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A highly sophisticated mechanism organizes the 2-meter
long human genome within a 6-um wide nucleus. Up to
10,000-fold of compaction of the chromatin is achieved
during mitosis, allowing faithful segregation of mitotic
chromosomes to daughter cells. Conversely, the interphase
chromatin is much less compacted, more dynamic, and
amenable for a variety of chromatin-based functions. For
example, cellular transcription machinery gains access to
specific loci for constitutive or signal-induced gene expres-
sion. When committed to differentiation, those transcription
programs designed for cellular proliferation are repressed,
or uncontrolled division and malignancies may occur. Damage
of DNA, hence potentially deleterious mutations, caused
by such factors as UV, free radicals, and active transcription,
needs to be repaired before these mutations are passed to
daughter cells. Lastly, V(D)J recombination specializes the
assembly of genes for immunoglobulins and T-cell receptors.
Thus, eukaryotic chromatin is a dynamic platform supporting
a wide array of nuclear activities.

The fundamental repeating units of chromatin are nucleo-
somes. Each nucleosome consists of about 150 basepairs
of DNA and a histone octamer containing two of each core
histones H2A, H2B, H3, and H4. Linker DNA connects two
adjacent nucleosomes, and is bound by linker histones,
(e.g. H1) that organize the 10-nm nucleosomal array into a
30-nm fiber. This 30-nm fiber is the predominant structure
of interphase chromatin, but permits low accessibility and
processivity for regulator proteins and enzymes. Conserved
mechanisms regulate the structure and biophysical behaviors
of chromatin in a way that selective loci become amenable
for the activities of specific macromolecular assemblies.
During development, and in different tissues, the profile of
transcription is inherited epigenetically. The genetic code per
se remains unchanged; whereas, locus-specific chromatin
structures specifying the transcription status are inherited.
These epigenetic regulatory mechanisms include covalent
modifications of histones, ATP hydrolysis-dependent chro-
matin remodeling activities, substitutions of the core (major)
histones with their related variant (minor) histones, and DNA
methylation. There are many excellent reviews for different
aspects of epigenetic control that are beyond the scope of
this article [1-5]. This essay focuses on one well-studied
epigenetic control, histone (de)acetylation, and the recent
development of cancer therapy aiming at altering the bal-
ance of histone and protein acetylation.

Acetylation of histones occurs at the g-amino group of
lysine residues within the peptide chain. This is different
from the co-translational acetylation at the a-amino group
of the first amino acid [6]. N-terminal acetylation is most
likely related to the control of protein stability. The internal
g-acetylation of histones (henceforth simply referred to as
histone acetylation) exerts several functions. First, adding
an acetyl moiety to the g-amino group neutralizes the posi-
tive charge. The already bulky lysine side chain becomes
bulkier. Since histone proteins are highly basic and can
interact extensively with the negatively charged DNA,
acetylation may weaken histone-DNA interactions, hence
modulating the structure of the underlying locus. Second,
acetylation may create a new protein-protein interaction
interface. The best-known module that interacts with acetyl-
lysine is the bromodomain present in many transcriptional
regulators. Furthermore, a recent genetic screen identified
novel acetylated histone-binding proteins without the bro-
modomain [7], suggesting a broader repertoire of possible
interaction targets for acetylated histones. Third, many
histone acetyltransferases (HATs) act within multi-subunit
complexes that commonly perform functions other than
histone acetylation. For example, the yeast SAGA complex
recruits TATA-binding proteins to the promoter, and also
contains a ubiquitin hydrolase that facilitates the cycling of
protein (de)ubiquitinylation [8-10]. Thus, histone acetylation
may simply be a by-product of anchoring the multi-functional
HAT complexes to the target loci. Fourth, acetylation is
cleared by histone deacetylases (HDACs). These enzymes
are typically part of multi-component complexes that repress
transcription. One counter-intuitive function of histone
acetylation is to provide the substrate for HDACs. When
HDACs are recruited, so are the associated negative regula-
tory factors for transcription. Furthermore, the acetylation-
deacetylation cycle may be the basis for cyclic transcriptional
(re)initiation that permits a swift response to the oscillation
of environmental stimuli [11]. Finally, HATs and HDACs also
use non-histone protein substrates [12]. An increasing num-
ber of transcriptional regulators, chromatin components,
and signaling factors have been shown to be regulated by
acetylation, adding yet another level of control.

