(D)J recombination in DP
thymocytes. Studies by Chattopadhyay et al., (1998) identified that SMAR1 binds
to this region along with Cux and SATB1 (Fig. 2).

The 114 Kd protein PARP, exclusively found as a mixture with DNA-PK has been
implicated in repair after DNA damage. Evidences show that PARP and Ku 70/86
interact together and synergistically enhance their binding to DNA (IgH MARs)

Figure 2. TCR� locus showing eleven DNase1 hypersensitive sites. (a) HS1 and HS2 represent E�

enhancer and MAR� sites respectively that are located upstream of V�14 segment. (b) DNaseI hyper-
sensitivity assay showing four sites within a 6.6 kb BamH1-BglII genomic fragment. Panel 1: P4890
representing Rag mutant double negative (DN) lymphoma T cell line. Panel 2: DP cells of Rag mutant
TCR� transgenic mice. Panel 3: Mature single positive T cells from lymph node stimulated with ConA.
Panel 4: Mature B cell line. No DNaseI hypersensitive sites were observed in B cells indicating that
all four hypersensitive sites are specific for T cell and (c) A current model of possible role of MAR
sites in maintaining cross-talk between E� enhancer, MARs and MARBPs that together control V(D)J
recombination and transcription at TCR� locus
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(Galande and Kohwi-Shigematsu, 1999). Similarly, PARP and SAF-A contribute
to the MAR binding ability of p114. Together, these observations suggest that the
different MAR-binding proteins associate with diverse sets of proteins involved
in transcriptional regulation and also cross-talk amongst each other, constituting a
functional nuclear matrix.

5. MARBPS AND DISEASE MANIFESTATION

Since most cases of malignant transformations occur by means of deregulation
of genes or viral integrations, the role of MARs and MARBPs become crucial.
The composition of nuclear matrix has been reported to be altered during the
course of transformation and the MARBPs that associate with transcriptional units
might be involved in the progression/ cessation of disease. The uncontrolled cell
proliferation and invasion of the cancer cells would naturally require an altered
organization of the chromatin, to assure the differential expression of a subset of
proteins compared to their normal counterparts. These genes have to be expressed or
repressed ectopically. For example, the expression pattern of nuclear matrix proteins
is considerably different between normal breast epithelial cells and malignant cells
(Khanuja et al., 1993).

The abnormal levels of MARBPs, apart from their altered cellular distribution,
seems to govern the progression of proliferative diseases. Studies to identify the
nuclear matrix binding proteins associated with aggressive cancer phenotype have
lead to the identification of PARP, Ku, High mobility group proteins (I/Y), NMP,
SAF-A/B that have binding affinity to double stranded BURs. The expression of
these proteins is dramatically increased upon malignant transformation and marks
the advanced cancer phenotype leading to metastasis. Unlike other MARBPs that
are highly expressed at the onset of malignant transformation, SMAR1 level is
downregulated in breast cancer derived lines, which may be explained in part
to its regulation of Cyclin D1 gene, a hallmark of breast and prostate cancer
(Rampalli et al., 2005). In most cases of cancer, there is gene duplication or loss
of transcriptional control of this gene that leads to uncontrolled cell proliferation,
leading to cancer. We have shown that SMAR1 forms a co-repressor complex
with HDAC1 and mSin3a, recruits this complex to the Cyclin D1 promoter on a
segment that is rich in ATCs (putative MAR sequence as evaluated by MAR finder
program MAR-WIZ). The recruited complex then deacetylates histones (H3K9 and
H4K10) at the loci, leading to chromatin condensation and eventually shuts down
transcription. (Fig. 3)

Several reports have highlighted the ability of such MARBPs to recruit chromatin
modifying enzyme complexes to control gene transcription, showing that differ-
ential expression of these proteins is critical too. For example in breast cancer
derived cell lines, SMAR1 levels are downregulated that correlates to an induced
Cyclin D1 levels. Another example is HMG-I, an architectural chromatin protein
that binds to minor groove of double stranded DNA. Recent reports suggest the role
of HMG-I, C and Y proteins in cellular proliferation and neoplastic transformation
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Figure 3. (a) Western blot analysis of breast cancer derived cell lines showing an induced Cyclin D1
levels that correlates to a decreased SMAR1 expression. (b) A schematic representation of SMAR1
recruitment of HDAC1 on CyclinD1 promoter, that switches off the transcription

(Tamimi et al., 1993). HMG-I has been identified as a target gene for c-myc and is
involved in c-myc mediated neoplastic transformation. Distant metastasis is reported
in animals injected with HMG-I or -C (Wood et al., 2000a, b). The mechanism
of transformation has been attributed to the identification of HMG-C AT hooks in
chimeric proteins associated with lipomas and mesenchymal tumors (Schoenmakers
et al., 1995; Rogalla et al., 1997 ). These chimeras are thought to function by binding
to DNA via the AT hooks and alter the gene regulation by transcriptional regulatory
domains they acquire by rearrangement (Ashar et al., 1995, Wunderlich and
Bottger, 1997; Bustin, 1999). Apart from this, HMG-C, truncated transgenic mice
display gigantism and lipomatosis while the null mice develop pygmy phenotype.
(Battista et al., 1999; Zhou et al., 1995). This reveals that the levels of the MARBPs
must be kept under a tight leash to avoid abnormal cellular proliferation and
transformation.

Protein modifications of MARBPs also assume great importance as their binding
properties can be altered. MARBPs like SATB1 and SAF-A get modified with
special reference to a particular cellular process. For example, the cleavage of
SATB1 by Caspase 6 disrupts the PDZ domain mediated dimerization, resulting
in the formation of SATB1 monomers that do not have DNA binding ability. This
causes detachment of the protein from chromatin that eventually leads to rapid and
efficient disassembly of higher order chromatin structure and facilitates apoptosis in
T cells, an important event in T cell receptor rearrangement (Galande et al., 2001).
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Likewise, the SAR binding domain of SAF-A loses its DNA binding potential upon
proteolytic cleavage during apoptosis (Gohring and Fackelmayer, 1997). There are
reports that nuclear matrix proteins associate with granular nuclear bodies and
undergo modifications in cells that undergo apoptosis (Zweyer et al., 1997). In most
of the cases, the loss of DNA binding ability of MARBPs becomes central to the
altered function. For example, Ku deficiency leads to extreme radiation sensitivity
and high levels of chromosomal aberrations (Gu et al., 1997). This is due to the fact
that the Ku heterodimer (Ku 70/80) binds to DNA double strand breaks and facilitate
repair by non-homologus end joining pathway (Walker et al., 2001). In case of
invasive breast cancer, a specific nuclear matrix binding protein called NMP has
been identified, that recognizes a unconventional MAR in the promoter, stimulates
the levels of NF�B, that in turn increases the DNA binding activity of NF�B
observed in c-erb2 and BRCA1 positive human breast tumors, suggesting a role
in breast cancer progression (Raziuddin et al., 1997). HET/SAF-B was originally
cloned as a nuclear matrix protein that binds to the MAR of hsp27 promoter and
represses it in breast cancer cells (Oesterreich, 1997). In addition, it has been
shown to bind to ER and function as its co-repressor (Townson et al., 2000).
There are also reports suggesting that the overexpression of HET causes growth
inhibition in M phase of cell cycle and causes multicellularity. Consistent with this,
it is also known to cause aneuploidy in breast tumor specimens and causes lower
proliferation (Townson et al., 2000). This suggests that these factors might have
important and distinct roles in tumorigenesis independent of their transcriptional
functions. The MARBPs have also been identified to play major role in normal
tissue differentiation and organogenesis. For example, Cux has been shown to play
role in specifying the identity of external sensory organs during peripheral nervous
system development. It has also been implicated in controlling proliferation and
differentiation (Nepveu, 2001). Cux knock out mice show retarded growth, curly
whiskers, late development of lung epithelia, defective hair follicle development,
infertile male progeny and less number of T and B cells and more myeloid cells
(Sinclair et al., 2001, Tufarelli et al., 1998). On the other hand, Cux-1 transgenic
mice show organomegaly and hyperplasia of different organs (Ledford et al., 2002).

Certain novel isoforms of MARBPs have been suggested to play key role in
disease manifestation. Two isoforms of Cux/CDP were previously known till Goulet
et al., showed that a novel isoform of Cux (p75) showed a higher binding affinity
to DNA and represses the transcription of CDK inhibitor p21 and activated DNA
polymerase a gene promoter. They also identified that a novel intronic transcription
initiation was responsible for the expression of this isoform. Although this isoform
is predominant in CD4+/CD8+ and CD4+ T cells, expression was also activated
in breast tumor cell lines and in primary human breast tumors. The stable lines
expressing p75 isoform could not form tubule structures in collagen but developed
as solid undifferentiated aggregates of cells. Some studies also indicate that Cux is
a downstream target of Notch, activated in T cell leukemia. Cux could thus serve as
a downstream target marker for Notch activation (Goulet et al., 2002). Activation
of CDP/Cux at the G1/S transition involved the proteolytic processing of the protein



MARs and MARBPs 223

to generate a shorter isoform in uterine leiomyomas (Moon et al., 2002). Similarly,
CUTL1 activity is associated with increased migration and invasiveness in numerous
tumor cell lines, both in vitro and in vivo transcriptional target of transforming
growth factor beta (TGF�) and a mediator of its promigratory effects CUTL1
expression is significantly increased in high-grade carcinomas and is inversely
correlated with survival in breast cancer. This suggests that CUTL1 plays a central
role in coordinating a gene expression program associated with cell motility and
tumor progression (Michl and Downward, 2006).

SMAR1 is shown to exist in two isoforms, the shorter form having a deletion
of 117 bp at the N terminus (Chattopadhyay et al., 2000). The 39 aa deleted
shorter form has been shown to be more effective in regressing B16F-10 induced
melanoma (Kaul et al., 2003). SMAR1 transgenic mice showed abnormal V(D)J
recombination and organomegaly of lymphoid organs with cellular infiltrations,
suggesting a necessity for fine tuning of protein expression to continue cellular
process (Kaul-Ghanekar et al., 2005) (Fig. 4). This reveals that various isoforms of
MARBPs may have different roles in the context of cellular functions.

Apart from serving as modulators of transcription, MARBPs alter cellular
functions by their protein interactions. Nucleolin first described by Orrick
et al., (1973) is a major nucleolar protein involved in ribosome biogenesis. Recent
reports also suggest that nucleolin binds to cell surface adhesion molecules like
L-selectin expressed on leucocytes and hemopoeitic stem cell progenitors (Harms
et al., 2001). Modulation of hepatitis delta viral replication is also well documented
(Lee et al., 1998). This protein is also linked to actin cytoskeleton and inhibits
HIV infection by cytokine midkine. Reports by Christian et al., (2003) show that
nucleolin on cell surface is a marker for endothelial cells and its interaction with
Acharan sulfate (AS) may be a key in solving the mechanism of AS mediated
inhibition of tumor growth. The identification of cancer cell specific markers led
to the identification of a subset of nuclear matrix proteins (NMPs) that exist in
prostrate, bladder, colon and renal cancer (Konety et al., 1998). These NMPs can be
detected in the serum samples of the patients because of these factors as tumor cells
undergo degeneration and lysis. NMP 22 has been now routinely used to assess
bladder cancer and similarly L4 is a candidate for identification of colon cancer
(Brunagel et al., 2002).

Several ubiquitous transcription factors like Lys 100/ p140, SP100 are also known
to bind to MARs. While p140 is known to co-activate transcription by Bright, SP1
represses transcription. AP-1 family transcription factor is also known to associate
with nuclear matrix (van Wijnen et al., 1993) and allow the expression of Ig�
gene in response to LPS stimulation (Schanke et al., 1994). p53 another well
known transcription factor, the function of which depends on its DNA binding
ability to different promoters. Wild type p53 is known to be a tumor suppressor
while mutant form exerts oncogenic functions of its own (Dittmer et al., 1993;
Levine et al., 1995). The “gain of function” of mutant p53 has been demonstrated
partly due to its high affinity to bind to MARs (Will et al., 1998). These MARs
have a typical AATATATTT unwinding motif, promoting structural alterations in
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Figure 4. Comparison of lymph node and spleen architecture in SMAR1 transgenic and control littermate
mice. (a) Lymph node size of non-transgenic (N) and transgenic (T) mice are shown at the same scale.
(b) Histological analysis of lymph node from control at 10X and 40X magnification are displayed.
(c and d) Histological sections of Lymph node at 10X and 40X. (e) Enlargement of spleen size shown
in transgenic mice compared to control mice. (f) Histological sections of spleen from Littermate normal
(LM) and SMAR1 transgenic mice showing strong infiltration of T cells into the lymph node. (See
Colour Plate 15.)

chromatin, thereby affecting cellular replication. Since mutations in p53 constitute
the most frequent alteration in a single gene in human cancer (Hainaut et al., 1997),
the MAR binding potential of the mutant form could form the molecular basis of
oncogenic potential documented for mutant p53.

6. MARBPS AS PROGNOSTIC MARKERS AND FUTURE
PERSPECTIVES

The aberrant expression of MARBPs upon malignant transformation makes them
a reliable marker for diagnosis of advanced diseased conditions. For instance,
the NMP 22 levels in urine have now been routinely used to identify bladder
and ductal cancer. Similarly, p114 MAR-binding activity has been detected in
aggressive tumors, while significantly weaker p114 activity has been observed in
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less aggressive tumors. Hence, PARP, an interactor of p114 could be used as a
marker for identifying invasive breast cancer. The novel isoform of Cux (p75)
is a reliable marker for identifying breast cancer. MAR binding protein, p230, is
detectable in rat hepatoma cells but not in normal liver and suggests that this protein
is a diagnostic and prognostic marker for liver cancer. It is clear that nuclear matrix
proteins hold a considerable promise as diagnostic tools for pathologists.

MARBPs with their newly discovered role as linkers between chromatin remod-
eling, signal transduction and cell cycle regulation form an important part of
chromatin biology. Most importantly, direct correlation of disease manifestation
and the MARBPs will make them an important tool in understanding disease
progression. Present evidence, suggests that nuclear matrix proteins may be useful
biomarkers of neoplastic diseases in the serum, body fluids, and tissues. Nuclear
matrix proteins are also potential candidates for the use as tumor prognostic factors
and targets of anticancer drugs through apoptosis.
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GLOSSARY

SAR/MARs

Scaffold Attachment Region
SAF-A: Scaffold Attachment factor A
Nuclear matrix binding proteins
Matrix Associated Region Binding lproteins(MARBPs)
Tumor suppressor p53
Nucleases
DNase I hypersensitivity assay
Locus control Region (LCR)
SMAR1
Human immunodefficiemcu Virus 1
HTLV
MMTV
TCR� locus
Cyclin D1
mSin3A complex
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V(D)J recombination
SATBI: Special AT-rich sequuence binding protein I
Cux/CDP
CUTL1
E� enhancer
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CHAPTER 11

ABERRANT FORMS OF HISTONE
ACETYLTRANSFERASES IN HUMAN DISEASE
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The Netherlands

Abstract: One of the major mechanisms through which eukaryotic cells respond to developmental
and environmental signals is by changing their gene expression patterns. This complex
and tightly regulated process is largely regulated at the level of RNA polymerase
II-mediated transcription. Within this process an important class of transcriptional
regulators are the histone acetyltransferases (HATs), proteins that acetylate histones
and non-histone substrates. While hyperacetylation of histones is generally associated
with active genes, the effect of acetylation of nonhistone proteins varies between
substrates resulting in for example alterations in (sub-nuclear) protein localization or
protein stability. Given the central role of HATs in transcriptional regulation and
other cellular processes, it may not be surprising that genetic alterations in the genes
encoding HATs, resulting in aberrant forms of these regulatory proteins, have been
linked with various human diseases, including congenital developmental disorders
and various forms of cancer, including leukaemia. Here we will review mutations
found in genes encoding human HATs and discuss the (putative) functional conse-
quences on the function of these proteins. So far the lessons learned from naturally
occurring mutations in humans have proven to be invaluable and recapitulating such
genetic alterations in various experimental systems will extend our knowledge even
further. This seems particularly relevant given the wide range of diseases in which
acetyltransferases have been implicated and may help to open up new therapeutic
avenues

Abbreviations: CBP, CREB binding protein; CREB, cAMP response element binding protein; FAT,
factor acetyltransferase; HAT, histone acetyltransferase; MLL, mixed lineage leukaemia
protein; MORF, MOZ related factor; MOZ, monocytic leukaemia zinc finger protein;
PHD, plant homeodomain; RTS, Rubinstein-Taybi syndrome, TIF, transcription inter-
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1. CHROMATIN AND ACETYLATION

Regulation of transcription is a central mechanism by which cells respond to
developmental and environmental cues. RNA polymerase II-mediated transcription
in eukaryotes is to a large extent regulated at the level of chromatin, which
forms a physical barrier for the binding of proteins to the promoter region of a
target gene. The basic unit of chromatin is the nucleosome, which consists of
an octamer of histone proteins around which the DNA is wrapped (see Fig. 1a).

Figure 1. Transcription regulation and HATs. (a) Schematic representation of the promoter region of
a gene, with the DNA wrapped around nucleosomes, which consist of octamers the histone proteins
H2A, H2B, H3 and H4. A transcription factor dimer (TF), bound to the enhancer region (ENH), recruits
remodelling factors (remodeler) and HATs, like CBP or p300 (CBP/p300), sometimes indirectly through
other coactivators like the p160 proteins. CBP and p300 can make the DNA more accessible for other
regulatory proteins by acetylating the histone tails (Ac). In addition, CBP and p300 can form a physical
bridge between transcription factors and the general transcription factors (GTF) and RNA polymerase II
(Pol II). See text for details. (b) Domain structure of HATs. Linear representation of proteins representing
four different HAT families with regions and functional domains that are highly conserved among
species indicated. Shown are CBP (CBP/p300 family), MOZ (MYST family), p/CAF (p/CAF/GCN5
family) and TIF2 (p160 family). AD, activation domain; BD, bromodomain; CH, cyteine-histidine-rich
region; CID, CBP/p300 interaction domain; NID, nuclear receptor interaction domain; PAS, PAS/HLH
domain; PHD, PHD-type zinc finger; pQ, polyglutamine stretch; RD, repression domain; SID, SRCl
interaction domain; Zn, C2H2 type zinc finger
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The nucleosomes form an array that is ordered into higher-order chromatin struc-
tures. One of the major enzymatic activities which make the DNA more acces-
sible for the transcription machinery are the histone acetyltransferases (HATs)
(Cheung et al., 2000b). The prime targets of the HATs in chromatin are the
N-terminal tails of the core histones H2A, H2B, H3 and H4, which protrude away
from the DNA. Acetylation of these tails results in neutralization of the positively
charged lysines, thereby modifying DNA-histone and histone-histone contacts (Kuo
and Allis, 1998; Cheung et al., 2000b). The N-terminal histone tails are also
subject to other modifications, like methylation (Kouzarides, 2002), phosphorylation
(Cheung et al., 2000a) and sumoylation (Shiio and Eisenman, 2003). Furthermore,
the C-terminus of H2A and H2B can be ubiquitinylated (Jason et al., 2002).
These modifications not only change accessibility to the DNA and create specific
docking sites for proteins (Winston and Allis, 1999), but they also represent
the so-called “histone code”, a bar code which may be involved in the estab-
lishment of epigenetic inheritance (Turner, 2000). The discovery that several known
transcriptional coactivator proteins contain HAT activity, while repressors possess
histone deacetylase (HDAC) activity, has strongly linked histone acetylation to
transcriptional activation, and deacetylation to repression (Kuo and Allis, 1998;
Strahl and Allis, 2000).

When a specific gene is activated, a cascade of chromatin modifications mediated
by the ATP-dependent remodelling complexes and HATs makes the DNA acces-
sible for transcription factors, including general transcription factors such as TFIID.
Following assembly of the correct combination of these proteins RNA polymerase
II is recruited and transcription takes place. Interestingly, the combination of
the chromatin modifying enzymes required, and their order of recruitment, are
promoter-specific, but at least one HAT is involved in promoter activation (Cosma
et al., 1999; Agalioti et al., 2000; Shang et al., 2000; Soutoglou and Talianidis, 2002;
Martens et al., 2003), indicating the fundamental importance of this protein family
in biology.

2. STRUCTURE AND FUNCTION OF HISTONE
ACETYLTRANSFERASES

Mammalian HAT enzymes can be divided into subfamilies (Tan, 2001). However,
it is currently difficult to classify a protein as a potential HAT enzyme based on
its amino acid sequence, since these subfamilies display no obvious similarity in
their primary sequence, nor in the size of their HAT domains or the surrounding
protein modules (Kuo and Allis, 1998; Marmorstein, 2001). The only region
that is partly conserved between HAT subfamilies, either on the amino acid
sequence and/or structural level, is a small subdomain first noticed in GCN5-related
N-acetyltransferases, which encompasses the coenzyme A (CoA) binding site
(Neuwald and Landsman, 1997; Martinez-Balbas et al., 1998; Yan et al., 2000;
Marmorstein and Roth, 2001). Four families of mammalian HATs that have been
implicated in human disease will be discussed here.
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The first family consists of the CREB binding protein (CBP) and the related
protein p300. CBP and/or p300 homologues are present in many multicel-
lular organisms, including flies, worms and plants, but not in lower eukaryotes
such as yeast (Champagne et al., 1999b; Bordoli et al., 2001b; Yuan and
Giordano, 2002). While CBP was originally isolated as a coactivator of the
transcription factor CREB (Chrivia et al., 1993), and p300 was cloned as
a protein interacting with the transforming adenoviral E1A protein (Eckner
et al., 1994), both proteins were subsequently shown to be interchangeable
for these functions (Arany et al., 1995; Lee et al., 1996). CBP and p300
are ubiquitously expressed during mouse development (Partanen et al., 1999).
Comparison of the amino acid sequences of these multidomain proteins from
different species revealed the presence of numerous regions of near identity,
including three cysteine-histidine rich regions (CH1, −2 and −3), the binding
site for the CREB transcription factor, referred to as the KIX domain, the
bromodomain, the HAT domain and the steroid receptor coactivator-1 interaction
domain (SID), while other regions are poorly conserved (Arany et al., 1994;
see also Fig. 1b). CBP and p300 can interact with the basal transcription
factors TATA-binding protein (TBP; (Yuan et al., 1996)) and TFIIB (Yuan
et al., 1996; Kwok et al., 1994) and/or form a complex with RNA polymerase
II (Nakajima et al., 1997a, b; Cho et al., 1998; Neish et al., 1998). These inter-
actions occur through an N- and C-terminal activation domain (see Fig. 1b).
In addition, CBP and p300 can bind to a variety of diverse transcription
factors, and other proteins, through their CH1, CH3, KIX and SID domains
(Chan and La Thangue, 2001; Vo and Goodman, 2001). By interacting simulta-
neously with the basal transcription machinery and with one or more upstream
transcription factors, CBP and p300 function as physical bridges or scaffolds
and thereby stabilize the transcription complex. Interestingly, several of these
protein-protein interactions can be regulated by the same post-translational
modifications that chromatin is subject to, such as phosphorylation (Janknecht
and Nordheim, 1996; Ait-Si-Ali et al., 1998, 1999;), sumoylation (Girdwood
et al., 2003) methylation (Xu et al., 2001; Chevillard-Briet et al., 2002), indicating
that CBP and p300 are themselves targets of signalling cascades.

The second important aspect of the coactivator function of CBP and p300 is
their ability to acetylate promoter proximal nucleosomal histones, resulting in
increased accessibility of the DNA for other essential regulators (Bannister and
Kouzarides, 1996; Ogryzko et al., 1996; Kundu et al., 2000). Within the HAT
domain of CBP and p300 two functionally important regions have been identified,
the first of which is the aforementioned CoA binding site (amino acids 1459–1541 in
CBP) (Neuwald and Landsman, 1997; Martinez-Balbas et al., 1998; Yan et al., 2000;
Marmorstein and Roth, 2001).The second important region in the HAT domain
of CBP, which is not found in other HAT proteins, is the PHD type zinc finger
(Aasland et al., 1995), also named leukaemia-associated-protein (LAP) finger (Saha
et al., 1995) or trithorax consensus (TTC) finger (Koken et al., 1995). This type of
zinc-finger is characterised by a cysteine 4-histidinecysteine 3 motif, and is predom-
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inantly found in proteins that function at the chromatin level (Aasland et al., 1995).
The PHD finger is an integral part of the enzymatic core of the CBP HAT domain
(Bordoli et al., 200la; Kalkhoven et al., 2002) but is dispensable for p300 HAT
activity (Bordoli et al., 200la). The HAT domain is preceded by the bromodomain,
a 110 amino acid domain which is found in many chromatin-associated proteins
(Jeanmougin et al., 1997; Winston and Allis, 1999). Bromodomains function as
acetyl-lysine binding domains (Dhalluin et al., 1999; Jacobson et al., 2000), and
could therefore play a role in tethering CBP and p300 to specific chromosomal
sites (Manning et al., 2001). Interestingly, the bromodomain of p300 was recently
shown to cooperate with the PHD finger in binding of hyperacetylated nucleo-
somes (Ragvin et al., 2004). The preferred in vitro sites of acetylation on the
N-terminal histone tails are lysine 12 (K12) and K15 in histone H2B, K14 and
K18 in histone H3 and K5 and K8 in histone H4 (Schiltz et al., 1999). In addition
to their ability to acetylate histones, CBP and p300 have also been shown to
acetylate other proteins like transcription factors and coactivators, and are therefore
also called factor acetyltransferases (FAT; Sterner and Berger, 2000; Yang, 2004).
Acetylation of non-histone substrates can result in either positive or negative effects
on transcription by affecting for example protein-protein interactions (e.g. the
activator of thyroid and retinoid receptors ACTR (Chen et al., 1999b)), protein-DNA
interactions (e.g. the high mobility group protein HMGI(Y) (Munshi et al., 1998)),
nuclear retention (e.g. the hepatocyte nuclear factor HNF4 (Soutoglou et al., 2000))
or protein half-life (e.g. E2F (Martinez-Balbas et al., 2000)). While CBP and p300
are essential coactivators for a variety of transcription factors, the relative impor-
tance of the bridge/scaffold, HAT and FAT functions varies (Korzus et al., 1998;
Kurokawa et al., 1998; Kraus et al., 1999).

A second family of histone HATs was named the MYST family, after its
founding members MOZ, yeast Y BF2 (renamed Sas3), yeast Sas2, and T IP60.
Proteins in this family share a C2H2 zinc finger and an HAT domain that
together comprises the MYST domain (Yang, 2004). Outside this domain, which
encompasses approximately 370 amino acids, the overall homology between
family members is very limited, and they differ substantially in other struc-
tural domains and size (Yang, 2004). Two mammalian members of the family,
MOZ (monocytic leukaemia zinc finger protein) and MORF (MOZ related factor)
however display significant homology, both in amino acid sequence and in
domain architecture. As depicted in Fig. 1b, MOZ and MORF contain 2 PHD-
type zinc fingers in the C-terminus and a centrally located MYST domain. In
addition, a repression domain was found in the N-terminus, while the C-terminus
contains an activation domain (Champagne et al., 1999a, 2001). Despite their
high degree of homology MOZ and MORF display substrate specificity: both
MOZ and MORF acetylate histones H3 and H4 in vitro, but MOZ also acety-
lates H2B (Champagne et al., 1999a, 2001). Moreover, MORF was reported to
acetylate nucleosomes, while MOZ was unable to do so (Champagne et al., 2001).
Unlike CBP and p300, no non-histone substrates have been described for either
MOZ or MORF up to date. Also in contrast to the situation with CBP and
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p300, MOZ and MORF seem to function as coactivators for only a limited
number of transcription factors, including RUNXl/AMLl/CBFA2 (Kitabayashi
et al., 2001; Bristow and Shore, 2003) and RUNX2/AML2/CBFAl (Pelletier
et al., 2002). MOZ and MORF reside in multi-subunit protein complexes (Doyon
et al., 2006).

A third family of HATs contains, amongst others, the mammalian GCN5 and
p/CAF (p300/CBP associated factor) proteins. While both proteins have been
shown to be able to interact with CBP and p300 (Yang et al., 1996; Xu et al., 1998),
subsequent studies have shown that CBP and p300 are not part of the p/CAF
core complex (Ogryzko et al., 1998). GCN5 and p/CAF harbour a C-terminal
HAT domain of approximately 160 amino acids, followed by a bromodomain.
The N-terminal half of these proteins could be involved in determining substrate
specificity. Both GCN5 and p/CAF have been shown to hction as coactivators for
many transcription factors, through their ability to acetylate histones or non-histone
substrates (Sterner and Berger, 2000; Yang, 2004). GCN5 and p/CAF are part of
large multi-protein complexes (Ogryzko et al., 1998; Brand et al., 1999; Martinez
et al., 2001), and their enzymatic activity is regulated by other proteins in the
complex, since for example p/CAF efficiently acetylates K14 on histone H3 in
vitro, but only the p/CAF complex and not the recombinant protein can display the
same activity towards nucleosomes (Ogryzko et al., 1998).

The fourth family of HATS encompasses the three p160 coactivator proteins
SRC1/NCoAl, TIF2/NCoA2/GRIP1 and ACTR/AIBl/RAC3/pCIP/NCoA3 (Leo and
Chen, 2000). These three proteins were originally identified through their ligand-
dependent interaction with transcription factors of the nuclear receptor family. This
interaction requires one or more highly conserved LXXLL motifs (in which L is
leucine and X any amino acid), which are grouped together in the nuclear receptor
interaction domain (NID) in the p160 proteins (Heery et al., 1997). Outside the
NID, the p160 proteins share an N-terminal bHLH-PAS domain, which can mediate
interactions with other transcription factors (Belandia and Parker, 2000). C-terminal
of the NID, these proteins harbour two activation domains (AD), the first of which
corresponds to the CBP/p300 interaction domain while the more C-terminal AD is
the binding site for histone methyltransferase CARMl (Chen et al., 1999a). Finally,
the C-termini of SRCl and ACTR have been shown to harbour HAT activity (Chen
et al., 1997; Spencer et al., 1997). The preferred acetylation substrates of SRCl and
ACTR are H3 (K9 and K14) and H4, either as free histones or as mononucleosomes
(Chen et al., 1997; Spencer et al., 1997). However, the ability of pl60 proteins
to acetylate histones in vitro appears to be weak compared to CBP/p300 and
GCN5/p/CAF proteins (Voegel et al., 1998). In addition, deletion of the HAT
domain of SRCl had no effect in in vitro transcription reactions mediated by NRs
on chromatin templates (Liu et al., 2001), indicating that the functional significance
of this intrinsic HAT activity remains to be established. These findings suggest that
histones might not be the primary acetylation targets of the p160 proteins or that
the main role of these proteins in transcription is the recruitment of other, more
active HATs like CBP/p300 and GCN5/p/CAF.
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3. HATs AND HUMAN DISEASE

The importance of HATs in the regulation of normal differentiation, growth control
and homeostasis is underscored by the fact that genetic alterations in their genes and
functional (in)activation of the proteins are strongly linked to human disease (Giles
et al., 1998; Cairns, 2001; Klochendler-Yeivin and Yaniv, 2001; Timmermann
et al., 2001). Several different types of genetic aberrations involving HAT genes
have been reported. Firstly, chromosomal translocations in which the 5′ end of
a gene on one chromosome is juxtaposed to the 3′ end of a gene on another
chromosome can result in the generation of gene fusions between a HAT and another
gene (see Fig. 2a). Translocations are called balanced when the complementary
chromosomal fusion is also detected. Secondly, point mutations can either result in
an amino acid change or a stop codon (see Fig. 2b). Examples of such mutations
are the S23X mutation, in which a serine (S) at position 23 is changed into a stop
codon (X), and the A981T mutation, which changes an alanine (A) at position 981
into a threonine (T) (Table 1). Thirdly, deletions or insertions of a small number

Figure 2. Genetic aberrations observed in HAT genes. (a) Schematic representation of a balanced
chromosomal translocation. These translocations result in the formation two new fusion genes, which
can give rise to one or two fusion proteins. (b) Examples of nonsense (RTS patient RT163.l), missense
(RT209.l), deletion (followed by frame shift; RT231.1) mutations, as well as splice site acceptor
(RT211.3) or splice site donor (RT39.1) mutations
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Table 1. CBP and p300 mutations found in RTS patientsa

Mutation type Amino acid changeb Reference

CBP

Nonsense mutation
S23Xc (Coupry et al., 2002)
Q102X (Roelfsema et al., 2005)
Q135X (Petrij et al., 1995)
Q356X (Petrij et al., 1995)
R370X (3x)d (Bartsch et al., 2002), (Coupry et al., 2002)
R424X (Bartsch et al., 2005)
E996X (Bartsch et al., 2005)
C1213X (Bartsch et al., 2005)
K1267X (Roelfsema et al., 2005)
K1269X (Coupry et al., 2002)
R1489X (Coupry et al., 2002)
Y1466X (Coupry et al., 2002)
Ql558X (Kalkhoven et al., 2003)
Q1879X (Bartsch et al., 2005)
R2004X (Roelfsema et al., 2005)
Q2007X (Bartsch et al., 2005)
Q2043X (Coupry et al., 2002)
Q2045X (Roelfsema et al., 2005)
Q2095X (Roelfsema et al., 2005)

Missense mutation
A981T (Coupry et al., 2002)
Y1175C (Bartsch et al., 2002)
E1278K (Kalkhoven et al., 2003)
R1378P (Murata et al., 2001)
D1435V (Bartsch et al., 2005)
Y1450H (Roelfsema et al., 2005)
T14471 (Roelfsema et al., 2005)
1470R (Roelfsema et al., 2005)
1664H (2x)d (Kalkhoven et al., 2003), (Bartsch et al., 2005)
N1978S (2x)d (Coupry et al., 2002), (Bartsch et al., 2005)
M2221L (Coupry et al., 2002)
A2243L (Coupry et al., 2002)

Deletion/insertion
D29fsX37 (Bartsch et al., 2005)
G79fsX86 (Roelfsema et al., 2005)
Q158fsX173 (Bartsch et al., 2005)
S302fsX348 (Roelfsema et al., 2005)
G461fsX469 (Roelfsema et al., 2005)
N494fsX527 (Roelfsema et al., 2005)
A581fsX586 (Roelfsema et al., 2005)
A631fsX632 (Bartsch et al., 2005)
P1132fsX1166 (Roelfsema et al., 2005)
T1144fsX1168 (Roelfsema et al., 2005)
Y1167fsX1167 (Murata et al., 2001)
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S1256fsX1256 (Bartsch et al., 2005)
F1275fsX1282 (Roelfsema et al., 2005)
R1360fsX1382 (Petrij et al., 2000a)
V1361fsX1380 (Murata et al., 2001)
S1419fsX1419 (Kalkhoven et al., 2003)
R1441fsX1452 (Bartsch et al., 2005)
Y1466fsX1472 (Murata et al., 2001)
V1467fsX1467 (Kalkhoven et al., 2003)
G1469fsX1477 (Murata et al., 2001)
V1613fsX1634 (Kalkhoven et al., 2003)
P2017fsX2342 (Bartsch et al., 2005)

Splice site mutation
Q405fsX414 (Bartsch et al., 2002)
T558fsX560 (Bartsch et al., 2002)
D1124fsX1124 (Coupry et al., 2002)
R1233fsX1252 (Coupry et al., 2002)
T1260fsX1260 (Kalkhoven et al., 2003)
�1280–1305 (Kalkhoven et al., 2003)
S1304fsX1328 (Roelfsema et al., 2005)
S1378fsX1404 (Kalkhoven et al., 2003)
T1426fsX1441 (Coupry et al., 2002)
K1520RfsX1549 (Coupry et al., 2002)
�1521–1576 (Coupry et al., 2002)

p300

Nonsense mutation
R648X (Roelfsema et al., 2005)

Deletion/insertion
S959fsX966 (Roelfsema et al., 2005)

a Shown are nonsense, missense, deletion/insertion and splice site mutations.
b The amino acid changes are predictions in most cases.
c X denotes a stop codon.
d Number of independent cases.

of nucleotides have been observed, which often give rise to a frame shift and the
addition of a number of new amino acids. An example of such a mutation is the
D29fsX37 mutation (Table 1), in which a deletion 3′ of codon 29 (D29) results
in a frameshift (fs) and the addition of 8 new amino acids until a stop codon is
encountered. Finally, mutations around splice sites can have two different effects.
Mutation of the splice acceptor site can give rise to an in-frame deletion of an exon
or a frame shift combined with the addition of a number of new amino acids. When
a splice donor site is mutated the prediction is that the intron will not be spliced
out and will be translated until a stop codon is present (Fig. 2b).

If a genetic aberration is heterozygous, the resultant mutant protein could
either (1) inhibit the remaining intact protein in a dominant negative manner,
or (2) show a “loss-of-function”, resulting in lowering of the functional dosage
of the gene product (haploinsufficiency), or (3) display novel characteristics
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(“gain-of-function”), which can be easily envisaged in the case of chromosomal
translocations (see also below). A genetic abberation of both alleles may be required
if a certain gene functions as a classical tumour suppressor according to Knudson’s
two hit model (Knudson, Jr., 1971).

4. CBP, P300 AND RUBINSTEIN–TAYBI SYNDROME

Chromosomal translocations complete or partial deletions and point mutations in
one copy of the CBP gene result in a congenital developmental disorder named
Rubinstein–Taybi syndrome (RTS). The syndrome is characterised by retarded
growth and mental function, broad thumbs, broad big toes and typical facial abnor-
malities (Rubinstein and Taybi, 1963). Furthermore, RTS patients have an increased
risk to develop tumours, particularly in the nervous system including oligoden-
droglioma, medulloblastoma, neuroblastoma, and meningioma (Miller and Rubin-
stein, 1995). The genetic aberrations found in RTS patients are always de novo,
meaning that the parents are not affected. Haploinsufficiency of CBP is the likely
cause of RTS in humans, since no clear phenotypic differences were observed
between patients with a complete deletion of one CBP allele or those with a single
heterozygous point mutation were found (Kalkhoven et al., 2003 and references
therein). In mice, heterozygous deletion or truncation of CBP also leads to an
RTS-like phenotype (Tanaka et al., 1997; Oike et al., 1999; Kung et al., 2000).
All nonsense, missense, deletion, insertion and splice site mutations observed in
RTS patients so far are indicated in Table 1. When these mutations are indicated
on a schematic representation of the CBP protein, it becomes clear that missense
and splice site mutations are often predicted to lead to truncated forms of the
CBP protein (Fig. 3a). In many cases the resulting protein would lack (part of)
the HAT domain, and would therefore not be able to acetylate histones or non-
histone substrates. Together with a number of missense mutations which have been
shown (R1378P, E1278K) (Murata et al., 2001; Kalkhoven et al., 2003) or are
predicted (Y1450H, T1447I, H1470R) (Roelfsema et al., 2005) to abolish the HAT
activity, these findings suggest that the full dosage of CBP HAT activity is required
to prevent RTS. The fact that a number of genetic aberrations appear to affect
the protein C-terminal of the HAT domain (e.g. N1978S; see Fig. 3a) does not
necessarily contradict this hypothesis. Firstly, it should be noted that with a small
number of exceptions (Petrij et al., 2000b; Kalkhoven et al., 2003), the expression
of RTS-associated mutant proteins has not been formally proven. It is therefore
possible that the mRNAs containing nonsense or splice site mutations are never
translated because they are degraded through nonsense-mediated mRNA decay
(NMD; Conti and Izaurralde, 2005), or that the mutant proteins are more prone to
degradation by the proteasome. Secondly, if the mutant proteins are being formed,
missense mutations that lie clearly outside the enzymatic core domain could still
affect their enzymatic function. The first example of this might be a mutation in the
bromodomain (Y1175C; Bartsch et al., 2002), since this domain sometimes works
in collaboration with the HAT domain (Kraus et al., 1999; Manning et al., 2001;
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Figure 3. Localisation of mutations in CBP and p300 in RTS patients (panel a) and tumour material
(panel b). Indicated are nonsense, missense, deletion/insertion and splice site mutations. (c) Schematic
representaion of the Rb-E2F and p53 pathways and the effects of CBP and p300 on these pathways

Mitsiou and Stunnenberg, 2003). Moreover, enzyme-substrate interactions could be
disrupted by missense mutations that are located throughout the protein. A clear
example of this are the mutations in SRCl, which affect its interaction with CBP, but
are located outside the CID region of SRCl (Rowan et al., 2000; Wu et al., 2004)
(see also above and Fig. 1b).
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Until recently RTS was only linked to the CBP gene, but Roelfsema et al. have
reported 3 cases of RTS patients in which the p300 gene was affected (Roelfsema
et al., 2005). These three p300 mutations, two missense mutations (Table 1 and
Fig. 3) and a complete deletion of exon 1 (Roelfsema et al., 2005), are all predicted
to result in loss of the HAT function. These interesting findings indicate that CBP
and p300 have at least in part overlapping functions during development in humans,
as is also the case in mice (Yao et al., 1998; Kung et al., 2000). It is however
currently still unclear how the loss of one functional copy of CBP or p300 results in
the well-defined Rubinstein-Taybi syndrome, given the plethora of transcriptional
events in which CBP and p300 have been implicated (Blobel, 2000; Goodman and
Smolik, 2000; Shikama et al., 2000; Vo and Goodman, 2001; Kalkhoven, 2004).
Both RTS patients and heterozygous CBP knock-out mice (Tanaka et al., 1997;
Yao et al., 1998; Oike et al., 1999; Kung et al., 2000) indicate that the regulation
of a subclass of developmentally important genes is extremely sensitive to the
total CBP or p300 gene dosage. The identification of RTS-associated HAT mutants
would argue that specific regulatory acetylation events on the promoters of these
genes are essential in this respect. An important goal for the future will therefore
be to identify these CBP/p300 specific target genes. In addition, it should be noted
that in only 50% of all RTS patients a defect in either the CBP or the p300 gene
was detected (Coupry et al., 2002; Bartsch et al., 2005; Roelfsema et al., 2005).
Whether genetic defects in the remainder of RTS patients are located downstream
of the HAT, i.e. on the level of acetylation of non-histone substrate protein(s),
remains to be established.

