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Histone acetyltransferases and deacetylases are two
groups of enzymes whose opposing activities govern
the dynamic levels of reversible acetylation on specific
lysine residues of histones and many other proteins.
Gastrointestinal (GI) carcinogenesis is a major cause of
morbidity and mortality worldwide. In addition to genetic
and environmental factors, the role of epigenetic abnor-
malities such as aberrant histone acetylation has been
recognized to be pivotal in regulating benign tumorigen-
esis and eventual malignant transformation. Here we
provide an overview of histone acetylation, list the major
groups of histone acetyltransferases and deacetylases, and
cover in relatively more details the recent studies that
suggest the links of these enzymes to GI carcinogenesis.
As potential novel therapeutics for GI and other cancers,
histone deacetylase inhibitors are also discussed.
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Introduction

A malignant type of tumorigenesis (or neoplastic transform-
ation), carcinogenesis, refers to the process whereby a
normal cell tolerates accumulation of chromosomal aberra-
tions and genomic aneuploidies, loses cell-cycle checkpoint
control, undergoes uncontrolled proliferation and deregu-
lated differentiation, and forms benign and eventually
malignant tumors [1]. Gastrointestinal (GI) carcinogenesis
causes some of the most common types of tumors world-
wide. Anatomically, the main GI track comprises the
esophagus, stomach, bowels, and anus, if excluding the

accessory organs such as liver, bile ducts, gallbladder, and
pancreas. Colorectal, gastric, and esophageal cancers were,
respectively, ranked the third, fourth, and eighth most
common ones based on new cases diagnosed around
the world in 2008 (http://www.wcrf.org/cancer_statistics;
the latest data available). It has been widely considered that
the major reason for carcinogenesis is that at least one
genetic lesion, such as point mutation, deletion and trans-
location, either activates an oncogene or inhibits the func-
tion of a tumor suppressor gene [1]. Recent research
indicates, however, that in addition to genetic lesions,
epigenetic changes such as DNA methylation and histone
modifications play a pivotal role in tumor initiation and
malignant progression along the GI track and at other
cancer sites [2,3].

Epigenetics is defined as the study of heritable changes
that occur independent of changes in the primary DNA
sequence. Among the various epigenetic alterations that
lead to altered gene expression, the most important ones
are DNA methylation and histone modifications [2,4,5]. In
mammals, DNA methylation occurs primarily through
covalent addition of the methyl group to cytosine in CpG
dinucleotides [2]. Tumor initiation and progression are
accompanied by profound changes in DNA methylation
patterns, the first epigenetic alterations that were identified
in cancer [2]. In addition, nucleosomal histones are targets
of a large number of post-translational modifications,
including acetylation, methylation, phosphorylation, ubi-
quitination, and sumoylation [4–6]. Among these modifica-
tions, acetylation has been extensively investigated in the
past two decades or so [7]. This modification is dynamical-
ly maintained in vivo by the opposing histone acetyltrans-
ferase (HAT) and deacetylases (HDAC) activities (Fig. 1)
[8]. Here we provide an overview of histone acetylation
and the enzymes controlling this modification and cover
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the links to cancer initiation and progression, with a special
focus on gastric and colorectal carcinogenesis as well as on
the potential use of HDAC inhibitors as single-agent thera-
peutics or in combination with other therapies.

Histone Acetylation as a Key Component
of the Epigenetic Language

In normal or cancer cells, the genetic material DNA is not
naked but forms a nucleocomplex that is well known as
chromatin [9,10]. Chromatin comprises repeated units of
nucleosomes, and each nucleosomal core contains 146 bp
DNA wrapping around a histone octamer consisting of two
copies of each of the four core histones H2A, H2B, H3,
and H4. The fifth histone, histone H1, binds to the DNA
linking two neighboring nucleosomal cores and is thus
known as linker histone. Different from histone H1, each
core histone is composed of a C-terminal globular domain
(70–90 residues) and an unstructured N-terminal tail (20–
30 residues) [11]. The globular domain is well structured
and responsible for forming the histone octamer [11],
whereas the unstructured tails contain many residues for

covalent modifications, including acetylation [5]. Each
N-terminal tail possesses multiple lysine residues for spe-
cific acetylation although some acetylation sites have also
been found in the globular domains of histones H3 and
H4. Each core histone contains different variants and
acetylation occurs on many of them. To make the matter
even more complicated, histone acetylation does not act
alone but actively crosstalks with other histone modifica-
tions such as methylation, phosphorylation and ubiquitina-
tion, as well as with DNA methylation. Thus, histone
acetylation has a broad meaning as a simple linguistic term
and is an integral part of the sophisticated and newly
recognized language of chromatin modifications [4,6,12].

Impact of Histone Acetylation on
Transcription and Other Processes

In normal cells, differential acetylation of histones plays an
important role in regulating chromatin-templated nuclear
processes, such as gene expression, DNA replication,
repair and recombination, thereby controlling various cellu-
lar and developmental programs [5]. The dynamic state of
post-translational protein acetylation is also intimately
linked to aging and to several major diseases such as
cancer, retroviral pathogenesis, neurodegenerative disor-
ders, and cardiovascular diseases [13–15]. Abnormal
histone acetylation leads to cancer development through
affecting many nuclear and cellular processes [5,16]. In a
word, we only briefly discuss the impact on transcription
and cell-cycle progression and describe the interplay of
histone acetylation with DNA methylation.

Histone acetylation and transcription
As stated above, acetylation occurs on numerous lysine
residues that are mainly located within the N-terminal tails
of core histones, e.g. lysine 4, 9, 14, and 18 of histone H3
as well as lysine 5, 8, and 12 of histone H4 [5]. Histone
acetylation modulates transcription in multiple ways. Its
enzymes, acetyltransferases, and deacetylases (Fig. 1) can
regulate transcription by modifying the acetylation state of
histones or other promoter-bound transcription factors.
Histone acetylation effectively reduces the positive charge
of histones, and this has the potential to disrupt electrostatic
interactions between histones and DNA. This presumably
leads to less compact chromatin structure, thereby facilitat-
ing access of DNA to molecular machineries involved in
transcriptional control. Conversely, histone deacetylation
favors transcriptional repression by inducing chromatin
compaction [17]. Moreover, numerous chromatin-associated
factors have been shown to specifically interact with modi-
fied histones via many distinct domains, such as the bromo-
domain, which is often found in HATs and ATP-dependent
chromatin remodeling complexes [18]. For example, the