Several families of HATs have been recognized: GNAT (Gcn5-
related N-acetyltransferases); MYST (MOZ-Ybf2/Sas3-Sas2-
Tip60); p300/CBP, although the catalytic domains of p300
and CBP are very similar to those of the GNAT family HATs;
nuclear hormone receptor coactivators; and TAF1 (formerly
TAFII230 in human and TAFII250 in Drosophila) [13,14].
Structural and kinetic studies of GNAT and MYST families
have been thoroughly investigated [15]. An array of point
mutations with highly specific effects on catalysis are avail-
able for molecular and functional studies of Gen5, the
founding member of the GNAT family HATs [16,17].

From yeast to mammals, many HATs form complexes with
other proteins. In the budding yeast Saccharomyces cere-



visiae, there are several chromatographically distinct HAT com-
plexes [18,19]. The SAGA (Spt-Ada-Gcn5 acetylase) and
NuA3 complexes prefer H3, while NuA4 uses nucleosomal H4
as the predominant substrate. Mammalian HAT complexes
are less thoroughly characterized. PCAF is closely related to
the yeast Gen5 protein in many aspects. PCAF is also part
of a complex whose composition is quite similar to that of
SAGA [20]. Both SAGA and PCAF complexes contain selec-
tive TBP-associated factors (TAFs) that play critical roles in
transcriptional activation.
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Figure 1. Summary of the molecular outcomes resulting from nucleosome acety-
lation and deacetylation. Histone acetylation may weaken the electrostatic
interactions between DNA and histones and recruit bromodomain-containing
transcriptional coactivators and other chromatin modulating proteins/activities.
When histones are acetylated, the lysine residues become refractory to other
modifications such as methylation and ubiquitinylation. Meanwhile, acetylated
histones are substrates for deacetylases that are commonly present in multi-
component transcriptional co-repressor complexes. When HDACs are recruited
to the acetylated loci, deacetylation occurs and consequently renders the unacety-
lated lysine residues available for other modifications, including re-acetylation,
and binding of transcriptional repressor proteins. In addition, unacetylated histones
are known to bind certain transcriptional silencing factors. Thus, the cycle of
histone acetylation/deacetylation provides a means for cells to rapidly control
gene activities.
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p300 and CBP are highly similar to each other throughout
the entire length as both are about 2,400 amino acids long
[21]. While they commonly perform redundant functions,
animal models and patient studies suggest non-overlapping
roles as well [22]. These two HATs are targets of many cellular
and viral proteins [23]. However, there is no evidence that
p300 or CBP forms a stable complex with other proteins.
SAGA, PCAF, and p300/CBP HATs are recruited to the tar-
get promoters by interacting with selective transcriptional
activators [13].

In their catalytic domain, the MYST family of HATs possess
an acetyl coA binding motif, and a C2HC zinc finger [24].
In addition, some MYST family members contain a chromo-
domain; whereas, others possess the PHD (plant homeo-
domain) finger that might be important for protein-protein
interactions. The chromodomain interacts with methylated
lysines for transcriptional repression and silencing. Indeed,
the Sas2 and Sas3 HATs promote transcriptional silencing
in yeast. Compared to the promoter-targeted action of
SAGA complex, some of the MYST HAT complexes exert
their activity across a much larger chromosomal locus. For

example, in Drosophila, the male has one X chromosome
while the female has two. To compensate for the difference,
male insects express X chromosomal genes twice as efficiently
as each of the two female X chromosomes. This dosage
compensation is achieved by MOF-mediated H4 Lys16
acetylation coating the entire male X chromosome [25].

HAT activity is also seen in nuclear hormone receptor co-
activators, including ACTR and SRC-1 [26]. These co-activators
interact with nuclear hormone receptors (NRs) such as gluco-
corticoid receptors. Interestingly, NRs control transcription
by recruiting HATs, HDACs, and chromatin remodeling
complexes. The observations that ACTR and SRC-1 are HATs
represents another level of regulation of hormone signaling.