5. HATs AND SOLID TUMOURS

Two major pathways involved in cancer development are the Rb-E2F and p53
signalling cascades (see Fig. 3c). Both pathways involve suppression of tumouri-
genesis and both p53 as well as Rb are mutated in almost 50% of all known
human tumours (Hanahan and Weinberg, 2000). In tumours that do not have
mutations in these “hotspot” proteins, alterations in or downstream regulatory
proteins are often found. One class of regulatory proteins for Rb-E2F and p53
are HATS (Avantaggiati et al., 1997; Gu and Roeder, 1997; Lill et al., 1997;
Scolnick et al., 1997; Martinez-Balbas et al., 2000; Marzio et al., 2000; Nguyen
et al., 2004). Indeed, many potentially inactivating mutations of CBP and p300,
and two mutations in p/CAF, have been found in various cancer cell lines and
primary tumours, mainly of epithelial origin (see Table 2 and Fig. 3b). Because only
two mutations were described in the pCAF gene, we will focus here on CBP and
p300. In some cases were CBP or p300 mutations were detected the second allele
was inactivated through deletion (loss of heterozygosity; LOH), silencing (hemizy-
gosity) or a different mutation (compound heterozygosity). At first sight, these
findings qualify CBP and p300 as classical tumour suppressor genes according to
Knudson’s two-hit model (Knudson, Jr., 1971). In agreement with this, heterozygous
CBP mice develop haematological malignancies with advancing age, and all the
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Table 2. CBP, p300 and p/CAF mutations found solid tumoursa

Mutation type Sample Cancer type LOH Reference

CBP
Nonsense mutation
E1835Xb�c Cell line Lung Hetero (Kishimoto

et al., 2005)
Missense mutation
N83T Cell line Lung Hetero (Kishimoto

et al., 2005)
A467T Primary Ovary Homo (Ward et al., 2005)
L551I Primary Lung Hetero (Kishimoto

et al., 2005)
S893L Cell line Lung Hetero (Kishimoto

et al., 2005)
S893L Primary Breast ? (Ward et al., 2005)
A1071T Primary Ovary ? (Ward et al., 2005)
A1354V Primary Ovary Homo (Ward et al., 2005)
G1411E Primary Lung Homo (Kishimoto

et al., 2005)
R1446C Cell line Lung Hetero (Kishimoto

et al., 2005)
W1472C Cell line Lung Allele1 (Kishimoto

et al., 2005)
N1275S Allele 2
N1978D Primary Ovary Homo (Ward et al., 2005)
N1978D Primary Breast ? (Ward et al., 2005)
A2044G Primary Lung Hetero (Kishimoto

et al., 2005)
N2111S/N2175S Cell line Lung Hetero (Kishimoto

et al., 2005)
Deletion/insertion
P1764fsX1769 Cell line Colon Hetero (Ionov

et al., 2004)
Splice site mutation
�1280–1305 Cell line Ovary Hetero (Ozdag

et al., 2002)
E1724fsX1739d Cell line Ovary Hetero (Ozdag

et al., 2002)
p300
Nonsense mutation
R86X Cell line Colorectal Hetero (Bryan

et al., 2002)
R580X Primary Colorectal Homo (Gayther

et al., 2000)
E1014X Cell line Colon Hetero (Gayther

et al., 2000)
E1014X Cell line Colon Homo (Ozdag

et al., 2002)

(Continued)
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Table 2. (Continued)

Mutation type Sample Cancer type LOH Reference

E1039X Cell line Colon Homo (Ionov
et al., 2004)

E1039X Cell line Colon Hetero (Ionov
et al., 2004)

S1733X Cell line Ovary Hetero (Ozdag
et al., 2002)

Q1874X Cell line Oral Hemi? (Suganuma
et al., 2002)

Missense mutation
T169M Primary Gastric Homo (Koshiishi

et al., 2004)
R202L Primary Gastric Hetero (Koshiishi

et al., 2004)
D204N Primary Gastric ? (Koshiishi

et al., 2004)
K350E Primary Gastric Hetero (Koshiishi

et al., 2004)
G359E Primary Gastric Homo (Koshiishi

et al., 2004)
K373Ne Primary Gastric ? (Koshiishi

et al., 2004)
S507Gf Primary MDSg Hetero (Shigeno

et al., 2004)
N508S Primary Gastric Homo (Koshiishi

et al., 2004)
L827P Cell line Breast Hemi (Gayther

et al., 2000)
E1013G Cell line Breast Hemi (Gayther

et al., 2000)
D1399Y Primary Gastric Homo (Muraoka

et al., 1996)
Y1446H Primary Gastric Homo (Koshiishi

et al., 2004)
S1650Y Cell line Colon Hetero (Gayther

et al., 2000)
R1680C Primary Colon Homo (Muraoka

et al., 1996)
P1780A Cell line Oral Hemi? (Suganuma

et al., 2002)
P2221Q Primary Colon Homo (Gayther

et al., 2000)
Deletion/insertion
K291fsX315 Cell line Colorectal Homo (Ionov

et al., 2004)
C382fsX404 Primary Gastric Hetero (Koshiishi

et al., 2004)
P927fsX947 Cell line Colorectal Hetero (Bryan

et al., 2002)



Aberrant Forms of Histone Acetyltransferases in Human Disease 247

I1048fsX1076 Cell line Breast Hetero (Gayther
et al., 2000)

L1409ins6 Primary Breast ? (Gayther
et al., 2000)

K1469fsX1494 Primary Gastric Hetero (Koshiishi
et al., 2004)

K1469fsX1471 Cell line Colorectal Hemi? (Bryan
et al., 2002)

K1469fsX1494 Cell line Colorectal Hemi? (Bryan
et al., 2002)

E1687fsX1725 Cell line Breast Allele 1 (Gayther
et al., 2000)

dell198–1243 Allele 2
C1695fsX1707 Cell line Colon Hemi (Gayther

et al., 2000)
K1699fsX1701 Cell line Colon Hemi? (Bryan

et al., 2002)
N2209Kde12210–2213 Primary Breast Hetero (Bryan

et al., 2002)
Ovary Hemi

Splice site mutation
de11089–1095 Cell line Lymphoid Hetero (Shigeno

et al., 2004)
de1940–1167 Cell line Cervical Homo (Ohshima

et al., 2001)
P/CAF
Missense mutation
R653W Cell line Ovary ? (Ozdag

et al., 2002)
P713T Primary Colorectal Hetero (Ozdag

et al., 2002)

a Shown are nonsense, missense, deletion/insertion and splice site mutations.
b The amino acid changes are predictions in many cases.
c X denotes a stop codon.
d Originally annotated as E 1724fsX1795
e Originally annotated as K372N.
f originally annotated as E507G.
g MDS, myelodysplastic syndrome.

malignancies that were checked showed LOH of the second CBP allele with preser-
vation of p300 expression (Kung et al., 2000). Interestingly, these malignancies
were not found in p300 heterozygous mice of comparable age, indicating that p300
and CBP have different roles in tumour formation (Kung et al., 2000). However,
several lines of evidence indicate that the situation in humans is fundamentally
different. Firstly, RTS patients who show heterozygous germline mutations of
the CBP gene do not develop the same haematological malignancies found in
CBP heterozygous mice, but display an increased disposition to neuronal tumours
(Miller and Rubinstein, 1995). It is currently unknown whether the second CBP
allele is affected in these tumours. More importantly, with increasing numbers of
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human tumours being examined it is now becoming clear that in many cases a
heterozygous mutation of CBP or p300 is not accompanied by LOH (see also
Table 2), while the frequently observed LOH of the p300 and CBP loci is often not
found together with mutations in the other allele (Tillinghast et al., 2003; So et al.,
2004). CBP and p300 therefore cannot be qualified as classical tumour suppressor
genes in humans at this stage. These findings do suggest however that the dosage
of their gene products is important in the prevention of uncontrolled cell growth
(Fodde and Smits, 2002).

Given the central role of the p53 and Rb-E2F signalling pathways in oncogenesis
(see Fig. 3c), it seems possible that tumour-associated CBP and p300 mutations
could affect the normal function of these key proteins, thereby contributing to
oncogenesis. CBP and p300 function as transcriptional coactivators for the p53
protein (Avantaggiati et al., 1997; Gu and Roeder, 1997; Lill et al., 1997; Scolnick
et al., 1997). In addition, the p53 protein was one of the first non-histone acety-
lation substrates (Gu and Roeder, 1997), and the C-terminus of p53 contains two
acetylation sites for CBP/p300 (K373 and K382) and one for p/CAF (K320)(Liu
et al., 1999). These modifications were reported to increase DNA binding and
stability of p53 and promote coactivator recruitment leading to increased transcrip-
tional activity (Gu and Roeder, 1997; Liu et al., 1999; Barlev et al., 2001;
Ito et al., 2001). The significance of p53 acetylation in vivo however still remains
to be established. Interestingly, the transcriptional activity of p53 is not only
regulated through acetylation but also through other post-translational modifica-
tions like ubiquitination and phosphorylation and these processes are interrelated
(Coutts and La Thangue, 2005). In a more indirect fashion, CBP and p300 affect
p53 function by regulating its degradation. Degradation and ubiquitination of p53 is
dependent on the murine double minute 2 protein (MDM2), and a ternary complex
between these two proteins and CBP/p300 regulates the turnover of p53 in cycling
cells (Grossman et al., 1998; Kobet et al., 2000). A more direct role of CBP and
p300 in regulating p53 levels could be mediated through their CH1 regions, since
this region region exhibits polyubiquitin (E4) ligase activity towards p53 in vitro
(Grossman et al., 2003).

Tumour-associated CBP and p300 mutations could deregulate p53 function on
at least two different levels: transcriptional activity and/or stability. The missense
mutations in the HAT domain, some of which have been shown to ablate enzymatic
activity (Ito et al., 2001), suggest that the transcriptional activity of p53 might
be impaired in cancer cells with CBP or p300 mutations. Mutations affecting the
CH3 or SID region could have the same effect, since they potentially disrupt the
CBP/p300–p53 interaction. Because the same CH3 and SID mutations, as well as
CH1 mutations, might disrupt the CBP/p300–p53-MDM2 complex or disrupt its
E4 ligase activity, it is currently very difficult to predict what the net effect on p53
activity and protein levels would be.

If heterozygous mutations in CBP or p300 would be sufficient to dramatically
deregulate p53, one might argue that when these enzymes are mutated there would
be no need to acquire a mutation in p53 itself. This is however not the case. For
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example, in a panel of lung cancer sample, mutations in CBP were invariable found
together with p53 mutations (Kishimoto et al., 2005). It seems therefore likely that
proteins other than p53 are also important HAT targets in oncogenesis. One of these
targets could be the Rb-E2F pathway. Both Rb and E2F are acetylation substrates for
CBP and p300 (Martinez-Balbas et al., 2000; Marzio et al., 2000; Chan et al., 2001;
Nguyen et al., 2004). Acetylation of Rb negatively influences its phosphorylation
by the cyclin/CDK complexes leading to enhanced inhibition of the E2F family of
transcription factors and therefore sustained G1 arrest (Chan et al., 2001; Nguyen
et al., 2004). The mechanism of this inhibition seems quite direct, since the acety-
lated lysines have been implicated as part of the CDK docking site (Markham
et al., 2006). In this model enzymatic mutations of CBP and p300 would increase the
level of Rb phosphorylation, thereby stimulating G1/S progression and proliferation.
The potential effects of CBP and p300 mutations on E2F function are however more
difficult to explain. Acetylation of E2F has been shown to increase its DNA binding,
activity and stability (Martinez-Balbas et al., 2000; Marzio et al., 2000). Impaired
CBP/p300 function is therefore predicted to inhibit G1/S progression, which would
be anti-tumourigenic. One should bear in mind though that since besides the p53
and Rb-E2F pathways discussed here, CBP and p300 have been implicated in a
number of other critical pathways in oncogenesis, like the wnt/�-catenin pathway
(Barker et al., 2000; Sun et al., 2000), the TGF-� pathway (Arteaga, 2006; Levy
and Hill, 2006) and the sonic hedgehog pathway (Villavicencio et al., 2000). The
situation is complicated even further by the fact that some experiments suggest
that CBP and p300 should not be regarded as tumour suppressor genes but rather
as oncogenes. For example, loss of CBP or p300 results in impaired proliferation
in mouse fibroblasts (Yao et al., 1998), and high levels of p300 correlate with
progression of prostate tumours (Debes et al., 2003). Taken together, these findings
indicate that although mutations in the CBP, p300 and p/CAF genes have been
found in solid tumours, the exact role of these HATs in human oncogenesis remains
to be established and could depend on the cell or tissue type.

6. HATs AND LEUKAEMIA

Current models indicate that (at least) two genetic hits are required for the devel-
opment of acute leukaemia: one to stimulate self-renewal and a second hit to
block differentiation (and/or prevent apoptosis) (Dash and Gilliland, 2001). In these
models, which have recently been supported by mouse studies (Dash et al., 2002),
activating mutations in tyrosine kinase receptors like flt3 represent the first class,
while fusion proteins resulting from chromosomal translocations are supposed
to block differentiation (Kelly et al., 2002). The recurrent t(8; 16)(p11;p 13.3)
translocation found in AML patients for example fuses the region of the MOZ
gene on chromosome 8 to the CBP gene on chromosome 16, and vice versa
(Borrow et al., 1996; see Fig. 4a). In other AML patients t(8;22)(p11;q13) fuses
the MOZ and p300 genes, t(10; 16)(q22;p 13.3) fuses the MORF and CBP genes
and t(10;22)(q22;q13) fuses the MOZ and p300 genes, while the inv(8)(pl lq13.1)
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inversion on chromosome 8 fuses the MOZ and TIF2 genes. In addition, in therapy-
induced AML (t-AML) the CBP and p300 genes are rearranged with the MLL gene
in patients with t(11;16)(q23;q23) and (t11;22)(q23;q13), respectively. Although
translocations potentially result in the formation of two reciprocal fusion proteins
(e.g. MOZ-CBP and CBP-MOZ) the mRNA encoding one of them (CBP-MOZ)
is sometimes difficult to detect. Generally speaking, fusion proteins with regions
of CBP, p300 or TIF2 at the C-terminus (MOZ-CBP, MORF-CBP, MOZ-p300,

Figure 4. Leukaemic gene fusions involving HATs. (a) The t(8;16) translocation result in the MOZ-CBP
fusion protein, while inv(8) gives rise to MOZ-TIF2. (b) Hypothetical model to explain how MOZ-TIF2
and MOZ-CBP fusions result in a similar leukaemia cell phenotype. See text for details. (c) The t(l1; 16)
and t(l1;22) result in the MLL-CBP and MLL-p300 gene fusions, respectively
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MOZ-TIF2, MLL-CBP and MLL-p300) appear to play the critical role in leukae-
mogenesis, since mRNAs encoding the reciprocal proteins (e.g. CBP-MOZ) could
not be detected in all patients (Sobulo et al., 1997; Taki et al., 1997; Carapeti
et al., 1998; Liang et al., 1998; Rozman et al., 2004) or are out-of-frame (Borrow
et al., 1996).

Detailed inspection of the chromosomal fusion point has shown that in the
leukaemic fusions the N-terminus of MOZ or MORF, which includes the PHD
fingers and the HAT domain, is fused to CBP or p300. Although several variants
have been described, the region of CBP and p300 in these fusions consists of
almost the full-length protein in all cases, including an intact HAT domain (Borrow
et al., 1996; Chaffanet et al., 2000; Panagopoulos et al., 2000, 2001, 2002, 2003;
Kojima et al., 2003; Vizmanos et al., 2003; Murati et al., 2004; Rozman et al., 2004;
Schmidt et al., 2004; Crowley et al., 2005). The region of TIF2 that is fused to
MOZ encompasses the CBP/p300 interaction domain, the putative HAT domain and
the second activation domain, but lacks the LXXLL motifs required for interaction
with nuclear hormone receptors (Carapeti et al., 1998; Liang et al., 1998; Billio
et al., 2002). The fusion proteins are likely to affect cellular function in multiple
ways, including (i) reduction of the normal amount of the parental proteins, and/or
(ii) aberrant function of the resultant proteins including both dominant negative
and gain-offunction effects. Interestingly, the MOZ-CBP/p300 and MOZ-TIF2 gene
fusions occur in a specific subset of AML patients (AML-M4/5), and these fusion
proteins have therefore been proposed to give rise to the same phenotype. The
CBP interaction domain (CID) is retained in the MOZ-TIF2 fusion (Fig. 4a),
and this domain is required for myeloid cell proliferation and transformation
(Deguchi et al., 2003; Kindle et al., 2005). These findings suggest that the role
of the MOZ-TIF2 protein in leukaemia is in fact indirect and occurs through its
effects on CBP (Fig. 4b). In agreement with this, both MOZ-TIF2 and MOZ-CBP
act as dominant negative inhibitors of a number of CBP-dependent activators
including nuclear receptors and p53, while activating the MOZ-dependent activator
RUNX1/AML1 (Kindle et al., 2005; Collins et al., 2006). In addition, MOZ-TIF2
lowers cellular CBP levels, leading to depletion of CBP from subnuclear structures
named PML bodies (Kindle et al., 2005). These data together with the functional
domains involved (Fig. 4a) lead to the hypothesis that disruption of the normal
function of CBP, and in particular its HAT function, is a key event in AML, resulting
in aberrant acetylation patterns. This idea is supported by the fact that the HAT
domain of CBP is required for the MOZ-CBP mediated block of differentiation of
a myeloid cell line (Kitabayashi et al., 2001) and also more recently MOZ-TIF2
was indeed shown to alter histone modifications in vivo on the RAR� promoter
(Collins et al., 2006). It is currently however unknown whether histones and/or
non-histone proteins are the most relevant substrates in this respect. In addition,
the target genes of the leukaemic MOZ fisions, i.e. the set of genes on which these
aberrant acetylation events have a positive or negative effect, await identification.

The t(11; 16) and t(11;22) translocations involve the MLL gene, which encodes
a histone methyltransferase (Milne et al., 2002; Nakamura et al., 2002). The MLL
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can methylate histone H3 on K4, a modification that is associated with transcrip-
tional activation. Recurrent chromosomal translocations resulting in fusion of the
MLL gene on chromosome 1 lq23 to >30 different partner genes are found in 80%
of children under 1 year with leukaemia (Dimartino and Cleary, 1999; Ayton and
Cleary, 2001). In addition, MLL translocations are probably induced by treatment
of AML patients with topoisomerase II inhibitors (Rowley et al., 1997). Recent
studies on large numbers of leukaemia patients have shown that patients with
MLL rearrangements form a distinct subgroup based on their gene expression
profile (Yokota et al., 1997; Armstrong et al., 2002). In the MLL fusions the
methyltransferase domain of MLL is lost, which might suggest that in this case
a reduction in histone methyltransfersase activity is involved (Ida et al., 1997;
Satake et al., 1997; Sobulo et al., 1997; Hayashi, 2000). Although such loss-
of-function perhaps contributes to the development of leukaemia, MLL clearly
requires the bromodomain and HAT domain of CBP for full in vitro trans-
formation and for the induction of the leukaemic phenotype in vivo (Lavau
et al., 2000). A gain-of-function model for the MLL fusion proteins, in which CBP
or p300 donate specific “leukaemic” functions to the MLL protein, is therefore
more appropriate. In contrast to the situation with leukaemic MOZ and MORF
fusion proteins, at least one critical target gene of MLL-CBP has been identified.
Using a conditional knockin strategy, Wang et al. have shown that MLL-CBP
requires the Hox a9 gene for its effects on granulocyte/macrophage progenitor self
renewal/proliferation (Wang et al., 2005). It will be interesting to see whether
MLL-CBP alters the acetylation pattern of histone or nonhistone proteins at the
Hox a9 promoter.

Finally, it is worth noticing that additional reciprocal fusions involving HATs
could exist, based on less well-characterized translocations in leukaemia. For
example, the t(2;8)(p23;p11) translocation potentially generates a fusion between
MOZ and SRC1, a close relative of TIF2 (Imamura et al., 2003). A fusion between
MLL and SRC1 might be the result of the t(2;11)(p23;q23) translocation (Mathew
et al., 2000). If these translocations indeed result in the aforementioned gene fusions,
it will be interesting to see whether for example the MOZ-SRC1 fusion protein
harbours the same leukaemogenic properties as MOZ-TIF2 (Deguchi et al., 2003;
Kindle et al., 2005).

7. CONCLUDING REMARKS

Genetic aberrations in HATs, and in particular CBP and p300, have been implicated
in several human diseases: heterozygous mutations in CBP and more recently also
p300 result in the congenital developmental disorder RTS, heterozygous mutations,
with or without LOH, have been reported in solid tumours of different origin,
and chromosomal translocations involving HATs are found in AML. Inactivation
of HATs on the protein level has been proposed to be important in a number
of other human diseases. For example, inactivation of CBP has been implicated
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in several neurological disorders (Saha and Pahan, 2006), such as polyglutamine-
related pathologies (Huntington’s disease) (Zoghbi and Orr, 2000), Alzheimer’s
disease and amyotrophic lateral sclerosis (Rouaux et al., 2004). Furthermore, the
range of human diseases in which HATs play a role could be much more extensive,
based on studies in mice. For example, mice heterozygous for p300 display defective
development of the heart (Yao et al., 1998), while CBP+/− mice exhibited growth
retardation and craniofacial abnormalities (Tanaka et al., 1997; Kung et al., 2000),
reminiscent of RTS in humans (see above), an increased incidence of haematological
malignancies (Kung et al., 2000), and lipodystrophy (Yamauchi et al., 2002). While
it is unknown if human patients suffering from these diseases express genetic
variants of one or more HATs, it should be noted that the activity of CBP and p300
could also be disrupted indirectly, e.g. through alterations in regulatory proteins.
This is of course also true in RTS patients and tumours in which no CBP or p300
mutations have been detected. Of particular interest in this respect are the ING
proteins, a family of tumour suppressor proteins that regulate the activity of several
HATs. While both ING4 and ING5 interact with p300 and enhance the acetylation
and activity of p53 (Shiseki et al., 2003), ING5 is also part of the MOZ-MORF
complex and enhances the activity of these MYST proteins (Doyon et al., 2006).
While mutations in ING proteins are rare, their nuclear expression, and thereby
their ability to regulate HATs, is often lost in tumours (Russell et al., 2006).

As described above, evidence suggests that both in RTS and cancer the enzymatic
function of HAT proteins could play a central role. However, our knowledge on the
critical target proteins and/or genes is currently limited and future studies should
be aimed at identifying these key acetylation events. Given the wide range of
human diseases in which the HAT function of these proteins have been implicated,
understanding the mechanisms that regulate this enzymatic activity in vivo could
help to develop novel approaches for therapeutic strategies.
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CHAPTER 12

CHROMATIN ACETYLATION STATUS
IN THE MANIFESTATION OF NEURODEGENERATIVE
DISEASES
HDAC inhibitors as therapeutic tools

BOUTILLIER ANNE-LAURENCE*, ROUAUX CAROLINE, PANTELEEVA
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Laboratoire de Signalisation Moléculaire et Neurodégénérescence – INSERM U692 11, rue Humann,
67085 Strasbourg Cedex – France

Abstract: During the development and maintenance of the central nervous system, neurons receive
specific instructions to differentiate, survive or die, the correct choice being crucial for
the maturation of a functional brain and to face pathological conditions. At the transcrip-
tional level, chromatin remodeling enzymes participates in such processes. In this paper,
we will see that disruption of the Histone acetyl transferase (HAT)/Deacetylase (HDAC)
balance is often observed in different contexts of neurological disorders and more
particularly during neuronal apoptosis. During the last 5 years, it has been evidenced
that the chromatin acetylation status was greatly impaired in different neurodegener-
ative diseases, a common mechanism being the loss of function of a specific HAT:
the CREB-binding protein (CBP). We will review the last attempts of the use of small
molecules antagonizing HDAC activity (HDAC inhibitors) to restore proper levels of
acetylation and enhance neuronal survival, both in in vitro and in vivo models of
neurodegenerative diseases such as polyglutamine-related diseases and amyotrophic
lateral sclerosis. Although this strategy lacks specificity towards CBP, certain of these
molecules display promising therapeutic properties

1. INTRODUCTION

Histones are master-piece of DNA compaction, able to form a highly ordered and
condensed nucleoproteic complex termed chromatin. Thereby, they play a major role
in genomic function regulations. They are the target of multiple post-translational
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modifications (acetylation; methylation, phosphorylation,� � �) bringing the epige-
netic information. The term ‘epigenetic’ represents inheritable parameters through
cellular divisions, by which cells regulate some of their functions, but without
directly affecting the DNA sequence. Thus, the combinatorial nature of distinct
posttranslational modifications on histone amino termini, so-called the ‘histone
code’, has a critical regulatory role in most biological functions including cell fate
decisions and both normal and pathological development (Lehrmann et al., 2002;
Fischle et al., 2003).

One of the post-translational modifications utilized in the ‘histone code’ is
acetylation. Acetylation of histones neutralizes their positive charges, weakening
their interaction with DNA, thus, resulting in an opened chromatin conformation.
Such conformation facilitates access for transcriptional regulators and hyperacety-
lation is thus generally associated with transcriptional activation. This phenomenon
is reversible and deacetylation of histones is thought to promote the return to
a repressive, higher order chromatin structure. Apart from acetylation of core
histones, several other proteins are targets of acetylation as well. These include
non-histone chromatin components, transcription factors, nuclear receptor coacti-
vators, and proteins not involved in gene expression. Acetylation of transcription
related factors, such as p53, Myo D or E2F-1, usually leads to their activation, and
in turn, increased transcription of their target genes but in some cases, acetylation
can also mediate deactivation (reviewed in Glozak et al., 2005). Thus, particular
HAT enzymes may influence the transcription of a much higher number of genes
than they regulate directly by acetylating nucleosomes at their promoters.

These acetylation regulations are finely tuned by the opposing activities of
two enzyme families: histone acetyltransferases (HATs) and histone deacetylases
(HDACs). The balance of these two activities regulates the proper transcriptional
competence of target genes, ultimately triggering important control on the cell fate.
In neurons, a subset of specific genes, such as those from the cell cycle for example,
not to mention proapoptotic genes, have to stay silent, whereas a battery of neuropro-
tective genes should remain transcriptionally active. Consequently, in adult neurons,
if normally silenced regions become hyperacetylated, or normally transcriptionally
active regions, deacetylated, this can lead to major disorders, potentially triggering
neuronal death as observed in neurodegenerative diseases (Fig. 1).

2. THE DIFFERENT PLAYERS OF THE HAT/HDAC BALANCE

2.1. HATs and Their Functions

So far, six families of HAT have been described. The different groups have
been made according to their sequence similarities between homolog regions and
between their different HAT domains (reviewed in Torchia et al., 1998; Sterner
and Berger 2000; see references therein).

The GNAT family is related to GCN5 acetyltransferases that are represented
in mammals by two closely related proteins, GCN5 and p300/CREB-binding
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Figure 1. Chromatin acetylation status, transcription and survival: a balance between HAT and HDAC
activities. (a) Transcriptional activationlrepression relies on the chromatin acetylation status of histones.
TBP: TATA-Binding Protein, TF: Transcription Factor, TR: Transcriptional Repressor. (b) A fine-
tuning of HAT/HDAC activities orchestrates neuronal death and survival. On one hand, acetylation
levels can be decreased (HypoAc) because of CBP loss of function, as observed during apoptosis and
neurodegeneration. On the other hand, when the threshold of acetylation is exceeded (HyperAc), this
ultimately leads to neuronal death. (See Colour Plate 16.)
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protein-associated factor (P/CAF). P/CAF is required as a HAT and coactivator
for myogenesis, nuclear receptor-mediated and growth factor-signaled activation,
among other processes. P/CAF is able to acetylate histones and also various non
histone transcription-related proteins.

The MYST family, named for its founding members: MOZ, Ybf2/Sas3, Sas2, and
Tip60, is involved in a wide range of regulatory functions in various organisms.
Sas-type proteins are involved in gene silencing in yeast. The first MYST protein to
be discovered was Tip60 (Tatinteracting protein, 60 kDa), involved in DNA repair
processes and apoptosis. Finally, the MOZ (monocytic leukemia zinc finger) protein
is a MYST protein involved in oncogenic transformation leading to leukemia, as it
has been found to be able to recombinate with other HATs to give chimeric proteins
(CBP or TIF2, transcriptional intermediary factor 2).

The p300/CBP family. The CREB binding protein (CBP) is one of most exten-
sively characterized coactivator proteins. CBP was first identified through its ability
to link the phosphorylated form of CREB by the cyclic AMP protein kinase (PKA) to
components of the basal transcriptional machinery, including TFIIB, TATA-binding
protein, and the RNA polymerase II holoenzyme complex. CBP is highly related
to p300, and CBP and p300 are considered to be functional homologues, although
a few differences in their activities have been reported (Kawasaki et al., 1998;
Kalkhoven 2004). CBP and p300 associate with a wide variety of transcriptional
activators in addition to CREB, suggesting that each may serve as a transcriptional
integrator of different signaling cascades (reviewed in references (reviewed in Vo
and Goodman 2001). CBP and p300 have also been proposed to mediate transcrip-
tional activation via intrinsic and associated HAT activity. CBP’s HAT activity has
been identified notably as a critical component of memory consolidation. Inducible
expression of a CBP mutant, which acts as a dominant-negative for CBP HAT
activity, impairs the stabilization of short-term memory into long-term memory in
adult mice (Alarcon et al., 2004).

The nuclear co-activator family. SRC-1 (steroid co-activator-1) stimulates ligand-
dependent activation by hormone nuclear receptors. ACTR was firstly shown to bind
the human retinoic acid receptor RARß and then shown to bind and activate multiple
nuclear hormone receptor. TIF2 displays similarities with SRC-1 and ACTR, but
its particularity is its recombination potential with MOZ found in leukemia. The
three nuclear receptor coactivators discussed above are part of an evolutionarily and
functionally related HAT family. All three interact with p300/CBP, and at least two
interact with PCAF. Moreover, CBP can acetylate the nuclear co-activator family,
likely activating SRC-1 function, while preventing ACTR receptor binding hence
its activation potential. However, p300/CBP and PCAF can also directly interact
with nuclear receptors, as does Tip60.

TAFII250 � TBP-Associated Factor II 250. Another direct connection between
acetylation and transcriptional activation was demonstrated with the discovery that
one of the TAFII (TATA-binding protein [TBP]-associated factor) subunits of the
general transcription factor TFIID is itself a HAT. TFIID is one of the general factors
required for the assembly of the RNA polymerase II transcription preinitiation
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complex. The HAT activity of TAFII250 would allow the binding of TBPs to
the TATA Box, as well as formation of the preinitiation complex (reviewed in
Nogales 2000).

TFIIIC subunits: TFIIIC90 and TFIIICllO. The known function of TFIIIC is to
initiate transcription complex formation by binding to promoter DNA and recruiting
TBP-containing TFIIIB and RNA polymerase III, that directs synthesis of tRNA
precursors. TFIIIC have an intrinsic HAT activity.

2.2. HDACs and Their Functions

In humans, 18 proteins HDACs have been identified and categorized in three classes
based on homology to yeast HDACs (reviewed in de Ruijter et al., 2003). The
first class of human deacetylases (Class I) have high sequence similarity to yeast
Rpd3. Since then, two new classes of yeast HDACs have been isolated, the HDAl
family (Class II) and the Sir2 family (Class III). Human homologs of each of these
two new classes have been isolated (for review see Gray and Ekstrom 2001). The
sequences outside the catalytic domain are highly divergent, indicating that these
enzymes might have different biological functions and a broader substrate repertoire
beyond histones. However, the active sites of Class I and Class II have a high
degree of sequence similarity. Both of these classes function by a Zinc-dependent
mechanism. The more recently discovered Sir2 family (Class III) differs in that
they are NAD-dependent.

• Class I (RPD3-like) comprises HDAC 1,2,3 and 8, that are homologs of the
transcriptional regulator Rpd3 (Reduced Potassium Dependency) in yeast (Taunton
et al., 1996; Yang et al., 1996). This class of HDACs is ubiquitous and localized
in the nucleus, where their predominant substrate is found. A general mode of
regulation for Class I HDACS involves association with proteins that modulate their
deacetylase activity and recruitment to genomic area. A large body of evidence exists
to demonstrate that these HDACs associate with corepressor complexes to direct
gene specific transcriptional repression, such as the Sin3 corepressor complexes
and the NuRD complex (Knoepfler and Eisenman 1999; Ng and Bird 2000). Co-
repressors recruitment will allow local histone-DNA interaction modifications, using
the free energy liberated by ATP hydrolysis. HDAC activity of these isoforms is
modulated by post-translational modifications, such as phosphorylation (Galasinski
et al., 2002), a modification that can also affect their ability to form complexes with
co-repressors. This class of HDACs also associates with other factors, probably
allowing their recruitment at specific DNA sequences, among which the glucocor-
ticoid receptor, Rb, the DNA methyltransferase 1 (dnmtl) or the SP1 transcription
factor, to mention a few.

HDAC8 lies close to the phylogenetic boundary between the class I and class II
HDACs (Buggy et al., 2000; Hu et al., 2000). It is a PKA substrate and its
phosphorylation, contrary to the phosphorylation-mediated gain of function of all
HDACs, is associated with decreased activity (Lee et al., 2004).
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All four members of this class of HDAC have been demonstrated to be sensitive
to HDAC-specific inhibitors (HDACi) such as trichostatin A (TSA). It is noteworthy
that the HDACi Valproic acid (VPA), in addition to selectively inhibiting the
catalytic activity of class I HDACs, induces proteasomal degradation of HDAC2,
in contrast to other inhibitors such as TSA (Kramer et al., 2003).

• Class II (HDA-1 like) includes HDAC 4,5,6,7,9 and 10, homologs of the yeast
Hda1 (Grozinger et al., 1999; Zhou et al., 2001; Guardiola and Yao 2002). Like
the Class I enzymes, members of the Class II HDAC have been demonstrated to
form large multiprotein complexes (Fischle et al., 1999; Grozinger et al., 1999).
Class II HDACs demonstrate tissue-specific expression and are primarily expressed
in striated muscle and brain (Marks et al., 2001; Johnstone 2002; Vigushin and
Coombes 2002). They are regulated by subcellular compartimentalization, where
active nucleocytoplasmic trafficking delimits the availability of these enzyme for
epigenetic regulation. Members of the class II HDAC have been shown to be
actively maintained in the cytoplasm through binding with the chaperone protein
14-3-3. Phosphorylation favors their binding to 14-3-3 protein in the nucleus,
thus leading to their nuclear expulsion (Grozinger and Schreiber 2000; Verdel
et al., 2000; Wang et al., 2000). Evidence point to a role of Class II HDAC in
cellular proliferationldifferentiation (reviewed in Lehrmann et al., 2002). It is well
described that HDAC 4, 5 and 7 associate with the MEF2 family of transcription
factor, repress specific gene expression in a calcium-dependent manner, thus playing
a critical role during myogenesis (Miska et al., 1999; Wang et al., 1999; Lemercier
et al., 2000; Lu et al., 2000) and neuronal survival (Chawla et al., 2003; Bolger
and Yao 2005).

HDAC6 is localized exclusively in the cytoplasm, to punctate structures concen-
trated perinuclearly, as well as the leading edge of the cell (Verdel et al., 2000;
Barlow et al., 2001). Recent evidence implicate HDAC6 in the stability of micro-
tubules by adjusting the acetylation levle of alpha-tubulin (Hubbert et al., 2002),
thereby suggesting its critical role in neuronal functions. HDAC10 was classified as
a class II subfamily member based upon similarity to HDAC6 (Fischer et al., 2002).
HDAC10 is able to associate with many other HDACs indicating that it might
function as a recruiter rather than as a deacetylase (Guardiola and Yao 2002; Tong
et al., 2002).

HDAC9 is the predominant member of the class II HDAC family expressed
in heart (Zhang et al., 2002). Its major product was shown to encode the splice
variant MEF2-interacting transcription repressor/histone deacetylase-related protein
(MITRIHDRP), which lacks the enzymatic domain but forms complexes with both
HDAC1 and HDAC3 (Zhou et al., 2000; Zhou et al., 2001) and has been recently
implicated in skeletal muscle chromatin acetylation and gene expression under
motor innervation control (Mejat et al., 2005).

Like Class I HDACs, all Class II HDACS are inhibited by trichostatin A (TSA).
However, unlike other family members, HDAC6 is uniquely resistant to the potent
HDAC inhibitors trapoxin-B (Furumai et al., 2001) and sodium butyrate as a



Chromatin Acetylation Status 269

result of an internal duplication of two catalytic domains, which appear to function
independently of each other (Grozinger et al., 1999; Guardiola and Yao 2002).

• HDAC11 lies at the boundary between these two classes. HDAC11 contains
a catalytic domain situated at the N-terminus with proven HDAC activity that can
be inhibited by trapoxin (a TSA analog). HDAC11 was found not to reside in
any of the known HDAC complexes (Sin3, N-CoR/SMRT), possibly indicating a
biochemically distinct function of HDAC11 (Gao et al., 2002).

• Class III (Sir2-like) have catalytic domains similar to that of the yeast
NAD+-dependent deacetylase Sir2 (Silent Information Regulator 2) (reviewed in
Buck et al., 2004). For this reason, this class of HDAC is insensitive to TSA
(Yoshida et al., 1990). While class I deacetylases function as transcriptional
co-repressors, Sir2-related proteins appear to be involved in gene silencing. In
mammalian cells, SIRTs (named sirtuins SIRTl to 7) appear not to have histones as
their primary substrates, being involved in the deacetylation of other proteins, and
hence are not considered classical HDACs (Guarente 2000).

3. NEURODEGENERATIVE DISEASES AND APOPTOSIS

Neuronal apoptosis is a process that naturally occurs during development of the
brain, as more neurons than needed are originally produced and those which are
not correctly connected will die in order to set the proper number of neurons
to form a functional network. Neuronal death underlies the symptoms of many
human neurological disorders, including Alzheimer’s, Parkinson’s and Huntington’s
diseases, and amyotrophic lateral sclerosis. Neurological symptoms will depend of
which neuronal population is targeted. The identification of specific genetic and
environmental factors responsible for these diseases has bolstered evidence for a
shared pathway of neuronal death or apoptosis (reviewed in Mattson 2000; Fadeel
and Orrenius 2005; Krantic et al., 2005), which main mechanisms and signalings
are depicted in Fig. 2.

3.1. Neuronal Death Mechanisms and Signalings

Classical apoptosis, the best-known phenotypic expression of neuronal death, consists
of at least two phases: initiation and execution. These ultimately lead to a series
of stereotypic morphological and biochemical events resulting from the activation
of a set of specific apoptotic cysteine proteases (reviewed in Hengartner 2000).
These death proteases are homologous to each other, and are part of a large protein
family known as the caspases (Alnemri et al., 1996). Caspases are highly conserved
through evolution. All known caspases possess an active-site cysteine, and cleave
substrates at Asp-Xxx bonds; a caspase’s distinct substrate specificity is determined
by the four residues amino-terminal to the cleavage site (Thornberry et al., 1997).

Caspase-mediated cleavage of specific substrates can explain several of the
characteristic features of apoptosis. For example, cleavage of the nuclear lamins and
cytoplasmic proteins such as fodrin and gelsolin are required for nuclear and cellular
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Figure 2. Mechanisms and signalings of neuronal death. Death can be initiated at the membrane by
activation of death domain receptors (DDR), or by intracellular signalings through oxidative stress
(and the production of reactive oxigen species, ROS), perturbed calcium homeostasis, mitochondria1
dysfunction (release of cytochrome c, cytC), activation of caspases, as well as reactivation of cell cycle
genes such as the transcription factor E2F (see text). Interconnections have been demonstrated (dotted
lines) depending on the apoptotic context

shrinking. Inactivation of the inhibitory subunit ICAD by caspase cleavage leads
to the release and activation of the caspaseactivated DNase (CAD) that triggers the
‘typical’ inter-nucleosomal DNA fragmentation (reviewed in Nagata 2000; Fadeel
and Orrenius 2005). The canonical pathways of caspase activation during initiation
include the ‘death-receptor-mediated’ recruitment of procaspase-2, procaspase-8 and
procaspase-10, and a ‘mitochondrial’ pathway through which caspase-9 is activated
via release of cytochrome c. The two pathways converge, leading to activation of
procaspase-3 and, further downstream, to activation of caspase-6 and caspase-7.
Of note, the apoptotic program is much more than just caspases, and in many cell
types, activation of the apoptotic program inevitably leads to death, with or without
caspases (Borner and Monney 1999).

In terms of neuronal death signalings, oxidative stress has been implicated as
playing a role in degenerative disorders, such as Alzheimer’s disease, Huntington’s
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disease, Parkinson’s disease, amyotrophic lateral sclerosis (reviewed in Langley
and Ratan 2004). The generation of deleterious oxidants is mostly attributed to
metabolism, a major source of reactive oxygen species (ROS) being the mitochon-
drial electron transport chain. For numerous reasons, the central nervous system
appears particularly vulnerable to oxidative stress. Ultimately, the increased and
unopposed ROS can lead to death via a number of pathways, including apoptosis
or necrosis.

Finally, neuronal death is distinguished from general apoptotic machinery of
dividing cells by the expression and involvement of cell-cycle regulators. Normally,
differentiated adult neurons do not undergo cellular division and remain in
a quiescent state. During neurodegeneration, uncoordinated ectopic re-entry of
neurons into the cell-cycle proves abortive subsequently leading to apoptosis
(Greene et al., 2004; Herrup et al., 2004). In neurons, the proapoptotic functions
of the E2F-1 transcription factor, which is a retinoblastoma-controlled key factor
in the progression of the cell cycle toward the S phase, have also largely been
documented (Liu and Greene 2001; Trinh et al., 2001; Greene et al., 2004).

3.2. Neuronal Death in Pathologies

In this section, we will more particularly detail two neurodegenerative diseases
for which CBP loss of function has clearly been reported by several studies
and in which a therapeutic strategy based on resetting acetylation levels has
been tested in vivo: Polyglutamine disorders and Amyotrophic lateral sclerosis
(ALS).

3.2.1. Polyglutamine diseases

Polyglutamine diseases are hereditary neurodegenerative disorders caused by
the expansion of a trinucleotide cytosine adenine guanine (CAG) repeat in
the disease gene. The resulting elongated polyglutamine (polyQ) repeats are
thought to cause structural changes in the affected proteins, leading to aberrant
interactions, such as those that allow formation of extra- and intra- nuclear
aggregates.

Huntington disease (HD) is the prototypic disease caused by expansion of
unstable CAG repeat. It primarily affects striatal neurons. It is a mid-life onset
disorder characterized by unvoluntary movements (chorea), personality changes and
dementia that progress to death within 10–20 years of onset. There are currently
no treatment to delay or prevent appearance of the symptoms in the patients. Other
diseases in this class include spinocerebellar ataxias (SCA) 1, 2, 3 (also known
as Machado-Joseph disease, MJD), 6, and 7, DRPLA, and spinobulbar muscular
atrophy (SMA, also known as Kennedy’s disease) (Zoghbi and Orr 2000).

HD is caused by polyQ expansion in the amino-terminal region of a protein
huntingtin (Htt). Disruption of the HD gene in mice causes increased neuronal
apoptosis and progressive behavioural and motor dysfunction reminiscent of the
disease in humans (Sanchez et al., 1999) but the exact molecular mechanisms
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by which mutant Htt induces cell death as well as the function of Htt are not
totally understood. Several studies indicate that huntingtin is an antiapoptotic
protein that could regulate intracellular dynamic. It was recently demonstrated, that
huntingtin specifically enhances vesicular transport of brain-derived neurotrophic
factor (BDNF) along microtubules (Gauthier et al., 2004). xperimental evidence
also indicates that Ca2+ homeostasis is abnormal in mitochondria isolated from
lymphoblasts of HD patients. The mutated Htt protein would induce cytosolic and
mitochondrial Ca2+ overload of striatal neurons, thus playing an important role in
the pathogenesis of HD (Bezprozvanny and Hayden 2004).

Htt is a substrate of caspase-3, or a closely related protease, and its cleavage is
modulated by the length of the polyglutamine tract (Goldberg et al., 1996). Neuronal
death in HD is associated with the accumulation of intracellular inclusions of Htt
fragments in the HD brain, as well as in the transgenic mouse brain. Cytosolic
aggregates of polyglutamine repeat proteins may recruit procaspase-8, resulting in
the activation of caspase-8 (Sanchez et al., 1999). Recent findings reveal that Htt
under normal circumstances forms a complex with Htt-interacting protein-1 (Hip-1),
while Mutant Htt rather complexes with Hip-1, caspase-8 and the DEDcontaining
protein Hippi (Hip-1 protein interactor), thus leading to activation of caspase-8 as
well as caspase-3, independently of death receptors (Gervais et al., 2002).

3.2.2. Amyotrophic lateral sclerosis (ALS)

ALS is a progressive neurological disorder that is associated with the death of
motor neurons in the spinal cord and brain, leading to paralysis. ALS occurs in both
sporadic and familial forms, and about 20% of the familial forms are associated
with mutations in the gene encoding the cytosolic CuIZn superoxide dismutase-1
(SOD 1) (Rosen et al., 1993). Transgenic mice, which express human mutant
SOD1, develop a motor neuron degenerative syndrome that closely resembles ALS
(Gurney et al., 1994). The mutations do not decrease antioxidant activity of the
enzyme, but result in the gain of an adverse pro-apoptotic activity that may involve
increased peroxidase activity. Through interactions with hydrogen peroxide or
superoxide anion, the mutant enzyme may induce oxidative damage to membranes
and disturbances in mitochondrial function that make neurons vulnerable to excito-
toxic apoptosis (Kruman et al., 1999).

The selective degeneration of motor neurons involves increased oxidative stress,
overactivation of glutamate receptors and cellular calcium overload (Cookson and
Shaw 1999). In people with ALS, DNA starts to fragment as a ladder, typical of
apoptosis, in neurons within the spinal-cord anterior horn and motor cortex. The
DNA damage is associated with increased mitochondria1 localization of Bax and
decreased association of Bcl-2 (Martin 1999). The involvement of apoptosis in ALS
is further suggested by the fact that overexpression of Bcl-2 and administration of
caspase inhibitors delays degeneration (Kostic et al., 1997) and and a potential role
for caspases in ALS was demonstrated by a significant decrease in the progression
of symptoms following inhibition of caspase-1 in mice (Friedlander et al., 1997).
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Supportive evidence comes from a study showing that intraventricular admin-
istration of z-VADfluoromethylketone (fmk), a pan-caspase inhibitor increases
the lifespan of SOD1 transgenic mice by approximately 25% (Li et al., 2000).
Furthermore, overexpression of XIAP, a mammalian inhibitor of caspases 3,7 and 9,
in spinal motor neurons of mutant SOD1 mice attenuated disease progression
without delaying onset, whilst expression of p35, a baculoviral caspase inhibitor that
does not inhibit caspase-9, delayed onset without decreasing disease progression
(Inoue et al., 2003). Moreover, caspase-9 was activated in spinal motor neurons of
ALS patients.

Cell cycle proteins were evidenced in port-mortem tissues of ALS patients. Recent
results from Ranganathan and Bowser (2003) indicate hyperphosphorylation of the
retinoblastoma protein in motor neurons during ALS, concurrent with increased
levels of cyclin D, and redistribution of E2F-1 into the cytoplasm of motor neurons
and glia, while Nguyen et al., (2003) found increased Cdk4 activity in SODl
mutant mice, associated with an increase in nuclear Cdk4, cyclin Dl and abnormal
Rb phosphorylation. These results suggest that G(1) to S phase activation occurs
during ALS and may participate in molecular mechanisms regulating motorneuron
death.

4. ALTERATION OF THE HAT/HDAC BALANCE
IN THE MANIFESTATION OF NEUROLOGICAL DISEASES

4.1. Chromatin Acetylation Status During Neuronal Apoptosis

During normal conditions, protein levels and enzymatic activity of HATS and
HDACs regulate chromatin and transcription factor acetylation in a controlled
fashion. Such equilibrium manifests neuronal homeostasis and is responsible for
regulated gene expression leading to normal neuro-physiological outputs like long-
term potentiation, learning and memory. This equilibrium is maintained very strin-
gently and any damagelinsult that disrupts the HAT/HDAC balance will ultimately
alter cellular homeostasis.