Figure 1 Cartoon illustrating reversible histone acetylation controlled
by the opposing actions of acetyltransferases and deacetylases (A)

HAT (red) is responsible for transferring the acetyl moiety (in pink) from

acetyl-CoA to the 1-group of a lysine residue. The Rpd3/Hda1 (histone

deacetylase 1) or classical family of HDAC (green) removes the acetyl group

from acetyl-lysine, releasing acetate, and the reaction requires Zn2þ. (B) In

contrast, in an NADþ-dependent manner, sirtuins (green) utilize a completely

different catalytic mechanism to remove the acetyl group from acetyl-lysine

residues, releasing products that are different from acetate. In addition to

acetylation, some HATs and HDACs may also act on acetylation-like

modifications such as malonylation, succinylation, and crotonylation. This

figure was adapted from [8] and is published with permission from Elsevier.
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Swi2/Snf2 chromatin-remodeling complex contains bromo-
domains that target it to acetylated histones, thereby recruit-
ing the complex to ‘open’ up the targeted chromatin region
for transcription to occur [19]. Specific recruitment of HAT
and HDAC containing complexes to selected promoter ele-
ments generates localized domains of modified histones
that influence transcriptional activity [20,21]. Consistent
with the well-established function of HDACs as transcrip-
tional repressors, diminished histone acetylation at promoter
regions generally correlates with gene silencing, but there is
also evidence that HDACs activate expression of some
genes. For example, in yeast, the Hos2 (Hda One similar 2)
deacetylase is required for gene activation, and deletion of
the Rpd3 (reduced potassium dependency 3) deacetylase
leads to repression of transcription at telomeric loci [22–
24]. The activation by HDACs could be due to reversing re-
pressive rare histone acetylation events (such as acetylation
of histone H3 at lysine 4 or histone H4 at lysine 12) or
acting on acetylation of non-histone proteins [7]. Related to
the latter possibility, direct acetylation and deacetylation of
transcription factors and other proteins has also been shown
to have positive and negative consequences on gene tran-
scription [8,25].

Histone acetylation in cell-cycle regulation, invasion,
and metastasis
Tumor is characterized by loss of cell-cycle check point
control and recent studies have identified an important
cross-talk between proteins involved in the cell-cycle regu-
latory apparatus and those regulating histone acetylation.
Disruption of HAT or HDAC activity may play an import-
ant role in uncontrolled growth and proliferation of tumor
cells. The first specific HDAC inhibitor, trichostain A, was
in fact discovered as a result of its capacity to induce cellu-
lar differentiation and cell-cycle arrest [26]. All HDAC
inhibitors studied to date, with the possible exception of
tubacin, promote cell-cycle arrest at G1/S [27]. This is
often associated with p53-independent induction of
p21WAF1/CIP1, which acts as a cyclin-dependent kinase
inhibitor and stimulates hypophosphorylation of the
retinoblastoma tumor suppressor protein [28,29]. Effects on
G2/M have also been observed [16,30]. Furthermore, treat-
ment with trichostatin A increased histone acetylation and
induced the expression of many genes, which encode sup-
pressors of invasion and metastasis as well as negative
cell-cycle regulators and apoptosis-related molecules [31].

Interplay of DNA methylation and histone acetylation
Histone acetylation does not act alone but interplays with
other chromatin modifications, including DNA methylation
[32]. Global DNA hypomethylation plays a significant role
in tumorigenesis and occurs at various genomic sequences
including repetitive elements, retrotransposons, CpG poor

promoters, introns, and gene deserts [33]. In contrast to
hypomethylation, site-specific hypermethylation contributes
to tumorigenesis by silencing expression tumor suppressor
genes [2]. The link between DNA methylation and histone
acetylation is mediated by a group of proteins with methyl
DNA-binding activity, including KAISO, MBD1, and
MeCP2 [34]. These proteins localize to methylated promo-
ters, as shown in colorectal cancers for genes of the cell-
cycle regulator p16 [35] and the multidrug resistance
protein MDR1 [36], and recruit protein complexes that
contain HDACs [37,38]. In addition, DNA methyltrans-
ferases may play a role in direct repression of transcription
through cooperation with HDACs in late S-phase [39].
DNA methylation can provide binding sites for methyl-
binding domain proteins, which can mediate gene repres-
sion through interactions with HDACs, thereby leading to
gene silencing and chromatin condensation [37,40].
Interaction between the DNA methylation machinery and
HDACs, therefore, enhances further the complexity of
epigenetic regulation of gene expression.

Enzymes that Govern Histone Acetylation

As illustrated in Fig. 1(A), HATs utilize acetyl CoA as the
coenzyme and catalyze the transfer of an acetyl group to
the 1-amino group of lysine side chains. Three major
groups of HATs have been identified, including Gcn5
(general control non-derepressible 5)-related N-acetyltrans-
ferases (GNATs), E1A-associated protein of 300 kDa
(p300)/CREB (cAMP-responsive element binding protein)-
binding protein (CBP), and MYST proteins [41,42].
While the GNAT and MYST families have members from
yeast to humans, the p300/CBP group is unique to
metazoans.

Through removal of acetyl groups from lysine resides of
histone tails and non-histone proteins [Fig. 1(B)], HDACs
oppose the activities of HATs. Four classes of HDACs have
been identified. Class I consists of HDAC 1, 2, 3, and 8,
which are mainly localized to the nucleus. Class II contains
HDAC 4, 5, 6, 7, 9, and 10, some of which present in both
the nucleus and cytoplasm for signal-dependent regulation
by nucleocytoplasmic trafficking. Class III comprises seven
sirtuins [Sir2(tu) like proteins], SIRT1-7; some of them are
mainly nuclear, whereas the others are also found in the
cytoplasm. Within class IV, there is only one member,
HDAC11, which is mainly nuclear; its sequence displays
characteristic features of class I and II members [16].

One emerging concept is that many HATs and HDACs
are part of large multisubunit protein complexes [41].
Within these complexes, non-catalytic subunits tend to
regulate the specific activity and substrate specificity of
catalytic subunits [7]. It is thus important to consider that
these complexes as functional units and to recognize that
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deregulation of these non-catalytic subunits may also be
the pathological reasons for human diseases such as
cancer. In the following sections, more details on HATs
and HDACs, and their links to cancer are covered.

Links of HATs to General and GI
Carcinogenesis

As overviewed in this section, there are various molecular
and cellular links of the three families of HATs to GI and
other cancers.