Histone deacetylases are also grouped into different fami-
lies [27]. Each family is represented by a yeast HDAC: Class
I, I, and Il members are homologous to Rpd3, Hda1, and
Sir2, respectively. Class I and Il HDACs require a zinc ion and
a water molecule at the active center for catalysis; whereas,
Class Il HDACs use NAD as the cofactor and are insensitive
to many chemicals that effectively inhibit the activities of
Classes | and Il enzymes [28,29]. The Sir2-related Class Il
HDACs, because of their obligatory need of NAD for catalysis,
have been linked to intracellular sensing of nutrient/energy
status and senescence [30,31].

HDACs are best known for their ability to repress transcrip-
tion. Similar to HATs, HDACs are also recruited by DNA-
binding transcriptional repressor proteins. Microarray and
chromatin immunoprecipitation studies have shown that
different enzymes function at selective loci [32]. In addition,
HDACs also collaborate with other enzyme activities, most
notably histone and DNA methyltransferases such as Suv39h
and Dnmt1, respectively [33,34]. For example, the NURD/
Mi2/MeCP1 complex contains both HDAC and methylated
DNA-binding activities [35]. DNA methylation is an impor-
tant epigenetic mark for imprinting [1]. The prevalent model
suggests that HDACs are attracted to DNA methylated loci
and deacetylate the local histones. Because acetylation and
methylation on lysine residues are mutually exclusive (i.e.,
competing for the same e-amino group), the action of HDACs
generates a suitable substrate for subsequent histone methyl-
transferase activity. Methylated lysine residues then recruit
and anchor repressors such as HP1 (heterochromatin protein 1)
that create long-range transcriptional silencing.

In addition to histones, a growing number of non-histone
proteins have been shown to be controlled by acetylation.
In fact, it is now well recognized that protein acetylation may
be as important as protein phosphorylation in regulating

a wide variety of cellular functions [36]. Interested readers
are directed to an excellent review article by Sterner and
Berger [12].
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p53 is probably the best-known acetylated, non-histone
protein. Mutations of p53 are found in 50% of all human
cancers. p53 acetylation is induced by DNA damage and
has been shown to recruit other transcriptional co-activators
[37]. The acetylation of p53 is also enhanced by phospho-
rylation at certain residues [38]. In addition, acetylation at
the nuclear localization sequence of p53 may be a regula-
tory mechanism, determining the intracellular distribution
of p53 [39].

The key activator determining muscle differentiation is MyoD
[40]. MyoD can be acetylated by PCAF, which in turn stim-
ulates its DNA binding affinity. In addition to being a target
for acetylation, MyoD interacts with p300/CBP and CARMT,
an arginine methyltransferase and transcriptional co-activator
[41]. Class | HDACs also target their action on MyoD to inhibit
myogenesis [42]. Signaling mechanisms cause hypophos-
phorylation of Rb, which in turn strips HDACs from MyoD.
Consequently, myogenesis is permitted.

E2F is required for cell cycle progression [43]. PCAF-acetylated
E2F shows stronger DNA binding affinity. Thus, acetylation
has a positive role on E2F. Similarly, the function of the
GATA-1 blood cell differentiation factor is also enhanced
by p300/CBP-mediated acetylation.

Recent data suggest that the replication factor, PCNA (pro-
liferating cell nuclear antigen), may be acetylated by p300,
and that the acetylated PCNA may participate in DNA
replication; whereas, its unacetylated counterpart may play
a role in termination [44].

Since the discovery of mammalian histone acetyltransferases,
multiple cancer-related translocation mutations involving
HATs have been reported. The most notable example of
these is the MOZ protein, a MYST family HAT, that has been
shown to be fused to the HATs including CBP, p300, and TIF-2,
resulting in a variety of leukemias [45,46]. Furthermore, the
MLL (mixed lineage leukemia) protein was also found to

be fused to CBP and p300 [47]. It is possible that these
translocations produce unregulated or misregulated HATs,
which then alter the expression pattern of genes involved in
cellular growth or differentiation, resulting in tumorigenesis
[48]. A variety of epithelial cancers, including breast, colorec-
tal, gastric, and pancreatic carcinomas are linked to mis-
sense mutations of p300 [48]. Similarly, Rubinstein-Taybi
syndrome is a developmental disorder associated with CBP
mutations [49]. Patients with the Rubinstein-Taybi Syndrome
have a 350-fold increased risk of developing cancer.