For example, increasing hyperacetylation by treating neurons with a general
HDAC inhibitors (HDACi) such as trichostatin A (TSA) in normal conditions
induces neuronal apoptosis (Salminen et al., 1998; Boutillier et al., 2003). This
neuronal death is accompanied by typical features of neuronal apoptosis, such as
caspase-3 activation (Salminen et al., 1998; Boutillier et al., 2003), internucleo-
somal DNA cleavage and increased levels of E2F1 transcription factor (Boutillier
et al., 2003). Similarly, elevating acetylation levels by overexpression of CBP
in resting neurons, we also observed chromatin condensation and neuronal death
(Rouaux et al., 2003). Overexpression of a HAT domain-deleted CBP mutant did
not generate similar results, thus supporting the idea that hyperacetylation is fatal
to the neuron.

By contrast, apoptosis studied in the model of potassium deprivation of cerebellar
granule neurons (CGN) revealed an early drop in histone acetylation levels
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(Rouaux et al., 2003), that preceded caspase 3 activation, internucleosomal DNA
cleavage, and E2F1 activation (Trinh et al., 2001). It is norteworthy that in both situa-
tions – histone hyper- and hypo-acetylation – increased levels of E2F1 transcription
are measured, suggesting a fine tuning operated by the HAT/HDAC balance, indepen-
dently of the net global acetylation status of the cell. This regulation would be
possible if recruitment of specific HAT/HDAC isoforms or other epigenetic enzymes
are intimately associated with certain promoters. Although the acetylation status of
the e2f-1 promoter is currently not known in response to potassium deprivation, it
displayed increased acetylated-histone H3 in response to TSA treatment as measured
bu Chromatin Immunoprecipitation (ChIP) (Boutillier et al., 2003). In this line, hyper-
acetylated histone H3 have been evidenced on the cJun promoter in the same apoptotic
model (Morrison et al., 2006), thus proving that discrete and local hyperacetylation can
indeed be induced, despite a global hypoacetylation status. In this case, an explanation
is that the class II HDAC-like HDRP (see section 2.2) exerts neuroprotective functions,
at least in part by repressing c-Jun gene expression through HDAC1 interaction with
the c-Jun promoter and that HDRP levels are repressed during neuronal apoptosis,
hence increased promoter acetylation (Morrison et al., 2006). Histone deacetylation
has also been observed in the context of oxidative stress-induced neuronal death.
Indeed, upon transient oxigen peroxide treatment, the motoneuronal cell line NSC34
displays hypoacetylated histone H3, as also do CGN undertaking the same stress (our
unpublished data).

Taken together, these results show that while hypoacetylation is a feature
of neuronal apoptosis, hyperacetylation can also induce death, through common
mechanisms.

4.2. CBP, a HAT of Particular Interest in Neurological Disorders

An explanation for this net deacetylation throughout neurodegeneration is that
neuronal cells progressively lose a HAT, and more particularly, the CREB binding
protein (CBP) (reviewed below and in (Rouaux et al., 2004; Saha and Pahan 2006)

Genetic studies indicate an essential role for CBP in cellular function and devel-
opment. Gene knockouts in mice indicated that CBP and p300 are required for
normal embryonic development and viability (Oike et al., 1999). In humans, CBP
loss of function is associated with Rubinstein-Taybi syndrome, a haploinsufficiency
disorder (Petrij et al., 1995; Kalkhoven et al., 2003) characterized by mental retar-
dation, developmental defects, and an increased predisposition to cancer (Miller and
Rubinstein 1995). Recent studies suggest that mutations affecting cbp gene in RTS
patients would mainly target the HAT domain, leading to abolition of CBP’s HAT
activity as well as its ability to transactivate CREB (Murata et al., 2001; Kalkhoven
et al., 2003).

One mechanism by which CBP and p300 could contribute to neuronal survival is
through the transcription factor CREB (cAMP response element binding protein).
Normally, activated CBP binds to CREB and acetylates the latter at three putative
acetylation sites within its activation domain (Lu et al., 2003). It has been proposed
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that during resting conditions, these nonacetylated lysine residues restrain CREB-
mediated transactivation by maintaining the molecule in an inactive conformation.
However, once acetylated by the bound HAT and consequential charge neutral-
ization at the lysine residues, CREB attains the active state and dimerizes to bind
CREB responsive element (CRE) found in promoters of many survival genes, such
as Bcl-2 (Freeland et al., 2001), brain-derived neurotrophic factor (BDNF) (West
et al., 2001), and arginase I (Morris 2002). CREB-dependent gene expression is
heavily contingent on the presence and enzymatic activity of CBP and may thus fall
short of the threshold level during neurodegenerative conditions when the quantity
and functionality of HATs are severely compromised.

Different mechanisms can account for CBP disappearance during apoptosis,
depending on the death context (Fig. 3). In a classical model of apoptosis, we
recently defined CBP as a new caspase-6 substrate (Rouaux et al., 2003). In the
context of death induced in polyQ diseases, it was reported that CBP is sequestred
in nuclear inclusions formed by polyglutamine-containing proteins, and that CBP
ubiquitylation and degradation could be selectively enhanced by the mutated
polyQ-expanded huntingtin protein (reviewed in McCampbell and Fischbeck 2001;
Langley et al., 2005). Oxidative stress-induced death of the motorneuronal NSC34
cell line results in low levels of CBP protein, that in this case, rely on decreased
cbp gene expression (our unpublished data). Overexpression of CBP was neuropro-
tective and the neuroprotective capacity, dependent on its HAT activity (Rouaux
et al., 2003).These recent findings obtained on cellular models define CBP as a
potential neuroprotective protein.

4.2.1. Link CBP – polyglutamine diseases

The sequestration model of polyQ diseases hypothesizes that aberrant protein inter-
actions lead to the disturbance of cellular functions and ultimately neuronal cell
death by decreasing the concentration and activity of critical cellular factors. CBP
has been found to co-localize with the nuclear aggregates found in polyQ-repeat
disorders (Steffan et al., 2000), such as a wide variety of other cellular proteins
including p53 (Steffan et al., 2000), mSin3A, N-CoR (Boutell et al., 1999), TAFII-
130 (Shimohata et al., 2000), SP1 (Dunah et al., 2002) and CAI50 (Holbert
et al., 2001). For some of these proteins, direct binding with expanded polyQ
bearing proteins have been shown. In particular, strong physical interactions were
found between the Htt exon 1 protein and the acetyltransferase neighbouring CH3
domains of recombinant CBP protein (Steffan et al., 2001). In the same study, in
vitro experiments demonstrated that the Htt exon 1 protein interacted with p300/CBP
Associated Factor (P/CAF) as well as p300, thereby reducing the enzymatic activity
of the affected proteins (Steffan et al., 2001). Similarly, physical interactions have
been reported between CBP, p300 and P/CAF and both wild type and mutated
forms of Ataxin-3 (Li et al., 2002).

Several cell culture experiments and in vivo observations support these in vitro
findings. Redistribution of CBP in nuclear or cytoplasmic inclusions upon overex-
pression of expanded HD constructs or ataxin-3 has been described in different cellular
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Figure 3. The many ways to lose a HAT. Decreased amounts of functional CBP protein and subsequent
CBP’s loss of function has been observed in different contexts of neurological disorders and neuronal
apoptosis. RTS (Rubinstein-Taybi Syndrome) results from a mutation on one cbp gene allele. In several
cases of polyQ diseases, CBP can be sequestred by the mutated polyQ proteins, forming aggregates in
the cytoplasm or the nucleus. CBP proteasomal degradation was also shown to be favored by polyQ
proteins. CBP is a caspase-6 substrate in cerebellar granule neurons (CGN) deprived of potassium
modeling caspase-dependent apoptosis. Finally, cbp gene repression has been observed in oxidative
stress-induced death of a motorneuronal cell line. The mechanisms by which CBP levels are reduced in
motorneurons of ALS mice is still unknown

models (Kazantsev et al., 1999; McCampbell et al., 2000; Chai et al., 2001), a
phenomenon accompanied with inhibition of its HAT activity and further leading to
global histone deacetylation and cell death (Igarashi et al., 2003; Taylor et al., 2003).
Alternatively, recruitment of CBP by the mutated form of htt has been shown to
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enhance its processing by the ubiquitin-proteasome pathway (Jiang et al., 2003;
Cong et al., 2005). Nevertheless, one study performed on transgenic animals
bearing mutant proteins with long polyQ repeats (up to 150) could not reproduce
transcription factors depletion by intranuclear huntingtin inclusions, and further
suggested that soluble mutant huntingtin binds to CBP (and other transcription
factors) and affects gene expression (Yu et al., 2002). The study from Cong and
colleagues further confirmed the binding of CBP to soluble mutant huntingtin in
a specific way as p300 was unaffected by mutant huntingtin (Cong et al., 2005).
In addition to the aberrant redistribution of the protein, soluble CBP protein levels
were reduced in postmortem HD brain samples, further emphasizing the relevance
of reduced CBP levels associated with polyQ diseases (Nucifora et al., 2001). If
we should keep in mind that the disease protein context can influence the interac-
tions mediated by the polyQ domain, it is postulated that CBP sequestration leads to
a decrease in CBP enzymatic activity responsible for neuronal function alterations.

Gene expression screens have shown that genes that are regulated by CBP, such as
enkephalin and Jun, are down-regulated in HD transgenic mice and HD postmortem
brain tissue (Richfield et al., 1995; Luthi-Carter et al., 2000). For example, BDNF,
a cell survival protein whose expression is regulated by CREB, has recently been
shown to be down-regulated in HD patient tissue (Ferrer et al., 2000). Mutant
huntingtin-mediated sequestration of CBP away from transcription pockets may be
recalled in this respect.

4.2.2. Link CBP – ALS

We recently evidenced that CBP levels were decreased in the lumbar spinal cord of
symptomatic ALS mice model (SOD1G86R) when compared to wild type animals.
Moreover, immunohistochemistries showed that CBP loss was specifically observed
in motorneurons nuclei, that also displayed decreased histone acetylation levels
(Rouaux et al., 2003). Interestingly, we found that cbp gene transcription could
be downregulated by oxidative stress-induced death in a motorneuronal-derived
cell line (our unpublished data). Moreover, we observed that overexpression of
the SOD1G86R mutant could reduce luciferase activity driven by the mouse cbp
promoter (our unpublished data). Taken together, these results suggest that the
chronic dysregulation of the SOD1 enzyme observed in some cases of ALS could be
the direct cause of cbp gene downregulation and this needs further investigations to
be confirmed. Supporting this, the cbp gene was downregulated in a gene expression
profile study performed on laser microdissected degenerating motorneurons from
autopsied patients with sporadic ALS (Jiang et al., 2005).

5. IMPLICATION FOR THERAPEUTIC STRATEGIES

Despite differences in disease etiology and cellular properties of affected neurons
in various forms of neurodegenerative disorders, loss of acetylation homeostasis
appears to represent a critical and decisive mechanism commonly underlying
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neuronal dysfunction and degeneration. Once this was realized, research in this field
focused on experimental therapeutics and drug development that would allow proper
acetylation levels resetting. The first attempts were performed by HD researchers,
who tried to fine-tune the altered HAT-HDAC balance by using general HDAC
inhibitors to re-establish the acetylation threshold in dying neurons. On the opposite,
targeting HAT loss reversal have also been proposed. These therapeutic strategies
are represented Fig. 4. In the following section, we have evaluated the efficacy of
both modes of resetting acetylation homeostasis.

5.1. Hat Functionality Resetting: Hat Overexpression, Hat Activators,
Caspase/proteasome Inhibitors

Resetting HAT/CBP functionality is possible by three means: either overexpressing
the protein, enhance the activity of the remaining protein with HAT activators or
blocking its degradation in the first place.

Overexpression studies of CBP have been conducted by different laboratories
and they all demonstrated increased neuronal survival in different context of
apoptosis. For example, the androgen receptor with an expanded polyglutamine
repeat, which is the cause of spinal and bulbar muscular atrophy (SBMA), interacts
with CBP, leading to cell toxicity. This cell death can be mitigate in part by
increased expression of CBP, which retains histone acetylase activity (McCampbell
et al., 2001). Overexpression of CBP rescued polyglutamine-induced (huntingtin
or atrophin-1 with expanded polyglutamine repeats) neuronal toxicity of N2a cells
(Nucifora et al., 2001). Using a Drosophila model of polyglutamine toxicity,
Taylor et al., demonstrated complete functional and morphological rescue by up-
regulation of endogenous Drosophila CBP. Rescue of the degenerative phenotype
was associated with eradication of polyglutarnine aggregates, recovery of histone
acetylation, and normalization of the transcription profile (Taylor et al., 2003).
Thus, the success of using CBP overexpression to rescue polyQ toxicity in cell
models suggests that a gene therapy approach could be of benefit. Our attempt to
prevent cell death in CGN deprived of potassium by overexpression of CBP also
proved succesfull, but only with a CBP protein that still beared an intact HAT
domain (Rouaux et al., 2003). However, high levels of CBP expressed in neuropro-
tective conditions ultimately leads to cell death, likely because of unwanted hyper-
acetylation as again, a HAT deletion mutant of CBP was without effect (Rouaux
et al., 2003). This therapeutic strategy thus implies a restricted gene targeting to
damaged neurons.

Several small molecule modulators (SMM) of p300 and PCAF have been
developed (Varier et al., 2004). Recently, the first naturally occurring HAT inhibitor
anacardic acid was isolated from cashew nut shell liquid, which inhibits the HAT
activity of both p300 and PCAF very effectively (Balasubramanyam et al., 2003).
By using anacardic acid as a synthon, an amide derivative of anacardic acid, CTPB,
has been synthesized, which is the only known small molecule activator of any
histone acetyltransferase, in this case, p300. However, cells are impermeable or
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Figure 4. Therapeutic strategies to counteract CBP loss of function. CBP loss of function leads to
a decrease in histone acetylation levels as well as a decrease in CBP-dependent transcription. Two
main approaches can be tested to reverse this process: either resetting HAT functionality or resetting
global acetylation levels with the use of HDAC inhibitors. Whereas both strategies would increase
histone acetylation levels, HDAC inhibition would act on a broad range of genes, while CBP activation
(overexpression or by a pharmacological approach) would specifically target both CBP-dependent histone
acetylation and transcription. The structure of some of the HDACi that have been tested in different
models, such as small fatty acids and hydroxamic acids, are represented in the boxes

poorly permeable to both anacardic acid and CTPB, so progress must still be made
in that direction. Here again, the same restrictions as above apply, concerning
diseased-cell targeting in case of therapeutic use.

One could turn to the use of a pharmacological approach with small molecule
drugs that prevent CBP degradation. This can be achieved by designing molecules
to block caspases-6 activity on CBP or blocking attachment of CBP-to ubiquitin so
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as to subsequently prevent its proteosomal degradation. So far, we are not aware
of the use of such molecules in vivo. Finally, one can speculate that a molecule
reducing or preventing aggregation could represent a way to favor CBP protein
availability within cells in HD pathology. Different recent studies have reported
beneficial effect of such molecules tested in in vitro and in vivo models (Heiser
et al., 2002; Kazantsev et al., 2002; Pollitt et al., 2003; Sanchez et al., 2003; Zhang
et al., 2005).

5.2. Acetylation Levels Resetting: Use of HDAC Inhibitors

Since a few years, HDAC inhibitors have been tested as potential neuroprotective
agents in several cellular and animal models of neurodegenerative diseases. The
logic behind using these inhibitors is based on the argument that transcriptional
repression is the predominant reason of transcriptional dysregulation by global
deacetylation. Thus, inhibiting HDAC activity could remove repressive blocks from
promoters of essential genes - including those that were under CBP’s control
(Fig. 4).

5.2.1. HDAC inhibitors (HDACi)

One of the first HDAC inhibitors to be identified and characterized was sodium
butyrate, where it was found to alter the histone acetylation state (Riggs et al., 1977),
and further determined to inhibit HDAC activity both in vitro and in vivo (Candido
et al., 1978). Almost a decade later trichostatin A (TSA), a fungistatic antibiotic, was
found to induce murine erythroleukemia cell differentiation (Yoshida et al., 1987).
To date, a wide range of molecules have been described that inhibit the activity of
Class I and Class II HDAC enzymes, and with a few exceptions, can be divided
into structural classes including: (1) small-molecule hydroxamates, such as TSA,
suberoylanilide hydroxamic acid (SAHA), scriptaid and oxamflatin; (2) short-chain
fatty-acids, such as sodium butyrate, sodium phenylbutyrate and valproic acid
(VPA); (3) cyclic tetrapeptides, such as apicidin, trapoxin and the depsipeptide FK-
228; and (4) benzamides, such as MS-275 and C1-994 (for reviews see Remiszewski
et al., 2002; Miller et al., 2003). Some of these molecules are represented in Fig. 4.

Many of the small molecule hydroxamate HDAC inhibitors are thought to
function by interacting with the HDAC active site Zn2+ ion, thereby inhibiting
the catalytic activity of the enzyme. This is supported by crystal structure studies
of TSA or SAHA (Finnin et al., 1999), and more recently, eukaryotic HDAC8
(Vannini et al., 2004). TSA, with its hydroxamic acid group and its five-carbon
atom linker to the phenyl group, has the optimal conformation to fit into the active
site (Finnin et al., 1999). TSA is the most potent reversible HDACi currently
known, with an IC50 in low nanomolar range (Vannini et al., 2004). All Class I
and II HDACs are thought to be approximately equally sensitive to inhibition by
TSA (Marks et al., 2001; Marmorstein 2001; Johnstone 2002). Whether all the
structural classes of HDAC inhibitors inhibit HDACs by interfering with the active
site remains to be determined.
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Class 2) containing the short-chain fatty-acids is therapeutically interesting in
neurodegenerative disorders as they possess the natural characteristic of penetrating
rapidly through the Blood Brain Barrier because of their small molecular weight
(Vigushin and Coombes 2002). For example, Valproic acid (VPA), a drug that has
been used for decades in the treatment of epilepsy and as a mood stabilizer, has
been recently shown to modulate the epigenome by inhibiting histone deacetylases
(HDACs) (Gottlicher et al., 2001; Phiel et al., 2001). VPA is also able to exert
epigenetic functions by enhancing intracellular demethylase activity through its
effects on histone acetylation (Detich et al., 2003). By contrast, SAHA does not
appreciably penetrate the blood brain barrier by itself, and when administred in vivo,
needs to be complexed with a cyclodextrin derivative in solution, thus raising some
specificity and cost issues.

5.2.2. HDACi treatment in vitro

The neuroprotective effects of HDACis have been examined in different cell culture
models of neuronal death.

Treatment with TSA, SAHA or sodium butyrate increased histone acetylation and
neuron survival in a model of expanded polyglutamine repeat disease, in which CBP
was suggested to be repressed by the overexpression of expanded polyQ proteins
(McCampbell et al., 2001). Nevertheless, we found that neither TSA nor NaBu were
able to reverse low potassium-induced CGN death, despite they were able, at each
dose tested, to increase histone acetylation (Rouaux et al., 2004). Interestingly, TSA
was able to reverse oxidative stress-induced CGN death (our unpublished data),
while Ryu et al., (2005) demonstrated that HDACi could also prevent oxidative
neuronal death. Using a motorneuronal cell line (NSC34), we thouroughly measured
the ability of 3 HDAC is (TSA, NaBu and VPA) to reverse oxidative stress-induced
death, by comparing histone acetylation levels to survival, and found that each
HDACi dose that was able to reverse acetylation, at least back to the original control
levels, had a significant effect on survival (our unpublished data). As mentioned
above, high doses producing too much acetylation levels where toxic. Nevertheless,
TSA was the most neuroprotective molecule, while NaBu was the less effective,
despite both drugs ultimately induced comparable global acetylation levels. These
results suggest that reversing acetylation is ’not good enough’ for neuroprotection,
most likely because they do not have the same affinity for each HDAC in that exact
situation (see conclusion).

It is likely that the ability of HDACi to prevent neuronal death will depend
on the underlying death signaling mechanisms. For example, neuronal death in
the potassium-deprivation model is largely dependent on CBP loss by caspase-
6 activation (Rouaux et al., 2003), as well as E2F1-induced mechanisms
(Trinh et al., 2001), reviewed in Greene et al., (2004), so even if HDACi can
increase specific (yet unidentified) neuroprotective target genes, it may not be suffi-
cient to improve survival, as (1) CBP will still be cleaved off by activated caspase-6,
and (2) E2F1 expression still induced. By contrast, oxidative stress-induced death or
perturbed redox homeostasis relies on other mechanisms, that appear to be context
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dependent and determined by the level and duration of oxidative stress (reviewed
in Langley and Ratan 2004). It is thus possible that in such case, HDACi could
be more effective in neuroprotection by acting on other signaling involving for
example SP1 acetylation (Ryu et al., 2003), NfKB regulation (Ryu et al., 2005),
or by resetting levels of the cbp gene. Indeed, we recently found that cbp levels
could be transcriptionally up-regulated by HDACi treatment during oxidative stress-
induced motorneuronal death (our unpublished data), thus providing a molecular
basis to neuroprotection in these conditions.

In summary, studies of HDACi effects in in vitro models have proven that HDACi
could be potent neuroprotectors, and much effort should be taken to thoroughly
define which genes are transcriptionally altered in response to these molecules.

Of note, a molecule screening gave the HDACi scriptaid as a potent molecule
able to prevent aggresome formation in cultured cells, in the ALS context (Corcoran
et al., Curr Biol, 2004), emphasizing here, a novel mechanism of HDACi action in
neurodegenerative disease.

5.2.3. HDACi treatment in vivo

HDAC inhibitors are also effective in animal models of neurodegeneration demon-
strating that these in vitro findings are translatable in vivo. As mentioned above,
butyrates are considered to be most effective in vivo in terms of their ability in
crossing the blood brain barrier.

HD: In Drosophila models of Huntington’s disease, the HDAC inhibitors SAHA
and sodium butyrate arrest the progressive neuronal degeneration and lethality (Steffan
et al., 2001). SAHA and sodium butyrate have also been demonstrated to extend
survival, ameliorate motor deficits and delay characteristic neuropathology in the
mouse Huntington’s disease model, R6/2 (Ferrante et al., 2003; Hockly et al., 2003).
In NaBu-treated animals, animals displayed enhanced acetylation status of histones
and pro-survival transcription factors like Spl and reduction in several neuropatho-
logical hallmarks like striatal neuronal atrophy (Ferrante et al., 2003). Consistent
with the idea that HDAC inhibition relieves transcriptional repression and that
protection is downstream of mutant htt, neither SAHA nor sodium butyrate decreased
mutant htt expression or aggregates (Ferrante et al., 2003; Hockly et al., 2003).

In a different study, phenylbutyrate was adrninistred after onset of symptoms
in the N171- 82Q transgenic mouse model of HD and significantly extended
survival, attenuating both gross brain and neuronal atrophy (Gardian et al., 2005).
Phenylbutyrate increased histone acetylation and decreased histone methylation
levels. Moreover, phenylbutyrate increased expression of ubiquitin-proteosomal
component and down-regulated caspases implicated in apoptotic cell death, such as
caspase-3 (Gardian et al., 2005).

SBMA: In addition to HD, NaBu has also been reported to be effective in treating
spinal and bulbar muscular atrophy (SBMA) (Minamiyama et al., 2004), an inher-
itable motorneuron disease caused by an expanded polyglutamine-repeat within
the androgen receptor. SBMA is associated with motorneuron loss in the spinal
cord and brain stem as well as a sub-clinical loss of sensory neurons in the dorsal
root ganglia resulting in skeletal muscle atrophy and weakness (Sobue et al., 1989;
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La Spada et al., 1991). Treatment of SBMA transgenic mice with sodium butyrate,
by oral administration, increased histone acetylation in spinal cord tissue and
ameliorated the functional and histopathological defects associated with SBMA
(Minamiyama et al., 2004).

ALS: Surprisingly, the first report of an in vivo assay on ALS with VPA did not
mention its HDACi potency (Sugai et al., 2004), but the authors utilized VPA based
on the fact that it linked with neuroprotection - together with Lithium ion - in the
context of mood bipolar disorders (Coyle and Duman 2003). Indeed, this molecule
has neuroprotective effects occurring through changes in a variety of intracellular
signalling pathways (including upregulation of Bcl-2 protein and inhibiting glycogen
synthase kinase 3-beta). VPA was also shown to induce persistent activation of
extracellular signal-regulated kinase (ERK), and its downstream effectors RSK
and CREB, thus promoting neurite growth (Yuan et al., 2001). When tested in
the ALS mice model (G93A), a pre-onset VPA treatment induced prolongation
of the disease duration (Sugai et al., 2004) while a post-onset treatement was
less effective. VPA was able to protect spinal motorneuron degeneration induced
by glutamate toxicity in organotypic slice cultures in vitro. When tested in the
G86R strain of ALS mice model, VPA also displayed a strong neuroprotective
response in vivo: the number of large motorneurons before death was higher in
VPA-treated than in non-treated animals, and motorneurons nuclei from treated
animals displayed a strong immunoreactivity to CBP compared to non-treated (our
unpublished data). Taken together, these results support a beneficial effect of VPA
on spinal motor neurons protection from death. Nevertheless, mean survival of
VPA-treated SODG86R mice was not significantly increased, while we found a
significant delay in the onset of the disease. Although both studies showed a
neuroprotective effect, our results are in contrast with those of Sugai et al., (2004)
described above, which reports an increase in the length of the disease and no onset
retardation. Several reasons can account for this discrepancy, such as the dose, the
duration of VPA treatment, as well as the mice strain, which does not bear the
same SOD1 mutation and thus, does not display the same pathological time course.
However, it should be pointed out that now some studies question the origin of the
ALS disease, suggesting that biochemical and molecular events occurring in the
muscle fibers at the neuromuscular junction – such as hypermetabolism – could
participate to the increasing spinal motorneuron vulnerability observed in ALS
(Dupuis et al., 2004). It is thus conceivable that protecting motorneurons from death
might not be sufficient to ameliorate the whole ALS condition as also emphasized in
Gould et al. (2006). Using the G86R mice strain, we found that muscle denervation
was retarded in VPA-treated animals as measured by EMG studies (our unpublished
data). This is in line with a recent report, showing that VPA favors reinervation of
muscle fibers in axotomized rats (Cui et al., 2003). It has been shown recently that
another butyrate derivative, Phenylbutyrate, resulted in significant enhancement of
survival and improvement in clinical and neuropathological phenotypes of the ALS
G93A strain mice when administered at the optimal dose of 400 mg/kg/day, pre-
onset (Ryu et al., 2005) or at disease onset (Petri et al., 2006). At the molecular
level, the authors provided evidence that the neuroprotection observed resulted
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from regulation of the NfKB-dependent pathway. In these conditions, bc12 was
upregulated, cytochrome c release blocked, as well as subsequent caspase activation
(Ryu et al., 2005). Additive neuroprotective effect was seen when Phenylbutyrate
was administered together with an antioxidant (Petri et al., 2006). Altogether, the
authors observed transcriptional regulations that may contribute to buffering of free
radicals, increase in proteasome activity and decrease in apoptotic cell death in the
treated mice.

Of note, a very recent report shows that SIRTl (sirtuin class of HDAC), that was
shown to participate in axonal protection (Araki et al., 2004), could be acting in a
neuroprotective way in ALS (Fischer et al., 2005). As noted earlier, this class of
HDAC is insensitive to classical HDAC inhibitors, but it should be kept in mind
reinstating acetylation homeostasis with classical HDACi might indirectly biased
sirtuin’s regulations as well.

6. CONCLUSIONS

Taken together, HDACis are promising candidates for harnessing neuronal loss,
both in apoptotic models in vitro, and in several models of neurodegenerescence
in vivo. However, they are not the ‘wonder’ drug and improvement in different
ways need to be performed.

6.1. Lack of Specificity Towards CBP

First of all, the mode of action for HDAC inhibitors is highly non-specific and
nontargeted: if the context of neurodegeneration were CBP’s loss of function,
clearly, HDACi do not specifically target CBP’s regulations only, but rather unlock
repressive conformations at promoters of essential genes. This implies that more
genes ‘than needed’ will be activated, and this might reveal toxic for the cell. In
this respect, while HDACi have been proved efficient in several in vitro and in vivo
models of apoptosis, it is worth to consider the death signaling pathway involved
in each pathological situation.

It is noteworthy that the CBP/p300 proteins are present in limited quantities thus
creating a competition between transcription factors. CBP sequestration or CBP
level drop, while inducing specific gene downregulation, could also represent a
way to allow specific re-activation of a given gene. HDACi treatment may worsen
this problem.

Determining the genes that promote survival, especially those under CBP’s
control, could facilitate the development of novel drugs and specific therapeutic
strategies with lower adverse side effects than those currently available.

6.2. HDACi Doses

As largely detailed in this review, neuroprotection depends on a balance between
the enzymes HATS and HDACs and pushing the balance towards hyperacetylation
in healthy cells will lead to cell death. For example, at 100 nM, TSA displays
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prominent toxic effects in normal neuronal cells by activating the caspase-dependent
pathway and upregulating the E2F1 transcription factor (Boutillier et al., 2003),
while it is not at 10 nM, a concentration that displays neuroprotective functions
against oxidative stress-induced death (our unpublished data). Clearly, target genes
will differ upon a given HDACi concentration used. For example, gene expression
profiles have been performed in response to high and low concentration of VPA
and the authors described different panels of up- and down-regulated genes (Massa
et al., 2005). Thus, in vivo, it will be of prime importance to monitor the dose
of HDACi treatment, as general administration of HDAC inhibitors may enhance
survival potency of previously challenged neurons at the very high cost of endan-
gering other normal brain cells in vicinity.

6.3. HDACi Targets

A major challenge will be to identify the genes and transcription factors targeted by
these inhibitors. HDACi do not have the same affinity for each HDAC enzyme and,
depending on the role this latter will have in neuroprotection/death, the expected
cellular response can be very different. HDACis affect expression of 2% genes
in mammals (Davie 2003). Comparing gene expression profiles in response to
each HDACi in a specific degenerative context could be interesting for the choice
of HDACi treatment in a given situation. In this respect, one need also to develop
new HDACis, more specific to the different HDACs within the three classes.

In conclusion, some of these compounds seems promising therapeutic tools
in neurodegenerative contexts, especially as neuroprotecting agents. Even if all
these compounds do not have all the hoped beneficial effects in neurodegenerative
diseases, they may prove to be powerful probes for understanding the molecular
signaling involved in these pathologies.
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CHAPTER 13

FUNCTIONS OF MYST FAMILY HISTONE
ACETYLTRANSFERASES AND THEIR LINK TO DISEASE

NIKITA AVVAKUMOV AND JACQUES CÔTÉ∗

Laval University Cancer Research Center, Hôtel-Dieu de Québec (CHUQ), 9 McMahon Street,
Quebec City Qc, Canada G1R 2J6

Abstract: The MYST family of histone acetyltransferases is highly conserved in eukaryotes and
is responsible for the majority of acetylation events. These enzymes are exclusively
found in multisubunit protein complexes, which structure is also very well conserved.
Recent studies have shed light on the precise functions of these HAT complexes. They
play critical roles in gene-specific transcription regulation, DNA damage response and
repair, as well as DNA replication. Such roles in basic nuclear functions suggest that
alteration of these MYST HAT complexes could lead to malfunctioning cells, leading
to cell death, uncontrolled growth and/or disease. Indeed, many of these enzymes and
their associated factors have been implicated in several forms of cancers. This chapter
summarizes the current knowledge on MYST HAT complexes, their functions and link
to human diseases.

GLOSSASRY

ATM Ataxia telangiectasia mutated. Kinase, plays a key role in repair of
double-stranded DNA breaks.

DSB DNA double-stranded break.
HBO1 Histone acetyltransferase bound to ORC1 (origin-recognition

complex subunit 1). A MYST family HAT; involved in DNA repli-
cation.

ING Inhibitor of growth. A family of tumour suppressors (ING1-5).
ING3, 4 and 5 are found in multisubunit complexes with the Tip60,
MOZ/MORF and HBO1 MYST HATs. Function in a number of key
cellular processes and are frequently inactivated in human cancer.

MOF Males-absent on the first. A MYST family HAT; subunit of the
Drosophila MSL dosage-compensation complex and a highly homol-
ogous human complex.
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MOZ/MORF Monocytic leukemia zinc-finger protein and MOZ-related factor.
MYST family HATs; frequently fused to other proteins as a result of
chromosomal translocation in acute myeloid leukemia.

MYST HATs A family of acetyltransferases named after its founding members
MOZ, Ybf2/Sas3, Sas2 and Tip60. Human MYST HATs include
MOZ, Tip60, MOZ/MORF, HBOl and MOF.

NuA4 Nucleosome acetyltransferase of histone H4. A multisubunit complex
which includes, notably, TRRAP, p400 and Tip60 proteins.

Tip60 Tat-interacting protein of 60kDa. A MYST family HAT, catalytic
subunit of the NuA4 complex. Performs key functions in repair of
double-stranded DNA breaks.

TRRAP transformation/transcription domain-associated protein. Subunit of
the Tip60/NuA4 HAT complex. Required for cell transformation and
transcriptional activation by c-Myc, E2F1 and adenovirus E1A.

EPC1 enhancer of polycomb 1. Subunit of the Tip60/NuA4 HAT complex.
Physically links the Tip60-EPC1-ING3 trimer to the rest of the
complex. Fused to PHF1/polycomb-like human protein in uterine
sarcomas.

1. INTRODUCTION

The eukaryotic genome is packaged into chromatin – a complex, multi-tiered
structure consisting of DNA and proteins. Formation of chromatin is necessary to
contain the sizable genome in the relatively tiny confines of the nucleus. The basic
unit of chromatin – the nucleosome – is made up of 146 bp of DNA wrapped
around a histone octamer containing two molecules of each core histone: H2A,
H2B, H3 and H4. While the main “body” of each histone is tightly packed within
the octamer, their N-terminal tails protrude outward from the nucleosome. These
form additional histone–DNA and histone–histone contacts with other nucleosomes,
facilitating formation of higher-order chromatin structure. However, the highly
condensed nature of chromatin poses a barrier to nuclear processes that require
access to DNA, such as gene transcription and DNA replication and repair. In
response, the eukaryotic cell has developed intricate mechanisms that make the
chromatin structure more accessible to “third parties”. Such instances of chromatin
opening are tightly regulated and occur in concert with specific nuclear events.

Most eukaryotic cells employ three principal mechanisms capable of
inducing changes in chromatin structure. Histone chaperones are involved in
assembly/disassembly of nucleosomes, as well as in controlling their dynamics
during DNA transcription and replication. Chromatin remodeling complexes, such
as SWI/SNF, utilize the energy of ATP hydrolysis to remove or reposition nucle-
osomes, thereby exposing or masking DNA. The third method involves covalent
modification of histones, predominantly on the exposed tails, including phosphory-
laton, acetylation, methylation, ubiquitination and others. According to the “histone
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code” hypothesis (Jenuwein and Allis 2001), the various modifications within the
histone tails combine to produce very specific effects on the chromatin structure and
send exquisitely-tuned signals to histone- and DNA-binding proteins. The entire
“alphabet” of histone modifications is currently the subject of intense investigation.

Acetylation of lysine residues was one of the first histone modifications observed.
As acetylation neutralizes a lysine’s positive charge, it was proposed to weaken
histone–DNA and histone–histone interactions, leading to relaxation of the higher-
order chromatin structure and allowing access to DNA. Indeed, transcriptionally
active regions of chromatin were observed to be enriched with acetylated histones,
while their paucity was correlated with transcriptional silence (Howe et al., 1999).
Identification of the first transcription-related histone acetyltransferase (HAT) p55
in the protozoan Tetrahymena thermophila (Brownell and Allis, 1995), and the
observation that it was homologous to the known yeast transcriptional co-activator
Gcn5, further solidified the link between histone acetylation and transcription.
Today, the many known HATs are grouped based on structural similarity, with the
GCN5/pCAF (GNAT), p300/CBP and the MYST families being the most prominent
(Sterner and Berger, 2000).

This chapter focuses on the MYST family HATs, describes their functions in
the many diverse nuclear processes and discusses the established and putative links
between their activities and human disease.

2. THE MYST FAMILY

The acronym MYST derives from the four founding members of this HAT family:
mammalian MOZ, yeast Y bf2/Sas3 and Sas2, and mammalian T ip60. A number of
other MYST HATs were later discovered in various species, including mammalian
MORF and its mouse orthologue Querkopf, MOF in mammals and Drosophila,
and mammalian HBO1 and its Drosophila orthologue Chameau. Several other
uncharacterized or less characterized MYST HATs are known to exist in other
species (Utley and Côté, 2003). Thus, our current understanding of their functions
combines observations made not only in mammalian cells but also in the lower
eukaryotic model organisms.

The yeast Sas (something about silencing) genes are involved in transcrip-
tional silencing in Saccharomyces cerevisiae (Reifsnyder et al., 1996), while Esa1
(essential Sas2-related acetyltransferase 1, homologue of the human Tip60 gene)
has been linked to transcriptional activation (Allard et al 1999; Clarke et al., 1999;
Smith et al., 1998) and DNA repair (Bird et al., 2002). The Drosophila MYST HAT
Chameau (“camel” in French) has been linked to both JNK-mediated activation of
transcription (Miotto et al., 2006), and to gene silencing (Grienenberger et al., 2002).
Another Drosophila MYST HAT related to MOZ/MORF, Enok, has been shown to
play a role in the development of olfactory centers of the brain (Scott et al., 2001).
The mouse gene Querkopf (“squarehead” in German) plays a significant role in
development of the mouse cerebral cortex (Thomas et al., 2000). The studies of
this family of histone acetyltransferases in model organisms such as yeast and fruit
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flies have laid important foundations for the subsequent research into the functions
of their human counterparts. Even today, such work is providing significant insight
into this highly conserved protein family. In keeping with the theme of this book,
however, this chapter will focus mainly on the human MYST HATs and their roles
in human diseases.

The defining feature of the MYST family members is the presence of the highly
conserved MYST domain which comprises an acetyl-CoA binding motif and a
C2HC zinc finger. The acetyl-CoA binding motif facilitates the acetyltransferase
activity of the MYST HATs, while the zinc finger is also essential and is likely
involved in interaction with substrates (Yan et al., 2000). The MYST family
members are further subdivided into subgroups based on the presence or absence of
additional structural and functional features. These variously include the chromo-
domain, plant homeodomain (PHD), and other regions of homology unique only to
subsets of MYST HATs (Fig. 1a). For more detailed descriptions of MYST domains,
the reader is referred to the reviews by Utley and Côté (2003) and Yang (2004).

Figure 1. MYST histone acetyltransferases and their associated complexes. (a) domain structure of
human MYST HAT proteins. (b) Protein complexes containing MYST HAT proteins
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While all MYST family members possess intrinsic HAT activity, they do not
function in isolation in vivo but, rather, are found in multisubunit protein complexes.
Thus, to fully understand or to plausibly speculate about the potential roles of MYST
HATs in disease, it is necessary to incorporate the known facts about other complex
members. To this end, the sections of this chapter that discuss individual MYST
HATs will also describe the complexes within which they function and summarize
the available disease-related information about other complex components.

3. TIP60

The Tat-interacting protein of 60 kDa (Tip60) was originally identified through
a yeast two-hybrid screen as a binding partner of the HIV1 Tat protein (Kamine
et al., 1996). It is the catalytic subunit of the evolutionarily conserved NuA4
(Nucleosome Acetyltransferase of histone H4) complex (Fig. 1b), which in humans
also notably contains the p400 ATP-dependent chromatin remodeler and the catalyt-
ically inactive TRRAP PI3-kinase-like kinase (Doyon and Cote, 2004; Doyon
et al., 2006). The NuA4 complex acetylates histones H4 and H2A in chromatin
(Ikura et al., 2000).

3.1. Tip60 Functions in Transcriptional Regulation

The same study that identified Tip60 also demonstrated that its overexpression
augmented the transcriptional activation ability of HIV1 Tat (Kamine et al., 1996).
While a follow-up investigation did not confirm the positive influence of Tip60 on
Tat-mediated trans-activation, it did observe that Tat had a negative effect on the
ability of Tip60 to activate the expression of the cellular Mn-dependent superoxide
dismutase gene (Mn-SOD) (Creaven et al., 1999). Thus, despite the disagreement,
both studies linked Tip60 to regulation of transcription. Numerous subsequent
studies have conclusively shown that Tip60 is indeed involved in transcription
control, linking it to trans-activation. Importantly, Tip60 acts as a co-activator for a
number of key cellular proteins such as p53 (Legube et al., 2004), nuclear hormone
receptors (Brady et al., 1999; Gaughan et al., 2001 2002), beta-catenin (Sierra
et al., 2006), NF-�B (Baek et al., 2002), c-Myc oncoprotein (Frank et al., 2003) and
E2F (Taubert et al., 2004). Notably, a large-scale RNAi-based screen demonstrated
that Tip60 is required for induction of apoptosis by the tumour suppressor p53
(Berns et al., 2004). A further intriguing connection between these two proteins
comes from the observation that Tip60 can be targeted for degradation through
ubiquitination by Mdm2, a p53 regulator (Legube et al., 2002).

3.2. Roles of Tip60 in DNA Damage Repair

In recent years, additional transcription-unrelated roles of Tip60 have emerged.
Perhaps most notably, it has been demonstrated to play key roles in a number of
nuclear processes involved in DNA damage repair. Efficient and accurate repair of
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DNA lesions is critical for cell survival, and errors in this process can lead not only
to cellular death but to oncogenesis.

One of the seminal studies in this field reported not only a defect in repair of
double-strand breaks (DSBs) in DNA, but also inefficient induction of apoptosis
in response to such DNA damage in cells expressing a HAT-deficient mutant of
Tip60 (Ikura et al., 2000). Ensuing research has revealed two major functions of
Tip60 in DNA repair. First, it is involved in DNA damage checkpoint activation
by acetylating the ataxia telangiectasia mutated (ATM) kinase (Sun et al., 2005).
The inactive form of this kinase is recruited to sites of DNA breaks by damage-
sensing protein complexes where it is activated. ATM then initiates a series of
phosphorylation events that lead to activation of cell cycle checkpoints and initiation
of DSB repair (Sancar et al., 2004; Shiloh 2003). One of the key substrates of
activated ATM is the variant histone H2AX (Shroff et al., 2004). Phosphorylated
H2AX (�-H2AX) marks a wide area around the break site as it can be found in
nucleosomes megabases away from the DSB (Rogakou et al., 1999). As Tip60
interacts with both ATM and TRRAP via their FATC domains, it is suggested to
activate ATM in isolation from TRRAP and, possibly, the rest of the NuA4 complex
(Jiang et al., 2006).

In addition to helping set off the alarm, Tip60 is also involved in the repair
process itself. Chromatin immunoprecipitation (ChIP) assays have detected Tip60
and TRRAP at the site of DSB in mammalian cells (Murr et al., 2006). Several
yeast NuA4 (yNuA4) components have also been found at DSBs in S. cerevisiae,
their recruitment assisted by the Arp4 subunit which recognizes phosphorylated
histone H2A (�-H2A, the yeast equivalent of �-H2AX) (Downs et al., 2004).
In mammalian cells, depletion of TRRAP or introduction of a dominant-negative
mutant of Tip60 results in impairment of DSB repair due to inefficient recruitment
of repair machinery to the site of the break. This is apparently caused by the failure
of the surrounding chromatin to relax – an event that is normally facilitated by
hyperacetylation of histone H4 by the human NuA4 complex (Murr et al., 2006).

Once repair is complete, the phosphorylation mark on histone H2AX needs to
be removed so as not to needlessly tie up DNA repair complexes. Again, the
NuA4 complex appears to play a role. A study carried out in Drosophila has
shown that both the dTip60 and p400/Domino components of dNuA4 catalyze the
exchange of phosphorylated H2Av (�-H2AX equivalent) with unmodified H2Av
(Kusch et al., 2004). The free �-H2Av would then be dephosphorylated as signal
for checkpoint release (Chowdhury et al., 2005; Keogh et al., 2006). Thus, the “red
flag” is removed from the now-fixed chromatin and the repair machinery is released
to function elsewhere.

3.3. Tip60 and Links to Human Disease

Given the deep involvement of Tip60 in some of the key nuclear processes, it is
hardly surprising that (mal)functions of this MYST HAT have been implicated in
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a number of human diseases. Indeed, its original identification as an HIV1 Tat-
binding protein signified that Tip60 was likely to have a profound impact on human
health.

3.3.1. Tip60 and the human immunodeficiency virus

The HIV1 Tat protein has been reported to inhibit the HAT activity of Tip60,
preventing the latter from activating transcription of the Mn-SOD gene (Creaven
et al., 1999). Downregulation of Mn-SOD by Tat had been observed previously and
presumed to be responsible, at least in part, for the oxidative stress leading to T-cell
depletion in AIDS (Westendorp et al., 1995). More recently, Tat was demonstrated
to target Tip60 for degradation via ubiquitination (Col et al., 2005). Linking this
observation to the functions of Tip60 in DNA repair (Ikura et al., 2000), the same
study observed that such depletion of Tip60 impaired induction of apoptosis in
response to DNA damage. Thus, Tat-mediated destruction of Tip60 may inure the
cell to genotoxic stress and keep it alive, allowing HIV to replicate. It remains to be
discovered whether the Tat/Tip60 interaction similarly affects expression of other
cellular genes in order to facilitate viral survival and propagation.