The GNAT family
Members of this family share several conserved sequence
motifs [43]. In humans, there are two Gcn5-like proteins:
PCAF (p300/CBP-associated factor) and GCN5. Both can
interact with p300/CBP, form similar HAT complexes, and
are involved in transcriptional regulation and cell-cycle
control [44–46]. Overexpression of PCAF can lead to
growth arrest. This effect may, at least in part, be explained
by an unbalanced interaction of PCAF with two important
cell-cycle regulators: E2F and p53. PCAF is therefore
involved in two opposing scenarios: promote cell-cycle
progression by activating E2F or cause cell-cycle arrest by
activating p53. Mutations in regions that control the HAT
activity or specificity of PCAF (and possibly other HATs
of the GNAT family) are thus expected to have significant
effects on cellular proliferation and tumor formation [47].
Histone acetylation by yeast Gcn5 has been implicated in
displacement of promoter nucleosomes during transcrip-
tional activation [48,49], and in aiding recruitment of RNA
polymerase II, the TATA-box binding protein TBP, and
other general coactivators to yeast promoter regions [50–
52]. Yeast Gcn5 also increases the efficiency of trimethyla-
tion of H3 at lysine 4 in transcribed coding sequences [47].

The p300/CBP family
This family consists of two highly homologous transcrip-
tional coactivators, both of which are widely expressed and
play critical roles in cell growth, differentiation, transform-
ation, and apoptosis [53]. CBP was originally identified as
a coactivator for the transcription factor CREB [54],
whereas p300 was isolated as a target of the adenoviral
oncogenic protein E1A [55]. Recombinant CBP/p300 acet-
ylates all four histones in their free forms as well as in
nucleosomes, demonstrating higher efficiency and less sub-
strate specificity than the other HATs. Apart from histones,
CBP/p300 acetylates a wide variety of transcription regula-
tory proteins, such as the tumor suppressor p53 and others
[56–58]. For example, p53 exerts anti-proliferation effects
through its ability to function as a sequence-specific
DNA-binding transcription factor. p53 can be modified by
acetylation both in vivo and in vitro. Remarkably, the p53

sites that are acetylated by p300 reside within a C-terminal
domain known to be critical for regulation of ubiquitination
and stability [59].

Colorectal tumors frequently display loss of heterozygos-
ity on chromosome 22q, suggesting that inactivation of a
tumor suppressor gene(s) at this chromosomal band partici-
pates in cancer development. Neurofibromatosis 2 and
p300, whose genes are located on 22q, are thought to be
candidates for the tumor suppressor. Mutations of the p300
gene in 27 colorectal and two gastric carcinomas have been
analyzed using PCR-SSCP, RT-PCR-SSCP, and direct
sequencing methods [60]. Missense mutations of p300
gene were detected in a gastric carcinoma, and in a colorec-
tal carcinoma, no mutation of NF2 gene was detected. The
p300 mutations were somatic and coupled to deletion of
the second allele of the gene, suggesting inactivation of
p300 in these carcinomas. The mutations are located within
the cysteine/histidine-rich regions, which are assumed to
play important roles in the function of p300. These are the
first cases in which the p300 gene has been found to be
altered in both alleles, suggesting that inactivation of p300
may be involved in the development of carcinomas, and
that this gene may be the target of loss of 22q in carcin-
omas of the digestive tract.

The MYST family
In humans, there are five members within this family, in-
cluding MOZ (monocytic leukemia zinc finger protein),
MORF (MOZ-related factor), HBO1 (HAT bound to Orc1),
Tip60 (Tat-interacting protein of 60 kDa), and MOF (males
absent on the first) [47]. The link between leukemia and
MOZ has been well established [61]. Similarly, the MORF
gene is also rearranged in leukemia [62]. HBO1 interacts
with the human origin recognition complex [63] and has
been reported to function as a transcriptional coregulator
for several nuclear hormone receptors [64]. Furthermore,
HBO1 is overexpressed in a specific subset of human
primary cancers. Immunohistochemistry for HBO1 in 11
primary human tumor types revealed strong HBO1 expres-
sion in carcinomas of the testis, ovary, breast, stomach,
esophagus, and bladder. The results are consistent with the
hypothesis that the HBO1 activity is a key regulator of
DNA replication and cell proliferation [65].

Tip60 was initially identified as a cellular protein that
interacts with the HIV viral protein Tat [66]. The acetyl-
transferase activity of Tip60 has been implicated in regulat-
ing DNA repair and apoptosis [67]. Tip60 may also play an
important role in regulating tumorigenesis, through modu-
lating signaling events involving ATM following DNA
damage and regulating the transcriptional activities of p53
and Myc [68]. Dependent on the context and by virtue of
being an acetyltransferase and transcriptional co-activator
toward other transcription factors, Tip60 may either act as
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a tumor suppressor or promote oncogenesis. Further inves-
tigation of the link between Tip60 and p53 is likely to elu-
cidate a pathway to tumor progression that may involve
inhibition of p53 acetylation by Tip60. Indeed, a recent
large-scale screen revealed a significant down-regulation of
Tip60 expression in tissues from colon and lung carcin-
omas [69].

As the fifth member of the MYST family, MOF is the
ortholog of Drosophila Mof, which is important for con-
trolling dosage compensation in male flies by specifically
acetylating Y chromosome-associated histone H4 at lysine
16 [70]. This acetyltransferase is important for DNA
damage response in cultured mammalian cells [71] and is
frequently repressed in breast carcinoma and medulloblas-
toma [72]. As with many other HATs mentioned above,
very little is known about the role of MOF in GI
carcinogenesis.

Links of HDACs to General and GI
Carcinogenesis

Class I HDACs are often components of distinct multisu-
bunit corepressor complexes and functional knockdown or
deletion of different class I HDACs can result in diverse
cellular effects [73]. For example, knockdown of HDAC2
and HDAC1 but not HDAC3 suppressed proliferation of
colon carcinoma cells in vitro [74]. In contrast, knockdown
of HDAC3 was more effective in inhibiting the growth of
another set of colon carcinoma cells than knockdown
of HDAC1 or HDAC2 [75]. Moreover, knockdown of
HDAC3 and HDAC2 induced DNA damage and concomi-
tant apoptosis [76]. Knockdown of HDAC4, a class II
member, inhibited cell proliferation and induced apoptosis
[77]. Knockdown of HDAC7 (another class II member) in
endothelial cells did not affect cell growth or survival, but
inhibited cell migration and the capacity to form capillary
tube-like structures [78]. A further role for class II HDACs
in regulating angiogenesis was suggested by the study of
HDAC6 and HDAC10 as their knockdown resulted in
depletion of vascular endothelial growth factor receptors
[79]. Functional studies done thus far indicate that class I
HDACs predominantly regulate cell proliferation and
apoptosis whereas class II HDACs are more specifically
involved in regulating cell differentiation, migration, and
angiogenesis [73].