There are very few pathogenic mutations of HDACs. Aberrant
activities of HDACs are, instead, caused by mutations of
key transcriptional repressors that rely on HDACs for their
functions, e.g. translocation and fusion of RARa (retinoic
acid receptor-a) to PML or PLZF causes leukemia [50,51].

RARa. represses transcription by recruiting HDAC complexes.
Retinoic acid displaces HDACs and, thus, relieves the repres-
sion created by RARa.. When fused to PML or PLZF, the
remnant RARa becomes insensitive to retinoic acid, leading
to persistent repression of retinoic acid-responsive gene
expression and blockage of hematopoietic differentiation [52].

Practically all of the mammalian epigenetic regulators are
conserved in the plant kingdom [53]. The Gcn5 homolog
in Arabidopsis, AtGen5, and one of its interacting partners,
Ada2b, are important for plant development, and appear
to be involved in cold acclimation, an important trait of
plants that enables them to deal with sub-freezing envi-
ronments [54]. Knocking down the expression of several
Arabidopsis deacetylases by antisense RNA leads to develop-
mental defects such as early senescence, delayed flowering
and seed abortion [55,56].

Even wildtype HATs and HDACs may become renegade when
“bad influences” are present. Many viral proteins target
their pathogenic actions at HATs and HDACs [23]. The ade-
novirus E1A oncoprotein competes with PCAF for p300 and
CBP. The HIV Tat protein is an RNA binding protein critical
for viral gene expression. Tip60, TAF1, p300, CBP, and PCAF
are all direct interaction targets for Tat. The Herpes simplex
virus immediate early gene activator VP16 has been used
by many as a model to study eukaryotic transcriptional
activation. VP16 hijacks p300, CBP, and PCAF to activate
viral transcription. HDACs are also targeted by viral regula-
tors. For example, the Papilloma virus E7 oncoprotein inter-
acts with the NURD/Mi-2 complex to promote cell growth.
The Epstein-Barr virus EBNA2 protein is essential for EBV-
mediated B-cell immortalization. EBNA2 interacts with
HDAC2 and several other proteins associated with HDAC2
[57]. Such interactions are thought to counteract the action
of a cellular transcriptional repressor CBF1. Similar scenarios
are also seen in plants. For example, the fungus Cochliobolus
Carbonum produces HC-toxin, a cyclic tetrapeptide that
selectively inhibits the host (maize) but not its own HDACs
during infection [58]. In fact, the production of HC-toxin is
an indicator of virulence of this pathogenic fungus.

In summary, perturbation of the balanced action of HATs
and HDACs, arising either from germline or somatic muta-
tions, or from pathogenic infection, may lead to deleterious
consequences in different organisms. Indeed, the close link
between cancers and dysregulation of histone acetylation
led to the exciting discoveries that a variety of HDAC
inhibitors have therapeutic potential in the treatment of
cancer. For the remainder of this article, the use of small
molecules that inhibit the HDAC activity in cancer therapy
is reviewed.
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For the extrinsic death signal-triggered apoptosis, Fas and
the Apo-2L/TRAIL receptors DR4 and DR5 have been shown
to be up-regulated by these inhibitors [69].

The potent effects on cell cycle arrest and apoptosis induced
by HDAC inhibitors make them promising anti-cancer drugs.
While these molecules may be structurally dissimilar, most
seem to inhibit Class | and Il HDAC activity by binding to
the active site and the essential zinc ion [67]. On the other
hand, the Class Il HDACs are NAD-dependent enzymes that
use a completely different mechanism for deacetylation. New
activators and inhibitors for these HDACs (a.k.a. sirtuins)
were recently reported [72-75]. Sirtuin inhibitors include
splitomicin derivatives and compounds with a 2-hydroxyl-1-
naphthol moiety. Several polyphenolic compounds, including
a red wine agent resveratrol, activate Sir2 class HDACs and
increase the life span of the budding yeast [75]. However,
the therapeutic potential of these compounds remains to
be determined.