3.3.2. Tip60 and other human diseases

As with HIV, most other links between Tip60 and disease are related to its transcrip-
tional effects. For instance, a series of studies has strongly implicated Tip60 in
the onset of Alzheimer’s disease. The �-amyloid precursor protein (APP) is a cell
membrane protein that, when cleaved by the action of �- and �-secretases, produces
the extracellular amyloid �-peptide which is deposited into amyloid plaques in the
brains of Alzheimer’s patients (Steiner and Haass, 2001). The resulting intracel-
lular C-terminal portion of APP, variously referred to as AICD or APP-CT, in
turn has been shown to associate with the APP-binding protein Fe65 and with
Tip60 (Cao and Sudhof, 2001 2004). This tri-molecular complex is able to reverse
transcriptional repression of the KAI1 metastasis suppressor mediated by the nuclear
receptor co-repressor (N-CoR) (Baek et al., 2002; Kim et al., 2005). Significantly,
this suggests a functional link between Tip60 and N-CoR, whose role in normal
development and in disease is rapidly emerging (Jepsen and Rosenfeld, 2002).
Interestingly, another study has reported that association of AICD/APP-CT with
Tip60 could lead to induction of apoptosis in a manner dependent on Tip60’s HAT
function (Kinoshita et al., 2002). This activity of Tip60 has been proposed to lead
to Alzheimer’s-related neurodegeneration in parallel with release of the amyloid
�-peptide.

Several cancer links have been suggested for Tip60. It has been shown to
acetylate and thereby activate the androgen receptor (AR) – a hormone-dependent
transcription factor strongly implicated in development of prostate cancer (Brady
et al., 1999; Gaughan et al., 2001 2002). More recently, Tip60 has also been impli-
cated in progression of prostate cancer toward hormone-independence and resistance
to therapy which leads to a fatal outcome. A study conducted in androgen-dependent
and -independent cell lines demonstrated that cellular Tip60 levels increase with
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progression to hormone independence. Tip60 then accumulates in the nucleus where
it co-activates AR-responsive genes in a ligand-independent fashion. Thus, its
activity may be responsible for hormone-independent survival of advanced prostate
cancer cells (Halkidou et al., 2003).

The observed involvement of Tip60 in expression of NF-�B-regulated genes
(Baek et al., 2002) suggests that the HAT may play a general role in the wide variety
of NF-�B activities. This family of transcription factors is involved in regulation
of a large number of genes that participate in diverse cellular functions (Radhakr-
ishnan and Kamalakaran, 2006). Notably, these include signaling molecules like
cytokines and chemokines, and affectors of apoptosis and cell proliferation. NF-kB
is considered an oncogene due to its ability to activate growth promoting and anti-
apoptotic genes, and can also promote metastasis. Of similar potential importance
is the recruitment of Tip60 and other NuA4 components by the c-Myc transcription
factor (Frank et al., 2003). c-Myc is a potent promoter of cellular growth and
proliferation, and is often found to be deregulated in a variety of human cancers
(Nesbit et al., 1999). Thus, the initial observations that Tip60 is associated with the
functions of NF-kB and c-Myc may be indicative of its significant involvement in
a variety of normal cellular processes and in development of a number of human
maladies.

Two recent studies have linked Tip60 to the tumour suppressor p14ARF. This
protein has a well-established role in controlling p53-mediated cell cycle arrest,
but is also known to function independently of p53. In support of this, one study
demonstrated that, in response to genotoxic stress, a direct physical interaction
between p14ARF and Tip60 results in activation of the ATM/CHK signaling
cascade and arrest of the cell cycle in the G2 phase (Eymin et al., 2006). The
second study observed that p14ARF can prevent degradation of the retinoblastoma
(Rb) tumour suppressor by blocking its acetylation by Tip60 (Leduc et al., 2006).
These observations suggest that Tip60 may be involved in regulation of Rb
homeostasis in the cell, and further highlight its role in cellular response to DNA
damage.

An interaction between Tip60 and interleukin-9 (IL-9) receptor has also been
reported (Sliva et al., 1999). While the functional consequences of this associ-
ation are unknown, it may prove to have a significant impact on human health
as IL-9 signaling has been linked to Hodgkin’s lymphoma and asthma (Knoops
and Renauld 2004; Renauld, 2001). An additional connection between Tip60 and
lymphoma comes from a study that shows that a protein expressed by the human
T-cell lymphotropic virus type-1 stabilizes the interaction between this MYST HAT
and the Myc oncoprotein, leading to enhanced cellular transformation (Awasthi
et al., 2005).

The discovery of the Tip60 splice variant PLIP (cytosolic phospholipase A2 −
interacting protein) is also of potential interest as its overexpression was shown to
lead to apoptosis (Sheridan et al., 2001). As the phospholipase itself is involved
in a number of cellular processes and dysfunctions, further investigation of this
interaction is likely to reveal additional key roles of PLIP.
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3.3.3. Other NuA4 subunits and human disease

As mentioned previously, an additional consideration needs to be given to the
known Tip60-interacting proteins and their connection with human maladies.
Several components of the NuA4 complex (Fig. 1b), in fact, have been linked
to disease and thus Tip60 may be “guilty by association”. For instance, allelic
loss of the NuA4 subunit ING3, a member of the ING (inhibitor of growth)
family of tumour suppressors, has been observed in human head and neck cancers
(Gunduz et al., 2002). ING3 has been shown to function as a co-activator of
p53-dependent genes, thereby regulating cell cycle progression and apoptosis
(Nagashima et al., 2003). Interestingly, recently it was also observed to facilitate
UV-induces apoptosis through the Fas/caspase-8 pathway, independently of p53
(Wang and Li, 2006).

Additionally, several isolated studies have linked other NuA4 components to
disease, though we must wait for further research to provide detailed mecha-
nistic evidence. For instance, Brd8/p120 has been demonstrated to function as
a co-activator of the thyroid hormone receptor (Monden et al., 1997) whose
malfunction can lead to a number of human diseases such as RTH (resistance to
thyroid hormone), characterized by a number of clinical phenotypes (Cheng, 2005).
Amplified copy numbers of the GAS41 (glioma-amplified sequence 41) gene have
been observed in glioblastoma multiforme and astrocytoma (Fischer et al., 1997).
More recently, GAS41 has been implicated in suppression of the p53 tumour
suppressor pathway during normal cell growth (Park and Roeder, 2006). Like
Tip60 itself, the NuA4 subunits BAF53, TRRAP and p400 have been implicated
in Myc oncogene-mediated cellular transformation (Fuchs et al., 2001; Nikiforov
et al., 2002; Park et al., 2002). Both TRRAP and p400 are also targeted by the
adenoviral E1A oncoprotein and are essential for E1A-mediated cellular transfor-
mation (Fuchs et al., 2001; Lang and Hearing, 2003). Finally, MRG15, another
human NuA4 subunit (Cai et al., 2003; Doyon et al., 2004), belongs to a family
of proteins that have been linked to cellular senescence (Bertram and Pereira-
Smith, 2001; Bertram et al., 1999).

The NuA4 subunit EPC1 was recently shown to fuse to the coding sequence of
PHD f inger protein 1 (PHF1) through a chromosomal rearrangement observed in a
subset of uterine sarcomas (Micci et al., 2006). The resulting chimeric protein has
an open reading frame consisting of the first 581 residues from EPC1 and the entire
coding region of PHF1 (Fig. 2a). Within NuA4, the N-terminus of EPC1 binds Tip60
and ING3 forming the trimeric piccolo NuA4 (picNuA4), while the C-terminus of
EPC1 bridges it to the rest of the NuA4 complex (Boudreault et al., 2003; Doyon
et al., 2004) (Fig. 1b). Thus, picNuA4 contains HAT activity and, in fact, is the
minimal module within NuA4 capable of acetylating chromatin substrates (Doyon
et al., 2004; Selleck et al., 2005). On the other hand, EPC1’s fusion partner PHF1
is homologous to the Drosophila polycomblike protein (PCL), which is associated
with transcriptional repression/heterochromatin formation. Polycomblike interacts
with enhancer of zeste, an H3 lysine 27 histone methyltransferase, both in fruit fly
and human cells (O’Connell et al., 2001). Thus, the detection of the EPC1/PCL
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Figure 2. Chromosomal translocations leading the production of a MYST HAT fusion protein and
cancer. (a) structure of different MYST HAT fusion proteins leading to cancer. Numbers indicate amino
acid positions at break points. (b) Model for the consequences of EPC1-PCL fusion on chromatin
function

fusion raises a very intriguing possibility that the chimeric protein diverts the HAT
activity of picNuA4 to the polycomblike’s normal targets – genomic regions that
are normally maintained in the repressed state (Fig. 2b). Mis-targeted acetylation of
histone H4 by picNuA4 would lead to unraveling of the heterochromatin, resulting in
aberrant gene expression which could easily account for appearance of malignancy.
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While the precise roles played by these NuA4 components in various maladies
remain to be elucidated, in many cases it seems plausible that the entire complex
is affected or involved. Thus, the function of the NuA4 complex may be subverted
through one of its subunits, linking the catalytic component Tip60 to human
disease.

4. MOZ AND MORF

The monocytic leukemia zinc-finger protein (MOZ) was identified in a study
that examined the t(8;16)(p11;p13) chromosomal translocation common in acute
myeloid leukemia (AML) (Borrow et al., 1996). The involved gene on chromosome
16 was found to be the CREB-binding protein (CBP) – a well-known transcrip-
tional co-activator. Its fusion counterpart on chromosome 8 was a novel protein
that possessed a C2HC zinc finger and a putative acetyltransferase signature.
MOZ’s ability to function as a HAT was confirmed in a later in vitro study
(Champagne et al., 2001). The MOZ-related factor (MORF) was identified based
on its homology to MOZ and similarly demonstrated to possess an in vitro acetyl-
transferase activity (Champagne et al., 1999).

Both MOZ and MORF have also been linked to control of transcription. In initial
analyses, these MYST HATs were found to contain potent trans-activation domains
in their C-termini (Champagne et al., 1999 2001). Follow-up studies demonstrated
that the two proteins can indeed function as transcriptional co-activators for two
Runt-domain transcription factors – Runx1 and 2 (also referred to as AML1 & 3)
(Kitabayashi et al., 2001a; Pelletier et al., 2002). Furthermore, MORF has been
found in the co-activator complex associated with the peroxisome proliferator-
activated receptor alpha in rat liver (Surapureddi et al., 2002).

More recently, a MOZ/MORF-containing human complex was purified and found
to contain the ING5 tumour suppressor as well as bromodomain- and PHD f inger-
containing (BRPF) proteins 1, 2 and 3 (Fig. 1b) (Doyon et al., 2006). This complex
can also function as a co-activator for Runx2 and acetylates nucleosomal histone
H3. Additionally, the ING5-MOZ/MORF-BRPF complex appears to play a role in
DNA replication, as knockdown of ING5 led to inability of the cells to complete
the S phase.

4.1. MOZ/MORF and Human Disease

As described above, MOZ was originally identified in an investigation of a recurrent
chromosomal translocation in AML that resulted in its fusion to CBP (Borrow
et al., 1996). Numerous subsequent studies have described the in-frame fusions of
MOZ to CBP and its homologue p300 (Kitabayashi et al., 2001b; Panagopoulos
et al., 2002 2002; Rozman et al., 2004), and to the TIF2 nuclear receptor co-
activator (Carapeti et al., 1998; Kindle et al., 2005). MORF has also been found
fused in-frame to CBP following a chromosomal translocation in AML (Fig. 2a)
(Kojima et al., 2003; Panagopoulos et al., 2001). Additional evidence for the key
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role of MOZ translocation in induction of leukemia came from its identification as
a common retroviral integration site (Lund et al., 2002). Intriguingly, a sequencing
analysis of the chromosomal breakpoints suggested involvement of a DNA repair
complex in the appearance of these translocations (Panagopoulos et al., 2003).

The functions of these fusion proteins and their precise roles in the induction of
cancer are currently the subject of intense investigation (Collins et al., 2006; Huntly
et al., 2004; Kindle et al., 2005). In general, it appears that since the proteins are
fused in-frame, their catalytic domains continue to function, but these activities are
mis-directed by the targeting domains of their fusion partners. The result is aberrant
acetylation of chromatin and non-chromatin proteins, as well as sequestration of
key nuclear regulators. These mechanisms are discussed in-depth in Chapter 8 of
this book. Furthermore, two recent studies have demonstrated that wild-type MOZ
is essential for development of hematopoietic stem cells (Katsumoto et al., 2006;
Thomas et al., 2006). This suggests that AML may arise not only due to the aberrant
activity of the fusion proteins, but also due to the loss of their original function.

Several additional lines of evidence link these MYST HATs to human disease.
Disruption of the MORF coding region due to a chromosomal rearrangement
distinct from AML has been observed in benign uterine smooth muscle tumours – a
condition that afflicts up to 75% of women in the latter reproductive years (Moore
et al., 2004). It remains to be determined how the loss of MORF is related to the
onset of this disease. One possibility is that it affects the composition and/or stability
of the ING5-MOZ/MORF-BPRF complex (Doyon et al., 2006). This, in turn, could
disrupt the reported ability of the ING5 tumour suppressor to modulate the activity
of p53 (Shiseki et al., 2003), promoting oncogenesis. Additionally, disruption of
the MORF homologue Querkofp in mice leads to abnormal development of the
nervous system and craniofacial features (Thomas et al., 2000). Intriguingly, this
suggests that despite their structural and functional similarities, MOZ and MORF
may play distinct roles in various cellular processes.

5. HBO1

The HBO1 MYST HAT derives its name from its original identification as
the histone acetyltransferase bound to ORC1 – the largest subunit of the
origin recognition complex (ORC) (Iizuka and Stillman, 1999). ORC is a key
nuclear protein complex that recognizes and binds the origins of replication in
the eukaryotic genome. This, in turn, facilitates binding and assembly of the
pre-replication complexes (pre-RC), leading to bi-directional DNA replication
(DePamphilis, 2003). HBO1 also interacts with minichromosome maintenance
protein 2 (MCM2), a subunit of the MCM complex which is involved in DNA
replication along with ORC (Burke et al., 2001). Given the presence of a putative
MYST domain in the HBO1 cDNA sequence, the original study examined HBO1
for HAT activity and found that it was capable of acetylating free histones H3
and H4 (Iizuka and Stillman, 1999). The presence of a HAT at replication origins
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suggested that histone acetylation may be involved in control of pre-RC assembly
and, thus, DNA replication.

More recently, two native HBO1-containing complexes have been purified from
human cells and their functions analyzed (Fig. 1b) (Doyon et al., 2006). In addition
to HBO1 itself, one was found to contain the ING4 tumour suppressor, hEaf6
(also a component of the human NuA4 complex), and gene for apoptosis and
differentiation in epithelia (Jade)-1/2/3. The second complex was very similar,
but included ING5 instead of ING4. Both complexes were found to acetylate
nucleosomal histone H4 and, to a lesser extent, H3. Remarkably, RNA-interference
analysis revealed that HBO1 was responsible for the majority of H4 acetylation
in the cell. Peptides corresponding to MCM proteins were co-purified with ING5-
but not ING4-HBO1, suggesting that the ING5-HBO1 complex is involved in
DNA replication. Subsequent knock-down of HBO1 demonstrated that it plays an
essential role in this process, as cells lacking HBO1 were severely impaired in their
ability to complete the S phase.

Two other recent studies have also confirmed HBO1’s involvement in control of
DNA replication. Using human cells and Xenopus egg extracts, it was demonstrated
that depletion of HBO1 abolishes loading of the MCM complex onto chromatin
(Iizuka et al., 2006). In Drosophila, the HBO1 homologue Chameau appears to be
involved in hyperacetylation of chromatin that results in increased activity of DNA
replication origins (Aggarwal and Calvi, 2004). Thus, HBO1 and its homologues
appear to play an essential role in DNA replication by remodeling the chromatin at
origins and facilitating assembly of the pre-replication complex.

In addition to DNA replication, HBO1 has also been implicated in control
of transcription. In one assay, it was found to possess a trans-repression ability
and down-regulate androgen receptor-mediated transcription in transient trans-
fection assays (Sharma et al., 2000). Conversely, a recent investigation has demon-
strated that HBO1 can enhance transcription by a number of steroid receptors,
in a fashion that appears to be quite distinct from its HAT activity (Georgiakaki
et al., 2006). Two studies have observed that Drosophila Chameau can play dual
roles in transcriptional regulation as well. In one instance, it was found to be
required for maintenance of transcriptional silencing of Hox genes in Drosophila,
and could substitute for the yeast HAT Sas2 in mediating silencing at telomeres
(Grienenberger et al., 2002). On the other hand, the same group has recently demon-
strated that Chameau can act to promote trans-activation ability of the Drosophila
Fos cofactor (Miotto et al., 2006). Intriguingly, Chameau’s HAT activity was
required in both cases.

5.1. HBO1 and Links to Human Disease

As HBO1 appears to be essential for DNA replication, it is reasonable to speculate
that defects in its function will have profound negative consequences on cellular
viability. However, no such evidence exists in the current literature, and thus the
discussion of how the role of HBO1 in replication of genomic DNA may affect
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human health must await further research. However, other potential connections
between HBO1 and human disease have been revealed. One such link involves
the function of HBO1 in replication of genomes of invading pathogens. Numerous
viruses that infect humans do not encode a full complement of DNA replication
proteins, but rely instead on the replication machinery of the host cell. Indeed,
ORC and MCM complexes are involved in replication of genomes of the Epstein-
Barr virus (Chaudhuri et al., 2001; Dhar et al., 2001) and the Kaposi’s sarcoma-
associated herpesvirus (KSHV) (Stedman et al., 2004), and HBO1 has been co-
purified with KSHV’s origins of replication (Stedman et al., 2004). Other viruses
may also rely on the same components of the human DNA replication machinery.

Like MOZ, the HBO1 coding region has been identified as a common retro-
viral integration site leading to myeloid leukemia and B/T cell lymphoma in mice
(Suzuki et al., 2002). This observation suggests that its loss may lead to devel-
opment of human cancer.

Other putative links between HBO1 and disease involve its binding partners. Its
interaction with the androgen receptor (Sharma et al., 2000) putatively connects
it to development of prostate cancer. The interaction between the HBO1 complex
subunit Jade-1 and the von H ippel-Lindau (VHL) tumour suppressor correlates with
protection from renal cancer (Zhou et al., 2005), suggesting that HBO1 may be
connected to that malignancy and to the von Hippel-Lindau disease. The presence of
HBO1 in complexes with the tumour suppressors ING4 and 5 (Doyon et al., 2006)
further implies that it may play a role in protection from malignancy. ING4 has
been shown to suppress loss of contact inhibition in cultured cells and found to be
inactivated in various human cancer cell lines (Kim et al., 2004). It is also a potent
inhibitor of glioma and angiogenesis in mouse models (Garkavtsev et al., 2004; Kim
et al., 2004). Both ING4 and ING5 have been reported to enhance transcriptional
activity of p53 (Shiseki et al., 2003), and HBO1’s histone acetylation activity may
facilitate this.

6. ING TUMOUR SUPPRESSORS

Of particular significance with respect to human health is the fact that the Tip60,
MOZ/MORF and HBO1 MYST HATs have been each found in a stable complex
with a specific member of the ING family of tumour suppressors (Fig. 1b) (Doyon
et al., 2006). Among several distinguishing structural features of the ING proteins is
the highly conserved PHD zinc finger, often found in proteins involved in chromatin
remodeling. The ING proteins impinge on a number of key cellular processes,
such as DNA damage repair, cell cycle progression, senescence, apoptosis and
tumourigenesis, and are frequently found to be inactivated in various human cancers
(Russell et al., 2006). In human, each of the five ING tumour suppressors is exclu-
sively found as a native subunit of a specific HAT or histone deacetylase (HDAC)
complex, linking chromatin modification to cellular regulation (Doyon et al., 2006;
Shi and Gozani, 2005). Furthermore, ING subunits are essential factors that enable
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their associated HAT/HDAC enzymes to modify chromatin substrates (Boudreault
et al., 2003; Doyon et al., 2006; Nourani et al., 2003; Selleck et al., 2005).

Of note, the ING PHD finger was recently shown to recognize histone 3
lysine 4 trimethylation (H3K4me3) – a mark deposited by the mixed lineage
leukemia (MLL) methyltransferase and associated with high transcription levels.
The particular observation that ING2 binds H3K4me3 and recruits its associated
repressor complex suggests that this mechanism is capable of rapid shut-off of
actively transcribed genes (Shi et al., 2006). Such a role would be invaluable to
the cell in times of genotoxic stress as it would allow for a prompt silencing of
proliferation genes, arresting the cell cycle until the DNA damage can be repaired.

Significantly, MLL is a frequent subject of chromosomal rearrangement in several
types of leukemia, and its methyltransferase activity becomes deregulated as a
result (Linggi et al., 2005). By recognizing the H3K4me3 mark, the ING proteins
may be able to recruit their associated histone modification complexes, preventing
aberrant transcription. Thus, the ING family members may play important roles in
preventing the onset of leukemia.

7. MOF

The mof (males-absent on the f irst) gene was originally identified in Drosophila
and found to encode a putative histone acetyltransferase. This HAT is an essential
catalytic subunit of the Drosophila dosage-compensation MSL complex which
acetylates lysine 16 on histone H4 (H4K16). This modification leads to upregulation
of gene expression from the single X chromosome in the male fruit flies (Akhtar
and Becker 2000; Hilfiker et al., 1997). In addition to modifying chromatin, the
Drosophila mof was also shown to functionally acetylate another MSL component,
MSL-3 (Buscaino et al., 2003). The human MOF (hMOF) HAT was identified
based on its homology to the Drosophila protein and found to be responsible for
the majority of H4K16 acetylation in vivo (Smith et al., 2005; Taipale et al., 2005).
Furthermore, hMOF has been demonstrated to associate with human MSL proteins,
forming an MSL complex very similar to the one found in Drosophila (Fig. 1b)
(Smith et al., 2005; Taipale et al., 2005). In contrast to the observations in fruit
fly, the human MSL complex is not restricted to the X chromosome, but instead is
found throughout the genome.

Additionally, hMOF has been co-purified with the MLL1 methyltransferase
whose activity results in methylation of histone H3 on lysine 4 (H3K4) – also a mark
of actively transcribed genes. Co-ordinated activities of MLL1 and hMOF were
shown to enhance p53-dependent trans-activation, and to synergistically upregulate
expression of the Hoxa9 gene (Dou et al., 2005). As mentioned previously, MLL1
is frequently found to be deregulated in several types of leukemia. hMOF has also
been shown to interact with the ATM kinase involved in DNA repair (see section
on Tip60, above). Depletion of hMOF resulted in decreased activation of ATM in
response to DNA damage, decreased DNA repair and failure of the damage-induced
cell cycle checkpoint (Gupta et al., 2005).
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7.1. Putative Connections of MOF to Disease

The recent observation that hMOF is involved in activation of the DNA repair
process (Gupta et al., 2005) opens the possibility that malfunctions of this MYST
HAT may result in inefficient or erroneous DNA repair, which in turn can lead
to malignancy. Additionally, hMOF’s observed involvement in control of Hoxa9
expression (Dou et al., 2005) putatively links it to regulation of the HOX gene
family. HOX genes play essential roles in embryonic development and have been
linked to a number of human diseases including cancer (Grier et al., 2005). Hoxa9,
specifically, is known to function in hematopoiesis and may be involved in devel-
opment of leukemia (Tedeschi et al., 2006).

The finding that hMOF is responsible for the bulk of H4K16 acetylation in
the cell (Smith et al., 2005) also suggests that loss or malfunction of this HAT
can have a significant negative impact on normal cell function and viability. This
histone modification is known to play critical roles in various chromatin-related
processes and has been linked to a number of diseases (Shia et al., 2006). Perhaps
most notably, loss of H4K16 acetylation is a common hallmark of human cancers
(Fraga et al., 2005). The molecular mechanisms underlying the importance of
H4K16 acetylation are now becoming clearer. This histone modification has a
profound effect on chromatin structure, as it both inhibits the formation of the
higher-order 30 nm fibre and interferes with the activity of chromatin remodeling
enzymes (Shogren-Knaak et al., 2006). Thus, the observation that downregulation
of hMOF results in significant loss of H4K16 acetylation and arrest of the cell cycle
(Smith et al., 2005) has provided a very solid link between this HAT and human
disease.

8. CONCLUDING REMARKS

The HATs belonging to the MYST family play essential roles in a wide variety
of critical cellular processes. Further research will undoubtedly reveal additional
functions of these enzymes that profoundly impact cellular growth, differenti-
ation and replication. It is not surprising, therefore, that their malfunctions or
subversion of their regular functions by cellular or viral machinery have been
linked to a number of human diseases. A comprehensive understanding of these
mechanisms is crucial to design of successful therapies, such as small-molecule
inhibitors, that will be able to specifically target the undesirable activities of MYST
HATs.
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CHAPTER 14

ROLE OF HISTONE PHOSPHORYLATION IN CHROMATIN
DYNAMICS AND ITS IMPLICATIONS IN DISEASES

MASAYA OKI, HITOSHI AIHARA AND TAKASHI ITO∗

Department of Biochemistry, Nagasaki University School of Medicine, 1-12-4 Sakamoto, Nagasaki,
Nagasaki 852-8523, Japan

Abstract: In eukaryotic cells, relaxed interphase chromatin undergoes pronounced changes
resulting in formation of highly condensed mitotic chromosomes. Moreover, chromatin
condensation is particularly evident during mitosis and apoptotic cell death,
whereas chromatin relaxation is necessary for replication, repair, recombination and
transcription. The post-translational modifications of histone tails such as reversible
acetylation, phosphorylation and methylation play a critical role in dynamic conden-
sation/relaxation that occurs during the cell cycle. Histone phosphorylation is believed to
play a direct role in mitosis, cell death, repair, replication and recombination. However,
definitive roles for this modification in these processes have not yet been elucidated.
In this review, we discuss recent progress in studies of histone phosphorylation

1. INTRODUCTION

DNA in eukaryotic nuclei is highly compacted by association with two molecules
each of the core histone proteins H2A, H2B, H3 and H4 and one molecule of linker
histone H1 in a chromatin complex (for review see (Ito et al., 1997; Ito, 2003). The
linker histone H1 is believed to play important roles in the stabilization of higher-
order chromatin structure. The phosphorylation of histone H1 increases during the
cell cycle (Ord and Stocken, 1968), however, this function is poorly understood.
CDKs (cyclin dependent kinases) are involved in cell cycle dependent phosphory-
lation of histone H1 (Swank et al., 1997) and dysregulation of cell cycle control
such as in cancer, resulting in changes to histone phosphorylation. Posphorylation
of Histone H3 at Ser 10 during interphase correlates with chromatin relaxation
and gene expression, whereas in mitosis it correlates with chromosome conden-
sation. Thus, one of the roles of H3 phosphorylation at Ser 10 is to stimulate
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transcription and multiple examples of its biological importance are shown by the
finding that H3 at ser 10 is phosphorylated by several signaling activated kinases,
such as RSK2, MSK1/2, PKA, Aurora kinase, Nima kinase and IKK� (Prigent
and Dimitrov, 2003). Some of these kinases are associated with human diseases.
For example, RSK2 is associated with Coffin-Lowry syndrome (Young, 1988) and
Aurora B kinase is associated with colorectal cancer (Ota et al., 2002). In addition
to H3 phosphorylation, it has been found that phosphorylation of H2A correlates
with mitotic chromosome condensation, and mammalian histone variant H2AX is
rapidly phosphorylated at ser 139 upon exposure to DNA damaging agents (Thiriet
and Hayes, 2005). These data suggest that phosphorylation mediates an alteration
of chromatin structure, facilitates DNA repair and maintains genome integrity. It
is also suggested that H2AX functions as a tumor suppressor gene, playing an
important role in cancer. A defective DNA damage response causes a variety of
diseases, such as Seckel syndrome, ataxia telangiectasia (AT), Nijmegen breakage
syndrome, Bloom’s syndrome, ataxia-telangiectasia-like disease (ATLD), radiosen-
sitive sever combined immunodeficiency (RS-SCID), LIG4 syndrome, Xeroderma
pigmentosum (XP), Trichothiodystrophy (TTD) and Cockayne syndrome (CS)
(O’Driscoll et al., 2004). In Drosophila embryos, it is found that NHK-1 (Nucle-
osomal Histone Kinase) phosphorylates Thr 119 of H2A (Aihara et al., 2004). Its
phosphorylation site is related to cell cycle progression and chromosome dynamics.
In this review, we focus on the importance of histone phosphorylation in biological
events.

2. HISTONE H1 PHOSPHORYLATION

CDK1 is the major kinase that phosphorylates histone H1, while numerous data
suggest that CDK2 is another histone H1 kinase (Langan et al., 1989; Roth
et al., 1991; Bhattacharjee et al., 2001). CDK2 complex cannot phosphorylate a
mutant histone H1, in which the CDK phosphorylation sites have been changed
to alanine (Threonine 18, Threonine 146, Threonine 154, Serine 172, Serine 187)
(Contreras et al., 2003) (Fig. 1). In FRAP (Fluorescence recovery after photo-
bleaching) experiments (Lever et al., 2000) (Misteli et al., 2000), the mobility of
a GFP fused mutant histone H1 is decreased compared to that of a GFP fused
wild type histone H1 and this recovery correlated with CDK2 activity (Contreras
et al., 2003). Furthermore histone H1 phosphorylation regulates ATP-dependent
chromatin remodeling enzyme (Dou et al., 2002; Horn et al., 2002) and transcription
of some specific genes, including oncogenes (Dou et al., 1999; Herrera et al., 1996;
Chadee et al., 1995; Taylor et al., 1995; Chadee et al., 1997, 2002). These data

Figure 1. Linker Histone H1 CDK phosphorylation site in mammalian cells. (See Colour plate 17.)
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suggest that the consequence of increased histone H1 phosphorylation appears to
be relaxation of chromatin structure, and regulation of cell cycle progression and
transcription.

3. HISTONE H2A PHOSPHORYLATION

In Drosophila embryos, Nucleosomal Histone Kinase-1 (NHK-1) is a histone H2A
kinase (Aihara et al., 2004). NHK-1 has a high affinity for chromatin and phospho-
rylates Thr119, at the C terminus of H2A (Fig. 2) (Table 1). NHK-1 specifically
phosphorylates nucleosomal H2A, but not free H2A in solution. Immunostaining
of NHK-1 revealed that it travels to chromatin during mitosis and is excluded from
chromatin during S phase (Aihara et al., 2004). Comparison of the predicted amino
acid sequence of this unique NHK-1 with known proteins revealed similarities to
other known kinases, such as human Vaccinia related kinase 1 (VRK1) (Nezu
et al., 1997), mouse VRK1, Xenopus VRK1 and Caenorhabditis elegans VRK,
with conservation of 44%, 43%, 41% and 37% of this kinase domain, respec-
tively. In addition to a conserved kinase domain, there is a common structure,
namely an acidic amino acid region between the basic amino acid regions. This
basic-acidic-basic amino acid motif (BAB motif) is conserved among species.

Figure 2. Current view of post-translational histone phosphorylation. Red flag : mammalian specific or
common, Blue flag : Drosophila melanogaster specific, Black flag : Saccharomyces cerevisiae specific.
(See Colour Plate 18.)
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Table 1. Current view of histone phosphorylation sites and specific kinases

Histone Phosphorylation site Kinase

H2A S1 MSK1
T119 (D.melanogaster) NHK-1
S122 (S.cerevisiae) ?
T126 (S.cerevisiae) ?
S129 (S.cerevisiae) Mec1p,Tel1p

H2AX S139 ATM,ATR,DNA-PK
H2B S10 (S.cerevisiae) ?

S14 MST1
S33 (D.melanogaster) TAF1

H3 T3 ?
S10 MSK1/MSK2

PKA
NIMA
Aurora B
RSK2
IKK�

T11 Dlk/ZIP

S28 Aurora B
CENP-A S7 Aurora A/B
H3.3 S31 ?
H4 S1 CK2

Concerning the functions of VRK1, it has been reported that human VRK1 phospho-
rylates Thr18 of p53, the binding site of mdm2 (Vega et al., 2003). However, the
biological role of human VRK1, like that of NHK-1, is not known (Lopez-Borges
and Lazo, 2000; Barcia et al., 2002; Vega et al., 2004; Sevilla et al., 2004a, 2004b;
Santos et al., 2006). C.elegans VRK1 was characterized in a systematic analysis
using RNAi. Inactivation of C.elegans VRK1 by RNAi revealed embryonic lethality,
with large cytoplasmic granules and failure to form a pronucleus (Piano et al., 2002;
Kamath et al., 2003). These studies suggest that VRK has important functions
for viability. In a recent report, nhk-1 mutation leads to female sterility due to
defects in the formation of the meiotic chromosomal structure, including failure to
assemble a karyosome (chromosomal structure of oocyte nucleus in prophase I), a
metaphase I spindle and a normal polar body (Ivanovska et al., 2005). Histone H2A
is phosphorylated at Thr119 in meiosis and NHK-1 is phosphorylated by itself in
mitosis and meiosis (Cullen et al., 2005). Phosphorylation of NHK-1 itself may be
regulated by other mitotic kinases and therefore may play a part in coordinating
mitotic or meiotic progression. Histone H3(K14) and histone H4(K5) are not acety-
lated in the nhk-1 mutant, implying that histone H2A(T119) phosphorylation is a
prerequisite for acetylation of these residues in meiosis. Histone H1 phosphory-
lation and histone H4 (K12) acetylation have no effect in this mutant (Ivanovska
et al., 2005) (Fig. 3). Concerning another phosphorylation site of histone H2A,
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Figure 3. Histone modification cross-talk between histone H2A phosphorylation on T119 and another
histones methylation or acetylation in nhk-1 mutants (a) Histone H3 (K14) and (b) Histone H4 (K5) are
not acetylated in the nhk-1 mutant. (c) Histone H4 (K12) is acetylated in the nhk-1 mutant (Ivanovska
et al. 2005). Phosphorylation is represented by the blue flag, and acetylation is represented by the
black flag

Barber CM et al., report that histone H2A is highly phosphorylated at Serine 1
residues during mitosis in the worm, fly, and mammalian cells (Barber et al., 2004).
This phosphorylation by MSK1 negatively regulated transcription on chromatin
templates (Zhang et al., 2004).

In Saccharomyces cerevisiae, multiple histone H2A phosphorylation sites have
been characterized (Serine 122, Serine 129, Threonine 126) (Wyatt et al., 2003;
Harvey et al., 2005; Redon et al., 2006). Histone H2A (S129) is essential for DNA
double-strand-break responses (see Section 4) and histone H2A (S122) is important
for survival in the presence of DNA damage (Harvey et al., 2005) (Fig. 2).

These studies demonstrate that H2A (T119) phosphorylation by NHK-1 regulates
mitotic and meiotic progression. However, it remains unclear what is the biological
function of other histone H2A posphorylation sites and how they impact the many
other histone modifications.

4. HISTONE H2AX PHOSPHORYLATION

Histone H2AX, one of several variants of H2A is phosphorylated on Ser
139 (Rogakou et al., 1998, 1999; Kurose et al., 2005; Ichijima et al., 2005;
McManus and Hendzel, 2005) (Fig. 2). The Serine phosphorylated form of H2AX,
termed �-H2AX, occurs in response to DNA double-strand breaks for recruitment
of DNA-damage-response proteins, including DNA damage checkpoint proteins
(Fernandez-Capetillo et al., 2002; Nakamura et al., 2004) , cohesin complex (Strom
et al., 2004; Unal et al., 2004) and chromatin remodeling protein (Morrison
et al., 2004; van Attikum et al., 2004) to regions of damaged chromatin. The
phosphatidylinositol-3-OH kinase related kinase (PIKK) family includes ataxia-
telangiectasia mutated (ATM), ATM and Rad3-related (ATR) and DNA-dependent
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protein kinase (DNA-PK) (Smith and Jackson, 1999; Shiloh, 2001) (Table 1). These
kinases are important for DNA-damage signaling (Burma et al., 2001), however
there is functional redundancy among the pathways such that �-H2AX is detectable
in individual kinase dead mutants (Burma et al., 2001; Ward and Chen, 2001;
Fernandez-Capetillo et al., 2002; Brown and Baltimore, 2003; Fernandez-Capetillo
et al., 2003). In mice lacking functional H2AX, the efficiency of DSB repair is
impeded, the DNA damage-induced checkpoint fails and numerous morphological
abnormalities are observed (Bassing et al., 2002; Celeste et al., 2002). Recent
studies have demonstrated that mammalian MDC1 directly binds to �-H2AX and
this direct interaction plays a central role in the mammalian response to DNA
damage (Stucki et al., 2005). Bassing et al., 2003 reported that H2AX had been
shown to function as a dosage-dependent suppressor of oncogenic translocations and
tumors in mice, whereas in humans, H2AX maps to a cytogenetic region frequently
altered in human cancers. These observations are consistent with a role for altered
or mutated H2AX expression in the onset and progression of at least some human
tumors. Current evidence shows that H2AX is also phosphorylated during apoptotic
DNA fragmentation (Talasz et al., 2002; Huang et al., 2005; Kurose et al., 2005;
Mukherjee et al., 2006).

In S.cerevisiae, histone H2A is more similar to mammalian H2AX than
to mammalian H2A. The counterparts of ATM and ATR, Tel1 and Mec1,
similarly phosphorylate histone H2A (S129) in response to DNA damage (Downs
et al., 2000). Furthermore, recent work has shown that the phosphorylated
histone H2A (S129) interacts with the NuA4 histone acetylferase and INO80
ATP-dependent chromatin remodeling complexes (Downs et al., 2004; Morrison
et al., 2004; van Attikum et al., 2004).

We have discussed recent studies about phosphorylation of histone H2AX in
mammals or H2A in yeast, and it is one of the key events in the response to DNA
damage. This phosphorylation recruits cohesin complex, chromatin remodeling
complex and histone acetyltranseferase to DSBs, and promotes the accumulation
of checkpoint and repair proteins at these sites. However, some groups report that
another complex, for example SWR1 complexes including H2AZ (another histone
H2A variant), also recruit to double strand break regions. There still remains some
questions about how other histone modification or other histone variants respond
to DNA damage.

5. HISTONE H2B PHOSPHORYLATION

Histone H2B amino-terminal tail is essential for chromatin condensation (de la
Barre et al., 2001). In Xenopus, chicken, and human cells phosphorylation of
H2B at Serine 14 by Mst1 (Mammalian Sterile Twenty) kinase has been linked
to chromatin compaction during apoptosis (Ajiro, 2000; Cheung et al., 2003), and
DNA double-strand breaks (Fernandez-Capetillo et al., 2004) (Fig. 2) (Table 1).
At late time points after irradiation, phosphorylated H2B (S14) accumulates into
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irradiation-induced foci and is dependent on phosphorylated H2AX (Fernandez-
Capetillo et al., 2004). Recent studies show that H2B is specifically phosphorylated
at Serine 10 in a hydrogen peroxide-induced cell death pathway in S. cerevisiae.
S10A point mutants in H2B exhibit increased cell survival accompanied by a
loss of both DNA fragmentation and chromatin condensation (Ahn et al., 2005a).
Another H2B phosphorylation at Serine 10 is a biological event that is associated
with dramatic alterations in higher-order chromatin structure during meiosis (Ahn
et al., 2005b). Regarding another phosphorylation site of H2B, Maile T et al., 2004
reported that histone H2B was phosphorylated at Serine 33 by the carboxyl-terminal
kinase domain (CTK) of the Drosophila TFIID subunit TAF1 (Fig. 2) (Table 1).
Histone H2B (S33) phosphorylation is essential for transcriptional activation events
that promote cell cycle progression and development (Maile et al., 2004).

Recent studies demonstrate that histone H2B phosphorylation also plays a
key role in the response to DNA double-strand breaks, apoptosis, meiosis and
transcription activation events. However, the details of this mechanism are poorly
understood.

6. HISTONE H3 PHOSPHORYLATION

Phosphorylation of histone H3 at Ser 10 has been observed in different processes,
including the activation of transcription and chromosome condensation during
mitosis (Gurley et al., 1978; Paulson and Taylor, 1982; Hendzel et al., 1997;
Van Hooser et al., 1998, Wei et al., 1998, de la Barre et al., 2000, De Souza
et al., 2000, Hsu et al., 2000) and meiosis (Kaszas and Cande, 2000) (Fig. 2).
Mutation of this phosphorylation site impairs chromosome condensation and segre-
gation in vivo (Wei et al., 1999). Histone H3 at S10 is phosphorylated by multiple
kinases, such as mitogen and stress-activated protein kinases 1 and 2 (MSK1 and
MSK2) (Thomson et al., 1999, Soloaga et al., 2003, Lim et al., 2004), cAMP-
dependent protein kinase A (PKA) (Taylor, 1982, Kogel et al., 1998, DeManno
et al., 1999, Schmitt et al., 2002), NIMA kinase (De Souza et al., 2000), Aurora
B kinase (Hsu et al., 2000, Adams et al., 2001, Giet and Glover 2001, Murnion
et al., 2001, Petersen et al., 2001, Scrittori et al., 2001, Crosio et al., 2002,
MacCallum et al., 2002, Sugiyama et al., 2002, Hirota et al., 2005, Fischle
et al., 2005), ribosomal S6 kinase 2 (RSK2) (Erikson and Maller 1985, Sassone-
Corsi et al., 1999) and I�B kinase � (IKK�) (Yamamoto et al., 2003, Duncan
et al., 2006) (Table 1). MSK1/2 are downstream targets of the Ras mitogen-activated
protein kinase (MAPK) signal transduction pathway. Histone H3 phosphorylation at
S10 by MSK1/2 has been linked to transcriptional activation of mitogen-stimulated
immediate-early response genes, such as c-fos and c-jun (Mahadevan et al., 1991,
Chadee et al., 1999, Sassone-Corsi et al., 1999, Thomson et al., 1999, Dyson
et al., 2005) and, more recently, has been reported in conjunction with many other
inducible genes and oncogenes (Clayton and Mahadevan 2003, Ge et al., 2006).
Recent studies have demonstrated that there exists a cross-talk between phosphory-
lation of histone H3 Ser 10 and acetylation or methylation of histone H3. Histone
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H3 phoshorylation at S10 can enhance acetylation of histone H3 at K14 (Cheung
et al., 2000, Lo et al., 2000), abolish acetylation of histone H3 at K9 (Edmondson
et al., 2002) and inhibit methylation of histone H3 at K9 (Rea et al., 2000).
Furthermore, methylation of histone H3 at K9 interferes with phosphorylation of
histone H3 at S10 (Rea et al., 2000) (Fig. 4). Further evidence about phosphory-
lation of histone H3 Ser 10, is that overexpression of Aurora kinase, which has
been observed in many cancer cell lines, causes increased phosphorylation (Ota
et al., 2002). Increased phosphorylation was found during the heat shock response
(Nowak and Corces, 2000) and in oncogene-transformed mouse fibroblasts (Chadee
et al., 1999). Phosphorylation of histone H3 at Ser 10 by AuroraB disrupts the
HP1 (Heterochromatin protein 1) and methylation of histone H3 (K9) interaction,
and release of HP1 from chromosomes during mitosis (Fischle et al., 2005, Hirota
et al., 2005). These data suggest that switching of methylation and phosphorylation
roles permit the progression of mitosis.

Recent studies have demonstrated other phosphorylation sites of histone H3 at
Threonine 3 (Polioudaki et al., 2004) and Threonine 11 (Preuss et al., 2003) (Fig. 2).

Figure 4. Histone modification cross-talk between phosphorylation of histone H3 (S10) and acetylation
of histone H3 (K14) or methylation of histone H3 (K9). Histone H3 phoshorylation at S10 can enhance
acetylation of histone H3 at K14 (Cheung et al., 2000), (Lo et al., 2000). (b) Histone H3 phoshorylation
at S10 abolish acetylation of histone H3 at K9 (Edmondson et al., 2002). (c) Histone H3 phoshorylation
at S10 inhibits methylation of histone H3 at K9 (Rea et al., 2000). (d) methylation of histone H3 at K9
interferes with phosphorylation of histone H3 at S10. Phosphorylation is represented by the blue flag,
acetylation is represented by the black flag, and methylation represented by the green flag



Role of Histone Phosphorylation in Chromatin Dynamics 327

Histone H3 (T11) phosphorylation occurs during mitosis by Dlk/ZIP kinase (Dlk:
Death-associated protein (DAP)-like kinase, ZIP: Zipper interacting protein kinase)
(Preuss et al., 2003) (Table 1). Histone H3 at Serine 28 is phosphorylated by Aurora
B kinase at mitosis and this phosphorylation coincides with chromosome conden-
sation (Goto et al., 1999, Goto et al., 2002) (Fig. 2), (Table 1). Histone H3 (S28)
phosphorylation initiates at prophase, whereas histone H3 (S10) phosphorylation
initiates during the late G2 phase (Hendzel et al., 1997).

Centromere protein A (CENP-A), one of several variants of histone H3, is
phosphorylated on Ser 7 by Aurora B kinase which is equivalent to Ser 10 of histone
H3 (Zeitlin et al., 2001). Recent studies demonstrate that Aurora A kinase also
phosphorylates CENP-A (S7) (Kunitoku et al., 2003) (Table 1). The presence of
CENP-A in centromeric nucleosomes is required for kinetochore organization and
function (Choo 2001). Loss of CENP-A phosphorylation function at Ser 7 caused
a mislocalisation of Aurora B, a putative partner phosphatase (PP1�1) and inner
centromere protein (INCENP). H3.3, another variant of histone H3 is phosphory-
lated on Ser 31 in vivo (Table 1). H3.3 (S31) is a mitosis-specific modification that
is present only in late prometaphase and metaphase. Furthermore, H3.3 (S31) is
excluded from centromeres. However it is enriched in distinct chromosomal areas
immediately adjacent to centromeres (Hake et al., 2005).