Individual HDACs have been linked to GI carcinogen-
esis. HDAC1 is overexpressed in gastric and colon cancers,
whereas HDAC2 is overexpressed in colorectal tumors
[75,80]. Loss of the adenomatosis polyposis coli (APC)
tumor suppressor gene resulted in enhanced expression of
HDAC2 via activated b-catenin/c-Myc, and specific knock-
down of HDAC2 in APC-deficient colon carcinoma cells
overexpressing HDAC2 resulted in robust induction of

apoptosis [81]. Moreover, ectopic expression of HDAC2
antagonized APC induced apoptosis in colon carcinoma
cells [81]. Truncation mutations in HDAC2 have been
detected in a subset of microsatellite unstable colorectal
cell lines and primary tumor samples [82]. The mutations
generate loss of expression and enzymatic activity of
HDAC2, and lead to decreased sensitivity to apoptosis
induced by HDAC inhibitors [82]. Finally, studies using
the APCmin colon cancer mouse model showed that
HDAC2 is selectively up-regulated in normal colonic
mucosa cells and is further induced in tumors from the
mice; importantly, treatment of the mice with the HDAC
inhibitor valproic acid significantly reduced the number
and size of adenomas. Knockout of Hdac2 gene APCmin

mice resulted in decreased intestinal tumor development
[83]. HDAC2 is also overexpressed in human gastric cancer
[84]. Moderate-to-strong expression of HDAC2 was found
in 44 out of a total of 71 tumors that were analyzed.
Interestingly, HDAC2 expression appeared to be associated
with tumor aggressiveness as elevated expression was
observed in advanced gastric cancer and in positive lymph
node metastasis [84]. HDAC2 expression was correlated
significantly with progression of adenoma to carcinoma
when cancer and non-cancer cases were compared. These
results suggest that HDAC2 expression is associated with
colorectal cancer progression [85].

In addition to HDACs themselves, their regulators are
linked to cancer. For example, esophageal squamous
cancer patients with a higher level of histone H4 acetyl-
ation had a better prognosis, and metastasis-associated
protein 1 (MTA1, a regulatory subunit of an HDAC1/2
multiprotein complex) might be involved in the alteration
of chromatin structure and transcription repression [86,87].
Immunostaining patterns of MTA1 and acetylated histone
H4 were inversely correlated [86,87].

Infection by the bacterium Helicobacter pylori is a main
cause of gastric cancer and is also associated with an
increased risk of gastric mucosa-associated lymphoid tissue
lymphoma (http://www.cancer.gov/cancertopics/factsheet/
Risk/h-pylori-cancer). Acute infection by this bacterium
causes gastritis. Cyclooxygenase 2 (Cox-2) is linked to in-
flammation, a pre-stage of tumor initiation. A recent study
reported that the bacterium-induced Cox-2 expression in
gastric epithelial cells decreased HDAC activity in the
nucleus and reduced expression of HDAC1, 2, and 3 ac-
cordingly [88]. This study thus suggests an interesting link
between H. pylori infection and HDAC expression. A puz-
zling issue is that the infection reduced HDAC activity,
which would mimic HDAC inhibition by small-molecule
inhibitors (this is something expected to be beneficial; see
the following section about HDAC inhibitors). It is pos-
sible; however, whether HDAC inhibition is detrimental or
beneficial is really context dependent.
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Like classical HDACs, sirtuins play an important role in
tumor onset and progression. They may regulate cellular
senescence, DNA repair, chromosomal stability, and cell-
cycle progression [89–92]. Consistent with this notion,
overexpression of SIRT1, SIRT2, SIRT3, and SIRT7 has
been documented in a range of cancers [89,90]. The pos-
sible role of SIRT1 in cancer may be context dependent.
As a promoter of cell survival, SIRT1 is expected to
possess an oncogenic activity. In this regard, SIRT1 deace-
tylates and down-regulates p53. On the other hand, as a
gene promoting organismal survival and delaying aging, a
tumor suppressor role is expected for SIRT1. The first sug-
gestion that SIRT1 might be oncogenic was the finding
that HIC1 (hypermethylated in cancer 1) binds to the
SIRT1 promoter and represses its activity [93]. As HIC1 is
silenced in certain tumors, up-regulation of SIRT1 was pro-
posed to stimulate tumorigenesis. However, other studies
are consistent with SIRT1 having anti-proliferation and
anti-apoptotic effects during cancer development. Eight dif-
ferent cancers (colon, lung, breast, stomach, bladder, liver,
skin, and thyroid) exhibited reduced levels of SIRT1 when
compared with the corresponding normal controls [94]. In
addition, a transgenic mouse strain with gut-specific Sirt1
overexpressing exhibited protection when crossed with a
colon cancer mouse model [95].

Therefore, as discussed in the above two sections, there
are various links of HATs and HDACs to cancer develop-
ment, which form the basis for modulating the activities
of these enzymes for treating cancer. As detailed below,
inhibitors of HDACs have emerged as novel anti-cancer
therapeutics.

HDAC Inhibitors for Treating GI and Other
Cancers

Action of HDAC inhibitors shifts the balance between the
deacetylating activity of HDACs and the acetylating activ-
ity of HATs, in favor of increased histone acetylation and
up-regulated gene expression. This is based on the assump-
tions that histone acetylation promotes gene activation and
histones are the major substrates. Except for a few rare
cases, the first assumption is true. But the second assump-
tion does not always hold and needs to be interpreted with
caution, because it is clear now that there are thousands of
acetylated proteins and many of them are targets of known
HATs and HDACs [8].

