",

1

uOttawa

L’Université canadienne
Canada’s university



-

FACULTE DES ETUDES SUPERIEURES [ FACULTY OF GRADUATE AND
ET POSTOCTORALES uOttawa POSDOCTORAL STUDIES
1.’Université canadienne

Canada's university

Feras Al-Ghazawi
AUTEURDE LA THESE / AUTHOR OF THESIS

M.Sc. (Cellular and Molecular Medicine)
GRADE / DEGREE

Department of Cellular and Molecular Medicine
FACULTE, ECOLE, DEPARTEMENT / FACULTY, SCHOOL, DEPARTMENT

Roles of Bromodomain in the Regulation of p300-Dependent Gene Expression

TITRE DE LA THESE/ TITLE OF THESIS

Dr. Q. Li
DIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

EXAMINATEURS (EXAMINATRICES) DE LA THESE / THESIS EXAMINERS

Dr. A. Blais

Dr. C. Kennedy

Gary W. Slater

Le Doyen de la Faculté des études supérieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies




Roles of Bromodomain in the Regulation of p300-Dependent Gene Expression

Feras Al-Ghazawi

Thesis submitted to the Faculty of Graduate and Postdoctoral Studies
In partial fulfillment of the requirements for the M.Sc. program in

Cellular and Molecular Medicine
University of Ottawa

© Feras Al-Ghazawi, Ottawa, Canada 2009



3

Library and Bibliothéque et

Archives Canada Archives Canada

Published Heritage Direction du

Branch Patrimoine de I'édition

395 Wellington Street 395, rue Wellington

Ottawa ON K1A ON4 Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-51632-4
Qur file  Notre référence
ISBN: 978-0-494-51632-4

NOTICE: AVIS:

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,

publish, archive, preserve, conserve,

communicate to the public by

telecommunication or on the Internet,

loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

L'auteur a accordé une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theéses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protege cette thése.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canad;

Conformément a la loi canadienne
sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



ABSTRACT

The transcriptional coactivator p300 displays an intrinsic histone acetyltransferase
activity. It contains an evolutionarily conserved bromodomain serving as a specific
acetyl-lysine binding module for histones or transcription factors to facilitate chromatin
remodeling and transcriptional activation. The function of p300 is required by a diverse
set of promoters. However, roles of bromodomain in the function of p300 are yet to be
fully determined. In this study, we utilize cell lines expressing either wild-type or
bromodomain truncated p300 to examine the expression of several p300-dependent genes
that are involved in cell cycle regulation. The effects of histone acetylation on the
expression of these genes were also examined by utilizing histone deacetylase inhibitors.
Our results suggest that p300 regulates genes through different mechanisms and that
bromodomain has roles in the recruitment of p300 to target promoters, providing an
indication that the role of bromodomain in p300-dependent transcription is determined by

individual promoter context.
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Introduction

Gene expression regulation is a fundamental biological process which involves
different genetic elements through which complex regulatory networks control multiple
functions such as the synthesis of mRNA molecules and the production of proteins. The
process of gene transcription is highly regulated at the level of transcription initiation and
modulated by various cellular signals (reviewed in Sadhale et al, 2007). Transcription
essentially begins with enhancing the accessibility of DNA and allowing the recruitment
of a diverse set of transcriptional components to gene promoters (Luger et al, 1997).
These components include chromatin remodeling complexes, transcription factors and

coactivators such as p300 (reviewed in Narlikar, 2002; Orphanides and Reinberg, 2002).

Chromatin remodeling and transcription

Chromatin structure is dynamic and susceptible to changes, which affect the
accessibility of DNA to transcription factors. Changes in chromatin dynamics do not
randomly occur. In fact, they occur through highly regulated mechanisms (Eberharter et
al, 2005). In principle, chromatin undergoes remodeling through two main mechanisms:
ATP-dependent chromatin remodeling and post-translational modifications of the amino-
terminal tails of histones (reviewed in Vignali ef a/, 2000).