Chemically, inhibitors of Class | and Il HDACs can be divided
into five major and one hybrid groups [67]. These include
short-chain fatty acids (e.g. butyric acid, phenylacetate,
and phenylbutyrate), hydroxamic acids (e.g. Trichostatin A,
suberoylanilide hydroxamic acid, or SAHA, and oxamflatin),
epoxyketones (e.g. Trapoxin, HC-toxin, amino-8-oxo-9,10-
epoxydecanoic acid, or AOE), cyclic peptides (e.g. apicidin
and depsipeptide), and benzamides (e.g. MS-275 and CI-994).
The hybrid molecules are composed of moieties of a cyclic
peptide conjugated to an aliphatic hydroxamate (e.g. CHAP31
and CHAP50), or to an epoxyketone group (e.g. trapoxin
and HC-toxin).

Several short-chain fatty acid HDAC inhibitors, such as
phenylbutyrate and valproic acid, are under phase | and II
clinical trials examining the treatment of hematological and
solid tumors [66]. Effects of these inhibitors on cancer cells
include proteosomal degradation of HDAC2, antiangiogen-
esis, induction of p21WA", apoptosis, and telomerase inhi-
bition. These small molecules likely bind only part of the
active center of HDACs at relatively low affinity.

The hydroxamate derivatives are the broadest class of HDAC
inhibitors with high affinity for the targets (sub-micromolar
range). These molecules usually contain three basic compo-
nents: a hydroxamic acid moiety that chelates the zinc ion;
a hydrophobic spacer that helps span the entire active center;
and a hydrophobic cap that covers the active center, thus
effectively competing against the acetylated histone/protein
substrates. Other than butyrate [70], trichostatin was one
of the first HDAC inhibitors to be identified [71], and has
since been a highly valuable tool in studies of transcription
and other acetylation-related molecular functions. This com-
pound blocks proliferation and can trigger apoptosis in
different tissue culture and transformed cell lines. Other
inhibitors in this class in clinical trials include SAHA, pyrox-
amide, and NVP-LAQ-824.

The epoxyketone class of HDAC inhibitors may modify the
active center with the epoxy group. The ketone group may
also hydrogen bond with the target residues. Several hybrid
molecules are derived from the combination of epoxyketone
and a cyclic peptide. Trapoxin and HC-toxin fall into this
group. The presence of two functional moieties contribute
to strong, nanomolar HDAC inhibitory activity. Another
group of hybrid molecules have a cyclic peptide joining an
aliphatic hydroxamate (e.g. CHAP31 and CHAP50). Strong
binding affinities are displayed by these inhibitors.

The synthetic benzamide class of HDAC inhibitors, including
Cl-994 and MS-275, are generally less potent than hydrox-
amate or cyclic peptides. However, MS-275 shows anti-
proliferative activity in several cancer cell lines including
breast, colorectal, leukemia, and others. Both MS-275 and
Cl-994 are in clinical trials, although their mechanisms of
action remain unclear.

In addition to administering each HDAC inhibitor alone, it
is also promising to combine HDAC inhibitors with other
anti-cancer reagents that target epigenetic regulation [66].
For example, long-term transcriptional repression (i.e.
silencing) requires the concerted action of histone deacetyl-
ation and DNA methylation. 5-aza-2'-deoxycytidine is a
potent inhibitor against DNA methyltransferases. Combining
trichostatin A with this DNA methylation inhibitor restores
transcription of several key factors such as MLH1, TIMP3,
maspin, and gelsolin [71], leading to anti-neoplastic effects.

Maintaining the balance of histone and non-histone protein
acetylation is of tremendous importance for regulating
transcription and cellular development and differentiation.
Mutations that cause dysregulation of HAT activities or
recruitment of HDAC complexes result in devastating phe-
notypes in animals and plants. Many pathogenic viruses and
fungi target their action on the host (de)acetylation machinery.
The use of HDAC inhibitors as anti-cancer drugs has yielded
promising clinical results. Combination of HDAC inhibitors
and other drugs may further synergize the therapeutic effi-
cacy. It is anticipated that the use of specific HDAC, and
possibly HAT, modulators in the future will not only offer an
effective cancer therapeutic strategy, but also critical insights
into the molecular mechanisms underlying tumorigenesis.
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teomic identification of protein-protein interactions modu-
lated by specific post-translational modifications.
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