Within the HDAC superfamily, there are two types of
enzymes, which are either zinc2þ [class I, II, and IV;
Fig. 1(A)] or NADþ dependent [class IV, Fig. 1(B)] [96].
These two types are also known as the classical and sirtuin
families, respectively. Most HDAC inhibitors target the
classical family and such inhibitors are thus often referred
to as classical HDAC inhibitors [97–100]. Here we

therefore focus on this family of compounds only. Tumor
cells generally show higher sensitivity to such inhibitors
than normal cells [101]. Therefore, these inhibitors consti-
tute a new exciting addition to the cancer therapy arena.
Numerous such inhibitors have been identified and some
of them have recently been used in clinical trials for cancer
treatment [97–100]. Known classical HDAC inhibitors are
classified into five major groups: short-chain fatty acids,
hydroxamic acids, cyclic peptides, benzamides, and hybrid
molecules [97,102].

Short-chain fatty acids
Short-chain fatty acids, such as butyrate, phenyl-butyrate,
and valproic acid, have become a favorite topic in cancer
research because they are thought to be produced from
bacterial fermentation of dietary fiber and might protect
against colon cancer [103]. An end-product of intestinal
microbial fermentation of dietary fiber, butyrate is an im-
portant energy source for intestinal epithelial cells and
plays a role in the maintenance of colonic homeostasis. It
exerts potent effects on a variety of colonic mucosal func-
tions such as inhibition of inflammation and carcinogen-
esis, reinforcing various components of the colonic defense
barrier and decreasing oxidative stress [104]. Butyrate not
only plays a role in oxidative stress in the healthy colonic
mucosa [105], but also modulates expression of genes in
response to oxidative and metabolic stress in primary
human colon cells [106] and enhances the responsiveness
of colon cancer cells to all-trans retinoic acid [107].
Strikingly, down-regulation of a butyrate transporter has
been shown in human colon cancer tissue [108–110]. The
down-regulation results in reduced uptake and metabolism
of butyrate in colonocytes. In addition, the butyrate trans-
porter activity was positively correlated with disease-free
survival [111]. Furthermore, a lower butyrate to acetate
ratio has been found in luminal samples of patients with
adenomatous polyps or colon cancer versus healthy
controls [112].

Related to butyrate, phenyl-butyrate is an aromatic short-
chain fatty acid able to inhibit HDAC activity [113]. It was
evaluated in phase I trial for patients with solid malignant
tumors such as colon carcinoma, rectal hemangiopericy-
toma (a type of soft tissue sarcoma resulting from peri-
cytes), and pancreatic carcinoma [114,115]. This
compound was also studied in combination with 5-
fluouracil in a phase I trial for patients with advanced colo-
rectal cancer [116].

Also related to butyrate, valproic acid is a known drug
used in patients for its anticonvulsant and mood-stabilizing
activities. It has been studied in a phase I trial for intraven-
ous administration in patients with advanced colorectal and
esophageal cancers [117].
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Hydroxamic acids
Hydroxamic acids, such as trichostatin A, suberoyl bishy-
droxamic acid, suberoylanilide hydroxamic acid (now
known as Vorinostat), LBH589, and PXD101, display high
efficacy, with nanomolar potency against class I/II HDACs
[118,119]. Vorinostat has significant activity in a wide
range of cancers [120]. Studies performed in colon and
breast cancer cell lines showed that exposure to Vorinostat
reactivated expression of a subset of genes silenced in
these cells, resulting in cell growth arrest, differentiation,
and apoptosis [121]. In a multicenter phase II single-agent
study, 16 patients with breast, colon, and lung cancers
received Vorinostat at doses of 200, 300, and 400 mg b.i.d.
(bis in die, i.e. twice a day) for 14 days [122]. Disease sta-
bilization was observed in half of the patients [122]. In a
phase I trial for 16 Japanese patients with GI cancer, the
dose-limiting toxicity of Vorinostat was determined for
grade 4 thrombocytopenia. In these Japanese patients,
300 mg b.i.d. for 3 consecutive days followed by a 4-day
rest each week was found to be the tolerable regimen
[123]. Vorinostat 200 mg b.i.d. was also evaluated in a
single-agent phase II study for patients who had recurrent/
metastatic transitional cell carcinoma and had failed in
platinum therapy [124].

Vorinostat has also been investigated in combination
with other therapies. With capecitabine in a phase I trial
for patients with advanced solid tumors, the two drugs
were found to be well tolerated and active in several tumor
types [125]. Also in a phase I study with GI carcinoma,
Vorinostat was combined with pelvic radiotherapy
[126,127]. The results indicated that it was safe to combine
Vorinostat with radiotherapy.

PCI-24781 and PXD101 are novel hydroxamate-type
HDAC inhibitor [128,129]. A phase I study was done in
patients with solid tumors [130,131]. Trichostatin A inhi-
bits growth of chemotherapy-resistant hepatoma cell in
vitro [132]. Its anti-proliferative activity is paralleled by a
comparable rate of apoptosis. Thus, trichostatin A may be
a promising agent for treatment of hepatocellular carcin-
oma. Scriptaid, a novel HDAC inhibitor, is effective in
cell-cycle arrest and growth suppression and in reversal of
repressive chromatin marks at the promoter region of a
hypermethylated p16 gene in colorectal cancer [133]. It
may also enhance the response of human tumor cells to
radiation [134].

The inhibitor panobinostat (or LBH589) achieves potent
inhibition of classical HDACs implicated in cancer and dis-
plays potent anti-tumor activity in preclinical models and
promising clinical efficacy in cancer patients [135]. It sig-
nificantly induces necrosis, apoptosis, and arrest of tumor
cell proliferation. In combination with imatinib, therapeutic
effects were enhanced [136]. The therapeutic potential of
combining lapatinib with panobinostat in colorectal cancer

cell lines was also evaluated. It was found that the combin-
ation showed greater antitumor activity than either agent
alone [137]. Thus, combinations with established therapies
(chemotherapy or other targeted agents) can be expected to
increase the therapeutic efficiency of the HDAC inhibitor.

Cyclic tetrapeptide
Depsipeptide (FK228 or FR901228) is a potent bicyclic
depsipeptide [138]. FK228 was studied in combination
with gemcitabine in a phase I trial for patients with
advanced solid tumors [139]. Apicidin is another novel
cyclic tetrapeptide whose structure is related to trapoxin
[140]. Apicidin displayed marked antiproliferative effects in
a wide variety of human cancer cell lines, including those
of osteosarcoma, breast and stomach origin, as well as in
v-Ras-transformed NIH3T3 cells [141]. The growth inhibi-
tory effects were associated with changes in the expression
of p21CIP1/WAF1 and gelsolin, two proteins that are involved
in regulation of cell-cycle control and cell morphology,
respectively [141].