We have discussed phosphorylation of histone H3, which has been studied in
many organisms. Phosphorylation of histone H3 (S10) has two opposite main
functions. One is necessary to initiate chromosome condensation during mitosis and
meiosis, while the other is transcriptional activation. Current evidence shows that a
combination of phosphorylation of H3 (S10) and methylation of H3 (K9) or acety-
lation H3 (K9, K14) play important roles in these phenomena including cell cycle
related chromosome dynamics and transcriptional activation. These results suggest
that a combination of different histone modifications excute different biological
outcomes.

7. HISTONE H4 PHOSPHORYLATION

Phosphorylation of histone H4 (S1) increases during the cell-cycle, similar to
histone H2A (S1) (Ruiz-Carrillo et al., 1975; Barber et al., 2004) (Fig. 2) (Table 1).
Directly comparing the timing of histone H3 (S10 or S28) and H2A/H4 (S1)
phosphorylation during the different stages of mitosis with individual antibodies,
Barber et al., (Chromosoma, 2004) found that the overall timing of these
modifications was similar. They also detected a lower level of histone H2A/H4
phosphorylation in early S-phase cells, possibly on newly deposited histones
on replicating DNA. The phosphorylation of H2A/H4 (S1) is an evolutionarily
conserved modification that may have separate roles during mitosis and S-phase
(Barber et al., 2004). In S.cerevisiae, histone H4 (S1) is also associated with DNA
double-strand breaks. Casein kinase II (CK2) can phosphorylate histone H4 (S1)
in vitro and that null or temperature-sensitive mutants are defective for induction
of H4 (S1) phosphorylation upon DNA damage in vivo (Cheung et al., 2005).
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Another function of H4 (S1) regulates chromatin acetylation by the NuA4
complex and this process is important for normal gene expression and DNA repair
(Utley et al., 2005).

Recent studies have demonstrated that histone H4 (S1) phosphorylation is also a
key role in the response to DNA double-strand breaks, cell-cycle progression and
gene expression. In particular, this modification may have important roles during
mitosis and S-phase-associated events in the cell-cycle and its phosphorylation
found on newly synthesized histones during S-phase. However this phosphorylated
residue is a novel histone modification site, and the details of this mechanism will
be made evident by future experimentation.

8. HISTONE PHOSPHORYLATION AND HUMAN DISEASES

In mammalian cells, DNA double-strand breaks (DSBs) are highly toxic lesions that,
if not repaired or repaired incorrectly, can cause cell death, mutations, and chromo-
somal translocations and can lead to cancer. Phosphorylation of H2AX (�-H2AX)
is induced in response to DSBs. A defective DNA damage response has caused
some diseases, such as ataxia telangiectasia (AT) (Boder and Sedgwick, 1958),
Seckel syndrome (O’Driscoll et al., 2003), Nijmegen breakage syndrome (Tauchi
et al., 2002), Bloom’s syndrome (Chester et al., 1998), ataxia telangiectasia-like
disease (ATLD), Radiosensitive sever combined immunodeficiency (RS-SCID),
LIG4 syndrome (O’Driscoll et al., 2004), Xeroderma pigmentosum (XP), Trichoth-
iodystrophy (TTD) and Cockayne syndrome (CS)(Theron et al., 2005). In humans,
mutations of the ATM gene cause AT, mutations of the ATR gene cause Seckel
syndrome, mutations of the NBS1 gene cause Nijmegen breakage syndrome,
mutations of the BLM gene cause Bloom’s syndrome, mutations of the MRE11
gene cause ATLD, mutations of the Artemis gene, specifying a protein that plays
a subsidiary role in non-homologous end-joining (NHEJ) although it is not an
essential component, cause RS-SCID, mutations of DNA ligase IV, an essential
component of DNA NHEJ, cause LIG4 syndrome, and mutations of XPD gene
cause XP, TTD and CS (Table 2). For example, Seckel syndrome patients have
dramatic microcephaly and marked growth and development delay, Nijmegen
breakage syndrome is a recessive genetic disorder characterized by immunodefi-
ciency with a high frequency of malignancies, and LIG4 syndrome is associated
with pancytopenia, developmental and growth delay and dysmorphic facial
features.

Coffin-Lowry syndrome (CLS) is a syndromic form of X-linked mental retar-
dation, with some diagnostic features, such as skeletal abnormalities (Hanauer and
Young, 2002; Young, 1988). Trivier et al., (1996) had data suggesting that CLS is
caused by loss of function mutations in RSK2 (Trivier et al., 1996). RSK2 protein
is a member of a family of serine/threonine protein kinases that act at the distal end
of the mitogen induced Ras mitogen-activated protein kinase (MAPK) signaling
pathway. It can phosphorylate histone H3 (S10) (see section 6).
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Table 2. Syndromes and associated mutated genes

Syndrome Mutated gene

Ataxia telangiectasia (AT) ATM
Seckel syndrome ATR
Nijmegen breakage syndrome Nbs1
Blooms syndrome BLM
Ataxia telangiectasia like disease (ATLD) Mre11
Radiosensitive sever combined immunodeficiency (RS-SCID) Artemis
LIG4 syndrome DNA ligase IV
Xeroderma pigmentosum (XP) XPD
Trichothiodystrophy (TTD) XPD
Cockayne syndrome XPD

9. CONCLUSIONS AND PERSPECTIVES

Here we discuss recent progress in understanding what occur as a consequence of
histone phosphorylation. Given the number of different histone tails and the number
of different histone modifications, the potential complexity of regulation is immense.
Strahl and Allis have proposed the histone code hypothesis (Strahl and Allis, 2000),
according to which each combination of post-translational modifications on a
histone tail has a specific function (Jenuwein and Allis, 2001). For example,
mitotic chromatin condensation is associated with histone H3 (S10) phospho-
rylation, but this modification has not been observed during apoptosis-induced
chromatin condensation. Both mitosis and apoptosis have chromatin condensation
phenomena, however histone marks that regulate these phenomena are different.
There is insufficient knowledge to address how these different histone modifications
regulate chromatin condensation in the different contexts. Histone phosphorylation
function is still poorly understood and there are many questions. Future experimen-
tation will provide answers for many of these questions.
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CHAPTER 15

REGULATION AND FUNCTION OF H3K9
METHYLATION
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Abstract: First histone lysine methyltransferase (HLMTase) was discovered in 2000. Since then,
there are reports of dozens of novel HLMTases in different eukaryotes including plant,
fungus, insect, nematode and vertebrate. The enzymes and their specific histone-lysine
modifications have enormous impacts on the regulation of chromatin structure and
function. Furthermore, various histone methyl-lysine demethylases (HLDMases) have
been identified recently. In this chapter, histone H3 lysine 9 specific methyltransferases
will be discussed as model enzymes involved in the regulation of chromatin function

1. INTRODUCTION

In eukaryotes, DNA is wrapped around core histones to form nucleosome
particles and condensed chromatin structures with various nuclear molecules.
Thus, regulation of chromatin structure and dynamics is a critical step for
genomic functions. Covalent histone modifications play crucial roles in regulating
these processes. Since the first report of histone lysine methyltransferase
(HLMTase) by Thomas Jenuwein’s group in 2000 (Rea et al., 2000), dozens
of novel HLMTases have been identified in different eukaryotes. Their roles
in genomic functions have also been studied extensively (reviewed by Martin
and Zhang, 2005; Lachner et al., 2004; Kouzarides, 2002). The resulting
data strongly suggest that histone lysine methylation has significant impacts
on various chromatin-associating functions including transcriptional regulation,
heterochromatin formation, DNA repair and recombination. Two major roles
are proposed regarding the functional mode of histone lysine methylation. The
first one suggests that histone lysine methylation recruits/regulates different
biological reactions by means of a control of the protein (histone)-protein inter-
action in a similar fashion as the phosphorylation regulates protein function
(reviewed by Martin and Zhang, 2005; Sims and Reinberg, 2006; Lachner
et al., 2004; Fischle et al., 2003). It has been shown that each methylated lysine
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residue of H3 and H4 is utilized differentially and may recruit different functional
molecules involved in different chromatin-associating processes. The second role
of histone lysine methylation is to act together with other chemical modifica-
tions of histones and thereby, regulates different chromatin functions. For example,
histone H3 serine 10 (H3S10) phosphorylation coupled with the activation of early-
responsible genes is suppressed by the pre-existing H3K9 methylation, which is
mostly associated with transcriptional silencing (Rea et al., 2000). It is obvious that
HLMTases and their histone marks are key players in the histone code network.
In this chapter the mechanisms of action of H3K9 methyltransferases and their
functional consequences to regulate the chromatin dynamics will be discussed.

2. H3K9 HLMTASE FAMILY

2.1. Su(var)3-9, Clr4, Suv39h1, 2

Pea ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit N-
methyltransferase Rubisco LSMT) was reported as the first protein lysine
methyltransferase in 1995 (Klein and Houtz, 1995). Rubisco LSMT and Su(var)3-9
family molecules (Su(var)3-9, Clr4 and Suv39h) contain the SET-domain. Based
on these informations, Su(var)3-9 family molecules have been demonstrated
as the first histone lysine methyltransferases (reviewed by Jenuwein, 2006;
Rea et al., 2000). Since then, dozens of molecules have been described with
histone lysine methyltransferase activity, and all except one molecule named
Dot1/DOT1L belong to the members of the SET-domain proteins. Su(var)3-9 was
originally identified by the modifier screening of the position-effect-variegation
(PEV) phenotypes in Drosophila (reviewed by Reuter and Spierer, 1992; Weiler
and Wakimoto, 1995; Wallrath, 1998). Clr4 was shown to be essential for
silencing of centromeres and the mating-type loci in fission yeast (reviewed
by Klar, 1998; Allshire, 1995). Human SUV39H1 and murine Suv39h1, 2
were identified as the homolog of Su(var)3-9 (Aagaard et al., 1999; O’Carroll
et al., 2000). Suv39h1 is ubiquitously expressed, but Suv39h2 expression
is more restricted to the germ-lineage and early embryonic-stage cells. All
the Su(var)3-9 family HLMTases mainly regulate H3K9 methylation on
“heterochromatin”.

2.2. G9a, dG9a, GLP/Eu-HMT1

G9a was originally described as a gene mapped in the human major histocom-
patibility complex locus (Milner and Campbell, 1993) and then characterized as
the H3K9 HLMTase gene (Tachibana et al., 2001). GLP/Eu-HMT1 is a single
G9a-related molecule in mammal, exists as a heteromeric complex with G9a
in a wide variety of cell types (Tachibana et al., 2005). They cooperatively
exert H3K9 methyltransferase function in vivo. In contrast to Suv39h, G9a/GLP
targets H3K9 mostly on “euchromatin” (Tachibana et al., 2002; Rice et al., 2003;
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Peters et al., 2003; Tachibana et al., 2005). dG9a was recently reported as
Drosophila homolog of G9a (Mis et al., 2006). dG9a exerts HLMTase activity
against H3K9 and the dG9a mutation is a dominant suppressor of PEV.

2.3. SETDB1/ESET, SETDB2

SETDB1/ESET was originally reported as the gene encoding a bifurcated SET
domain protein in mammal (Harte et al., 1999). H3K9 methyltransferase activity of
SETDB1/ESET was assessed by the characterization of the KAP-1 transcriptional
co-repressor complexes containing SETDB1/ESET (Schultz et al., 2002). Although
SETDB1/ESET is essential for mouse early embryogenesis (Dodge et al., 2004),
it remains unclear how much SETDB1/ESET contributes to the H3K9 methylation
in vivo. There is one SETDB1-related gene, SETDB2 in mammal, but function of
SETDB2 is not demonstrated yet.

2.4. DIM-5

DIM-5 was identified as the responsible gene for one of DNA hypomethylation
mutants in Neurospora crassa (Tamaru and Selker, 2001). This is the first report that
histone (H3K9) methylation regulates DNA methylation. Furthermore, it is reported
that this regulation is mediated through the HP1 recruitment to the tri-methylated
H3K9 loci (Freitag et al., 2004), but it remains to be elucidated whether DNA
methylation (DNA methyltransferase) is directly controlled (recruited) by HP1.

2.5. KYP/SUVH4

KRYPTONITE (KYP/SUVH4) was also identified as the responsible gene for one
of DNA (non-CG) hypomethylation mutants in Arabidopsis thaliana (Jackson
et al., 2002). This is another clear example for the interaction between histone
methylation and DNA methylation. But, in the case of arabidopsis, non-coding
double-stranded RNA (dsRNA) also regulates H3K9 methylation (therefore controls
DNA methylation) similar with that heterochromatin formation is coordinately
regulated and maintained by the dsRNA/histone H3K9 methylation system in fission
yeast (reviewed by Mathieu and Bender, 2004; Grewal and Rice, 2004; Verdel
and Moazed, 2005). Other arabidopsis SET-domain proteins (SUVH2, 5, 6) were
also shown to be involved in some of H3K9 methylation and regulation of DNA
methylation (Ebbs and Bender, 2006 2005; Naumann et al., 2005).

2.6. RIZ1/PRDM-2

RIZ1 was originally isolated as a molecule associating with the retinoblastoma
protein, Rb (Buyse et al., 1995). RIZ1 is classified as a member of the PR-domain
family (PRDM-2) (the PR-domain family is now a sub-family of the SET-domain
family proteins). It exerts H3K9 methyltransferase activity (Derunes et al., 2005).
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Figure 1. H3K9 HLMTases. (See Colour Plate 19.)

It is reported that various kinds of human tumor cells loose or alter the RIZ1
expression, and inactivation of mouse Riz1 induces B cell lymphoma suggesting that
RIZ1 acts as a tumor suppressor gene (reviewed by Canote et al., 2002. Structures
of the described H3K9 HLMTases are shown in Fig. 1

3. FUNCTIONS OF H3K9 METHYLATION

H3K9 methylation catalyzed by the aforementioned HLMTases is mostly associated
with transcriptional silencing and heterochromatin formation. For all characterized
species, chromodomain of HP1 or HP1 homologues shows high affinity to the
methyl-H3K9 (Nakayama et al., 2001; Lachner et al., 2001; Bannister et al., 2001;
Jacobs et al., 2001; Freitag et al.., 2004). The recruited HP1 is involved in the
heterochromatin formation and DNA methylation. Recent studies indicate that
heterochromatin accumulation of mammalian HP1 is positively regulated by both
methylated H3K9 and the HP1-Suv39h interaction (Stewart et al., 2005). Molecular
details are not clarified yet, but H3K9 methylation suppresses the H3S10 phospho-
rylation (Rea et al., 2000). On the other hand, H3S10 phosphorylation suppresses
the HP1-methylated H3K9 interaction (Fischle et al., 2005; Hirota et al., 2005;
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Flanagan et al., 2005). Although H3K9 methylation is mostly associated with
transcriptional silencing and the H3K9 HLMTases are frequently seen in the
transcriptional silencing complexes containing HDAC or Methyl-CpG binding
proteins, some of H3K9 methylation is linked with transcriptional activation (Vakoc
et al., 2005; Lee et al., 2006). This implies that H3K9 methylation itself is
dispensable for the transcriptional regulation in the certain contexts.

4. RECRUITMENT MECHANISMS OF THE H3K9 HLMTASES

Whereas the roles of H3K9 methylation in heterochromatin formation and epigenetic
gene regulation are studied extensively, it remains unclear how H3K9 HLMTases
are recruited to their target chromatin loci. Given below is the current molecular
mechanism regarding the recruitment of each H3K9 HLMTase.

4.1. CLR4

Elegant genetic screening in fission yeast has identified various genes involved
in the heterochromatin formation. Based on these studies, it is proposed that two
parallel pathways seem to exist (reviewed by Verdel and Moazed, 2005; Martienssen
and Zaratiegui, 2005). One is the RNAi-mediated pathway and the DNA-binding
proteins regulate the other one. It is not very clear how each component of these
pathways is critical for the recruitment of Clr4 to the target heterochromatic loci.
However, recent biochemical studies provide new insights into the Clr4 recruitment
processes. Rik1, which is essential for the heterochromatin formation in fission
yeast, was shown to associate with Clr4 (Sadaie et al., 2004). Since Rik1 is a
protein related to DNA damage binding protein DDB1 and possesses the WD �-
propeller domain present in the RNA processing molecules, it is suggested that
Rik1 may recruit Clr4 to the target heterochromatic regions though the Rik1-
RNA (RNAi) interaction. Furthermore, it was reported that Clr4 also associates
with the ubiquitin ligase component, Cul4, and the mutant of Cul4 lacing Nedd8
modification, which is essential for the ubiquitin ligase activity, disrupts H3K9
methylation and heterochromatin formation (Jia et al., 2005; Horn et al., 2005).
Cul4-mediated protein ubiquitination might play an important role in the Clr4
recruitment step.

4.2. SU(VAR)3-9

As the RNAi machineries regulate Clr4-mediated H3K9 methylation, it was
proposed that H3K9 methylation and heterochromatin formation also involve the
RNAi machineries in Drosophila (Pal-Bhadra et al., 2004). Although it remains
unclear how Su(var)3-9 is recruited to the heterochromatic regions, the findings
of yeast and fruit fly suggest that similar mechanisms exist for the targeting of
Su(var)3-9. Another PEV modifier, Su(var)3-7 has been shown to interact with
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Su(var)3-9 in the yeast two-hybrid interaction assay and increase the Su(var)3-9-
mediated H3K9 methylation on autosomes and the male X chromosome. Su(var)3-7,
contains seven widely spaced zinc-finger motifs, is involved in the recruitment of
Su(var)3-9 (Schotta et al., 2002; Delattre et al., 2004).

4.3. SUV39H

Suv39h is one of the most characterized H3K9 HLMTases, but the recruitment
mechanism is not well known. HP1 is the only known molecule ubiquitously
associated with Suv39h, but so far HP1 seems not to be essential for the recruitment
of Suv39h into pericentromeric heterochromatin. Su(var)3-9 family proteins are
highly conserved among fission yeast, Drosophila and mammals. The involvement
of RNAi machineries for the Suv39h recruitment is quite possible even though
the phenotypes of the Dicer-deficient cells are currently bit controversial for the
heterochromatin formation and H3K9 methylation (Murchison et al., 2005; Kanel-
lopoulou et al., 2005; Cobb et al., 2005). Some Suv39h interacting molecules
including Rb and HTLV-1 Tax are reported, but they are not major players for
the heterochromatin recruitment of Suv39h molecules (Nielsen et al., 2001; Kamoi
et al., 2006)

4.4. G9a/GLP

Recent biochemical analysis of the G9a complex revealed that G9a exists as the
G9a/GLP/Wiz triple complex in various kinds of human and murine cells (Ueda
et al., 2006). Wiz is a molecule containing six Kruppel �C2H2�-type zinc finger
motifs in a widely-interspaced manner (similar with Su(var)3-7) and seems to bind
the G9a/GLP heterodimer complex. Current data suggest that Wiz plays a role in the
stabilization of G9a. In addition, it links the G9a/GLP heteromeric complex to the
CtBP co-repressor machinery. Furthermore, Wiz shows single- and double-stranded
DNA binding activities in vitro, therefore suggesting that Wiz may also contribute
to the recruitment of the G9a/GLP complex to their target chromatin loci. G9a
can bind multiple another zinc-finger molecules including Prdm1/Blimp-1(Gyory
et al., 2004), NRSF/REST (Roopra et al., 2004), Gfi1 (Duan et al., 2005), Gif1b
(Vassen et al., 2006) and PRIZM/PRDM6 (Davis et al., 2006). Therefore, specific
DNA binding activities of these multi zinc-finger molecules might also contribute
to the target specificities of G9a(/GLP).

4.5. SETDB1/ESET

SETDB1 was originally described as a binding partner of the transcriptional
co-repressor molecule KAP-1 for the KRAB-Zinc finger protein superfamily
(Schultz et al., 2002). Therefore, the recruitment of SETDB1/ESET to the
target loci is potentially mediated by the specific DNA bindings of these zinc-
finger motifs. Furthermore, methyl-CpG binding protein MBD1 form a complex
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Figure 2. Potential recruitment pathways of yeast and mammalian H3K9 HLMTases. (See Colour
Plate 20.)

with SETDB1/ESET (possibly) mediated by the SETDB1 partner AM (ATFa-
associated modulator)/MCAF (MBD1-containing chromatin-associated factor)
(Wang et al., 2003; Ichimura et al., 2005). Furthermore, the SETDB1/ESET-
AM/MCAF-MBD1 triple complex can transiently interact with the chromatin
assembly factor CAF-1 in the S-phase specific manner (Sarraf and Stancheva, 2004).
Interaction of these molecules may also contribute to the target specificities or
cell-cycle specific recruitment of SETDB1/EST. Potential recruitment mechanism
of each of the H3K9 HLMTases in yeast and mammals is described in Fig. 2

4.6. ATSUVH

There are about 15 different Su(var)3-9 homologues (AtSUVH1-10 and AtSUVR1-
5) in Arabidopsis and some of them were shown to contribute to the H3K9 methy-
lation at heterochromatin. RNAi machineries regulate heterochromatin modifica-
tions including H3K9 methylation (reviewed by Gendrel and Colot, 2005; Mathieu
and Bender, 2004; Baulcombe, 2004; Matzke et al., 2004). However, details of
the connection between RNAi machineries and H3K9 methylation are not eluci-
dated yet.

5. PROPERTIES OF H3K9 HLMTase ACTIVITIES

Based on the biochemical studies, HLMTases can be classified into two categories.
One type of the enzymes preferentially methylates histones in a nucleosomal
context. This category includes the H3K27 HLMTase EZH2 (EED–EZH2 complex)
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(Cao and Zhang, 2004), and the H4K20 HLMTases pr-SET7/SET8 (Fang
et al., 2002; Nishioka et al., 2002) and Suv4-20h1,h2 (Schotta et al., 2004).
The other type of HLMTases methylates histone octamers, but exhibits a low
rate of catalysis for nucleosomal histones. Interestingly, all of the characterized
H3K9 HLMTases in mammals (i.e., Suv39h, G9a, GLP/ Eu-HMTase1, and
SETDB1/ESET) belong to the latter group (Ogawa et al., 2002; Wang et al., 2003;
Schotta et al., 2004; Tachibana et al., 2005). Substrate specificities of pr-SET7 and
G9a are shown in Fig. 3

Not only the substrate preferences, some HLMTases also exert the context-
dependent enzymatic properties. H3K27 HLMTase EZH2 also shows that
enzymatic activity is only functional in the form of complex with other associating
molecules including EED (Cao and Zhang, 2004; Pasini et al., 2004). G9a, GLP
and SET/DB1 are also context – dependent H3K9 HLMTases. Even G9a and GLP
independently express H3K9 HLMTase activities in vitro, both are only functional
in vivo if they can form a heterodimer complex (Tachibana et al., 2005). The
stability of G9a in the G9a/GLP complex may partly explain the nature of the
G9a/GLP complex in vivo. In the case of SETDB1/ESET, this molecule associates
with the binding partner AM/MCAF and AM/MCAF enhances the enzymatic
activity of SETDB1/ESET (especially conversion of dimethyl to trimethyl H3K9)
(Wang et al., 2003).

Recently, it was reported that the SETDB1/ESET-MBD1 complex binds to CAF-
1 in an S-phase specific manner (Sarraf and Stancheva, 2004). This finding implies
that SETDB1 may exert HLMTase activities when coupled with DNA replication.
In this context, it is possible that methyl - transfer of H3K9 is tightly regulated in
the cell cycle and mostly targeted to the newly synthesized H3 when deposited into
nucleosomes during replication. Methylated histone H3 (at K9) may be replaced by
H3.3 which is mostly associated with the induction of H3K4 methylation (Ahmad
and Henikoff, 2002; Janicki et al., 2004; McKittrick et al., 2004; Schwartz and
Ahmad, 2005; Mito et al., 2005; Henikoff and Ahmad, 2005). In contrast to the
H3K9 HLMTases, the nucleosome – preferring HLMTases can continuously transfer

Figure 3. H3K9 HLMTases are naked histone preferring enzymes.
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Figure 4. Possible deposition timing of histone lysine methylation

the methyl groups except during the S phase of cell cycle if their in vitro enzymatic
properties reflect their in vivo nature. It is not well characterized yet, but the issues of
the methylation timing are quite important for elucidating how cellular memories of
histone methyl-lysine codes are maintained though replication. Potential methylation
timings of different histone lysine residues are illustrated in Fig. 4.

6. INTERACTION BETWEEN H3K9 METHYLATION
AND DEMETHYLATION

The concept of histone methyl-lysine codes as a cellular memory is undergoing
changes in the last two years. Especially, emergence of various histone lysine
demethylase (HLDMase) activities has made significant impacts on our knowledge
for the regulation of histone methylation (Shi et al., 2003; Whetstine et al., 2006;
Yamane et al., 2006; Tsukada et al., 2006; Fodor et al., 2006). So far, three
enzymatic activities were shown to antagonize the H3K9 methylation. Two of them,
JMJD2 group and JHDM2A are members of the jmjC class of hydroxylases and
antagonize H3K9 tri- and mono-/di-methylation of H3K9, respectively (Whetstine
et al., 2006; Fodor et al., 2006; Yamane et al., 2006). Furthermore, recent data
show that methylated H3K4 is recognized by the double tudor domain of JMJD2A
(Huang et al., 2006), suggesting that the H3K4 methylation potentially antagonize
the H3K9 methylation mediated by the recruitment of JMJD2A, H3K9 HLDMase.
In mammals, about 30 different jmjC-domain containing molecules exist (Trewick
et al., 2005; Takeuchi et al., 2006). It is quite possible that another substrate specific
HLDMase(s) exists in the remaining jmjC - domain molecules.
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7. CONCLUSION

Recent new and exciting findings for the genome-wide analysis of the target loci
of H3K27 methylation in the embryonic stem cells and other cell types are timely
(Lee et al., 2006; Boyer et al., 2006; Bernstein et al., 2006; Bracken et al., 2006,).
Not only H3K27 methylation, but other histone methyl-lysine codes including
H3K9 methylation are coordinately integrated into the histone code network and
regulate various kinds of biological reactions including transcriptional regulation,
cell growth, differentiation/pluripotency and DNA repair. In this context, our further
studies and understanding of the dynamics and regulation of histone lysine methy-
lation would be crucial for our health and the cure diseases.
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CHAPTER 16

HISTONE ACETYLATION AND METHYLATION
Combinatorial players for transcriptional regulation

WOOJIN AN
Department of Biochemistry & Molecular Biology, USC/Norris Comprehensive Cancer Center,
1501 San Pablo Street, ZNI 241, MC 2821, Los Angeles, California 90089-2821

Abstract: Post-synthetic modification of histone proteins in chromatin architecture plays a central
role in the epigenetic regulation of transcription. Histone acetylation and methylation are
the two major modifications that function as a specific transcription regulator in response
to various cellular signals. Albeit the mechanism of action of these modifications
in transcription is not well understood, recent discovery of histone acetyltransferase
(HAT) and methyltransferase (HMT) activities within transcriptional regulators has
an important implication for histone modification to be a key player for the precise
regulation of transcription processes. Here, we discuss recent advances made on histone
acetylation and methylation as a fundamental process to modulate gene transcription,
with a particular emphasis on their combinatorial effects in transcriptional control

1. INTRODUCTION

In eukaryotic cells, the DNA is compacted into the nucleus as a complex structure
known as chromatin. The fundamental repeating unit of chromatin is the nucle-
osome, which consists of 146 bp of DNA wrapped around a core histone octamer
containing pairs of each of the histone proteins, H2A, H2B, H3 and H4 (van
Holde, 1988; Luger et al., 1997; Kornberg and Lorch, 1999). Structured central
domains of core histones mediate histone-histone interactions to stabilize the histone
octamer within the nucleosome core particle. Each core histone also contains
unstructured N-terminal tail domains ranging from 15 (H2A) to 35 (H3) amino acids,
which are extended out of the nucleosome particle (Luger and Richmond, 1998).
Although histone tails at the surface of the nucleosome do not contribute to structure
and stability of nucleosomes, they are required for the internucleosomal inter-
action to facilitate the higher-order folding of chromatin fibers (Hansen, 2002).

∗E-mail:woojinan@usc.edu

351

T.K. Kundu and D. Dasgupta (eds.), Chromatin and Disease, 351–369.
© 2007 Springer.



352 Woojin An

A high proportion of the positively charged basic amino acids lysine and arginine
within these flexible tails are frequent targets for extensive posttranslational modifi-
cations (Berger, 2002). Such modifications include the acetylation of lysine residues,
the methylation of lysine and arginine residues, the ubiquitination of lysine residues,
the phosphorylation of serine and threonine residues, the sumoylation of lysine
residues, and the poly ADP-ribosylation of glutamic acid residues.

Acetylation and methylation of specific lysine or arginine residues in histones
H3 and H4 are reversible post-translational processes directly linked to either active
or repressive states of gene transcription (Peterson and Laniel, 2004). Although it
remains unclear to what extent, it also has been well documented that these modifi-
cations mutually affect each other in many cases to regulate specific transcription-
based processes (Zhang and Reinberg, 2001; Berger, 2002; Fischle et al., 2003).
In the wake of several pioneering techniques, it has been feasible to characterize
the contribution of particular histone modifications in transcriptional regulatory
networks and to profile the genome-wide status of a specific modification in a
massively parallel way. The results of such analyses will be useful in confirming
functional consequences of epigenetic signals within histone tails and will ultimately
be valuable for diagnostic, therapeutic and drug development purposes. In this
article, I will review the individual and combinatorial characters of histone acety-
lation and methylation in transcription and discuss the implications of epigenetic
approaches that target HMT and HAT for the treatment of major pathologies.

2. HISTONE ACETYLATION AND TRANSCRIPTION

Histone acetylation is one of the major histone modifications that takes place at the
�-amino groups on specific lysine residues at the N-terminus of histone proteins
(Fig. 1) (Sterner and Berger, 2000; Roth et al., 2001). This modification occurs on
all four core histones and reduces the net positive charge on the histone proteins.
Earliest studies on this modification suggested that the addition of an acetyl group
to a histone N-terminal tail plays some special role in chromatin reorganization
for efficient transcription (Allfrey et al., 1964). In support of this idea, histones
within active chromatin regions appear to be acetylated to a higher degree than
those in inactive chromatin regions (Grunstein, 1997; Kuo and Allis, 1998). Further
evidence in favor of a role for histone acetylation in transcription has been obtained
by identification of histone acetyltransferases capable of adding acetyl groups to
histone tails (Sterner and Berger, 2000; Roth et al., 2001). Observation that many
known transcription cofactors possess an intrinsic HAT activity supported the causal
relationship between histone acetylation and gene transcription (Table 1). Histone
acetylation is a highly dynamic event as a consequence of the presence of histone
deacetylases (HDACs) which can induce the removal of acetyl groups from histones
(Yang and Seto, 2003); treatment of cells with HDAC inhibitor sodium butyrate has
been shown to increase DNase I sensitivity of chromatin and to activate previously
repressed genes (Roth et al., 2001). Hence, albeit imperfectly proven, there is a great
deal of information to support a positive role for histone acetylation in transcription.
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Figure 1. Schematic summary of sequences of H3 and H4 tails. “A” and “M” indicate major in vivo
acetylation and methylation sites, respectively. (See colour Plate 21.)

HAT proteins are grouped into different family classes through sequence
homologies and similarities in their biological functions (Table 1). The GNAT
family is the best understood group of nuclear HATs including GCN5 and PCAF
and related proteins. In addition to a C-terminal catalytic HAT domain, each

Figure 2. Interplay between histone acetylation and methylation. Acetylated (A) and methylated (M)
residues are indicated. Positive effects are represented by normal arrows; negative effects are represented
by tee arrow. (See colour Plate 22.)
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Table 1. List of known histone acetyltransferases (HATs)

Family HAT Complex Organism Substrate Transcriptional
functions

GNAT Gcn5L STAGA,
TFTC

Humans, Mice H3/H2B Activation

PCAF PCAF Humans, Mice H3/H4 Activation
Gcn5 SAGA, ADA,

SLIK, SALSA,
HAT-A2

Yeast H3/H2B Activation

Elp3 Elongator Yeast H3/H4 Activation
ATF-2 Humans, Mice H4/H2B Activation
HAT1 HAT-B Humans,

Yeast
H4/H2A Repression

Hpa2 Yeast H3/H4 ND

MYST TIP60 TIP60 Humans, Mice H3/H4 Activation
Sas2 SAS Yeast H4 Repression
Sas3 NuA3 Yeast H3 Activation
Esa1 NuA4 Yeast H4/H2A Cell cycle control
Mof MSL Drosophila H4 Dosage

compensation
HBO1 HBO1 Humans H3/H4 Repression
MOZ Humans H3/H4 Activation
MORF Humans H3/H4 Activation

p160 SRC-1 Humans, Mice H3/H4 Activation
ACTR Humans, Mice H3/H4 Activation

Others p300/CBP Humans, Mice H3/H4/H2A/H2B Activation
TAFII250 (TAF 1) TFIID Humans H3/H4 RNA Pol II

transcription
TFIIIC90/110/220 TFIIIC Humans H3/H4/H2A RNA Pol III

transcription
Nut1 Mediator Yeast H3/H4 Activation

“HAT” indicates the catalytic HAT subunit; “complex” indicates the purified HAT complex. The
substrates refer to the in vitro specificity of the HAT subunit. Known functions of each modification in
transcription are listed in the last column. ND: not determined

member possesses a bromodomain of about 110 residues for specific interaction
with lysine-acetylated histone tails (Sterner and Berger, 2000; Roth et al., 2001).
GCN5L and PCAF are the best characterized human HATs among the GNAT
family as transcriptional coactivators. Although PCAF and GCN5L share signif-
icant homology, only homozygous GCN5L null mutations exhibit mouse embryonic
lethality (Xu et al., 2000), suggesting different physiological roles of different
GNAT family members. Members of the MYST family are grouped together on
the basis of their possession of a particular highly conserved 370 residue MYST
domain, which has a catalytic mechanism different from that shared by other
families of HATs. These proteins are involved in a much broader range of biological
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processes in various organisms. TIP60 was the first identified human MYST
HAT and was recently reported as a key regulator for DNA repair and apoptosis
(Ikura et al., 2000). Another group of HATs is p160 coactivators which interact
with nuclear hormone receptors to upregulate receptor-dependent gene transcription
in a ligand dependent manner (Sterner and Berger, 2000; Roth et al., 2001). In
addition to these three major groups of HATs, several other proteins such as
p300/CBP and TAFII250 have also been shown to possess HAT activity to regulate
transcription of a wide range of genes (Bannister and Kouzarides, 1996; Mizzen
et al., 1996; Ogryzko et al., 1996). The essential role of p300/CBP for devel-
opment is also confirmed by embryonic lethality of CBP and p300 mutated mice
(Goodman and Smolik, 2000).

HATs are recruited to certain gene promoters through interactions with DNA-
binding regulatory factors, which leads to the targeted acetylation and subse-
quent activation of transcription (Kundu et al., 2000; An et al., 2002). The
importance of histone acetylation in gene regulation began to be intensively
investigated when several known transcription coactivators such as p300/CBP
and GCN5 were found to have intrinsic HAT activities. As listed in Table 1,
subsequent studies identified many additional proteins to possess HAT activity.
Most HAT enzymes are assembled into multiprotein complexes for their proper
recruitment by sequence-specific transcription activators to target genes and for
their substrate specificity on nucleosomes. These HAT complexes have recently
been purified from human and yeast cells and functionally characterized as
positive regulators of transcription (Table 1). Similar to HATs, the HDACs are
also part of large multisubunit complexes (Yang and Seto, 2003). Therefore,
the level of acetylation in a specific gene is maintained by a dynamic compe-
tition between the activities of HAT and HDAC after their recruitments, and
aberrant regulation of this competition has been shown to cause inappropriate gene
expression.

Although histone acetylation status of promoters and regulatory elements is
generally correlated with HAT-mediated transcription (Roth et al., 2001; Liang
et al., 2004; Roh et al., 2005), many studies have proven that some of the HATs
such as p300 and pCAF/GCN5 can also acetylate non-histone proteins (Sterner
and Berger, 2000; Glozak et al., 2005). Thus, caution has been emphasized when
interpreting a requirement for a HAT to conclude that a histone acetylation event is
responsible for transcriptional activation. In most cases, the evidence for the effect of
histone acetylation by HAT proteins in transcription is provided by the inactivation
of their HAT activities. This approach may assist in determining the role of histone
acetylation in transcription; however, it is likely that a great deal of functional
redundancy exists between histone and non-histone modifying activities of HAT
proteins. Thus care should be taken when interpreting HAT mutation/inactivation
data with regards to its role in transcription. The best approach for proving the
contribution of histone acetylation per se in the regulation of gene activation would
be to create and test mutations of histone genes within the nucleus of multicel-
lular eukaryotes. However, since several clusters of replication-dependent histone
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genes are present in all metazoans (Mosammaparast et al., 2001, 2002), it has been
impossible to use specific mutations in histone genes to modify cellular histones. To
clarify this uncertainty, a reconstituted chromatin transcription system has recently
been developed by utilizing recombinant chromatin templates that are assembled
from recombinant histone proteins (Loyola et al., 2001; Agalioti et al., 2002; An
et al., 2002; Georges et al., 2002; Levenstein and Kadonaga, 2002). The power
of the recombinant chromatin template assay is that it allows one to preclude the
histone modification of interest by making amino acid substitutions at the physio-
logical modification sites. Therefore a failure to promote transcription upon mutation
of modification sites from histones will directly verify that the histone modifi-
cations are essential for transcription activation. Using this experimental system,
a direct connection between targeted acetylations of H3-H4 and p300-mediated
transcription has been established based on the transcription-inhibiting effects of
substitution of major lysine substrates within H3-H4 (An et al., 2002). Although
a specific combination of HAT and activator has been used in these experiments,
the results clearly highlight the requirement of acetylated histone tails to activate
transcription.

One major point still to be clarified concerns the molecular mechanism under-
lying the effects exerted by histone acetylation in regulating gene transcription.
There are at least two possible mechanisms by which histone acetylation can
facilitate transcription activation; charge neutralization effects versus protein recog-
nition/recruitment effects. The effect of charge neutralization of histone tails by
acetylation is consistent with the hypothesis that the chromatin fiber is stabilized
by charge dependent interactions between basic histone tails and acidic patches
on adjacent nucleosomes (Wade et al., 1997; Hansen et al., 1998). Thus histone
acetylation neutralizes the positive charges of lysine side chains to affect the inter-
action between the lysine residues and the negatively charged DNA backbone.
As a consequence, compacted chromatin would be destabilized to allow efficient
binding of transcription machinery to the transcription initiation site. In this case,
the contribution of acetylation to transcription should be rather cumulative (Ren
and Gorovsky, 2001). Indeed, evidence of a direct effect of histone acetylation
on the stability of nucleosomal arrays has been provided from in vitro studies
by several groups (Garcia-Ramirez et al., 1995; Tse et al., 1998). A recent
microarray study also showed the interchangeability of all acetylated lysines (K5,
K8, K12) except K16 in H4 tails for transcription in yeast, providing support for
a rather simple mechanism for the effect of histone acetylation in gene regulation
(Dion et al., 2005).

In contrast to simple charge neutralization effects, the effects on protein recog-
nition/recruitment are collectively referred to as the “histone code”. This hypothesis
predicts that specific patterns of histone tail acetylations and other modifications
serve as epigenetic marks for distinct sets of regulatory proteins to differentially
modulate chromatin structure and function (Strahl and Allis, 2000; Turner, 2000;
Jenuwein and Allis, 2001). Indeed, several recent findings have demonstrated that
histone acetylation creates a signal for the binding of a bromodomain which has
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been found to be present in many chromatin and transcription regulators such as
GCN5, PCAF, p300/CBP, TAF250 and others (Zeng and Zhou, 2002). The most
prominent example is that acetylation of specific lysines of H3-K9, K14 and H4-K8
functions as a cognate mark for the bromodomain-containing proteins BRG1 and
TAFII250 to recruit SWI/SNF and TFIID complexes during in vitro activation of
the IFN-ß gene (Agalioti et al., 2002). Selective recognition of acetylated histones
by bromodomains has also been established in the intact nuclei of living cells
by FRET analysis. This in vivo study showed that the bromodomain of transcrip-
tional regulator BRD2 specifically recognizes acetylated H4-K12 whereas those of
TAFII250 and PCAF recognize acetylated H3 and H4 with broader acetyl-lysine
specificity (Kanno et al., 2004). Another bromodomain-containing protein GCN5
has also been found to be required for the yeast SAGA complex to associate
with acetylated nucleosomes during chromatin remodeling (Hassan et al., 2002).
All these results indicate that the physical interaction of acetylated histones with
different bromodomain proteins is rather specific, supporting highly selective recog-
nition/retention of a subpopulation of bromodomains by a certain acetylation mark
in chromatin. However it is currently unknown whether all known bromodomains
are able to recognize acetylated lysine.

Another important question to be addressed is whether different genes share
a similar pattern of acetylation to get expressed or a unique pattern of acety-
lation is associated with a distinct group of genes. A variety of HAT activ-
ities exhibit unique substrate specificity, discriminating between individual lysine
residues of histones (Sterner and Berger, 2000; Roth et al., 2001); thus the inter-
action of a HAT with a gene specific activator that itself binds to a distinct
promoter could explain the phenomenon of specificity of HAT and lysine acety-
lation in certain transcription processes (Deckert and Struhl, 2001). The result that
mutations of the acetylated residues of individual histones in yeast influence the
expression of particular genes supports the specificity of HAT as a component of
the transcription process (Grunstein et al., 1995). The most prominent example
of such gene specificity includes the acetylations of H3-K9, K14 and H4-K8 by
GCN5/PCAF, shown to be important for activation of the human interferon-� gene
upon viral infection (Agalioti et al., 2002). Additionally, it appears that acety-
lation of histone tails can also be important for the recruitment of proteins without
any bromodomain motif as in the case for interaction of acetylated H3 tails with
CARM1 (Daujat et al., 2002). Therefore, it will be important to determine the
specificity of histone acetylation in differential gene activation and how these
different patterns of acetylation impart their selectivity. Considering that most
recent studies utilized antibodies against di-acetylated H3 (on lysines 9 and 14) and
tetra-acetylated H4 (on lysines 5, 8, 12 and 16) to identify histone acetylation at
different genes (e.g., �-globin, PHO8, CATD, INO1 and HO), it is our challenge
to investigate genome-wide acetylation profiles of all lysine substrates of the four
core histones in human cells, which will contribute to a full understanding of
the role of histone acetylation in transcription as well as transcriptional regulation
per se.
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3. HISTONE METHYLATION AND TRANSCRIPTION

Histone methylation is another posttranslational modification which involves a
transfer of a methyl group from the methyl donor S-adenosyl methionine (SAM)
to lysine or arginine residues (Fig. 1). In sharp contrast with histone acetylation,
this modification occurs particularly in histones H3 and H4 with a remarkable
specificity (Kouzarides, 2002; Shilatifard, 2006) (Fig. 1, Table 2). Another feature
of histone methylation is that a large fraction of histones in mature chromatin is

Table 2. List of known histone methyltransferases (HMTs)

Family HMT Complex Organism Substrate Transcriptional
functions

Lysine
HMT

MLL1 MLL, MLL1-WDR5,
MENIN

Humans H3-K4 Activation

MLL2/4 MENIN Humans H3-K4 Activation
ySET1 SET1/COMPASS Yeast H3-K4 Activation
hSET1 SET1/ASH2/CFP1 Humans H3-K4 Activation
Trx TAC1 Drosophila H3-K4 Activation
SMYD3 Humans H3-K4 Activation
SET9/7 Humans H3-K4 Activation
SUV39H1/2 E2F1, E2F4 Humans,

Mice
H3-K9 Repression

Eu-HMTase1 E2F6 Humans H3-K9 Repression
SETDB1/ESET ESET/mAM Humans,

Mice
H3-K9 Repression

Clr4 CLRC Yeast H3-K9 Repression
G9a Humans,

Mice
H3-K9 Repression/

activation
EZH2 EED-EZH2 Humans H3-K27 Repression
E(z) ESC-E(Z) Drosophila H3-K27 Repression
SET2 SET2 Yeast H3-K36 Activation
DOT1L/Dot1 Humans,

Mice, Yeast
H3-K79 Activation

PR-Set7/SET8 Humans H4-K20 Repression
SUV4-20 Humans H4-K20 Repression
Riz1 Humans H4-K9 Repression

Arginine
HMT

PRMT1 AR, NUMAC,
NCOA2, PCAF

Humans,
Mice

H4-R3 Activation

CARM1/PRMT4 Methylosome Humans,
Mice

H3-K2,
K17, K26

Activation

PRMT5/JBP1 Humans,
Mice

H3/H4 Repression

PRMT7 Humans,
Mice

H2A ND

HSL7 Yeast H2A ND

“HMT” indicates the catalytic HMT subunit; “complex” indicates the purified HMT complex. The
substrates refer to the in vitro specificity of the HMT subunit. ND: not determined
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already methylated at some of the sites shown in the Fig. 1. Histone methylation can
modulate nucleosomal function and ultimately contributes to different biological
processes. However, unlike histone acetylation which in general correlates with
transcriptional activation, histone methylation can result in either transcription
activation or repression, depending on the modified residue within histone proteins
(Table 2). Histone methylation is predicted to be much more stable than other
modifications under physiological conditions, and this stability raised the possibility
that histone methylation is an irreversible modification. However, recent studies
have identified some of enzymes (JHDM1/2A, LSD1, PAD4) that remove lysine
methylations at H3-K4/K9, H3-K36 and arginine methylations at H3/H4 for proper
regulation of histone methylation (Cuthbert et al., 2004; Shi et al., 2004; Wang
et al., 2004; Whetstine et al., 2006; Yamane et al., 2006).