Benzamides
These compounds consist of a structurally diverse group of
agents containing the benzamide moiety [140]. This group
was postulated to bind zinc at the catalytic site of classical
HDACs [142]. Two compounds have been described as
members of this group, MS-275 and CI-994. MS-275 is
structurally dissimilar from many other HDAC inhibitors
[143,144]. As with other compounds of this class,
MS-275-associated HDAC inhibition is accompanied by an
increase in expression of p21CIP1/WAF1 and accumulation of
cells at G1 phase [143]. MS-275 displays anti-proliferative
activity toward several human cancer cell lines, including
breast, colorectal, leukemia, lung, ovary, and pancreas
[143]. MS-275 was investigated in patients with solid
tumors in a phase I trial [145]. A phase II trial was done in
patients with refractory metastatic melanoma [146]. CI-994
is an investigational anticancer drug with a broad spectrum
of activity in murine and human tumor xenografts [147].
CI-994 was investigated in patients with refractory meta-
static in a phase II trial [146]. CI-994 was also investigated
in phase I trial for solid tumors, in combination with
gemcitabine [148], capecitabine [130,149], paclitaxel, and
carboplatin [150].

Hybrid molecules
MGCD0103 is a hybrid compound evaluated in a phase
I/II trial in combination with gemcitabine in patients with
solid tumors [151]. Twenty-nine patients were enrolled (25
in phase I and 4 in phase II). Dose levels of MGCD0103
ranged between 50 and 110 mg. The maximum tolerated
and recommended phase II dose was determined to be
90 mg. Two of five pancreatic cancer patients achieved
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partial response [151]. As a member of hybrid molecules
derived from glucosinolates in cruciferous vegetables, such
as water cress, cabbage (including the Chinese cabbage
bok choi), and broccoli, isothiocyanate has anti-oxidative
properties and chemopreventive effects on the development
of lung and colon cancers [152,153]. In a cohort of
Chinese men at high risk for gastric cancer, isothiocyanates
protected against the development of gastric cancer.
Glutathione S-transferases may modify the chemo-
preventive effect of isothiocyanates [154].

Therefore, since identification of butyrate and trichostain
A as HDAC inhibitors in the late 1970s and early 1990s,
respectively, various studies have been performed with
classical HDAC inhibitors to evaluate their value as
anti-cancer therapeutic agents, individually or in combin-
ation with other types of therapy.

Perspective

As discussed above, HATs and HDACs maintain the
dynamic equilibrium of reversible lysine acetylation in vivo
(Fig. 1). These two groups of enzymes have been found to
participate in the regulation of cellular proliferation and dif-
ferentiation as cofactors of several mammalian transcrip-
tional complexes. It must be considered that many
acetyltransferases and deacetylases act primarily in protein
complexes containing multiple cofactors and other
enzymes responsible for a variety of post-translational
modifications and that cellular processes are driven by the
coordinated action of such complexes [41,42,155]. In the
past decade or so, it has become very clear that HATs and
HDACs also act upon non-histone proteins. While only a
few dozens of such enzymes have been identified, recent
studies indicate that 5%–10% of human proteins (thus in
the order of thousands of proteins) may be acetylated on
specific lysine residues [8], thereby raising the intriguing
issue how the specificity is achieved and begging the im-
portant question whether there are additional such enzymes
awaiting identification and characterization. Furthermore, it
is noteworthy that the some HATs and HDACs may also
be responsible for maintaining acetylation-like modifica-
tions [156], as very recently shown for SIRT5-mediated
desuccinylation [157]. Answers to these intriguing and im-
portant issues shall shed important novel light on carcino-
genesis along the GI track and at other cancer sites.

Since their discovery in the mid-1990s, HATs and
HDACs have emerged as promising molecular targets for
developing anti-cancer agents. In this regard, HDAC inhi-
bitors have been actively evaluated as novel therapeutics
for different types of cancer. As a result, two such inhibi-
tors have been approved for treating lymphoma [158]. In
comparison, much less progress has been made about
HDAC inhibitors in treating cancers resulting from GI

carcinogenesis. It should be noted that the outcome from
phase I studies about combination of Vorinostat with radio-
therapy in GI carcinoma is encouraging [126,127]. These
and other studies have laid a solid foundation for additional
research to improve the therapeutic potential of HDAC
inhibitors for treating GI and other tumors.

Funding

This work was supported by the grants from Canadian
Institutes of Health Research (CIHR), Canadian Cancer
Society, NSERC, CFI, and MDEIE (to X.Y.).

References

1 Hanahan D and Weinberg RA. Hallmarks of cancer: the next generation.

Cell 2011, 144: 646–674.

2 Baylin SB and Herman JG. DNA hypermethylation in tumorigenesis:

epigenetics joins genetics. Trends Genet 2000, 16: 168–174.

3 van Engeland M, Derks S, Smits KM, Meijer GA and Herman JG.

Colorectal cancer epigenetics: complex simplicity. J Clin Oncol 2011, 29:

1382–1391.

4 Strahl BD and Allis CD. The language of covalent histone modifications.

Nature 2000, 403: 41–45.

5 Kouzarides T. Chromatin modifications and their function. Cell 2007,

128: 693–705.

6 Latham JA and Dent SY. Cross-regulation of histone modifications. Nat

Struct Mol Biol 2007, 14: 1017–1024.

7 Yang XJ and Seto E. HATs and HDACs: from structure, function and

regulation to novel strategies for therapy and prevention. Oncogene 2007,

26: 5310–5318.

8 Kim GW and Yang XJ. Comprehensive lysine acetylomes emerging from

bacteria to humans. Trends Biochem Sci 2011, 36: 211–220.

9 Khorasanizadeh S. The nucleosome: from genomic organization to

genomic regulation. Cell 2004, 116: 259–272.

10 Wolffe AP. Transcription: in tune with the histones. Cell 1994, 77:

13–16.

11 Luger K, Mader AW, Richmond RK, Sargent DF and Richmond TJ.

Crystal structure of the nucleosome core particle at 2.8 A resolution.

Nature 1997, 389: 251–260.

12 Berger SL. The complex language of chromatin regulation during tran-

scription. Nature 2007, 447: 407–412.

13 Minucci S, Nervi C, Lo Coco F and Pelicci PG. Histone deacetylases: a

common molecular target for differentiation treatment of acute myeloid

leukemias? Oncogene 2001, 20: 3110–3115.

14 Bhaumik SR, Smith E and Shilatifard A. Covalent modifications of his-

tones during development and disease pathogenesis. Nat Struct Mol Biol

2007, 14: 1008–1016.

15 Haberland M, Montgomery RL and Olson EN. The many roles of

histone deacetylases in development and physiology: implications for

disease and therapy. Nat Rev Genet 2009, 10: 32–42.

16 Glozak MA and Seto E. Histone deacetylases and cancer. Oncogene

2007, 26: 5420–5432.

17 Ruthenburg AJ, Li H, Patel DJ and Allis CD. Multivalent engagement of

chromatin modifications by linked binding modules. Nat Rev Mol Cell

Biol 2007, 8: 983–994.

18 Mujtaba S, Zeng L and Zhou MM. Structure and acetyl-lysine recogni-

tion of the bromodomain. Oncogene 2007, 26: 5521–5527.

Histone acetylation and GI carcinogenesis

Acta Biochim Biophys Sin (2012) | Volume 44 | Issue 1 | Page 87

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/44/1/80/1197 by guest on 24 April 2024



19 Hassan AH, Prochasson P, Neely KE, Galasinski SC, Chandy M,

Carrozza MJ and Workman JL. Function and selectivity of bromodo-

mains in anchoring chromatin-modifying complexes to promoter nucleo-

somes. Cell 2002, 111: 369–379.

20 Li J, Lin Q, Wang W, Wade P and Wong J. Specific targeting and consti-

tutive association of histone deacetylase complexes during transcriptional

repression. Genes Dev 2002, 16: 687–692.

21 Bryant GO and Ptashne M. Independent recruitment in vivo by Gal4 of

two complexes required for transcription. Mol Cell 2003, 11:

1301–1309.

22 Rundlett SE, Carmen AA, Kobayashi R, Bavykin S, Turner BM and

Grunstein M. HDA1 and RPD3 are members of distinct yeast histone

deacetylase complexes that regulate silencing and transcription. Proc Natl

Acad Sci USA 1996, 93: 14503–14508.

23 Wang A, Kurdistani SK and Grunstein M. Requirement of Hos2 histone

deacetylase for gene activity in yeast. Science 2002, 298: 1412–1414.

24 De Nadal E, Zapater M, Alepuz PM, Sumoy L, Mas G and Posas F. The

MAPK Hog1 recruits Rpd3 histone deacetylase to activate osmorespon-

sive genes. Nature 2004, 427: 370–374.

25 Kouzarides T. Acetylation: a regulatory modification to rival phosphoryl-

ation? EMBO J 2000, 19: 1176–1179.

26 Yoshida M, Kijima M, Akita M and Beppu T. Potent and specific inhib-

ition of mammalian histone deacetylase both in vivo and in vitro by tri-

chostatin A. J Biol Chem 1990, 265: 17174–17179.

27 Haggarty SJ, Koeller KM, Wong JC, Grozinger CM and Schreiber SL.

Domain-selective small-molecule inhibitor of histone deacetylase 6

(HDAC6)-mediated tubulin deacetylation. Proc Natl Acad Sci USA 2003,

100: 4389–4394.

28 Vrana JA, Decker RH, Johnson CR, Wang Z, Jarvis WD, Richon VM

and Ehinger M, et al. Induction of apoptosis in U937 human leukemia

cells by suberoylanilide hydroxamic acid (SAHA) proceeds through path-

ways that are regulated by Bcl-2/Bcl-XL, c-Jun, and p21CIP1, but inde-

pendent of p53. Oncogene 1999, 18: 7016–7025.

29 Richon VM, Sandhoff TW, Rifkind RA and Marks PA. Histone deacety-

lase inhibitor selectively induces p21WAF1 expression and

gene-associated histone acetylation. Proc Natl Acad Sci USA 2000, 97:

10014–10019.

30 Xu WS, Parmigiani RB and Marks PA. Histone deacetylase inhibitors:

mechanisms of action. Oncogene 2007, 26: 5541–5552.

31 Yasui W, Oue N, Ono S, Mitani Y, Ito R and Nakayama H. Histone

acetylation and gastrointestinal carcinogenesis. Ann N Y Acad Sci 2003,

983: 220–231.

32 Cedar H and Bergman Y. Linking DNA methylation and histone modifi-

cation: patterns and paradigms. Nat Rev Genet 2009, 10: 295–304.

33 Rodriguez J, Frigola J, Vendrell E, Risques RA, Fraga MF, Morales C

and Moreno V, et al. Chromosomal instability correlates with genome-

wide DNA demethylation in human primary colorectal cancers. Cancer

Res 2006, 66: 8462–9468.

34 Bird A. DNA methylation patterns and epigenetic memory. Genes Dev

2002, 16: 6–21.

35 Magdinier F and Wolffe AP. Selective association of the methyl-CpG

binding protein MBD2 with the silent p14/p16 locus in human neoplasia.

Proc Natl Acad Sci USA 2001, 98: 4990–4995.

36 El-Osta A, Kantharidis P, Zalcberg JR and Wolffe AP. Precipitous

release of methyl-CpG binding protein 2 and histone deacetylase 1 from

the methylated human multidrug resistance gene (MDR1) on activation.

Mol Cell Biol 2002, 22: 1844–1857.

37 Nan X, Ng HH, Johnson CA, Laherty CD, Turner BM, Eisenman RN

and Bird A. Transcriptional repression by the methyl-CpG-binding

protein MeCP2 involves a histone deacetylase complex. Nature 1998,

393: 386–389.

38 Fuks F, Hurd PJ, Wolf D, Nan X, Bird AP and Kouzarides T. The

methyl-CpG-binding protein MeCP2 links DNA methylation to histone

methylation. J Biol Chem 2003, 278: 4035–4040.

39 Rountree MR, Bachman KE and Baylin SB. DNMT1 binds HDAC2 and

a new co-repressor, DMAP1, to form a complex at replication foci. Nat

Genet 2000, 25: 269–277.

40 Jones PL, Veenstra GJ, Wade PA, Vermaak D, Kass SU, Landsberger N

and Strouboulis J, et al. Methylated DNA and MeCP2 recruit histone

deacetylase to repress transcription. Nat Genet 1998, 19: 187–191.

41 Allis CD, Berger SL, Cote J, Dent S, Jenuwien T, Kouzarides T and

Pillus L, et al. New nomenclature for chromatin-modifying enzymes. Cell

2007, 131: 633–636.