Lysine can be mono-, di-, or tri-methylated by accepting one, two, or three methyl
groups on histone H3 at K4, K9, K27, K36 and K79 and on histone H4 at K20. With
the exception of Dot1 catalyzing H3-K79 methylation, all the histone lysine methyl-
transferases identified so far contain a conserved 140 amino acid catalytic domain
known as the SET domain. The past decade of biochemical and cellular studies
support the idea that HMTs are the key players in transcription regulation. Among
the many different sites of methylation, methylations at H3-K4 and H3-K9 are the
best studied example of histone methylation-mediated transcriptional regulation.
Di- and tri-methylation of H3-K4, often in combination with H3-K14 acetylation,
have been primarily linked to transcriptional activation (Santos-Rosa et al., 2002).
Conversely, di- and tri-methylation of H3-K9 have been associated with chromatin
condensation for transcriptional repression (Noma et al., 2001). Due to their
apparent functional contradiction, these two modifications are mutually exclusive
in their localization within chromatin. Some of the first identified human HMTs
include SET7/9 and SUV39H1 responsible for H3-K4 and H3-K9 modifications,
respectively (Rea et al., 2000; Wang et al., 2001a; Nishioka et al., 2002). Similar
to K4 methylation, methylations of H3-K36 and H3-K79 have also been implicated
as an active mark for transcription. In contrast, methylation of H4-K20 is involved
in chromatin condensation and thus linked to transcription repression.

Recent investigations also discovered histone arginine methylation which can be
either mono- or di-methylated with the latter in symmetric or asymmetric config-
urations on histone H3 at R2, R17, R26 and histone H4 at R3 (Lee et al., 2005).
At this point, five arginine methyltransferases with a highly conserved catalytic
domain have been identified. The best characterized include PRMT1 and CARM1,
which respectively methylate H4-R3 and H3-R2, R17, R26 (Chen et al., 1999;
Schurter et al., 2001; Wang et al., 2001b). As several laboratories have shown, these
arginine methyltransferases correlate with gene activation (Chen et al., 1999;
Wang et al., 2001b; Bauer et al., 2002; An et al., 2004). Other less charac-
terized arginine methyltransferases are PRMT5/JBP1, PRMT7, HSL7 but their
effects on transcription have not been identified. Compared to lysine methylation,
less has been reported regarding the effect of histone arginine methylation in
transcription. Recent in vivo studies proposed methylations of H4-R3 (by PRMT1)
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and H3-R17 (by CARM1) acting as the mark of active chromatin. However, consid-
ering the intrinsic cofactor activities of PRMT1 and CARM1, it has been difficult
to determine if histone modification by these coactivators is required for activation
of target gene transcription. As for the effect of p300-mediated histone acety-
lation, the role of CARM1- and PRMT1-mediated methylation of histone proteins
has been investigated by a recent study with recombinant chromatin templates
(An et al., 2004). Remarkably, blocking the methylation by mutating histone
proteins abolished the ability of CARM1 and PRMT1 to activate p53-dependent
transcription, confirming the importance of the coactivator mediated histone methy-
lation in transcriptional activation.

Although all these results allowed us to recognize the effect of histone methy-
lation in transcription, the precise mechanism of action of the modification during
transcription still remains unclear. It has been shown that several transcriptional
regulators contain a region known as the chromodomain which binds to histone
tails with a specific lysine methylation; hence the histone code hypothesis described
above can be extended to protein-protein interaction between regulatory proteins
and the methylated histones. The best characterized example is the chromodomain
of the histone binding protein HP1 (heterochromatin protein 1) which can specifi-
cally recognize tri-methylated H3-K9 (Bannister et al., 2001; Lachner et al., 2001;
Nakayama et al., 2001; Jacobs et al., 2002). This interaction triggers chromatin
reorganization which is responsible for formation of constitutive heterochromatin
for gene silencing, possibly by spreading HP1 over wide chromatin regions. In
contrast, methylation of H3-K4 creates a binding site for chromodomain-containing
protein Chd1 which is a component of the SAGA and the SLIK complexes to
activate transcription (Pray-Grant et al., 2005). H3-K4 methylation is also known
to be involved in the recruitment of Isw1p ATPase (Santos-Rosa et al., 2003) that
catalyzes the chromatin remodeling process during transcription activation.

Another emerging paradigm is that different histone modifications could mutually
affect each other, thereby enabling a single modification to exert distinct effects
depending on its context (Zhang and Reinberg, 2001; Berger, 2002; Fischle
et al., 2003). This so-called “cross-talk” among different histone modifications
can take place within the same tail (in cis) or between different tails (in trans).
Several studies demonstrated that the context of preexisting phosphorylation on
H3-S10 or methylation on H3-K4 promotes histone acetylation, especially at H3-
K14, and these ordered activities play an important role in regulating transcription
of specific genes (Lo et al., 2000, Wang et al., 2001a). It was also shown that
histone H3-K9 trimethylation is required for the induction of H4-K20 trimethylation
which functions as a repressive mark in gene-silencing mechanisms (Kourmouli
et al., 2004; Schotta et al., 2004). This cross-talk between multiple modifications
is best-illustrated by the interdependency of p300-mediated lysine acetylation and
PRMT1/CARM1-mediated arginine methylation of histones H3 and H4 (Wang
et al., 2001b; Daujat et al., 2002; An et al., 2004). These modifications, each of
which exerts positive influences on transcription, are cooperative in p53-mediated
transcription from the GADD45 gene (An et al., 2004). However, the issue of their
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cooperativity is further complicated by the result that a specific order of actions
of p300, PRMT1 and CARM1 is required for optimal histone modification and
transcription activities. Thus methylation of H4-R3 by PRMT1 facilitates acety-
lation by p300 on H4-K8, K12 and this enhanced acetylation has a stimulatory effect
on methylation of H3-R17 by CARM1; these joint effects of PRMT1, p300 and
CARM1 play an important role in transcriptional regulation (An et al., 2004). Given
this functional synergy between different histone modifying activities, it would be
possible that different transcriptional regulators employ a distinct combination of
cofactors to induce a unique pattern of histone modifications in different signal
transduction pathways, activating the transcription of specific target genes.

4. ABBERANT HISTONE MODIFICATION AND HUMAN DISEASE

Consistent with the critical role of HAT/HMT in transcription processes, molecular
and genetic studies revealed that dysfunction of these epigenetic activities results in
many human disorders (Table 3). With respect to histone acetylation, there are some
diseases which are caused by inactivation or suppression of HAT activities. Among
known HATs, p300/CBP and PCAF have been characterized as a key player in cell
differentiation, growth, transformation and apoptosis and somatic mutations of these
proteins have been identified in primary human tumors (Table 3) (Goodman and
Smolik, 2000; Chan and La Thangue, 2001; Timmermann et al., 2001). Germ line

Table 3. Selected list of HAT and HMT disruptions in human diseases

Gene Function Alteration Disease

CBP HAT Mutation Colon, lung and stomach cancer
MLL gene fusion Leukemia
MOZ/MORF gene fusion Leukemia
Deletion/Point mutation Rubinstein-Taybi syndrom

P300 HAT Mutation Colon, breast and stomach cancer
MLL gene fusion Leukemia
MOZ gene fusion Rubinstein-Taybi syndrom

PCAF HAT Mutation Epithellal cancer

MOZ HAT Translocation Leukemia

MORF HAT Translocation Uterine leiomyomata, Leukemia

MLL1 HMT Translocation Leukemia, Gastric cancer

EZH2 HMT Overexpression Prostate, breast cancer

Deletion Myeloid disorder
ESET HMT Deletion Breast cancer

G9a HMT Deletion Breast cancer

RIZ1 HMT Mutation, CpG hypermethylation Lymphoma, Liver and colorectal cancer

SET7/9 HMT Deletion Liver and brain cancer

SMYD3 HMT Suppression Breast, colon and liver cancer
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mutations of the CBP locus were reported to be the genetic basis for Rubinstein–
Taybi syndrome, a developmental haploinsufficiency disorder (Petrij et al., 1995).
Patients with this syndrome exhibit an increased risk of developing malignant tumors
at an early age with symptoms of wide thumbs, broad toes, craniofacial defects, and
mental retardation (Murata et al., 2001; Gibbons, 2005). Mutations of the p300 locus
have also been detected in primary solid tumors and tumor cell lines of epithelial
origin (Muraoka et al., 1996; Gayther et al., 2000) and these specific mutations
have been shown to lack HAT activity (Ito et al., 2001). Furthermore, expression
of ectopic p300 has a repressive effect on the growth of human carcinoma cells
(Suganuma et al., 2002), qualifying p300 as a primary tumor suppressor protein.

With more information on the structure and function of different HATs, the
regulation of these enzymatic activities has become an important topic in devel-
oping epigenetic drugs. Several inhibitors and enhancers of HAT have been
explored to be effective in modulating HAT activities. Analogues of H3 tail and
acetyl-CoA have been designed as inhibitors specific for the PCAF and p300,
respectively (Lau et al., 2000). A recent study also identified several molecules
including anacardic acid and garcinol as strong inhibitors of p300 and PCAF
(Balasubramanyam et al., 2004a). However, these inhibitors generally have low cell
permeability and high metabolic instability in vivo, which prevents their clinical
application. Upon search for new molecules, a further study identified a natural
compound curcumin as a potent, cell permeable inhibitor for p300 HAT activity
and p300-mediated transcription (Balasubramanyam et al., 2004b). Therefore the
key challenge for current studies is to facilitate its cellular transfer and to increase
its cellular stability for more efficient deregulation of transcription.

Abnormalities of global and targeted histone acetylation have also been associated
with inappropriate HDAC activities which will modify chromatin by removing
acetyl groups from histone tails; thus synthetic or natural HDAC inhibitors have a
great potential utility for alleviating aberrant transcriptional repression (de Ruijter
et al., 2003; Marks et al., 2003). Structural characterization of HDAC/HDAC
inhibitor complexes showed HDAC inhibitors blocking substrate access of HDAC
by binding to the catalytic site (Finnin et al., 1999). Currently, several inhibitors
have been identified with in vivo capability to inhibit many of the known intra-
cellular HDAC activities (Yoo and Jones, 2006). For example, a study of the
transcriptional effects of a HDAC inhibitor SAHA in tumor cells demonstrated
a marked change in gene transcription which coincides with the accumulation of
acetylated histones (Mitsiades et al., 2004). Although the molecular mechanism for
their anticancer selectivity remains obscure, the HDAC inhibitors are believed to
alter chromatin structure that leads to expression of tumor suppressor genes. Altered
transcriptional status would also include the repression of genes involved in cell
cycle and proliferation as well as in antiapoptotic processes. Furthermore, some
HDAC inhibitors have the potential to modulate additively or synergistically the
activity of other therapeutic agents; thus HDAC inhibitors could be combined with
other types of drugs for more efficient regulation of uncontrolled gene transcription.
Defining downstream effects of HDAC inhibition should provide a mechanistic
rationale for the use of combinational therapies with HDAC inhibitors.
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Similar to HATs/HDACs, misregulation of HMTs is also connected to several
human diseases. The best recognized case is the early age translocation of HMT
mixed lineage leukemia (MLL) gene which is a characteristic of human leukemia
(Hess, 2004). Most of these chromosomal rearrangements involve the amino terminal
part of MLL fused to diverse fusion partners. This kind of translocation leads
to the misregulation of fusion proteins and causes inappropriate changes of gene
expression. For example, the N-terminal part of MLL gene is translocated onto the
genes for CBP, p300, MORF and MOZ by leukemia-associated chromosomal abnor-
malities, giving rise to different forms of fusion proteins. Such fusion proteins exhibit
properties different from their wild-type counterparts, and these abnormal activities
generate aberrant changes of histone methylation and acetylation in leukemia.

Increasing evidence also supports the conclusion that lysine methylations are
closely related to various human cancer. Among the HMTs involved in these
processes, the best characterized is SUV39H1 which is able to trimethylate H3-K9.
This specific modification serves as a binding site for the heterochromatin protein-1
(HP1) to establish a stable heterochromatin configuration and gene silencing. Thus
the deregulation of SUV39H1 could lead to destabilized heterochromatin structure
with increased risk of cancer. The role of SUV39H1 in oncogenesis is also supported
by the study demonstrating that SUV39H-deficient mice have an increased risk of
tumor and B-cell lympomas as a result of chromatin instability (Peters et al., 2001).
Recent reports also have shown that H3-K4 HMT SMYD3 plays a crucial role
in hepatocellular and colorectal carcinoma. Since SMYD3 appears to upregulate
oncogene expression, suppression of SMYD3 causes inhibition of cancer cell growth
(Hamamoto et al., 2004). Another link between HMT and cancer has been found in
HMT EZH2 which specifically methylates H3-K27 as a component of human EED-
EZH2 complex. EZH2 is overexpressed in metastatic prostate cancer, lymphomas
and breast cancer (Varambally et al., 2002; Kleer et al., 2003). These striking
observations rationalize current efforts to regulate HMT activities as a new class
of epigenetic therapy. Although some S-adenosylhomocysteine (SAH) analogues
have been designed to target some protein methyltransferases (Chie et al., 2003),
inhibitors specific for HMTs have not yet been described. The development of
specific inhibitors to counteract HMT activity should facilitate our characterization
of HMT function in vivo and provide more efficient disease protection.

Although the exact mechanism has not been elucidated, histone acetylation and
methylation have also been liked to DNA repair. Studies of TIP60 HAT complex
in human cells indicated that TIP60-mediated acetylation of H2A and H4 is a key
process for efficient repair of double strand DNA break (DBS) (Ikura et al., 2000;
Murr et al., 2006). DOT1-mediated methylation of H3-K79 has also been identified
as an interaction signal for tandem tudor domain of DSB check point protein
53BP1, and this interaction mediates the 53BP1 targeting to sites of DNA DSBs
(Huyen et al., 2004). Another study, conducted by Sanders et al., also found
an interesting connection between newly identified HMT Set9 and cellular DNA
damage response; methylation of H4-K20 by Set9 results in the recruitment of DNA
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damage checkpoint protein Crb2 to maintain cell survival after DNA double strand
breaks (Sanders et al., 2004). Recent studies also demonstrated that the cooperative
function of multiple HATs and HMTs is required for the gene specific regulatory
action of tumor suppressor p53 in response to various stress signals (Coutts and La
Thangue, 2005). Notably, the CARM1/PRMT1 HMTs and p300 HAT have been
shown to physically interact with p53 and cooperatively mediate p53-dependent
transcriptional induction of the GADD45 gene during the checkpoint response to
DNA damage (An et al., 2004).

Therefore our major challenge on aberrant histone modifications is to understand
the biological functions of diverse HATs and HMTs and their involvement in various
human diseases. In spite of the fact that most of what we investigate regarding the
role of histone modifications in the transcription process has been obtained indirectly
from in vivo experimental data, we are beginning to unravel the complexities of gene
transcription induced by diverse patterns of histone modifications. Since histone
acetylation and methylation appear to create signals for many transcription and
chromatin regulators, the maintenance of a specific pattern of histone modifi-
cation will be crucial for proper cell proliferation. Perhaps in vitro transcription
studies with recombinant chromatin, in which numerous histone modifications are
specifically regulated, will be useful to determine the most important HAT and/or
HMT in a specific gene transcription pathway. This type of technology should
also provide the means for systematic investigations of regulatory mechanisms and
actions of HAT/HMT in transcription during pathologic processes, such as cancer.
Although this review has narrowly focused on histone acetylation and methylation,
the more complicated interplay of multiple modifications as a dominant mechanism
of transcription regulation is also an important question to be addressed.

5. CONCLUSIONS

The regulation of gene expression is obviously an extremely complex process
involving multiple regulatory factors. Much of the investigation on various histone
modifications so far has been centered on the identification of histone-modifying
factors and their effect in gene transcription. However, in spite of the continued
effort in analyzing the function and regulation of HAT and HMT, more work
is required to unarguably determine the outcome of histone modification in
transcription. Such functional assays might include the assessment of transcription
under conditions employing wild-type and mutant histone proteins. This approach
will clearly answer if histones are the primary target of modifications for gene
regulation, or if histone modifying cofactors have some other targets for their
dynamic role. If modified histones are identified to be crucial for the control of
the transcription process, enabling or blocking of histone modification should be
an excellent therapeutic strategy. Moreover, the identification of molecular mecha-
nisms by which different histone modifications exert their effects in transcription
will yield important insights on the development of more targeted therapy with less
side effects.
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Abstract: Human Immunodeficiency Virus type 1 (HIV-1) infection can now be treated effectively
in many patients in the developed world, using combinations of antiretroviral thera-
peutics, called Highly Active Anti-Retroviral Therapy (HAART). However, despite
prolonged treatment with HAART, the persistence of latently HIV-1-infected cellular
reservoirs harboring transcriptionally silent but replication-competent proviruses repre-
sents the major hurdle to virus eradication. These latently infected cells are a permanent
source for virus reactivation and lead to a rebound of the viral load after interruption of
HAART. Therefore, a greater understanding of the molecular mechanisms regulating
proviral latency and reactivation should lead to rational strategies aimed at purging
these cellular reservoirs of HIV-1. This review summarizes our current knowledge and
understanding of the elements involved in HIV-1 transcriptional reactivation: (1) the
site of integration; (2) the transcription factor NF-�B, which is induced by proinflam-
matory cytokines (such as TNF�) and binds to two �B sites in the HIV-1 promoter
region; (3) the specific remodeling of a single nucleosome (called nuc-1 and located
immediately downstream of the HIV-1 transcription start site under latency conditions)
upon activation of the HIV-1 promoter; (4) post-translational acetylation of histones and
of non-histone proteins (following treatment with deacetylases inhibitors, which induce
viral transcription and nuc-1 remodeling); and (5) the viral trans-activator Tat, which
promotes transcription by mediating the recruitment to the HIV-1 promoter of histone-
modifying enzymes and ATP-dependent chromatin remodeling complexes required for
nucleosome disruption and transcriptional processivity. Finally, this review highlights
experimental therapies aimed at administrating HIV-1 gene expression activators (such
as HDAC inhibitors) combined with an effective HAART in order to reactivate and
decrease/eliminate the pool of latently HIV-1-infected cellular reservoirs
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1. INTRODUCTION

HIV-1 is the etiologic agent responsible for AIDS, a syndrome characterized by
depletion of CD4+ T-lymphocytes and collapse of the immune system. People
with AIDS are prone to opportunistic infections easily defended against by a
normal immune system. Generally, it takes several years, post-infection, to progress
to AIDS.

Since the 1990s, the development of Highly Active Anti-Retroviral Therapies
(HAART) has dramatically improved the survival and life quality of HIV-1-
infected individuals. Unfortunately, whereas these treatments significantly reduce
the levels of viral RNA in plasma and lymphoid tissues, cessation of even prolonged
highly suppressive HAART regimens results in viral load rebound to pre-therapy
levels, indicating that anti-retroviral therapy of this type is unable to completely
eliminate HIV-1 (Pierson et al., 2000; Persaud et al., 2003; Blankson et al., 2002;
Marcello, 2006). This failure has been attributed in part to the presence of a
long-lived, stable population of latently infected resting memory CD4+ T cells.
Since these latently infected cells express no viral proteins, they are immuno-
logically indistinguishable from uninfected cells and are insensitive to HAART
(Chun et al., 1997a; Finzi et al., 1997; Wong et al., 1997). While many HIV-
1-susceptible cells are fast-turnover cells, this small part of memory T cells are
long-lived cells (Michie et al., 1992; Mclean and Michie, 1995). These infected
cells can go dormant and stay in tissues for years despite effective HAART, thereby
serving as the HIV-1 reservoirs in vivo (Wong et al., 1997). These reservoirs have
such a slow rate of decay during HAART that their eradication during a human
lifespan is unlikely (Finzi et al., 1999; Siliciano et al., 2003).

As with all retroviruses, HIV-1 integrates into the genome of the host cell. As
a consequence, HIV-1 is confronted with a unique problem in terms of transcrip-
tional regulation and packaging into chromatin. HIV-1 proviruses can integrate in
many different sites within the host cell genome, each site with its own properties
susceptible of influencing the degree of viral expression. Most cells infected by
HIV-1 are productively infected, that is, they go on, within days, to complete the
viral replication cycle, release progeny virus and die. However, a small fraction
of incoming HIV-1 enters a latent mode of infection and constitutes a reservoir of
infected cells that can produce infectious virus given appropriate stimulation. HIV-1
gene expression in these latently-infected cells can be reactivated by a wide variety
of signals including cytokines such as Interleukin-2, TNF�, macrophage colony-
stimulating factor (MCSF), antigens and other T-cell mitogens, glucocorticoid
and thyroid hormones, bacterial infections, lipopolysaccharides, � � � Consequently,
if HAART is ceased, viremia rapidly re-emerges, regardless of the duration of drug
therapy (reviewed in Blankson et al., 2002).

At the cellular level, two major forms of HIV-1 latency have been described:
pre-integration latency and post-integration latency (Bisgrove et al., 2005;
Marcello, 2006). The first one which can not be taken into account for the formation
of the long-term viral reservoirs, occur when virions fail to undergo integration
and remain in the cytoplasm of the infected cell for days as a labile pre-integration
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complex. This latency form will not be further discussed in this review. Post-
integration latency occurs when a provirus fails to effectively express its genome
and is reversibly silenced after successful integration. This latent state is excep-
tionally stable and limited only by the lifespan of the infected cell and its progeny.

It has been proposed that one possible solution to the problem of HIV-1 latency is
to purge the latent reservoirs by deliberately forcing HIV-1 gene expression in these
latently infected cells in presence of HAART to prevent spreading of the infection
by the newly synthesized viruses (Chun et al., 1998). Such type of treatment could
reduce the number of latently-infected cells by causing them to be directly killed
by the cytopathic action of the virus or to be destroyed by the immune system. The
definition of such strategies is clearly dependent on the knowledge of the molecular
mechanisms regulating HIV-1 latency and reactivation from latency.

Much progress has recently been made to elucidate the molecular mechanisms
underlying HIV-1 post-integration latency, which is intimately tied to HIV-1
transcription level. Among the possible molecular mechanisms behind HIV-1 post-
integration latency are: (1) the chromatin status at the integration site; (2) the
presence of the repressive nucleosome nuc-1; (3) epigenetic modifications such as
acetylation (reviewed in Quivy and Van Lint, 2002); (4) the lack of activation-
dependent host transcription factors such as NF-�B in resting cells; and (5) the viral
trans-activator Tat, which promotes transcription via the recruitment to the HIV-1
promoter of chromatin-modifying complexes.

1.1. Integration Site

The eukaryotic genome is compacted with histones and other proteins to form
chromatin, which allows for efficient storage of genetic information. However,
this packaging also prevents the transcription machinery from gaining access to
the DNA template (reviewed in Workman and Kingston, 1998; Felsenfeld and
Groudine, 2003). The repeating unit of chromatin is the nucleosome core, composed
of about 146 bp of DNA tightly wrapped, in 1.65 turns, in a left-handed superhelix
around a central histone octamer which contains two molecules of each of the
four core histones : H2A, H2B, H3 and H4. Two adjacent nucleosome cores are
separated by a region of linker DNA (10–60 bp) that is associated with a single
molecule of histone H1. Histones have a common structure, the “histone fold”,
consisting of two short �-helices and a long central helix separated by �-bridges,
which are required for histone-DNA and histone-histone interactions (reviewed in
Hansen, 2002).

The packaging of genes into chromatin is increasingly recognized as an
important component in the regulation of transcription initiation and elongation
(Wolffe, 1999). Chromatin is heterogeneous in the nucleus: transcriptionally active
genes are characterized by a more diffuse chromatin structure (active chromatin or
euchromatin), whereas inactive genes are packaged in a highly condensed chromatin
configuration that impairs access to the underlying DNA (inactive chromatin or
heterochromatin) (Craig, 2005).
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The histone N-terminal tails are highly basic functional domains, which are
subject to multiple post-translational modifications, including acetylation, phospho-
rylation, methylation, poly-ADP-ribosylation, ubiquitinylation and sumoylation
(reviewed in Peterson and Laniel, 2004; Margueron et al., 2005). The post-
translational modifications of the histone tails can potentially alter the interaction
between DNA and the histone octamers, leading to decondensation of the chromatin
fiber. The “histone code” hypothesis postulates that the modifications of the histone
tails are interdependent and that various combination serve to categorize regions
of chromatin as transcribed, heterochromatic or centromeric (Fischle et al., 2003).
For example, methylation of lysine 4 of histone H3 has been associated with active
gene expression, whereas methylation of lysine 9 of histone H3 has been associated
with transcriptional silencing.

The molecular mechanism underlying the specific integration of a provirus into
the host cell chromatin is still poorly understood. But many studies have shown
that the integration site and its corresponding chromatin environment affect HIV-1
gene expression (Nahreini and Mathews, 1997; Jordan et al., 2003). Jordan et al.
developed a system to select for latently infected cellular clones (Jordan et al., 2003).
The integration site of 8 latently-infected HIV cell lines, which have no basal HIV
transcription, was sequenced. Half of the clones were integrated within or near
alphoid repeat elements in heterochromatin. In this experiment, the latently-infected
clones represented less than 0.06% of the original population. This study suggests
integration into heterochromatin as a mechanism leading to HIV latency.

It has been demonstrated, however, that HIV integrate preferentially within
actively transcribed genes (Schroder et al., 2002; Wu et al., 2003). An analysis of
integration sites in purified resting CD4+ T cells from patients on HAART found
the majority (93%) of silent provirus located within the coding region of host genes
(Han et al., 2004). In this case, transcriptional interference provides another potential
explanation for HIV-1 latency. Transcriptional interference can occur through
several different mechanisms including enhancer trapping, promoter occlusion, or
steric hindrance (reviewed in Lassen et al., 2004; Bisgrove et al., 2005). However,
the replication competence of the proviruses was not analyzed in this study. It has
been estimated that there are 100 defective proviruses for each latent provirus,
making it likely that many of the viral integration sites represent replication-
incompetent defective provirus (Chun et al., 1997a,b).

Lewinsky et al. have compared the integration sites of stably expressed proviruses
with those of latent but TNF�-inducible proviruses (Lewinsky et al., 2005).
Three chromosomal features corresponded with inducible expression: centromeric
heterochromatin, gene deserts, and highly active host transcription units. This study
is consistent with both heterochromatic silencing and transcriptional interference
contributing to latency. It must be noted, however, that these two mechanisms appear
to account for only a portion of latent proviruses. Other chromosomal environments
unfavorable for expression may yet be found (Lewinsky et al., 2005).

It has been suggested that viral latency might also be a consequence of
natural antiviral defenses in mammalian cells (Williams and Greene, 2005). The
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genome of HIV-1 contains numerous dsRNA regions which might silence proviral
transcription via RNA interference (RNAi). HIV-1 does encode a virus specific
small interfering RNA precursor which elicits antiviral restriction in human cells
(Bennasser et al., 2005). It was found, however, that HIV-1 evades elicited RNAi
through a suppressor of RNA silencing (SRS) function encoded in its Tat protein.

1.2. Nucleosomal Organisation of the 5’ LTR

Given that HIV-1 retroviral DNA is integrated into the human genome and that
cellular gene expression is controlled by local chromatin structure, viral transcription
is likewise modulated by local chromatin structure.

DNase I digestion of chromatin shows that different regions of chromatin are
differently susceptible to endonuclease cleavage. Small regions of the genome are
exquisitely sensitive to digestion by nucleases and are called nuclease hypersensitive
sites. Such sites are thought to represent nucleosome-free or -disrupted regions of
chromatin which are bound by trans-acting factors, and they are generally found
associated with regions of the genome that are important for the regulation of
gene expression. Our laboratory has studied the chromatin organization of HIV-1
proviruses integrated in five different latently-infected cell lines by a nuclease
digestion method (Verdin et al., 1993). Independently of the site of integration,
two major hypersensitive sites (HS) are present in the promoter region (or Long
Terminal Repeat (5’ LTR)): HS2+3 and HS4 (Fig. 1b); and one major hypersen-
sitive site in the pol gene: HS7 (Fig. 1a) (see Sections 1.4 and 1.7). Identification of
these hypersensitive sites allowed our laboratory to establish the nucleosomal organ-
isation of the 5’ LTR. Two nucleosomes (called nuc-0 and nuc-1) are positioned
at the viral promoter DNA at precise locations with respect to regulatory elements
(Verdin et al., 1993). Nuc-0 is positioned immediately upstream of the modulatory
region and nuc-1 immediately downstream of the viral transcription start site
(Fig. 1b). These nucleosomes define two open regions of chromatin corresponding,
respectively, to the modulatory region plus the enhancer/core promoter region (nt
200–465) (HS2+3) and to a regulatory domain in the leader region downstream
of the transcription start site (nt 610–720) (HS4), where transcription factors have
been found to bind in vitro and in vivo (Fig. 1b and 1c) (reviewed in al Harthi
and Roebuck, 1998; Rohr et al., 2003). The location of the nucleosomes in the
promoter region was also verified in vitro using the HIV-1 promoter reconstituted
into chromatin and analyzed by DNase I footprinting analysis (reviewed in Van
Lint , 2000). Importantly, activation of the integrated HIV-1 promoter by cytokine
Tumor Necrosis Factor � (TNF�) or phorbol ester TPA is accompanied by the loss
or rearrangement of the nucleosome nuc-1 near the transcription start site (Verdin
et al., 1993). Therefore, chromatin modifications might result in HIV-1 promoter
activation.

Chromatin-modifying complexes are classified into two major groups: (1)
enzymes that control covalent modifications of the amino-terminal tails of histones
(acetylation, methylation, phosphorylation, ubiquitinylation) (see Sections 1.3 and
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1.4); and (2) ATP-dependent remodeling complexes, which use the energy of ATP
hydrolysis to alter interactions between histones and DNA (see Section 1.5). These
two classes of chromatin-modifying complexes can work together to generate a
chromatin structure that is accessible for the transcription apparatus (reviewed in
Narlikar et al., 2002).

1.3. Acetylation, nuc-1 and HIV-1 Activation

Acetylation of internal lysine residues of core histone N-terminal domains has been
found correlatively associated with gene transcription in eukaryotes for more than
four decades. Histone acetylation levels are the result of a competition between two
families of enzymes: histone acetyltransferases (HATs) and histone deacetylases
(HDACs).

We and others have demonstrated the transcriptional activation of the HIV-1
promoter in response to deacetylase inhibitors (HDAC inhibitors) [such as tricho-
statin A (TSA), trapoxin (TPX), valproic acid (VPA) and sodium butyrate
(NaBut)]. This occurs in cells transiently or stably transfected with HIV-1 LTR
promoter reporter constructs (el Kharroubi et al., 1998; Kiernan et al., 1999;
Jordan et al., 2001), in latently HIV-1-infected cell lines (Van Lint et al., 1996a),
on in vitro chromatin-reconstituted HIV-1 templates (Sheridan et al., 1997; Steger
et al., 1998), as well as in the context of a de novo infection (Quivy et al., 2002).
HDAC inhibitors provoke a global histone hyperacetylation. But, remarkably, the
only detectable modification at the level of the HIV-1 chromatin is the disruption of
nuc-1 in the 5’ LTR (Van Lint et al., 1996a,b), whereas other nucleosomes remain
unaffected. This disruption is accompanied by an activation of virus production,
which occurs at the transcriptional level (Van Lint et al., 1996a). Using a Chromatin
ImmunoPrecipitation assay (ChIP), histone acetylation surrounding nuc-1 was
observed to be significantly increased following HDAC inhibitors treatment (He
and Margolis, 2002; Ylisastigui et al., 2004; Kiefer et al., 2004). Interestingly,
a similar increase in histone hyperacetylation was observed in the nuc-1 region
after activation by Tat, phorbol esters or following cell cycle arrest in G2 (He and
Margolis, 2002; Lusic et al., 2003; Thierry et al., 2004).

These observations suggest that under latency conditions, the viral promoter is
poised for transcription but repressed by the presence of a single nucleosome,
nuc-1. The fact that inhibition of deacetylase activity is sufficient for transcriptional
activation suggests that nuc-1 is constitutively deacetylated by targeted HDACs.
This model is supported by data showing that HDACs are recruited to the HIV-1
promoter region in the absence of activation (Fig. 2a) (Coull et al., 2000, 2002; Imai
and Okamoto, 2006; Williams et al., 2006). In accordance, following activation,
cellular HATs (including CBP, P/CAF and GCN5) are recruited to the HIV-1
promoter region (Fig. 2b) (Lusic et al., 2003; Thierry et al., 2004). Accordingly,
several transcription factors binding to the HIV-1 LTR were demonstrated to recruit
HDAC and/or HAT (see Section 1.4).
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1.4. Deacetylase(s) and Acetyltransferase(s) Recruitment to the HIV-1
Promoter

The 5’ LTR has been extensively characterized in vitro, and binding sites for several
cellular transcription factors have been identified using DNase I in vitro footprinting
and gel retardation assays (Fig. 1c) (see for reviews Roebuck and Saifuddin, 1999;
Pereira et al., 2000; Rohr et al., 2003).

On the one hand, several of these factors, including AP-1, c-Myb, glucocorticoid
receptor (GR), CCAAT/enhancer binding proteins (C/EBP), NF-AT, E-box binding
proteins, Ets-1, TCF-1�/LEF-1, NF-�B, Sp1, IRF and the HIV-1 trans-activator
Tat (see Section 1.6) have been shown to interact with acetyltransferases (Fig. 2b)
(reviewed in Quivy and Van Lint, 2002). On the other hand, several transcription
factors that bind to the LTR, including unliganded nuclear hormone receptors, GR,
E-box binding proteins, YY1, Sp1, TCF-1�/LEF-1, AP-4, NF-�B have been shown
to interact with deacetylases (Fig. 2a) (reviewed in Quivy and Van Lint, 2002).
Among these factors, some of them were demonstrated to recruit HAT and/or
HDAC specifically to the HIV-1 5’ LTR, thereby regulating the acetylation level
of histones (in particular the histones of nuc-1).

1.4.1. YY1

The host transcription factor YY1 is able to mediate transcription activation or
repression, dependent on promoter context (Gordon et al., 2006). YY1 and LSF
cooperate in repression of HIV-1 expression from both integrated reporter and
infected cell lines (Romerio et al., 1997). Studies from David Margolis group
have demonstrated that the host factors YY1 and LSF cooperatively recruit histone
deacetylase 1 (HDAC1) to the HIV-1 LTR and inhibit transcription by maintaining
nuc-1 in a hypoacetylated state (Coull et al., 2002; He and Margolis, 2002). In
agreement with their data, pyrole-imidazole polyamides, which block the binding
of the LSF-YY1 complex to the LTR and consequently the recruitment of HDAC-1
close to nuc-1, have been shown to induce reactivation of HIV-1 expression (Coull
et al., 2002; He and Margolis, 2002). These experiments highlight the repressive
role played by the nucleosome nuc-1 in the generation of post-integration latency.

1.4.2. Thyroid hormone receptor

Thyroid Hormone Receptor (TR) can bind to the LTR in vivo independently of
its ligand and regulates promoter activity. ChIP assays with anti-acetylated-histone
antibodies revealed that unliganded TR reduce the local histone acetylation levels
at the HIV-1 LTR, while thyroid hormone treatment reverses this induction (Hsia
and Shi, 2002). Accordingly, unliganded TR recruits co repressors and at least one
HDAC (Hsia and Shi, 2002).

1.4.3. C/EBP

C/EBP proteins have been shown to be required for HIV-1 transcription in
macrophages (Henderson and Calame, 1997). C/EBP� recruits co activators to the
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HIV-1 promoter and physically interacts with HAT complexes (Lee et al., 2002).
Overexpression of a C/EBP dominant-negative inhibits disruption of the nucleosome
nuc-1 (Lee et al., 2002).

1.4.4. NF-�B

An important candidate for the specific targeting of HDACs and HATs to the HIV-1
5’ LTR is the transcription factor NF-�B. NF-�B plays a central role in the activation
pathway of the HIV-1 provirus (reviewed in Rabson and Lin, 2000). Various studies
have reported that the two NF-�B-binding sites in the HIV-1 enhancer as well as
the NF-�B proteins are critical for LTR promoter activity and important for optimal
HIV-1 replication (reviewed in Rabson and Lin, 2000). The p65 subunit of NF-�B
stimulates transcriptional elongation from the HIV-1 promoter (West et al., 2001).
Moreover, on the one hand NF-�B interact with HDACs (principally HDAC1 and
3) and on the other hand NF-�B-dependent gene expression requires the function
of transcriptional co-activator proteins, including p300/CBP, P/CAF, SRC-1, which
possess acetyltransferase activity (reviewed in Quivy and Van Lint, 2004).

The absence of a transactivation-competent NF-�B heterodimer in the nucleus
of latently infected resting memory CD4+ T cells could contribute to latency.
Activation of the NF-�B pathway leading to migration of a transactivating
heterodimer such as p50/p65 could allow viral reactivation. In the absence of
induction, NF-�B p50-HDAC1 complexes constitutively bind the latent HIV-1 LTR
(Williams et al., 2006). NF-�B p50 does not possess a transactivation domain.
These p50-HDAC1 complexes induce histone deacetylation and repressive changes
in chromatin structure of the HIV-1 LTR (Williams et al., 2006). Knockdown of
p50 expression reduces HDAC1 binding to the latent HIV-1 LTR and induces
RNA polymerase II recruitment (Williams et al., 2006). Concomitantly with HIV-1
transcriptional activation, the p65 subunit and different HATs are recruited to the
viral promoter (Lusic et al., 2003; Thierry et al., 2004).

1.4.5. AP-4

AP-4 represses HIV-1 gene expression by recruiting HDAC1 as well as by masking
TATA-binding protein to TATA box (Imai and Okamoto, 2006). AP-4 interacts
both in vivo and in vitro with HDAC1, and ChIP assays revealed that AP-4 and
HDAC1 are present in the HIV-1 5’LTR promoter in latently infected cell lines
and are dissociated from the promoter upon TNF� stimulation (Imai and Okamoto,
2006).

1.4.6. Sp1

The ubiquitous transcription factor Sp1 is critical for both basal and Tat-induced
transcription of the HIV-1 LTR (Kamine and Chinnadurai, 1992; Sune and Garcia-
Blanco, 1995; Yedavalli et al., 2003). Sp1 could also play an important role in nuc-
1-dependent HIV-1 regulation. Indeed, Sp1 has been demonstrated to interact with
the acetyltransferase p300 and to act as a co-activator for Sp1-mediated transcrip-
tional activation (Billon et al., 1999; Suzuki et al., 2000; Xiao et al., 2000). Sp1
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has also been shown to directly interact with HDAC1 (Doetzlhofer et al., 1999).
Transcriptional activation by HDAC inhibitor can also be mediated through Sp1
interactions (Sowa et al., 1997; Butler et al., 2002). Whether these interactions
have functional implications in the context of the HIV-1 promoter activity remains
however to be established.

1.5. ATP-Dependent Chromatin Remodeling Complexes

Packaging of DNA into chromatin modifies its accessibility and geometry in
a manner that interferes with transcription initiation and elongation (reviewed
in Workman and Kingston, 1998; Wolffe, 2001). In order for the transcription
machinery to gain access to DNA, the compacted chromatin structure needs to
be altered. In addition to posttranslational covalent modifications of the histone
amino-terminal tails, ATP-dependent chromatin remodeling by protein complexes is
a highly conserved mechanism used by eukaryotic cells to alter chromatin structure
(reviewed in Narlikar et al., 2002). Chromatin-remodeling complexes carry out
key enzymatic activities, changing chromatin structure by altering DNA-histone
contacts within a nucleosome in an ATP-dependent manner (reviewed in Martens
and Winston, 2003; de la Serma et al., 2006). Several ATP-dependent nucleosome
remodeling complexes have been purified from different organisms, including the
mammalian SWI/SNF complex from human. SWI/SNF complexes are recruited to
promoters by DNA bound activators or repressors (Peterson and Workman, 2000).
The SWI2/SNF2 ATPase component conserved in all SWI/SNF complexes contains
a bromodomain that can bind acetylated lysine residues in histone N-terminal tails
in vitro (Hassan et al., 2002). How SWI/SNF disrupts histone-DNA contacts to
facilitate transcription factor binding is not clear, but several recent studies support a
translocation model for remodeling. In this model, a wave of accessible DNA caused
by translocation-induced topological stress is transmitted around the nucleosome
(Narlikar et al., 2001; Aoyagi and Hayes, 2002; Saha et al., 2002).

Chromatin is an important regulatory component of HIV-1 transcription. Indeed,
we have shown that activation of the integrated HIV-1 promoter is accompanied by a
disruption of the nucleosome nuc-1 near the transcription start site (see Sections 1.1
and 1.2) (Van Lint et al., 1996a). Following activation, there is a correlation
between the recruitment of cellular HATs (including p300/CBP, P/CAF and GCN5)
to the HIV-1 promoter region and acetylation of both histones H3 and H4 (Lusic
et al., 2003; Thierry et al., 2004). Acetylated histones may favor the recruitment of
SWI/SNF to the LTR promoter. Indeed, the ATPase subunit of SWI/SNF, Brg1, is
recruited to the 3’ boundary of nuc-1 following phorbol ester stimulation (Henderson
et al., 2004). This latter study has shown that ATF-3, which binds to the AP-1(III)
site located downstream from the transcription start site in the HS4 region (see
Section 1.7), recruits Brg1 in vitro to the HIV-1 LTR.

Transcriptional activation of the HIV-1 promoter by Tat is accompanied by the
remodeling of nuc-1 (El Kharroubi et al., 1998; Jordan et al., 2003). Recently,
it has been shown that, via its arginine-rich motif, Tat is able to interact with
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Brm, another ATPase subunit of the SWI/SNF complex (Tréand et al., 2006).
This interaction is regulated by the acetylation of Tat at lysine 50. Acetylated Tat
recruits the SWI/SNF complex to the LTR in vivo, leading to the activation of
the integrated HIV-1 promoter (Tréand et al., 2006). This Brm recruitment could
facilitate Tat-mediated processive elongation, by opening the chromatin structure
to facilitate RNAPII progression.

1.6. Tat

The HIV-1 Tat protein plays an important role in regulating viral gene expression
(reviewed in Brigati et al., 2003; Barboric and Peterlin, 2005; Brady and
Kashanchi, 2005). Full-length Tat is encoded by two exons on a spliced transcript
and is 86–101 aa in length, depending on the viral isolate. Transcription of the
HIV-1 provirus is characterized by an early, Tat-independent phase and a late, Tat-
dependent phase. During the Tat-independent phase, the HIV-1 promoter is strictly
under the control of the local chromatin environment and cellular transcription
factors binding to cis-acting elements in the viral promoter region. In the absence
of Tat, transcription is initiated normally but elongation is inefficient and results
in short abortive transcripts (∼60 nucleotides) that cannot support viral replication.
The negative transcription elongation factor (N-TEF) complex, composed of the
negative elongation factor (NELF) and the DRB sensitivity inducing factor (DSIF),
has been proposed to be responsible for premature stopping and termination of the
initiated polymerase (Yamaguchi et al., 1999; Ping and Rana, 2001). Despite this
elongation defect, occasional full-length genomic transcripts are generated, leading
to the synthesis of a few Tat molecules sufficient to stimulate HIV transcription
elongation.

The viral trans-activator protein Tat is an atypical transcriptional activator that
functions through binding, not to DNA, but to a short leader RNA, called TAR
(trans-activating response element), present at the 5’ end of all nascent viral
transcripts. Tat enhances the processivity of transcribing RNAPII complex by
recruiting cellular proteins, the positive elongation factor complex b, P-TEFb (also
called tat-associated kinase, TAK) (reviewed in Price, 2000; Sims et al., 2004).
Cyclin T1, a component of P-TEFb, interacts cooperatively with both the N-terminal
transactivation domain of Tat (amino acid 1-48) and the loop sequence at the
top of TAR stem-loop structure. As a consequence, P-TEFb and Tat bind TAR
with higher affinity and specificity than Tat alone. The cyclin dependent kinase
9 (CDK9) is then recruited to the HIV-1 promoter where it phosphorylates the
C-terminal domain (CTD) of previously bound RNA polymerase II complexes
(RNAPII). This process is known to occur as RNAPII converts from an intiating
(RNAPIIa) to an elongating enzyme (RNAPo). Additionally, P-TEFb phosphory-
lates components of the N-TEF, relieving its block on transcriptional elongation
(Bourgeois et al., 2002; Fujinaga et al., 2004). Furthermore, the splicing-associated
c-Ski-interacting protein, SKIP, associates with Tat/P-TEFb/TAR complexes and
stimulates transcription elongation (Bres et al., 2005). In this way, Tat increases
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production of viral mRNA by ∼ 100-fold. These observations suggest that, unlike
typical activators, Tat stimulates transcriptional elongation rather than initiation.
However, a recent report has shown that Tat and P-TEFb stimulate transcription
complex (TC) assembly (Raha et al., 2005). The TC formed on the HIV-1 LTR
is atypical and contains TATA-box binding protein (TBP) but not TBP-associated
factors (TAFs) (Raha et al., 2005). Tat may thus promote transcription initiation as
well as elongation.