42 Lee KK and Workman JL. Histone acetyltransferase complexes: one size

doesn’t fit all. Nat Rev Mol Cell Biol 2007, 8: 284–295.

43 Neuwald AF and Landsman D. GCN5-related histone

N-acetyltransferases belong to a diverse superfamily that includes the

yeast SPT10 protein. Trends Biochem Sci 1997, 22: 154–155.

44 Yang XJ, Ogryzko VV, Nishikawa J, Howard BH and Nakatani Y. A

p300/CBP-associated factor that competes with the adenoviral oncopro-

tein E1A. Nature 1996, 382: 319–324.

45 Xu W, Edmondson DG and Roth SY. Mammalian GCN5 and P/CAF

acetyltransferases have homologous amino-terminal domains important

for recognition of nucleosomal substrates. Mol Cell Biol 1998, 18:

5659–5669.

46 Ogryzko VV, Kotani T, Zhang X, Schiltz RL, Howard T, Yang XJ and

Howard BH, et al. Histone-like TAFs within the PCAF histone acetylase

complex. Cell 1998, 94: 35–44.

47 Timmermann S, Lehrmann H, Polesskaya A and Harel-Bellan A. Histone

acetylation and disease. Cell Mol Life Sci 2001, 58: 728–736.

48 Barbaric S, Walker J, Schmid A, Svejstrup JQ and Horz W. Increasing

the rate of chromatin remodeling and gene activation—a novel role for

the histone acetyltransferase Gcn5. EMBO J 2001, 20: 4944–4951.

49 Filetici P, Aranda C, Gonzalez A and Ballario P. GCN5, a yeast transcrip-

tional coactivator, induces chromatin reconfiguration of HIS3 promoter in

vivo. Biochem Biophys Res Commun 1998, 242: 84–87.

50 Qiu H, Hu C, Yoon S, Natarajan K, Swanson MJ and Hinnebusch AG.

An array of coactivators is required for optimal recruitment of TATA

binding protein and RNA polymerase II by promoter-bound Gcn4p.

Mol Cell Biol 2004, 24: 4104–4117.

51 Geng F and Laurent BC. Roles of SWI/SNF and HATs throughout the

dynamic transcription of a yeast glucose-repressible gene. EMBO J 2004,

23: 127–137.

52 Govind CK, Yoon S, Qiu H, Govind S and Hinnebusch AG.

Simultaneous recruitment of coactivators by Gcn4p stimulates multiple

steps of transcription in vivo. Mol Cell Biol 2005, 25: 5626–5638.

53 Giordano A and Avantaggiati ML. p300 and CBP: partners for life and

death. J Cell Physiol 1999, 181: 218–230.

54 Chrivia JC, Kwok RP, Lamb N, Hagiwara M, Montminy MR and

Goodman RH. Phosphorylated CREB binds specifically to the nuclear

protein CBP. Nature 1993, 365: 855–859.

55 Eckner R, Ewen ME, Newsome D, Gerdes M, DeCaprio JA, Lawrence

JB and Livingston DM. Molecular cloning and functional analysis of the

adenovirus E1A-associated 300-kD protein (p300) reveals a protein with

properties of a transcriptional adaptor. Genes Dev 1994, 8: 869–884.

56 Soutoglou E, Katrakili N and Talianidis I. Acetylation regulates transcrip-

tion factor activity at multiple levels. Mol Cell 2000, 5: 745–751.

57 Soutoglou E, Papafotiou G, Katrakili N and Talianidis I. Transcriptional

activation by hepatocyte nuclear factor-1 requires synergism between

multiple coactivator proteins. J Biol Chem 2000, 275: 12515–12520.

58 Sterner DE and Berger SL. Acetylation of histones and transcription-

related factors. Microbiol Mol Biol Rev 2000, 64: 435–459.

Histone acetylation and GI carcinogenesis

Acta Biochim Biophys Sin (2012) | Volume 44 | Issue 1 | Page 88

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/44/1/80/1197 by guest on 24 April 2024



59 Gu W and Roeder RG. Activation of p53 sequence-specific DNA

binding by acetylation of the p53 C-terminal domain. Cell 1997, 90:

595–606.

60 Muraoka M, Konishi M, Kikuchi-Yanoshita R, Tanaka K, Shitara N,

Chong JM and Iwama T, et al. p300 gene alterations in colorectal and

gastric carcinomas. Oncogene 1996, 12: 1565–1569.

61 Avvakumov N and Cote J. The MYST family of histone acetyltrans-

ferases and their intimate links to cancer. Oncogene 2007, 26:

5395–5407.

62 Champagne N, Bertos NR, Pelletier N, Wang AH, Vezmar M, Yang Y

and Heng HH, et al. Identification of a human histone acetyltransferase

related to monocytic leukemia zinc finger protein. J Biol Chem 1999,

274: 28528–28536.

63 Iizuka M and Stillman B. Histone acetyltransferase HBO1 interacts with

the ORC1 subunit of the human initiator protein. J Biol Chem 1999, 274:

23027–23034.

64 Georgiakaki M, Chabbert-Buffet N, Dasen B, Meduri G, Wenk S, Rajhi

L and Amazit L, et al. Ligand-controlled interaction of histone

acetyltransferase binding to ORC-1 (HBO1) with the N-terminal transac-

tivating domain of progesterone receptor induces steroid receptor

coactivator 1-dependent coactivation of transcription. Mol Endocrinol

2006, 20: 2122–2140.

65 Iizuka M, Takahashi Y, Mizzen CA, Cook RG, Fujita M, Allis CD and

Frierson Jr HF, et al. Histone acetyltransferase Hbo1: catalytic activity,

cellular abundance, and links to primary cancers. Gene 2009, 436:

108–114.

66 Kamine J, Elangovan B, Subramanian T, Coleman D and Chinnadurai G.

Identification of a cellular protein that specifically interacts with the es-

sential cysteine region of the HIV-1 Tat transactivator. Virology 1996,

216: 357–366.

67 Ikura T, Ogryzko VV, Grigoriev M, Groisman R, Wang J, Horikoshi

M and Scully R, et al. Involvement of the TIP60 histone

acetylase complex in DNA repair and apoptosis. Cell 2000, 102:

463–473.

68 Squatrito M, Gorrini C and Amati B. Tip60 in DNA damage response

and growth control: many tricks in one HAT. Trends Cell Biol 2006, 16:

433–442.

69 ME LL, Vidal F, Gallardo D, Diaz-Fuertes M, Rojo F, Cuatrecasas M
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