The optimal activity of Tat is furthermore dictated by its association with
different acetyltransferases, including GCN5, p300/CBP and P/CAF (reviewed in
Nakatani, 2002; Quivy and Van Lint, 2002). p300/CBP, P/CAF and GCN5 activate
the HIV-1 5’LTR transcriptional activity. This activation could be mediated through
acetylation of histones (Lussic et al., 2003). This acetylation could derepress the
chromatinized viral promoter and thus explain, at least in part, how Tat participates
in initiating access and formation of the RNAPII complex.

Furthermore, it has been shown that Tat itself is modified by direct acetylation
(Fig. 3). P/CAF acetylates lysine 28 in the activation domain of Tat (Kiernan et al.,
1999). Mechanistically, acetylation at Lys28 by P/CAF enhances the recruitment
of the cyclinT1/CDK9 complex by Tat (Kiernan et al., 1999; Bres et al., 2002).
This would result in enhanced CTD phosphorylation by this TAK complex and in
enhanced transcriptional elongation. p300/CBP and GCN5 acetylate lysine 50 and
weakly lysine 51 in the TAR RNA binding domain of Tat (Kiernan et al., 1999;
Ott et al., 1999: Deng et al., 2000; Col et al., 2001). Acetylation at lysine 50
of Tat promotes the dissociation of Tat from TAR RNA. Once dissociated from
TAR, the Lys50-acetylated Tat binds to the bromodomain of P/CAF (Dorr et
al., 2002; Mujtaba et al., 2002). This would recruit P/CAF to the elongating
RNAPIIo and likely facilitates chromatin remodeling. Interestingly, Tat acetylation
can be reverted by the protein deacetylase SIRT1, allowing Tat to reassemble
with P-TEFb on TAR (Pagans et al., 2005). This would recycle functional Tat
protein and enhance its apparent concentration. This might be especially advan-
tageous in the early stage of HIV infection, when the amount of Tat is still
limited. Thus, cycles of Tat acetylation and deacetylation regulate critical steps in
HIV-1 transcription: binding to the RNAPII CTD-kinase, release from the TAR
RNA, and, after elongation, recycling to the TAR RNA (Fig. 3). Finally, it has
been shown that Tat ubiquitinylation also stimulates its transcriptional properties
(Bres et al., 2003).

1.7. Two Regulatory Regions Located Downstream of the HIV-1
Transcription Initiation Site are Associated with DNase I-
Hypersensitive Sites

Structural studies of the chromatin organization of integrated HIV-1 have identified
two DNase I-Hypersensitive Sites (HS4 and HS7) outside of the promoter/enhancer
region in U3, that were likely to play a role in controlling viral transcription by
virtue of their accessibility in chromatin (Fig. 1a and 1b) (Verdin, 1991).
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1.7.1. Characterization of the DNase I-hypersensitive site HS4 associated
with the 5’ untranslated region of HIV-1

The transcriptionally active HIV-1 promoter is characterized by a large open
chromatin region encompassing both the promoter/enhancer region (HS2 + HS3)
and a 255-nt region downstream of the transcription start site (nt 465–720) (nuc-1
region and HS4) (Fig. 1b). In vivo and in vitro footprint analysis of the latter region
has identified recognition sites for several constitutive and inducible transcription
factors (reviewed in al-Harti and Roebuck, 1998): an NF-�B binding site and three
AP-1 binding sites (I, II, III) which lie in the region protected by nuc-1 in basal
conditions; a NF-AT binding site; an interferon-stimulated response element (ISRE);
and juxtaposed Sp1 binding sites (Fig. 1c).

It has been shown that this cluster of transcription factors binding sites located
downstream of the transcription start site play a crucial role in HIV-1 infectivity and
transcriptional regulation (Van lint et al., 1997). The AP-1(III) and NF-AT sites and
the ISRE lie at the 3’ boundary of nuc-1 while the Sp1 sites lie at the 5’ boundary
of nuc-2. These sites may thus play a role in the positioning of nucleosomes in the
5’ LTR. This could occur either indirectly through a boundary effect or directly
through an interaction between a nucleosomal component and one of these factors.
In good agreement with this hypothesis, a LTR containing mutations in most of
the HS4 binding sites (AP-1(III), NF-AT, IRF, and Sp-1) and stably integrated into
HeLa cells shows reduced promoter activity accompanied by the disappearance of
nuclease-hypersensitive site HS4 (El Kharroubi and Martin, 1996). These experi-
ments demonstrate that these sites collectively contribute to the establishment of a
nucleosome-free region corresponding to HS4.

In addition to c-fos and junD, the three AP-1 binding sites (I, II, III) in the
5’ untranslated region also bind transcription factors of the CREB/ATF family,
permitting induction of the HIV-1 5’LTR via activation of the cAMP-dependent
protein kinase A (PKA) signaling pathway (Rabbi et al., 1997). The efficiency
of AP-1 binding to the AP-1 (III) site is also selectively modulated by the High-
Mobility-Group protein I (HMG I) (Henderson et al., 2000). The ISRE located
downstream of the transcription start site has been shown to bind interferon regulatory
factor 1 (IRF-1) (Sgarbanti et al., 2002). Furthermore, IRF-1 activates LTR-driven
transcription in the absence of the viral transactivator Tat. IRF-1 may thus effec-
tively activate transcription of Tat, leading to efficient HIV-1 transcription and
virus replication. Interestingly, IRF-1 is stimulated early after virus infection and
before expression of Tat in both cell lines and primary CD4+ T-lymphocytes. These
results define IRF-1 as a positive regulator of HIV-1 transcription and replication
that may play a role during viral reactivation from latency (Sgarbanti et al., 2002).

1.7.2. Characterization of the DNase I-hypersensitive site HS7 associated
with the HIV-1 pol gene

Analysis of the chromatin organization of integrated HIV-1 identified a single
major nuclease-hypersensitive site in the 8 kb region located between the two LTRs
(Verdin, 1991; Van Lint et al., 1994). This hypersensitive site, centered around nt
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4490–4766, is located in the part of the pol gene encoding the integrase protein
(Fig. 1a). This constitutive hypersensitive site is present only in a cell line from
monocytic origin (U1) and not in two cell lines from lymphoid origin (8E5 and
ACH2), suggesting a cellular specificity associated with this intragenic element
(Verdin, 1991). A 500 bp fragment (nt 4481–4982) encompassing the pol gene
hypersensitive site region (called HS7 region) positively regulates transcription from
the HIV-1 5’-LTR in transient transfection experiments (Van Lint et al., 1994). Our
laboratory has identified by in vitro binding studies several transcription factors
binding sites in the HS7 region including two Oct-1/-2 sites, a PU.1 site and a
Sp1/Sp3 sites (Van Lint et al., 1994; Goffin et al., 2005). Infection studies with
infectious clones of HIV-1 mutated individually or in combination in the identified
transcription factors binding sites have demonstrated that they are important for
HIV-1 replication in human CD4+ cell lines, indicating a positive regulatory
function for the pol intragenic region (Goffin et al., 2005).

DNA regulatory regions in eukaryotic genomes frequently adopt a nuclease-
hypersensitive configuration (Wolffe, 1999). We have shown that PU.1 occupies
in vivo the HS7 region in U1 cells and could therefore be involved in the nuclease
hypersensitivity of the intragenic region (Goffin et al., 2005). The PU.1 protein
is an ETS family transcription factor that is highly expressed in B-lymphocytes,
myeloid cells and immature erythrocytes (Scott et al., 1994; McKercher et al., 1996).
Indeed, studies on the B-cell-specific � and �3’ enhancers have shown that PU.1
is involved in chromatin remodeling events by functioning in some contexts as
an accessibility factor (i.e. a protein capable of binding its site in the repressive
context of chromatin, thereby increasing accessibility of the region) (Pongubala
et al., 1992; Nelsen et al., 1993; Marecki et al., 2004). Therefore, the presence
in the pol gene of HIV-1 of a regulatory region containing a binding site for
the macrophage and B-cell-specific factor PU.1 and associated with a monocyte-
specific nuclease hypersensitive site suggests that PU.1 could act as an accessibility
factor triggering the open chromatin configuration in the pol region. Moreover, the
positive regulatory element associated with HS7 could play an important role in
the macrophage tropism of HIV-1. Although previous studies have demonstrated
that the HIV-1 macrophage tropism is primarily determined at the level of the
entry (O’Brien et al., 1990; Hwang et al., 1991; Shioda et al., 1991), several
reports have highlighted additional determinants of macrophage tropism present
at the level of transcription. Indeed, two motifs located in the HIV-1 LTR bind
members of the C/EBP family of transcription factors and are required for virus
replication in macrophages, but not T-cells (Henderson et al., 1997). The tropism
of other viruses for their target cells is determined in part at the transcriptional level
(Erselius et al., 1990; Hines et al., 2004).

The HS7 region is composed of multiple factor binding sites; some of these factors
are ubiquitously expressed, whereas others are cell-specific factors, supporting the
notion that the HS7 transcriptional activity is determined by a combinatorial control:
the combined action of tissue-restricted and ubiquitously expressed proteins. The
HS7 regulatory region described in this report could either bring additional cellular
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specificity, or increase the strength of the promoter/enhancer unit located in the
HIV-1 LTR, or allow viral responses to a broader variety of exogenous stimuli. The
positive cis-regulatory element located in the transcribed region of the HIV-1 genome
brings an additional factor in an already complex network of regulators affecting the
level of HIV-1 replication. Such a complexity could allow a finer-tuned regulation
than a simple ‘On/Off’ switching mechanism; this fine-tuning might find its purpose
when HIV-1 transcription needs to be moderately and/or transiently modified.

1.8. HDAC Inhibitors: A New Hope for HIV-1 Eradication?

HAART is unable to completely clear the pool of latently infected cells. The
residual viremia in patients on HAART would be due to low-level reactivation of
latently-infected cells. Therefore, elimination of the latent pool might be achieved
by inducing HIV replication in latently-infected cells, while maintaining the patient
on HAART to prevent a spreading infection. Following viral reactivation, latently-
infected cells would then be eliminated by the immune system or virus-mediated
cell lysis. Several clinical trials to test this strategy have been performed to date.
Studies with agents activating nonspecifically T-cells, such as IL-2 alone, or in
combination with TNF� and/or OKT3 (a TCR activating monoclonal antibody),
have shown little, if any, reduction in viral rebound after cessation of HAART (for
review, see Blankson et al., 2002). An ideal compound for viral purging would
induce expression of HIV-1 in a wide variety of infected cells without inducing
global T-cell activation to prevent the generation of new target cells for the neo-
synthesized virus. A number of potential drugs under investigation meet these
criteria. IL-7 effectively induces HIV-1 replication in peripheral blood mononu-
clear cells (PBMCs) of infected patients, while having minimal effects on T-cell
phenotype (Smithgall et al., 1996; Scripture-Adams et al., 2002). Other interesting
HIV-1 inducing agents are prostratin, a nontumor-promoting phorbol ester, and
the related 12-deoxyphorbol 13-phenylacetate (DPP). Further study revealed that
prostratin upregulated HIV-1 transcription in both lymphoid (Korin et al., 2002)
and myeloid (Kulkosky et al., 2001) cell lineages, while simultaneously preventing
subsequent infection by downregulating CD4+, the cell-surface receptor used
for HIV attachment (Biancotto et al., 2004). Unfortunately, attempts to develop
prostratin as a drug have encountered severe dose-limiting toxicities in primates.

Based on our results, we have proposed HDAC inhibitors as an adjuvant
therapy with HAART (Quivy et al., 2002; Demonté et al., 2004). HDAC
inhibitors present several advantages in the context of an anti-HIV-1 adjuvant
therapy. First, HDAC inhibitors do not induce proliferation or activation of T
cells (Byrd et al., 1999; Marks et al., 2001; Piekarz et al., 2001). Recent data
even suggest that HDAC inhibitors inhibit CD4+ T-cell proliferation in a dose-
dependent manner (Skov et al., 2003). Second, although infected resting CD4+ T
cells represent the major long-term HIV-1 reservoirs, other cell types (macrophages,
dendritic cells and other non-T cells) clearly contribute to the persistence of HIV-
1 during HAART (Schrager and D’Souza, 1998; Collman et al., 2003). As viral
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suppression in T cells becomes today increasingly effective, these alternative reser-
voirs may take on even greater relative importance as sites for viral persistence and
as targets for purging. HDAC inhibitors have been shown to act in a broad spectrum
of cell lines and therefore, in contrast to agents that specifically induce T cells,
they could target the different cellular HIV-1 reservoirs. Third, this class of agents
is safely administered since several years for other diseases, including beta-chain
hemoglobinopathies (such as beta-thalassemia and sickle cell anemia) (Dover et
al., 1994; Collins et al., 1995), epilepsy and bipolar disorders (Tunnicliff, 1999;
Johannessen, 2000; Phiel et al., 2001). Moreover, HDAC inhibitors are potent
inducers of apoptosis and growth inhibition in transformed cells originating from
lymphoid cells (Byrd et al., 1999; Marks et al., 2001; Piekarz et al., 2001). As
HDAC inhibitors are relatively non-toxic to normal cells, they are now considered
as good candidates for novel cancer therapy (reviewed in Yoo and Jones, 2006).
Among the different agents that have been identified as having HDAC inhibitors
activity (including TSA, TPX, oxamflatin, apicidin, phenylbutyrate, valproic acid,
suberoylanilide hydroxamic acid (SAHA), depsipeptide, MS-275), at least the latter
five are currently used in clinical trials for evaluation of their anticancer efficacy
(reviewed in Minucci and Pelicci, 2006). The fourth element in favor of the use
of HDAC inhibitors in anti-HIV treatment is the ability of these drugs to induce
transcriptional activation of several HIV-1-subtypes LTRs (Quivy et al., 2002).
Indeed, an increasing number of non-B HIV-1 subtype infections is currently
diagnosed. We have shown that, in addition to the prototypical subtype B LTR, the
LTRs from subtypes A through G of the HIV-1 major group M were also activated
by HDAC inhibitors (Quivy et al., 2002). These data suggest that HDAC inhibitors
could be used to induce HIV-1 expression in a subtype-non specific manner. A
fifth element is that HDAC inhibitors potently repress CXCR4 chemokine receptor
expression and function (Crazzolara et al., 2002). This could impede viral expansion.
A sixth important element is the fact that HDAC inhibitors are already safely admin-
istrated to HIV-1 patients for years. Indeed, it is well documented that patients with
HIV-1 are at an increased risk for the development of multiple neurological manifes-
tations including seizures (Wong et al., 1990). Therefore, HIV-positive patients
typically receive long-term anticonvulsant therapy following an initial episode of
seizure activity (Romanelli and Pomeroy, 2003). Historically, these patients have
been treated with many anticonvulsant agents including valproic acid which possess,
in addition to its neurological properties, HDAC inhibitors activities. Supporting our
hypothesis based on the ability of HDAC inhibitors to induce HIV-1 replication in
vivo, an increase in viral load of some HIV-positive patients receiving both HAART
and valproic acid (VPA) has been observed (Jennings and Romanelli, 1999).
However, this phenomenon has not been observed in all patients receiving this
combinatory therapy (Romanelli and Pomeroy, 2003), suggesting that, in some
patients, increase in viral load can be controlled by the anti-retroviral treatment.

Margolis and colleagues have demonstrated that VPA, in presence of IL2,
induced outgrowth of HIV-1 from purified resting CD4+ cells obtained from
aviremic patients (Ylisastigui et al., 2004). In addition, our preliminary experiments
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performed on CD8-depleted PBMCs isolated from aviremic patients suggest that
HDAC inhibitors are able to reactivate HIV-1 expression in latently infected cells
even in the absence of IL2 (Van Lint, unpublished results). Recently, the Margolis
group has performed a proof-of-concept study indicating that VPA is a promising
agent to accelerate clearance of HIV-1 from resting CD4+ T cells (Lehrman et al.,
2005). In three of four patients, they have observed a significant decline in the
frequency of resting cell infection after addition of enfuvirtide (an inhibitor of
HIV-1 entry) and VPA (Lehrman et al., 2005).

Interestingly, we have demonstrated a synergistic effect of TNF� and HDAC
inhibitor on reactivation of HIV-1 expression in the latently infected U1 cell line
(Quivy et al., 2002). Mechanistically, we have demonstrated that HDAC inhibitor
prolongs TNF�-induced NF-�B binding to DNA (Quivy et al., 2002; Adam et al.,
2003). It is important to note that an array of cytokines, including the proin-
flammatory cytokines TNF� and interleukin-1 (inducers of NF-�B), are already
copiously expressed in the microenvironment of the lymphoid tissues, which harbor
latent viral reservoirs (Navikas et al., 1995) and could therefore, amplify the reacti-
vation potential of HDAC inhibitors used in patients.

In the future, studies testing co-administration of HDAC inhibitor and an activator
such as IL7 or prostratin-like agent, together with intensified HAART, could offer a
new hope for HIV-1-infected patients. This type of clinical protocol could provoke
a drastic HIV-1 activation leading to a strong decline of HIV-1 reservoir level,
sufficiently to allow HIV-1 remission.
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SMALL MOLECULE MODULATORS IN EPIGENETICS
Implications in gene expression and therapeutics
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Abstract: Altered gene expression resulting from changes in the post-translational modification
patterns of the histones and DNA is collectively termed epigenetics. Such changes are
inherited albeit there are no alterations in the DNA sequence. Epigenetic regulation of
gene expression is implemented by a wide repertoire of histone and DNA modifying
enzymes including the acetyltransferases and deacetylases, the methyltransferases and
kinases among others. Therefore, a regulation of these enzyme activities affords a
tighter regulation of gene expression. Conversely, aberrant enzymatic activities lead to
unregulated gene expression, resulting in several diseases such as RTS (loss of CBP
HAT activity) and Spinal and Bulbar muscular atrophy (HATs and HMTases), apart
from several forms of cancers, particularly myeloid leukemia (RAR-PML or RAR-
PLZF fusion proteins resulting in the mistargeting of HDACs). Thus these enzymes
have emerged as novel targets for the design of therapeutics. In this direction, several
small molecule modulators (activators and inhibitors) of HATs, HDACs and HMTases
are being reported in literature. This chapter introduces the different histone modifying
enzymes involved in gene regulation, their connection to disease manifestation and
focuses on the role of small molecule modulators in understanding enzyme function
and also the design and the evolution of chromatin therapeutics

1. INTRODUCTION

Heritable changes in gene expression, brought about by DNA and histone modifi-
cations without altering the coding sequences is collectively termed ‘epigenetics’.
These changes, in most cases affect the chromatin structure, thereby regulating
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the gene expression profile. Research into the components that establish epige-
netic marks have revealed interrelationships, which have led to the evolution of
newer concepts in the field of gene regulation. Perturbation of the ‘codes’ set by
these epigenetic marks results in the inappropriate expression or silencing of genes
leading to ‘epigenetic diseases’. Deregulation of the epigenetic balance results in
the development of carcinogenic malignancies, neurodegenerative diseases, diabetes
and several airway diseases amongst many more. Epigenetic codes are set up by
modifications on the DNA (methylation) or on the histones (acetylation, methy-
lation, phosphorylation, etc.), by different classes of enzymes in a precise and
targeted manner. Effector proteins that recognize these marks bring about localized
alterations in the chromatin structure, shaping the outcome of these codes. DNA
methylation marks are recognized by methyl cytosine binding proteins MBDs or
MeCP2, initiating a series of events that eventually shut off a gene. Acetylation
marks are recognized by bromodomain containing proteins (found on transcriptional
coactivators) whereas methylation marks, particularly H3K9 and other repressive
marks are recognized by chromodomain containing proteins (found on silencers
and repressors). These effector proteins are as important as the epigenetic marks in
regulating the transcriptional status. This review focuses to introduce the enzymes
that establish the epigenetic pattern, summarize the different epigenetic diseases
and discuss the possible therapeutic potential of epigenetic therapy with examples.

2. EPIGENETIC REGULATION OF GENE EXPRESSION

2.1. Histone Acetyltransferases

Histone acetyltransferases (HATs) transfer an acetyl group from acetyl coenzyme
A onto the �-amino group of lysine residues in the amino terminal tails of histones.
Histone acetylation is associated with transcriptionally active chromatin, a fact
that has been established over 40 years ago (Littau et al., 1964). The different
HATs identified have been found as a part of transcriptional coactivator complexes,
strengthening the active transcription-HAT connection (Eberharter et al., 2002). In
addition to acetylation of histones, a wide variety of proteins including transcription
factors and non-histone proteins are modified by HATs, which earns them the
new title of Factor Acetyltransferases (FATs). The acetylation of the histone tails
was surmised to result in a decreased affinity of the histone for the DNA, on
account of the decreasing positive charge, establishing an ‘open’ chromatin state.
The transcriptionally active state may be mediated via the transient formation of
�H3-H4�2 tetrameric particle that could adopt an open structure only when H3 and
H4 tails are acetylated (Morales et al., 2000). Recent data suggests that acety-
lation could regulate diverse functions like protein–protein interaction and protein
stability (Kouzarides, 2000), thereby affecting the recruitment of the transcriptional
regulatory complexes. Various HATs can be classified in to broad families: (a) the
GNAT superfamily that includes Hat1, Gcn5, PCAF, Elp3, Hpa2; (b) MYST family
that consists of Sas2, Sas3, Esa1, MOF, Tip60, MOZ, MORF, HBO1; (c) p300/CBP
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family; (d) Nuclear receptor coactivators like SRC-1, ACTR, TIF2; (e) TAFII250
family; and (f) TFIIIC family (Berger et al., 2000). HAT complexes are targeted
to promoter regions through their interaction with transcriptional activators (Lau
et al., 2000).

2.2. Histone Deacetylases

Acetylation is a reversible process. Different classes of deacetylases are involved
in the deacetylation of histones and nonhistone proteins. Histone deacetylation
leads to transcriptionally inactive state of the chromatin. This balance between
acetylation, (transcriptional activation) and deacetylation (transcriptional repression)
is critical in regulating gene expression. Mammalian HDACs are classified into
three classes based on their homology to yeast HDACs. Class I HDACs (HDAC1,
2, 3, 8, and 11) are homologues of Sacharomyces cerevisiae histone deacetylase
Rpd 3 (reduced potassium dependency 3) and those with greater similarity to
yeast Hda1, are class II HDACs. (Gray and Ekstrom, 2001; Gao et al., 2002;
Kao et al., 2002) All these enzymes possess a highly conserved catalytic domain
of approximately 390 amino acids and appear to deacetylate their substrates by
the same mechanism. Class II is further divided into two sub classes namely II a
(HDAC-4, 5, -7, and 9) and II b (HDAC6, containing as unique feature of two
homologous deacetylase domains, and HDAC10, more similar to HDAC6 than to
HDAC4, 5, -7, and 9) (Grozinger et al., 1999; Kao et al., 2002). Class I HDACs,
were found as corepressor complexes with other partners, such as Sin3-HDAC
and NuRD-Mi2-NRD complexes. Whereas class II HDACs interact with one or
more transcription factors like BCL6, PLZF, MEF-2, and TR2; with transcriptional
corepressors such as N-C0R, SMRT, B-CoR, CtBP, and with heterochromatin
binding protein, HP1. (Bertos et al., 2001; Yang et al., 2003). In addition, class II
HDACs differs from class I HDAC proteins depending on their protein expression,
subcellular localization, and consequently biological roles. Class I HDACs are
ubiquitously expressed, whereas class II enzymes display tissue-specific expression
in humans and mice. For example, HDAC4 is more abundant in skeletal muscles,
moderately express in brain, heart and ovary, but not detectable in liver, lung,
spleen, and placenta whereas HDAC5 is expressed in mouse heart, brain, liver, and
skeletal muscles but not spleen (Bertos et al., 2001, Fischle et al., 2001). In contrast
to class I HDACs, which are mainly nuclear enzymes (except HDAC3), (Yoon
et al., 2003), under different cellular conditions class II HDACs shuttle between the
nucleus and the cytoplasm. HDAC4 actively shuttles between the nucleus and the
cytoplasm in vivo, and phosphorylation and/or overexpression of 14-3-3 chaperone
promotes its cytoplasmic accumulation. (Fischle et al., 2001).

Class III HDACs are called Sirtuins, which are homologoues of yeast sir2 (silence
information regulator). To date, seven sirtuins (1–7) have been identified in humans.
The sirtuins family can be divided into five classes based on their primary structure
(Frye, 2000). S. cerevisiae has five sirtuins, all the five belongs to class I proteins, as
well as the human SIRT 1–3. SIRT4 is a class II sirtuins, SIRT5 is a class III, SIRT6
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and SIRT7 are class IV proteins. The sirtuin deacetylase contains a conserved 275
amino acid catalytic domain, which is structurally and mechanistically different from
that of HDACs (class I and II). Most significantly the class III deacetylases require
NAD+ as a cosubstrate to deacetylate several histone and nonhistone substrate,
including tumor suppressor p53 (Chang et al., 2002; for more recent review see
Blander and Guarente, 2004).

2.3. Histone Methyltransferases

Histone methylation is brought about by histone methyltransferases (HMTases),
which catalyze the transfer of methyl group from the donor SAM (S-adenosyl
methionine) predominantly to the lysine or arginine residues on the N-terminal
histone tails. Based on the basis of amino acids that get modified, they are classified
into the lysine methyltransferases (Martin et al., 2005) and arginine methyltrans-
ferases (Bedford et al., 2005). The residues can be mono, di or trimethylated, which
further increase the scope and range of methylation-mediated regulation. Arginine
methyltransferase have an additional level of regulation in catalyzing the formation
of asymmetricdimethylarginine (aDMA) or symmetricdimethylarginine (sDMA).

HMTases are versatile enzymes with their modifications being involved in both
activation and repression. This dual nature is possible because of these multiple
levels of regulation (Zhang et al., 2001). The exact residue on the histone tails
that gets modified determines transcriptional activation or repression. The lysine
methyltransferases are involved in transcriptional activation (Methylation on H3K4,
H3K36 and H3K79) as well as transcription repression (Methylation of H3K9,
H3K27 and H4K20), while the arginine methyltransferases so far have been shown
to be involved in transcriptional activation. Several lysine methyltransferases have
been found to be involved in transcriptional silencing in association with the
polycomb group of proteins (e.g. EZH2 that methylates H3 K9 and K27) and the
heterochromatin protein 1 (HP1) (e.g. SUV39H that trimethylates H3 K9 promi-
nently) leading to the heterochromatinization of a particular locus. These HMTases
contain a common SET (SuVar39, Enhancer of Zeste and T rithorax) domain that has
been demonstrated to possess the HMTase activity (Martin et al., 2005). Arginine
methyltransferase PRMT4/CARM1 has been shown to bring out transcriptional
activation of p53 and NF-�B responsive genes. (Covic et al., 2005).

2.4. Histone Demethylases

The covalent modifications of histone tails such as acetylation, phosphorylation,
and ubiquitination have been shown to be reversible. This reversibility help the
cells to respond to these regulatory modifications and thereby, influence the gene
expression. Methylation of histones however, has been considered to be a relatively
stable and irreversible mark on histones. Nevertheless active turnover of methyl
groups on histones do exist. One of the possible mechanism of removal of methyl
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group from histone tail could be replacement of methylated histone with an unmod-
ified version on chromatin by (presumably) histone chaperone as found in case
of deposition of histone H3.3 variant at rDNA (Ahmad and Henikoff, 2002) or
HSP70 promoter in Drosophila (Schwartz and Ahmad, 2005). In addition to histone
replacement, two classes of enzymes were recently reported which are required
either to inhibit the histone methylation or demethylation of histone tails. The
first report was the identification of PADI4 (Bannister et al., 2002; Cuthbert
et al., 2004; Wang et al., 2004), which is a deiminase and antagonizes arginine
methylation of histone. However, deimination does not assure the demethylation of
arginine suggesting that histone replacement could be the major pathway. A signif-
icant break through was made in this field by the discovery of histone H3 lysine
demethylases (Shi et al., 2004; Kubicek and Jenuwein, 2004). It was found that
KIAA0601 (BHC110) protein which is a riboflavin binding protein possess this
activity. The recombinant BHC110/LSD1 (lysine-specific demethylase 1) catalyze
the amine oxidation of methylated histone H3 (K4) to generate unmodified lysine
and formaldehyde. It is note worthy that LSD1 can only demethylate mono or
dimethylated lysines, not trimethylated lysine or other methylated lysines. Never-
theless, this pioneering discovery suggests that all the histone modifications are
dynamic in nature, which is essential to regulate the gene expression and probably
also DNA repair.

2.5. Histone Kinases

Phosphorylation has a major influence on chromatin dynamics either by altering
the charge or by facilitating the binding of various chromatin remodeling factors or
transcription factors that regulate gene expression (Strahl and Allis, 2000). Among
the core histones, histone H3 and H2A predominantly get phosphorylated with
functional consequences. The linker histone H1 is also subjected to phosphory-
lation in a cell cycle dependent manner. Inducible phosphorylation of histone H3
at serine 10 residue has been studied much more extensively as compared to serine
28. There are several kinases which may phosphorylate serine 10 upon mitogenic
stimulation or stress. These include mitogen stimulated protein (MAP) kinase, p90
ribosomal S6 kinase 2 (RSK2) and a src family tyrosine kinase (Fyn). Phospho-
rylation of H3 serine 28 is also inducible (such as by UV) and mediated by
MAP kinase, MSK1/2 and/or mixed lineage triple kinase alpha (MLTK-a) (Dong
and Bode, 2006). Phosphorylation of histone H3 serine 10 is positively correlated
to transcription activation from chromatin whereas, serine 28 phosphorylation is
coupled with mitotic chromosome condensation in diverse mammalian cell lines.
Recently it has been shown that tissue transglutaminase 2 (TG2) possess an intrinsic
serine/threonine kinase activity and can phosphorylate serine 10 residue of histone
H3 (Mishra et al., 2006). Interestingly, it is also a H1 kinase. However, the in vivo
significance of TG2 histone kinase activity is yet to be shown. Phosphorylation of
histone H2AX occurs rapidly in response to DNA damage at S129 (for yeast) and
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S139 (for mammals). The responsible kinases are members from phosphatidyli-
nositol 3-kinase (PI3K)-like family kinases, which include ataxia telangiectasia
mutated (ATM), AT-related (ATR), and DNA dependent protein kinase (DNA-PK)
(Burma et al., 2001; Stiff et al., 2004; van Attikum and Gasser, 2005). Histone
H2AX phosphorylation is directly related to repair of damaged chromatin (for
details see chapter on ‘Role of histone phosphorylation in chromatin dynamics and
its implication in diseases’).

2.6. DNA Methyltransferases

DNA methyltransferases or DNMTs catalyze the methylation at the C5 position
of cytosine residues, which are located 5’ to the guanine residue constituting CpG
dinucleotide stretches. Interestingly, these dinucleotides are underrepresented in the
human genome, and wherever present occur in clusters that are termed CpG islands.
These CpG islands have been found associated with promoter regions. Methylation
of these regions is associated with long term gene silencing, and is thought to
be a mechanism to limit the DNA instability by transposons and repetitive DNA
elements (Yoder et al., 1997). The exact mechanism of targeting of DNMTs to
specific regions is not very clearly understood. As with most methylation reactions,
DNMTs also use S-adenosyl methionine as the methyl group donor.

DNA methylation is established during early embryogenesis and continues
through different generations of cell cycle and development. Different DNMTs are
involved in this process. DNMT3 family is necessary for the de novo methylation of
the DNA in the early embryonic stages, and thereby is indispensable for the devel-
opment of the embryo. These enzymes not only establish new methylation patterns
but also methylate specific regions such as pericentric repetitive sequences and CpG
islands on the inactive X-chromosomes, thereby initiating the imprinting process.
DNMT1 on the other hand, is necessary for the maintenance of methylation. This
methyltransferase has a preference for the ‘hemimethylated DNA’ created during the
semi-conservative mode of replication, thereby maintaining the imprinting patterns
across generations. DNMT1 is associated with the DNA replication machinery,
which helps it to be targeted to regions of active replication (Vertino et al., 2002).
These two classes of DNMTs show interdependence, as the functions of DNMT1
is taken over by DNMT3 in DNMT1 deficient cell lines.

2.7. Epigenetic Interplay in the Regulation of Gene Expression

Individual histone modifications lead to specific transcriptional outcomes as has
been discussed in the preceding sections. Recent work demonstrates that these
marks do not act individually, rather do so in combination to achieve a particular
transcriptional state. Such a combinatorial approach to gene regulation augments the
requirement of the cell to regulate the expression of genes at varying levels. Several
examples exist of histone modifications modulating functions of each other either
synergistically or antagonistically. One of the earliest examples in gene activation
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is the phosphorylation of H3S10 that facilitates acetylation of H3K14 and methy-
lation of H3K4 (Cheung et al., 2000). It also results in the acetylation of H3K9,
preventing its methylation and thereby preventing repression (Rea et al., 2000).
H3K4 trimethylation is generally associated with the 5’ coding regions of the
active genes, facilitating the hyper acetylation of H3K9, 14, 17, 23 and H4K8.
This has been elucidated from studies on the chicken and mammalian � globin
locus. (Kim and Dean, 2004; Schneider, 2004). On the other hand methylation of
H3K9, prevents the hyperacetylation of H3 and H4. Promoter DNA methylation
is generally accompanied by the concomitant deacetylation resulting in silencing
of the gene. This is accomplished by the recruitment of the methyl CpG binding
proteins (MDB or MeCP2), which in turn recruit HDACs setting up a repressive
environment.

Yet another example of combinatorial histone codes come to fore in yeast,
wherein H2B K123 monoubiquitination was shown to be a necessary prerequisite
for H3K24 and H3K79 methylation resulting in opening of the chromatin (Sun and
Allis, 2002). Combination of histone marks in the regulation of physiologically
relevant processes such as embryonic development and lymphocyte maturation have
also been described.

An ordered sequence of histone acetylation and arginine methylation has been
observed in estrogen responsive genes. Upon estrogen stimulation of the pS2 gene,
CBP mediated acetylation of H3K18 and K23 is followed by the methylation of
H3R17 by CARM1. CARM1 is directly recruited to the gene by the acetylation
marks, as an acetylase deficient CBP is unable to recruit CARM1 (Daujat, 2002).
In case of p53 responsive genes, this scheme is extended to include PRMT1, which
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Figure 1. Epigenetic interplay in the regulation of transcription. (A) Methylation of H3K4 and phospho-
rylation of H3S10 facilitates the acetylation of H3 and H4 leading to transcriptional activation. (B)
Methylation of H3K9 inhibits the phosphorylation of H3S10 as well as acetylation leading to transcrip-
tional repression(C) Methylation of H4R3 by PRMT1 facilitates the acetylation by p300 which in turn
acts as a favorable substrate for CARM1 mediated methylation of H3 R2, R17 and R26. (See Colour
Plate 23.)
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methylates H4R3 resulting in the recruitment of p300 followed by CARM1 (An
et al., 2004). Interestingly, methylation of Arg 3 of histone H4 by PRMT1 facilitates
histone H4 acetylation leading to gene activation (Wang et al., 2001). (Fig. 1).
Recent insights in histone demethylases have revealed the existence of interplay
between different histone marks. LSD1, a flavin dependent amine oxidase that acts
on trimethylated H3K4 returning it to the ground unmethylated state is negatively
regulated by H3K9 acetylation and H3S10 phosphorylation. Thus deacetylation
and dephosphorylation are prerequisites for the demethylation by LSD1. (Forneris
et al., 2005).

3. EPIGENETIC BASIS OF DISEASE

The previous section lists and enumerates the importance of the different groups
of proteins that serve to establish the epigenetic code of gene transcription. As
discussed before, the cross talk between the different epigenetic marks forms the
basis for a tight regulation of gene expression and thereby sets a stage for the
controlled maintenance of cellular functions. Thus the integrity and stability of
epigenetic gene regulation is necessary for cellular homeostasis. Perturbations to
this delicate balance leads to altered gene expression, ultimately resulting in the
manifestation of diseased conditions. A clear understanding of the molecular basis
of epigenetic diseases could help in the design of novel therapeutics, opening vistas
for the medical treatment of these diseases.

3.1. Diseases Associated with Histone Acetyltransferases

Mistargeting and mutations in HATs and HDACs are major factors leading to
diseases and disorders. A classic example of one such disorder is the Rubinstein-
Taybi syndrome (RSTS), which is a consequence of a single mutation in the gene
encoding the HAT CREB binding protein (CBP), located on chromosome 16p13.3.
The mutation occurs in the conserved aminoacid residue E, changing it to K at
position 1278. This mutation alters the structure of the PHD type zinc finger in the
HAT domain of CBP. Interestingly, this mutation in the zinc finger also abolishes
its HAT activity. Yet another point mutation in CBP that converts an arginine into
a proline abolishes the HAT activity and transcriptional activation of the CREB
protein. Several deletions and intragenic duplication are also reported in patients
with RSTS. In addition to the most common cause of RSTS, i.e., mutation in the CBP
gene, mutations in p300 gene has also been reported to cause this disorder. RSTS
is congenital and characterized by mental retardation and a wide range of typical
dysmorphic features. Clues into the possible mode of action of CBP have come
from studies in Drosophila where CBP regulates the decapentaplegic (dpp) gene
expression downstream of the hedgehog signaling pathway (Akimaru et al., 1997).
Dpp is the homolog of the mammalian bone morphogenetic protein BMP, indicating
that skeletal deformities in RSTS could be due to the improper expression of the
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BMPs. Consistent with this surmise is the finding that CBP knockout mice show
reduced Bmp7 expression and skeletal deformities (Tanaka et al., 1997).

Disorders result even as a consequence of translocation events in genes encoding
HATs. This results in its mistargeting and misregulation, which leads to altered
chromatin acetylation and hence improper regulation of gene expression. Interest-
ingly, most translocations involving HATs commonly cause hematological malig-
nancies. A classic example of one such translocation is the MOZ-CBP fusion
proteins. This fusion protein is expressed due to a translocation t(8;16)(p11;p13),
associated with a subtype of acute monocytic leukemia (AML M5). Another
example is the Mixed Lineage Leukemia (MLL) gene fusions. In therapy related
AML, myelodysplastic syndrome or chronic myelomonocytic leukemia, MLL-CBP
fusion proteins are expressed in translocation t(11;16)(q23;p13). The fusion protein
has A/T hooks and cysteine-rich DNA recognition domain of MLL fused to intact
CBP and fails to recruit SWI/SNF to its target as it lacks the SET domain, which
is important for interacting with hSNF5 (Taki et al., 1997). MORF gene fusions
are expressed in t(10;16)(q22;p13) in childhood AML. Benign uterine leiomyomata
are the most common tumors in women of the reproductive age. This is caused by
t(10;17)(q22;q21)leading to the disruption of the histone acetyltransferase MORF
(Moore et al., 2000).

Different HATs, particularly CBP and p300 act as transcriptional coactivators for
a whole host of cellular oncoproteins such as c-jun, c-fos, c-myb, BRCA1, p53 and
pRb. These proteins are critical regulators of gene expression in the cell. A wide
variety of viral oncoproteins, such as E1A, E6 and SV40 large T antigen, also
associate with the HATs generally resulting in the suppression of the HAT activity.
CBP and p300 have been suggested to act as tumor suppressors, since both genes
are mutated or lost during carcinogenesis. Mutations in CBP, p300 and PCAF genes
have been associated with colon, lung and stomach cancer.

HATs have also been implicated in cardiac hypertrophy, which is characterized
by an increased HAT activity (Gusterson et al., 2002). Consistent with this obser-
vation, p300 knockout mice show reduced expression of muscle proteins and cardiac
structural defects (Yao et al., 1998). Apart from the acetylation of histone tails, p300
serves as a transcriptional coactivator for hypertrophy responsive transcriptional
factors such as GATA-4, SRF and MEF2. Besides, cardiac hypertrophy, several
airway diseases such as asthma and chronic obstructive pulmonary disease (COPD),
have an indirect dependence on HATs through the pro-inflammatory transcription
factor, NF-�B. NF-�B is known to associate with different HATs such as CBP/p300,
PCAF, GRIP-1 and SRC1.

3.2. Diseases Associated with Histone Deacetylases

The epigenetic codes set by HATs are countered by the activity of the histone
deacetylases. This delicate balance has been documented to maintain the cellular
homeostasis. HDACs seem to play dual opposing roles in disease manifestation.
Dysfunctioning of HDACs are involved in several cancers. In some cases HDACs
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suppress the expression of some tumor suppressor genes, while in other cases it aids
the function of tumor suppressor proteins. The retinoblastoma tumor suppressor
protein recruits HDAC1, (Magnaghi-Jaulin L et al., 1998, Chan et al., 2001),
p53 protein complexes with Sin3-HDAC (Murphy et al., 1999) and BRCA1,
the breast cancer susceptibility protein, associates with HDAC1 and 2. (Yarden
et al., 1999). Although mutations in HDACs have not been reported in carcino-
genesis, mistargeting of the repressive complexes containing HDACs have been
reported in leukemias and lymphomas (Fenrick et al., 1998; He et al., 2001).
The example of mistargeting of HDACs is best demonstrated in case of acute
pro-myelolytic leukemia (APL) where the retinoic acid receptor RARa undergoes
translocation with oncoproteins such as PML and PLZF. The retinoic acid (RA)
receptor (RAR) is a transcriptional regulator that is important for myeloid differ-
entiation. Under normal conditions, unliganded RAR� associates with retinoic acid
response elements (RARE) and represses genes with the concomitant recruitment of
the corepressor complexes N-CoR and SMRT. In the presence of retinoic acid, RAR
complexes with HATs and results in the initiation of myeloid differentiation. In
the event of a translocation the fusion protein binds to RARE and recruits HDACs
thereby repressing promyelolytic differentiation (see review Mai et al., 2005).

Apart from this HDACs are also associated with a number of other epigenetic
repression mechanisms including histone methylation, polycomb group of proteins
and DNA methylation (discussed later). The class II HDACs have been found to be
involved in muscle development, particularly HDAC 5 and 9 knockouts or mutants
show evidence of cardiac hypertrophy in a age or stress dependent manner (Zhang
et al., 2002; Chang et al., 2004).

3.3. Diseases Associated with Histone Methyltransferases

In cancer, there is genome-wide DNA hypomethylation as well as gene specific
DNA hypermethylation (Esteller et al., 2001). Aberrant gene activation and
repression both result as an interplay of different histone modifying enzymes and
DNA methylation enzymes. Deregulation of this interplay or the mistargeting leads
to neoplasia. Cancer and epigenetics are very closely linked, the involvement of
HMTases, more so of DNMTs (DNA methyltransferase) is observed in cancer
(Zhang et al., 2005). Enlisted below are the different HMTases and their implication
in cancer both direct and indirect.

Retinoblastoma (Rb) protein is a tumor suppressor with multiple interacting
protein partners. Deregulation of the tumor suppressor Retinoblastoma protein is
a major contributor to carcinogenesis. This is mutated in nearly 90% of human
solid tumors. Rb has been shown to interact with HMTases Suv39H1 and RIZ
both enzymes associated with bringing about general repression, mediated by H3K9
methylation (Nielsen et al., 2001). Homeotic gene expression is maintained by
two groups of proteins, the Polycomb group and the Trithorax group of proteins
(Mahmoudi et al., 2001).
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Ezh2 is a polycomb group protein contains EED and Enhancer of Zeste homologs
1 and 2 which recruit HDACs and thus bring about repression by the cooperative
methylation and deacetylation. Ezh2 is over expressed in prostate cancer. Prostate
cancer is a leading cause of death in males second only to lung cancer. Ezh2
has been observed to be over expressed in hormone refractory metastasis prostate
cancer (Varambally et al., 2002). Dysregulated expression of Ezh2 is involved in the
progression of prostate cancer as well as acts as a marker that distinguishes indolent
prostate cancer from those at risk of lethal progression. Breast cancer is a leading
cause of cancer-related death in women; EZH2 protein levels are strongly associated
with breast cancer aggressiveness. Overexpression of EZH2 in immortalized human
mammary epithelial cell lines promotes anchorage-independent growth and cell
invasion (Kleer et al., 2003).

There is a school of thought, which believes that HMTases are tumor suppressors
especially the lysine methyltransferases because of the loss of SET domain proteins
in tumor conditions, exceptions do exist like Ezh2. The well-known example of the
above is RIZ1, which interacts with Rb protein (again the same tumor suppressor).
RIZ-1 is in chromosome 1p36 region, which is commonly deleted, in more than
a dozen different types of human cancers. Riz-1 expression is commonly silenced
in many tumors including breast cancer, liver cancer, colon cancer, neuroblastoma,
melanoma, lung cancer and osteosarcoma (Kim et al., 2003).

MLL is a H3K4 methyltransferase and therefore associated with activation but
it is also known to recruit PcG proteins, thus the final activity of MLL is basically
a balance between activation and repression. The most widely known target of this
enzyme is the Homeobox (Hox) genes, which play important roles in axial morpho-
genesis, patterning and hematopoeitic differentiation. Expression of the Hox genes
is upregulated in human leukemias with MLL rearrangements; transformation by
the MLL fusion proteins requires the above activation. The MLL gene is associated
with many chromosomal translocations associated with ALL and AML; the balance
of its activity gets disturbed in such translocations. In leukemia the SET domain of
MLL is deleted and the PHD finger domain of MLL that is responsible for recruiting
the repressive factors are lost, thereby resulting in loss of enzymatic activity. But,
the fusion as with CBP, targets the genes of MLL and brings about transcriptional
activation mediated by acetylation. Other such theories are also proposed but the
underlined fact being that MLL targets the proteins and the other partner of the
fusion brings about the activation (Hake et al., 2004).

Yet another SET domain protein, which is directly related to cancers, is SMYD3
that gets upregulated in colorectal cancer and hepatocellular carcinoma, a leading
cause of death in developed countries (Hamamoto et al., 2004).

The human homolog of yeast Dot1, hDOT1L, is also aH3 K79 specific methyl-
transferase, and recent studies relate this protein to cancer hDOT1L physically
interacts with AF10, which is an MLL fusion partner in certain leukemias
(Okada et al., 2005).

Lysine methyltransferases have a well-established role in cancer whereas the
arginine methyltransferases role is relatively less explored. Inspite of that there
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is enough evidence to suggest their role both directly and indirectly with cancer
(Bedford et al., 2005). CARM1/PRMT4 and PRMT1 exhibit cooperativity with the
histone acetyltransferase p300 in the transcriptional activation of p53 responsive
genes (An et al., 2004) and p53 is again a well-known tumor suppressor that is
mutated in many of the cancers. Arginine methyltransferases are coactivators for
nuclear receptors, CARM1 over expression correlates with androgen independence
in human prostate carcinoma (Hong et al., 2004). Over expression of PRMT5
promotes anchorage independent cell growth and therefore is a probable target to
be deregulated in transformed cellular states (Pal et al., 2004).

3.4. Diseases Associated with DNA Methyltransferases

A growing number of diseases caused by the disturbance of DNA methylation
patterns underscore the importance of it as a pharmacological target. DNA methy-
lation has long been known to be associated with cancer, wherein the cancer cell
genome was shown to be hypomethylated in comparison to its normal counterparts.
More recently it has been demonstrated that while global hypomethylation leads to
oncogene expression and genomic instability, cancer cells also show local hyper-
methylation on the promoters of tumor suppressor genes. Several genes are over
expressed in cancers, as for example, melanoma antigens of testis cancer (DeSmet
et al., 1999) and the serine protease inhibitor gene SERPIN B5 in gastric cancer, are
frequently found to be demethylated in the cancerous cells. It is presumed that the
global hypomethylation early in tumorogenesis aids in the evolution of the tumor
cells by making the genome amiable for further genetic changes. DNA hypermethy-
lation of promoter regions accompanied by the associated histone hypoacetylation
leads to the silencing of the tumor suppressor genes (Song et al., 2005). [Interest-
ingly the disordered DNA methylation can be utilized as a unique marker in the
early detection of cancer.] The p16INK4A tumor suppressor gene has to be widely
studied in this context.

Apart from cancers, DNA methylation defects lead to diseases with defective
imprinting patterns. While loss of imprinting on some loci (e.g. IGF2/H19 locus)
leads to several cancers including lung, colon, liver, ovarian and Wilms’ tumor,
it could also result in several different syndromes. Prader Willi syndrome charac-
terized by a failure to thrive during infancy, obesity, mental retardation and behav-
ioral problems caused by a loss of imprinting in the region. Angelman syndrome,
arising out of a loss of imprinting in the maternally expressed ubiquitin protein
ligase E3A (UBE3A) gene, leads to speech impairment and mental retardation.

As has been mentioned previously, DNA methylation plays an important role in
stabilizing the genome particularly at the repeat sequences. In case of the Fragile X
syndrome, an increase in the trinucleotide repeat length leads to silencing of the
FMR1 gene locus. In contrast to this, decrease in repeat lengths of the D4Z4
repeat leads to hypomethylation at 4q3S locus leading to Facioscapulohumeral
muscular dystrophy (FSHD). Systemic lupus erythmatosus (SLE) is caused by a
loss of DNA methylation in T cells due to reduced activity of DNMT1 while
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ICF syndrome (Immunodeficiencies centromeric instability and facial anomalies) is
caused by a mutation in the DNMT3B gene. An interesting example highlighting the
interplay between different chromatin remodeling factors is seen in the ATRX (alpha
thalasemia/mental retardation syndrome, X-linked) wherein the affected gene ATRX
encodes ATP dependent chromatin remodeling factor. Interestingly, it contains a
PHD domain similar to that of DNMT3A, and patients with this syndrome show
DNA methylation defects.

4.1. Therapeutic Measures Targeting the Epigenetic Regulation

The cause of most epigenetic diseases can be traced to the enzymes that establish
them. A great deal of research has gone into the discovery of the modulators of
these enzymes, which not only leads to a better understanding of the mechanism,
but also to therapeutic possibilities.

From Rubinstein-Taybi syndrome to MOZ gene fusions to Cancers, mutations
in HATs and their mistargeting explain their significance, which leads to several
disorders including neurodegenerative ones resulting in improper regulation of gene
expression. Their general role as important intermediates involved in regulating gene
expression makes them attractive as most potent targets for therapeutics. Activators
or inhibitors of such HATs will be the focus in designing drugs for therapeutic
purposes. Several small molecule activators and inhibitors of HATs, which can find
their lead in such therapy have been discovered. Inactivation of tumor suppressor
genes is central to the development of cancer. Silencing of these genes occurs by
epigenetic means and inhibition of these factors leads to reversal of tumor suppressor
gene silencing and inhibition of tumorigenesis (Gibbons et al., 2005). Among
the enzymes involved in the regulation of gene expression, the CREB binding
protein CBP displays important functions during central nervous system devel-
opment. CBP loss of function has been reported in several disorders. New drugs
targeted at counteracting CBP loss of function could stand as a valid therapeutic
approach in neurodegenerative disorders (Rouaux et al., 2004, see also Chapter
‘Chromatin acetylation status in the manifestation of neurodegenerative diseases:
HDAC inhibitors as therapeutic tools?’). Among the synthetic HAT modulators,
the first to be designed were the peptide CoA conjugates. Of these, Lys-CoA was
specific for p300 and H3-CoA was specific for PCAF. These compounds are now
used as biological tools to study HATs in transcription (Lau et al., 2000). Recently
isothiazolone based modulators have also been designed that inhibit p300 and PCAF
(Stimons et al., 2005). The search for natural small molecule modulators of HATs
succeeded when anacardic acid from cashew nut shell liquid was proved as a potent
inhibitor of p300 and PCAF. Furthermore, CTPB (N-(4-chloro-3-trifluoromethyl-
phenyl)-2-ethoxy-6-pentadecyl-benzamide), an amide was derived using anacardic
acid as synthon, which remarkably activates p300 HAT activity.

These compounds may find its use as biological switching molecules to study the
role of p300 on transcription and for the development of therapeutics against cancer
(Balasubramanyam et al., 2003). Another lead to the development of therapeutic



Small Molecule Modulators in Epigenetics 411

drugs using small molecular modulators of HATs was garcinol, a polyisoprenylated
benzophenone derivative from Garcinia indica fruit rind. Garcinol was a potent
inhibitor of p300 both in vitro and in vivo and a potent inducer of apoptosis in
HeLa cells. Garcinol was also found to alter global gene expression, mainly by
down regulating genes. As it is known that alterations in histone acetylation patterns
leads to several diseases like asthma, AIDS etc., garcinol or its derivatives may
serve as lead compounds for designing therapeutics for diseases in addition to
cancers (Balasubramanyam et al., 2004). HIV is most dreadful to the mankind.
The conventional therapeutic approach, Highly Active Anti Retroviral Therapy
(HAART), leads to latency of the virus. This latency could be reverted using
inhibitors of histone deacetylases. The new therapeutic approach to treat HIV
infection aims at better understanding of targeting HATs and HDACs, which may
lead to a better and economical anti-HIV combinatorial therapeutics (Varier and
Kundu, 2006). Curcumin (diferuloylmethane), a major curcuminoid in turmeric is
a specific inhibitor of p300/CBP HAT activity. Curcumin could also inhibit the
p300 mediated acetylation of HIV-Tat protein in vitro and also the proliferation
of the virus. Hence, Curcumin may serve as a lead compound in combinatorial
HIV therapeutics (Balasubramanyam et al., 2004). There are few well characterized
HAT inhibitors enlisted in the table 1.

Structurally different classes of HDAC inhibitors (HDACi) have been reported,
which selectively inhibits cancer cell growth invitro. These compounds have shown
to inhibit cell proliferation by induction of cell cycle arrest in G1 and/or G2 phase,
terminal differentiation, and/or apoptosis of transformed cells in culture for a large
range of transformed cell types including solid tumor and hematological neoplastic
cell lines. Moreover, they inhibit the growth of several types of cancers in tumor
bearing animal models, being some of them actually in clinical trials. The treatment
of normal and tumor cells with HDAC inhibitors causes a similar accumulation
of acetylated histones H3, H4, H2A and H2B (Marks et al., 2000, 2001; Kramer
OH et a.l, 2001; Vigushin et al., 2002). Nevertheless, tumor cells appear to be
much more sensitive to growth inhibition and apoptotic effects of these agents than
normal cells (Parson et al., 1997; Qui et al., 1999; Butler et al., 2000, 2001). To date
number of HDAC inhibitors have been reported as useful tools for the study of

Table 1. HAT modulators

S.No. HAT modulator Target Reference

1 Lysyl-CoA p300 Lau et al., 2000
2 H3-CoA-20 PCAF Lau et al., 2000
3 Anacardic acid p300/PCAF/CBP Balasubramanyam et al., 2003
4 CTPB p300 Balasubramanyam et al., 2003
5 Garcinol p300/PCAF/CBP Balasubramanyam et al., 2004
6 Curcumin p300/CBP Balasubramanyam et al., 2004
7 �-butyrolactones CBP/Gcn5 Biel et al., 2004
8 Isothiazolones p300/PCAF Stimons et al., 2005
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function of chromatin acetylation and deacetylation, and gene expression. Based on
their structure, HDACi can be divided into four major classes as enlisted in table 2

The exact molecular mechanism of antitumor activity of HDAC inhibitors has
not yet been unraveled. One model suggests that hyperacetylation of histones
activates tumor suppressor genes and repress oncogenes. For example, HDAC
inhibitors have been shown to induce cyclin dependent kinases (CDK) inhibitors
such as p21, which are responsible for cell cycle arrest and subsequent cell differ-
entiation (Rocchi et al., 2005). Another model suggests that HDACi can also
activates the death receptor mediated and intrinsic apoptotic pathways (Nebbioso
et al., 2005; Peart et al., 2005). Furthermore they can also alter the expression
of genes involved in angiogenesis (Michaelis et al., 2004) and Metastasis (Joseph
et al., 2004). Trichostatin A (TSA) can inhibit hypoxia-induced expression of
vascular endothelial growth factor (VEGF) and suppress angiogenesis, both in
vitro and in vivo. So, augmentation of the host immune response and inhibition
of tumor angiogenesis might markedly suppress the growth of primary tumors and
impede metastasis. Another possible mechanism is hyperacetylation of histones
leads to genomic instability, which ultimately leads to cell cycle arrest. One
probable more mechanism of action of HDACi is by altering the expression
of thioredoxin-binding protein 2 (TBP2). Its expression is low in a number of
human cancers. Suberoylanilide hydroxamic acid (SAHA) selectively increases
the expression of TBP2, which in turn binds reduced thioredoxin and inactivates this
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Figure 2. Newly discovered small molecule HAT activator and inhibitors alter histone acetylation in
vitro and in vivo: (a) CTPB activates the p300 histone acetyltransferase activity; Histone acetyltransferase
assays were performed in the presence and absence of CTPB using highly purified HeLa core histones
�1	8 
g� and either with p300 (5 ng) or PCAF (15 ng) and processed for fluorography. Fluorographic
analysis of acetylated histones by p300 and PCAF in the presence of CTPB; Lane 1, core histones
without any HAT; lanes 2 and 5 histones with p300 and PCAF respectively; lane 3 and 6 with DMSO as
a control, lane 4 and 7 with 100
M concentration of CTPB. (b) Garcinol inhibits the histone acetylation
in vivo in HeLa cells: HeLa cells were treated for 24 h; Lane 1, histones extracted from untreated cells;
lane 2, Me2SO (solvent control) treated cells; lane 3, garcinol 100
M treated cells; lane 4, NaBu
(1mM), TSA �2 
M�; lane 5, cells treated with NaBu (1mM) and TSA �2 
M� and garcinol �100 
M�.
The acid-extracted histones were resolved over 12% SDS-PAGE and analyzed by Western blot using
antibodies against acetylated histone H3 (Calbiochem). Loading and transfer of equal amounts of protein
were confirmed by immunodetection of histone H3. (c) Curcumin inhibits the HAT activity of p300
but not PCAF. Fluorographic analysis of acetylated histones by p300 and PCAF in the presence and
absence of curcumin; Lane 1, core histones without any HAT; lane 2 and histones with p300 and PCAF
respectively.; lanes 3 and 6 with DMSO as a solvent control, lane 4 and 7 with 50 
M concentrations
of curcumin. (See Colour Plate 24.)
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Table 2. HDAC inhibitors

HDACi Target References

Short Chain Fatty Acids
Butyrate Class I/II Vidali et al., 1978
Valproic acid Class I/II Phiel et al., 2001
Hydroxamic acids
m-Carboxy cinnamic acid
bishydroxamic acid (CBHA)

Class I/II Richon et al., 1998

Oxamflatin Class I/II Kim et al., 1999
Pyroxamide Class I/II Butler et al., 2001
Scripataid Class I/II Su et al., 2000
Suberoylanilide hydroxamic acid (SAHA) Class I/II Richon et al., 1998
Trichostatin A (TSA) Class I/II Yoshida et al., 1990
LBH 589 Class I/II George et al., 2005
NVP-LAQ824 Class I/II Catley et al., 2003
Cyclic tetrapetides
Apicidin Class I/II Darkin-Rattray et al., (1996)
Depsipetide (FK-228, FR901228) Class I/II Nakajima et al., 1998
TPX-HA analogue (CHAP) Class I/II Furumai et al., 2001
Trapoxin Class I/II Kijima et al., 1993
Benzamides
CI-994 (N-acetyl dinaline) Class I/II Kraker et al., 2003
MS-275 Class I/II Saito et al., 1999
Sirtuin inhibitors
Sirtionol Class III Grozinger et al., 2001
Splitomycin Class III Bedalov et al., 2001
Nicotinamide Class III Jackson et al., 2003
Cambinol SIRT1 and SIRT2 Heltweg et al., 2006

important cellular redox regulatory protein, increasing sensitivity to oxidative stress
and apoptosis. The activation of TBP2 and probably other genes repressed in tumor
cells by HDAC inhibitors could contribute to cell growth arrest, terminal differen-
tiation, and/or apoptosis caused by these agents. These agents can cause accumu-
lation of acetylated proteins that are important regulators of cell-cycle progression.
Furthermore, HDAC inhibitors have been proved to cause acetylation of heat
shock protein (Hsp90) and degradation of its cargo oncoproteins in tumor cells
(Atadja et al., 2004).

HDAC inhibitors have been recently proposed as drugs for the treatment
of blood parasites like leishmania’s and trypanosomes (Belli 2000) (see next
section). Epigenetic phenomena are also involved in many psychiatric disorders.
For example, HDAC inhibitors have recently been proposed as therapeutic
agents in mitigating vulnerability to schizophrenia among high-risk individuals
(Impagnatiello et al., 1998). Although many of the genes affected by HDAC
inhibition are those encoding proteins known to mediate tumorigenesis or tumor
suppression, increasing evidence suggests that modifications of the epigenetic
histone code may not represent the primary mechanism for HDAC inhibitor-
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mediated growth inhibition and apoptosis in cancer cells (Brinkmann et al., 2001;
Johnstone et al., 2003). Recent evidences indicate that HDAC inhibitors affect
the transcription of a relatively limited set of genes through chromatin remod-
eling, with lesser than 10% of expressed genes being either activated or repressed
(Drummond et al., 2005). Therefore, it is clear indication that some other non
epigenetic mechanisms are operating in the cells because of inhibition of HDACs.
A number of tumor-associated proteins that mediate proliferation and cell-cycle
progression, including p53, Ku70, Hsp90, RelA, and Stats, have been identified
as substrates for various HDAC isoforms. Targeting the acetylation status of these
signal mediators might underlie the antiproliferative activities of HDAC inhibitors
in cancer cells. For example, a recent report indicates that HDAC inhibitors induced
cell-cycle arrest/apoptosis in prostate cancer cells through the stabilization of acety-
lated p53 (Roy et al., 2005). Mechanistically, increased p53 acetylation diminishes
Mdm2-mediated ubiquitination and the subsequent proteasome-facilitated degra-
dation (Luo et al., 2000). Similarly, a link between increased Ku70 acetylation and
TSA-triggered apoptosis in neuroblastoma cells has also been described (Subra-
manian et al., 2005). Acetylation of Ku70 at Lys539 and Lys542 would disrupt
its association with Bax, a proapoptotic Bcl-2 member. The resulting mitochon-
drial translocation of Bax facilitates cytochrome-c release and caspase-dependent
apoptosis. Moreover, as Hsp90 represents a target of HDAC6, inhibition of HDAC6
resulted in the hyperacetylation and loss of the chaperone activity of Hsp90,
suggesting reversible acetylation as a unique mechanism to regulate Hsp90 activity
(Bali et al., 2005). Various HDACs have been shown to form complexes with
a series of cellular proteins including 14-3-3 proteins, �-tubulin, ubiquitin, and
PP1, illustrating the complexity of their biological functions (Grozinger et al., 2000;
Hook et al., 2002; Canettieri et al., 2003; Kawaguchi et al., 2003; Brush et al., 2004;
Yang et al., 2005). For example, recent evidence shows that HDACs 1 and 6 formed
complexes with PP1, of which the combined deacetylase/phosphatase activities
underlie the ability of HDAC1 to modulate transcriptional activity of the cAMP
responsive element binding protein (CREB) and that of HDAC6 to regulate micro-
tubule dynamics. HDAC–PP1 complexes play a key role in regulating the activation
status of Akt and other signaling kinases (Chen et al., 2005). TSA, (S)-HDAC-42,
and to a lesser extent, SAHA facilitated the dephosphorylation of Akt and other
signaling kinases by altering the dynamics of HDAC–PP1 complexes in U87MG
glioblastoma cells (Mai et al., 2005).

4.1.1. Histone methyltransferase inhibitors (HMTasei)

The field of HMTasei is relatively unexplored with just a few examples of
which majority are substrate analogues. The only specific inhibitor is Chaetocin,
a SU(VAR)3–9 inhibitor (Greiner et al., 2005) and the documented analogue
inhibitors are AMI-1, analogue inhibitor of PRMT (Cheng et al., 2004) Sinefungin,
is another analogue inhibitor of Arginine methyltransferase (Amur et al., 1986).
Recently we identified an Arginine methyltransferase specific inhibitor from natural
sources (Selvi, Mantelingu and Kundu, unpublished). Since the role of HMTases
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in cancer manifestations is well established, these inhibitors will be of great use for
cancer treatment.

4.2. Clinical Status of HDACi as a Antineoplastic Drugs

Drugs belonging to several classes of HDACi are in clinical trials. Phenylbu-
tyrate is a fatty acid with HDACi activity that has been studied extensively
in patients with solid tumors, leukemia, and myelodysplastic syndromes (MDS).
Depsipetide (FK-228) is a cyclic tetrapeptide with potent HDACi activity especially
of Class I HDACs. It is a prodrug that is activated by reduction upon cellular
uptake. Depsipeptide also has been studied in several clinical trials. SAHA is a
potent HDACi belonging to the hydroxamate class. This agent has been studied
extensively both in vitro and in ongoing Phase I/II studies in patients with solid
tumors and hematological malignancies using different schedules and formula-
tions (and oral formulation exists). SAHA inhibits both Class I and II HDACs.
SAHA has been shown to have clinical activity in a transgenic animal model
of therapy resistant acute promyelocytic leukemia, restoring sensitivity to retinoic
acid, and to induce differentiation of human breast cancer cells. Valproic Acid is
a short chain fatty acid that is clinically used as an anticonvulsant. It has excellent
bioavailability and can be given orally; its elimination half-life is 6–17 hours;
and overall, it has a good toxicity profile (see review Garcia-Manero G and Issa
JP, 2005).

4.3. Modulators of Histone Modifying Enzymes and Protozoan Diseases

Histones of Plasmodium falciparum represent a new target for antimalarials.
Apicidin [Cyclo (N-O-methyl–L-tryptophanyl–L–isoleucinyl–D–pipecolinyl–L-2-
amino-oxodecanoyl] is a potent, broad spectrum antiprotozoal agent. The target of
apicidin is Histone deacetylases HDA (Darkin Rattray et al., 1996), evidenced as
hyperacetylation of histones in treated parasites.

Apicomplexan parasites cause life threatening diseases like malaria, cryptosporid-
iosis, toxoplasmosis, coccidiosis. Suberic acid bisdimethylamide which also inhibits
HDA selectively arrests tumor cells as opposed to normal mammalian cells, has
an in vivo cytostatic effect against the acute murine malaria Plasmodium berghei
(Andrews et al., 2000).

Neospora caninum is an apicomplexan parasite that causes abortion in cattle.
Depudecin is an inhibitor of these parasites without exerting any cytotoxicity on
the host cells. This inhibitor targets the protozoal histone deacetylases (Kwon
et al., 2003).

Trypanasoma brucei causes sleeping sickness in humans. These flagellated
parasites are directly exposed to immune defences as they circulate in the
mammalian host bloodstream but maintain persistent infections by undergoing
antigenic variation. These parasites have been reported to have certain unusual
histone modifications where the N-terminal alanine of H2A, H2B, H4 get
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monomethylated which is a modification so far unknown for the histones, and
therefore the identification of the enzyme bringing about this modification and
targeting it to be a very useful venture.

4.4. Combinatorial Therapy

Epigenetic silencing of tumor suppressors is a major cause for malignancies. HDACi
have emerged as a tool to reverse the transcriptionally silenced tumor suppressors,
which in turn results in the induction of cell differentiation and apoptosis in vitro
in diverse cellular processes and animal models. This has resulted in the devel-
opment of several HDACi and subsequent clinical studies. Most of these studies
have indicated that the majority of HDACi so far studied have limited clinical
activity. Therefore, clinical future of HDACi is in the development of combination
therapy with other agents. This is being pursued following different strategies. One
includes the combination of HDACi with hypomethylating agents. Aberrant DNA
methylation is very common phenomenon in human cancers. Aberrant methylation
of promoter associated CpG islands has been also associated with gene silencing.
This process can be reverted in vitro by inhibitors of DNA methyltransferases
resulting in DNA hypomethylation, gene reactivation, and potentially induction
of apoptosis. Two hypomethylating agents have been studied extensively. One of
them is 5-azacytidine, has been approved by FDA for use in-patients with MDS
(Kornblith et al., 2002; Silverman et al., 2002). The other agent, 5-aza 2’deoxy-
cytidine currently in clinical trials (Hennessy et al., 2003). Additive to synergetic
induction of apoptosis has been reported as a result of sequential incubation of
neuroblastoma cell line, BL1521 with a HDACi and gemcitabine (dFdC), a deoxy-
cytidine analogue with proven antitumor activity (de Ruijter et al., 2006).

Another combination strategy consists in the combination of HDACi with more
classic chemotherapeutic agents, in particular those that have a direct effect on
topology of DNA. For instance, a logical combination would be the use of a
HDACi with DNA topoisomerase I or II inhibitors. Several reports indicate that
this combination has significant in vitro antitumor activity (Kim et al., 2003;
Marchion et al., 2004). The exposure of tumor bearing mice to valproic acid
potentiated the antitumor effects of topoisomerse II inhibitors without enhancing
toxicity. The HDACi induced histone acetylation and modulation of heterochro-
matin correlated with potentiation of epirubilin-mediated DNA damage (Marchion
et al., 2005). Synergetic interaction between HDACi and topoisomerase II inhibitors
is mediated through cleavable complex formation. The HDACi induced sensitization
has also observed in cells with target specific resistance to topoisomerase II poisons
(Marchion et al., 2005). HDACi were also coadministered with Cyclin Dependent
Kinases (CDKs) inhibitors in human leukemia cells (U937 and HL-60) ectopi-
cally expressing Bcl-2/Bcl-X (L) and in primary AML cells. Coadministration of
flavopiridol with HDACi synergistically potentiated mitochondrial damage, caspase
activation, and cell death (Dasmahapatra et al., 2006) (Fig. 3).



418 Swaminathan et al.

DNA
methylation

Histone
acetylation

Histone
deacetylation

Histone
methylation

-

-

+

+ +

+

+

(* K9
methylation)

(K4 and R
methylation)

(*)

Loss of
HAT activity
(e.g. RSTS)

HATa
HDACi

HATi

Improper
trageting of HATs
(e.g. Leukemias)

Hypomethylation
(e.g Cancers)

Hypermethylation
(e.g Cancers)

Improper trageting of
HDACs

(e.g. Cancer)

HDACi

DNMTiDNMTa ( ?)

Loss of HMTase
activity

(e.g. Cancers)

Figure 3. Schematic representation of the interplay of the various epigenetic marks and its therapeutic
potential: DNA methylation causes the concomitant deacetylation of the histones, whereby it negatively
�−� correlates with histone acetylation and positively �+� with histone methylation, particularly the
repressive marks. The active methylation marks correlate positively with histone acetylation. The loss of
activity or the loss or mistargeting of these activities are the most common cause of epigenetic diseases.
Shown in the boxes are the small molecular modulators (a, activators or i, inhibitors) of the various
enzymes that have potential to develop epigenetic therapeutics

Finally, HDACi also have been found to have a paradoxical effect in down
regulating the expression of potent oncogenic proteins such as BCR/ABL and
Flt-3. Several studies have shown that the combination of an HDAC inhibitor with
imatinib mesylate, a potent BCR/ABL inhibitor used as first line therapy in chronic
myelogenous leukemia, or a Flt-3 inhibitor have significant antileukemia in vitro
activity. Of interest, this effect is thought to be mediated by the acetylation of
the heat shock protein 90 and not by histone acetylation. Therefore, subsequent
studies combining a HDACi with either imatinib or a Flt-3 inhibitor are being
developed (Bali et al., 2004). The synergistic combination of HDAC inhibitors
with many molecular targets are being tested as potential therapeutic agents, which
include HDACi along with the Her-2 antibody trastuzumab (Fuino et al., 2003),
TNF-related apoptosis inducing ligand (TRAIL) (Nimmanapalli et al., 2003),
the proteasome inhibitors Bortezomib (Yu et al., 2003; Mitsiades et al., 2004),
purine analog fludaribine (Maggio et al., 2004), and the Hsp90 antagonist 17-
AGG (George et al., 2005). In addition, HDAC inhibitors have also been shown
to augment the sensitivity of prostate cancer cells to radiation therapy (Zhang
et al., 2004). Mechanistically, this chemo-/radio-sensitizing effect may be mediated
through both histone acetylation-dependent and -independent effects of HDAC
inhibitors.
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5. TARGETED DRUG DELIVERY

We have speculated the use of small molecule modulators of histone modifying
enzymes in regulating gene expression and thereby also as effective drugs for
various diseases. This is in the wake of the increasing amount of data pointing
towards the histone modifying enzymes and their roles in various disease manifes-
tations. This is where chromatin therapy has a huge role to play. And along
with this comes the huge responsibility of targeted drug delivery. A quick intro-
spection in this context would quickly reveal how useful as well as how dreadful
this therapy can turn into based on how specific it is. It is indeed a double-
edged sword if used in a generalized manner, but with the targeted usage it
could be a boon in disguise. Histone modifying enzymes are not active only
in the diseased condition at that site, rather these are the enzymes required for
the normal DNA templated phenomenon of the cell, and therefore the targeted
delivery is absolutely essential. A quick review of what is available and what
will be available in the coming few years has been provided herewith. Most
of the disease conditions are localized at particular regions and therefore, these
modulators can be easily targeted to the specific sites by the correct delivery
techniques.

Although liposomes have been in use for quite some time now, nanoparticles
are fast catching up and almost all the recent drug delivery systems that are being
studied are nanoparticle based. Overcoming the blood brain barrier was an immense
task and therefore probably for a long time there was no alternative for this target.
Few reports on PEGylated nanoparticles encapsulating water-soluble drugs were
used for this, a better result has been obtained by the use of modified PEGylated
nanoparticles, wherein the surface is anchored with transferrin as a ligand for brain
targeting (Mishra et al., 2006).

When targeting to lung is considered, once again nanoparticles have an upper
hand. Particulate nanocarriers are extremely advantageous because of avoidance of
macrophage clearance mechanisms and long residence times (Dailey et al., 2006).

Histone acetyltransferases and Histone deacetylases should have an important
role in hepatocellular carcinoma. To date many modulators of these enzymes are
well known. Liposome mediated targeting to the liver cells thus proves to be highly
beneficial. This has been made more effective by incorporating an amino acid
sequence, which recognizes glycosaminoglycans from Plasmodium berghei. This
modified approach is based on the fact that several species of Plasmodium effec-
tively target mammalian liver during the initial phase of host invasion (Longmuir
et al., 2006). Tat peptide mediated targeting is also a promising technique.
Dendrimers are other modes of delivery, which are being extensively researched.
These are branched synthetic polymers and by manipulating their synthesis, they
can be made effective carriers (Lee et al., 2005). Neuro degenerative diseases are
yet another forte quite untouched because of the lack of much success in targeting
drugs. Biodegradable polymers proving to be better alternatives as biomaterials
directed to intracerebral regions are well tolerated by the host tissue. What adds
on to their advantage is the fact that behavioral improvement and normalization of
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brain morphology has been observed following treatment with such biomaterials
in animal models of Parkinson’s, Alzheimer’s and Huntington’s disease (Popovic
et al., 2006). Aptamers are also widely studied modes of drug delivery. Aptamers
are oligonucleotide ligands that are selected for high affinity binding to molecular
targets.

Immunoliposomes are being studied wherein antibodies are used to provide cell
specificity to the liposome mediated delivery (Kontermann et al., 2006). Harnessing
covalent chemistry for targeted drug delivery and its reversibility has proved to
be a boon. Disulfide bonds and hydrazone bonds are the commonly used linkages
between the carriers and the drugs. These linkages can be used to selectively release
the drugs, disulfides can be cleaved in reducing environment found in intracellular
fluids and for Hydrazones, acidic conditions (as in endosomes) release the drug
(West et al., 2005).

T-lymphocytes seem to be excellent carriers, inclusion of therapeutical nanopar-
ticles into immune cells as a new strategy for localized therapy (Steinfeld
et al., 2006). Nanoparticles are colloidal structures with diameter smaller than
1000nm and can therefore penetrate through fine capillaries into the cells. Several
of these are under investigation (Yih et al., 2006).

6. CONCLUSIONS

The epigenetic code is set and maintained efficiently by the intricate interplay of
different classes of enzymes that have been reviewed briefly. The various modifi-
cations brought about by these enzymes have distinct functional outcomes, which
forms the basis of epigenetics. This regulation is disturbed when the enzymatic
modifications are intervened either due to deletion or fusion of the enzyme, mistar-
geting of the enzyme or aberrant expression of the enzyme. All these finally result
in an imbalance, which manifests in disease conditions. The significance of small
molecule modulators in this context, is immense because of their potential thera-
peutic value. These modulators which are specific to the enzymes can thus modulate
the enzyme activity. The clinical trials of HDACi is probably the best examples of
this kind, and the discovery of modulators of HATs and HMTases which are highly
specific may bring a new era of EPIGENETICS based drugs. Thus the key players
of epigenetics apart from helping in diagnostics are also potential therapeutic targets
and the advance in the field of targeted drug discovery is an impetus to proposed
specificity.
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Plate 1. Hierarchical model of chromosome structure. (a) In interphase cells, DNA is packed in a nucleus
as forming nucleosome and chromatin. (b) DNA forms nucleosome structure together with core histone
octamer, which is then folded up into 30 nm fiber with a help of linker histone H1. This 30 nm fiber
is further folded into 80 nm fiber and 300 nm loop structures in a nucleus. In mitosis, chromosome is
highly condensed. Proteins which are involved in each folding step are indicated above and non-protein
factors are indicated below. (c) The amino acid sequences of histone tails (H2A, H2B, H3 and H4) are
shown to indicate acetylation, methylation and phosphorylation sites. (See Chapter 1 Figure ??, p. 4.)



Plate 2. 80 nm fibers and granules. The ‘on-substrate’ lysis makes it possible to observe a chromatin
structure by removing nuclear membrane and nucleoplasm from nuclei on a cover slide (a). HeLa,
chicken erythrocyte, and yeast nuclei were subject to the ‘on-substrate’ lysis (panels b–f for HeLa
nucleus, g–k for chicken erythrocyte, l–p for yeast). AFM visualized the isolated nucleus without
detergent treatment (b, g, l), after the detergent treatment (c, h, m) and after the high-salt treatment (d,
i, n). Scale bars indicate 2 �m. The high-salt treated nuclei (d, i, n) were rescanned for magnification,
and shown in different panels (e and f for HeLa, j and k for chicken erythrocyte, and o and p for yeast).
(See Chapter 1 Figure ??, p. 17.) (Plate 2 Caption cont.)



Plate 3. Localization of a nucleolar protein in FC regin. (a) Localization in mitotic cells. Green: antigen,
Red: fibrillarin (DFC marker). (b) Localization on the metaphase chromosomes. Green: antigen, Red:
DNA (PI). (Scale bars: 10 �m). (See Chapter 1 Figure ??, p. 21.)

�

Plate 2. (Continued) A section profile obtained along X-Y line shows a typical granular structure in
the nucleus (e, j, o), and the peak-to-peak distance between the granular structure was distributed from
60 nm to 120 nm (e). The thickness of the chromatin fibers released out of the nucleus varied possibly
due to the assembly of thinner fibers (f, k, p). A section profile for the spread fibers was obtained along
X-Y line (f, k, p). Isolated HeLa cell nucleus was treated with (r, s) or without (q) RNase. The treatment
releases ∼30 nmfiber from the nucleus. The histogram of the fiber width is shown in an inset of (s).
Bars, 250 nm.



Plate 4. Schematic representation of remodelling mechanisms. (Adapted form ?, ?.) The schemes show
nucleosomes from the top. (a) The twist diffusion model – Twisting of DNA moves it over the histone
surface in a one base pair increments. This changes the position of the DNA with respect to the histone,
as shown by the open and closed circles. (b) The Loop recapture model – Extranucleosomal DNA is
pulled into the nucleosomes to replace a DNA segment which consequently loops out. This loop is then
propragated over the histone surface like ripples of a wave. The star, *, indicates how this leads to a
change in the position of DNA relative to the nucleosome. (See Chapter 2 Figure ??, p. 36.)



Plate 5. Possible mechanisms for the modulation of chromatin structure by PARP-1 and PAR. Multiple
models for the modulation of chromatin structure by PARP-1 and PAR are shown. (a) A number of
chromatin proteins are targets for PARylation by PARP-1, including the linker histone H1. PARylation
may alter the interaction of these proteins with chromatin (as shown for H1 in this panel) and, as
a result, alter chromatin structure. (b) PAR chains may form an attractive anionic scaffold that can
bind displaced histones and other chromatin proteins. Removing these proteins from the DNA to a
PAR scaffold would allow access for transcription, replication, and repair enzymes. (c) PARP-1 is a
nucleosome-binding protein that binds at or near the dyad axis of the nucleosome (blue diamond) and
contacts the linker DNA where it exits the nucleosome. (d) PARP-1, through its nucleosome-binding
activity, functions as a structural component of chromatin and promotes the compaction of chromatin
into transcriptionally repressed structures. Upon autoPARylation in the presence of NAD+, PARP-1 is
released from chromatin and the compaction is reversed, promoting the formation of transcriptionally
active chromatin structures and allowing activator binding. PARG cleaves the PAR chains from PARP-1,
allowing PARP-1 to re-bind to the nucleosomes. (See Chapter 3 Figure ??, p. 51.)
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Plate 6. Visualization of PARP-1-mediated chromatin compaction by atomic force microscopy.
Chromatin assembled in vitro on a circular ∼10�5 kb plasmid DNA was purified, incubated with or
without recombinant human PARP-1, and imaged by atomic force microscopy. Two types of images are
shown: scan probe oscillation amplitude (top) and topography (bottom; height scale is indicated). The
length scale is indicated. (See Chapter 3 Figure ??, p. 53.)
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Plate 7. PARP-1 plays important roles in genome maintenance, cell death, and inflammatory responses.
PARP-1’s roles in DNA repair, cell death pathways, and pro-inflammatory gene expression underlie
many of the contributions of PARP-1 to various disease states. (a) PARP-1 has well-characterized roles
in DNA repair and cell death. With low levels of DNA damage, PARP-1 acts as a survival factor
that can promote the repair of damaged DNA. Under conditions of extensive DNA damage, PARP-1
acts to promote cell death through necrotic and apoptotic pathways. (b) PARP-1 has been implicated
in pathophysiological inflammatory responses through its role as a coactivator of transcription factors
that regulate immune and inflammatory response genes (e�g�, NF-� B and AP-1). (See Chapter 3
Figure ??, p. 60.)
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Plate 8. Schematics of the effect of mH2A on transcription. (a) The mobilization of conventional
promoter nucleosome by the chromatin remodeling complex generated a nucleosome-free promoter,
which allowed the binding of the transcription factors and transcription to proceed. (b) MacroH2A
nucleosome cannot be mobilized by the chromatin remodeling complex and the transcriptions factors are
unable to bind macroH2A nucleosome containing promoter, which results in inhibition of the initiation
of transcription. (See Chapter 4 Figure ??, p. 79.)
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Plate 9. Effect of H2A.Bbd on transcription. The presence of H2A.Bbd confers lower stability and
more loose structure to the nucleosomes, which allows the transcription factors binding to this variant
nucleosome and thereby recruitment of p300 and acetylation of the promoter proximal histones. The
remodeling complex can not mobilize the variant nucleosome, but instead helps in the removal of
H2A.Bbd-H2B dimer. All these events facilitate transcription. (See Chapter 4 Figure ??, p. 80.)
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Plate 10. Different histone chaperones in the key histone metabolic pathways: Functions of histone
chaperones range from the storage of newly synthesized histones in the cytoplasm, its transfer into
the nucleus and in histone assembly into nucleosomes. Apart from this the histone chaperones are
also involved in histone exchange, maintenance of heterochromatin and in the regulation of chromatin
structure during transcription. (See Chapter 6 Figure ??, p. 114.)

Plate 11. Histone chaperones facilitate favorable chromatin dynamics during transcriptional activation:
Transcriptional competence of chromatin template is achieved by the replacement of histone variants and
finally removal of histones. Histone chaperone may help in both the process in a replication independent
manner. Acetylation of histone and also the chaperone may assist in this process. Recent evidence
suggest that NPM1 may participate in these events globally or gene specific manner. (See Chapter 6
Figure ??, p. 115.)



Plate 12. Mechanistic effect of acetylation/deacetylation of histones and nonhistones on chromatin
structure.(a) Acetylation of non-histone proteins results in transcriptional activation (b) Acetylation of
ORC1 by HBO1 is important for replication. (c) Acetylation of newly synthesized histones necessary
for chromatin assembly. (See Chapter 9 Figure ??, p. 195.)
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Plate 13. Regulation of p53 function by acetylation / deacetylation: Under stresses conditions p53 gets
phosphorylated, acetylated and consequently gets stabilized. Acetylated p53 has enhanced transcriptional
ability leading to the activation several p53 responsive genes, which plays important roles in diverse
cellular processes. Decateylation of p53 by SirT1 and HDAC1 down regulates p53 activity by enabling
interaction with MDM2 followed by nuclear export and p53 degradation. (See Chapter 9 Figure ??,
p. 198.)
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Plate 14. Role of nonhistone protein acetylation in maintaining cellular homeostasis- mis-regulation
and disease connection: (a) Acetylation of nonhistone proteins are associated with active or repressed
chromatin architecture as guided by suitable cellular signals for maintenance of gene expression. Misreg-
ulation of HAT function leads to diseased state, where chromatin architecture is altered than under
normal condition. In a parallel way the posttranslational modification status of these proteins may act
as versatile tool to diagnose the various stages of disease manifestation e.g. probable involvement of
acetylated NPM1 modulating its stress response function can lead us to use it as a marker for various
disease states. (b) Acetylation of nonhistone proteins in connection to diseases like Cancer, AIDS,
Diabetes and others. (See Chapter 9 Figure ??, p. 206.)

Plate 15. Comparison of lymph node and spleen architecture in SMAR1 transgenic and control littermate
mice. (a) Lymph node size of non-transgenic (N) and transgenic (T) mice are shown at the same scale.
(b) Histological analysis of lymph node from control at 10X and 40X magnification are displayed.
(c and d) Histological sections of Lymph node at 10X and 40X. (e) Enlargement of spleen size shown
in transgenic mice compared to control mice. (f) Histological sections of spleen from Littermate normal
(LM) and SMAR1 transgenic mice showing strong infiltration of T cells into the lymph node. (See
Chapter 10 Figure ??, p. 224.)
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Plate 16. Chromatin acetylation status, transcription and survival: a balance between HAT and HDAC
activities. (a) Transcriptional activationlrepression relies on the chromatin acetylation status of histones.
TBP: TATA-Binding Protein, TF: Transcription Factor, TR: Transcriptional Repressor. (b) A fine-
tuning of HAT/HDAC activities orchestrates neuronal death and survival. On one hand, acetylation
levels can be decreased (HypoAc) because of CBP loss of function, as observed during apoptosis and
neurodegeneration. On the other hand, when the threshold of acetylation is exceeded (HyperAc), this
ultimately leads to neuronal death. (See Chapter 12 Figure ??, p. 265.)



Plate 17. Linker Histone H1 CDK phosphorylation site in mammalian cells. (See Chapter 14 Figure ??,
p. 320.)

Plate 18. Current view of post-translational histone phosphorylation. Red flag : mammalian specific or
common, Blue flag : Drosophila melanogaster specific, Black flag : Saccharomyces cerevisiae specific.
(See Chapter 14 Figure ??, p. 321.)



Plate 19. H3K9 HLMTases. (See Chapter 15 Figure ??, p. 340.)



Plate 20. Potential recruitment pathways of yeast and mammalian H3K9 HLMTases. (See Chapter 15
Figure ??, p. 343.)



Plate 21. Schematic summary of sequences of H3 and H4 tails. “A” and “M” indicate major in vivo
acetylation and methylation sites, respectively. (See Chapter 16 Figure ??, p. 353.)

Plate 22. Interplay between histone acetylation and methylation. Acetylated (A) and methylated (M)
residues are indicated. Positive effects are represented by normal arrows; negative effects are represented
by tee arrow. (See Chapter 16 Figure ??, p. 353.)





Plate 23. Epigenetic interplay in the regulation of transcription. (A) Methylation of H3K4 and phospho-
rylation of H3S10 facilitates the acetylation of H3 and H4 leading to transcriptional activation. (B)
Methylation of H3K9 inhibits the phosphorylation of H3S10 as well as acetylation leading to transcrip-
tional repression(C) Methylation of H4R3 by PRMT1 facilitates the acetylation by p300 which in turn
acts as a favorable substrate for CARM1 mediated methylation of H3 R2, R17 and R26. (See Chapter
18 Figure ??, p. 404.)
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Plate 24. Newly discovered small molecule HAT activator and inhibitors alter histone acetylation in vitro
and in vivo: (a) CTPB activates the p300 histone acetyltransferase activity; Histone acetyltransferase
assays were performed in the presence and absence of CTPB using highly purified HeLa core histones
(1.8 g) and either with p300 (5 ng) or PCAF (15 ng) and processed for fluorography. Fluorographic
analysis of acetylated histones by p300 and PCAF in the presence of CTPB; Lane 1, core histones
without any HAT; lanes 2 and 5 histones with p300 and PCAF respectively; lane 3 and 6 with DMSO as
a control, lane 4 and 7 with100 M concentration of CTPB. (b). Garcinol inhibits the histone acetylation
in vivo in HeLa cells: HeLa cells were treated for 24 h; Lane 1, histones extracted from untreated
cells; lane 2, Me2SO (solvent control) treated cells; lane 3, garcinol 100 M treated cells; lane 4, NaBu
(1mM), TSA (2 M); lane 5, cells treated with NaBu (1mM) and TSA (2 M) and garcinol (100 M).
The acid-extracted histones were resolved over 12% SDS-PAGE and analyzed by Western blot using
antibodies against acetylated histone H3 (Calbiochem). Loading and transfer of equal amounts of protein
were confirmed by immunodetection of histone H3. (c) Curcumin inhibits the HAT activity of p300 but
not PCAF. Fluorographic analysis of acetylated histones by p300 and PCAF in the presence and absence
of curcumin; Lane 1, core histones without any HAT; lanes 2 and 5 histones with p300 and PCAF
respectively; lanes 3 and 6 with DMSO as a solvent control; lanes 4 and 7 with 50 μM concentration of
curcumin. (See Chapter 18 Figure ??, p. 413.)
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