Chromatin remodeling complexes utilize energy in the form of ATP to induce
changes in the chromatin structure by destabilizing histone-DNA interactions and
physically shifting nucleosomes into different positions in ATP-dependent manner (Pazin

and Kadonaga, 1997). Thus, they expose regions of DNA that were initially associated



with nucleosomes and cover others. They have been classified into three main families
based on the domain composition of their catalytic ATPase subunits: the SWI2/SNF2
family, SWI (ISWI) family and the Mi-2 family (Eisen et al, 1995; Pazin and Kadonaga,
1997).

The second mechanism which regulates chromatin remodeling, commonly known
as the ‘histone code’, is a post-translational covalent modification of the amino-terminal
tails of nucleosomal histones (reviewed in Strahl and Allis, 2000; Legube and Trouche,
2003). These modifications include phosphorylation, methylation, ubiquitination, ADP
ribosylation, sumoylation, carbonylation, glycosylation and acetylation (reviewed in
Kouzarides, 2007; Nightingale, 2006). These modifications are also thought to serve as
epigenetic markers which regulate the expression of genes, either by changing the
chromatin conformation or by acting as signals for the recruitment of coactivators or
corepressors. Phosphorylation modifications of the histone tails add negative charges
which would repel the negatively charged DNA and lead to chromatin decondensation
(Roth and Allis, 1992). Acetylation of the positively charged lysine residues on histones
associated with the negatively charged backbone of DNA neutralizes the positive charges
and allows DNA to be more accessible for transcription. Histone acetylation plays an
important role in the regulation of gene expression. In general, hyperacetylated chromatin
regions are transcriptionally active, and hypoacetylated chromatin regions are repressed.
Acetylation can also be incorporated as a signal for protein interactions, due to the fact
that some proteins recognize acetylated histones through their bromodomains (Dhalluin
et al, 1999). Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are

the main regulators of the acetylation status of lysine residues on amino-terminal domains



of core histone proteins. They in fact regulate the process of selective acetylation or
deacetylation, respectively (reviewed in Legube and Trouche, 2003). The balance of
HAT/HDAC is critical in regulating histone acetylation status. It maintains a steady level
of acetylation on core histones, and is controlled by regulating the two enzymes in terms
of their quantity, activity, and availability (reviewed in Legube and Trouche, 2003).
Histone acetyltransferases catalyze acetylation of lysine residues on amino-
termini of histone tails. They can be grouped into five families based on the composition
of their catalytic domains (reviewed in Carrozza ef al 2003; Lee and Workman, 2007).
The GCN5-related N-acetyltransferases (GNATSs) are enzymes that acetylate proteins on
their primary amino functional group (reviewed in Dyda ef al, 2000). GNATS transfer an
acetyl group from acetyl coenzyme A to histones, aminoglycosides, and arylalkylamines.
The GNAT superfamily includes the p300/CBP-associated factor (PCAF), which
acetylates histones H3 and H4 in both free histones and mononucleosomes (Schiltz et al,
1999). The GNAT also includes GCNS which acetylates free histones H3 and H4 but do
not acetylate mononucleosomes (Yang et al, 1996). Members of the MYST histone
acetyltransferases include MOZ, Ybf2/Sas3, Sas2, Tip60 HBO1 and MORF and are
capable of acetylating free histones H4, H2A and H3 (Smith et al, 2005; Yamamoto and
Horikoshi, 1997). They are also capable of acetylating nucleosomal histones H4 and H2A
in their native complexes (Ikura et al, 2000). The coactivator p300 and closely related
CREB binding protein (CBP) are versatile HATs which are capable of acetylating all four
nucleosomal core histones. In addition to p300/CBP family, some members of the general
transcription factors represent another family of HATs. They include TAF250 which is a

component of the basic transcription complex TAFIID. TAF250 possesses a limited HAT



activity which assists their access and recruitment on transcriptionally repressed
chromatin (Mizzen et al, 1996). The last family is the nuclear hormone-related HATs.
Members of this family such as the steroid receptor coactivator 1 (SRC-1) and the
activator of retinoid receptor ACTR (SRC3) possess a limited HAT activity (Lee and
Workman, 2007).

Histone deacetylases (HDACs) are a diverse set of enzymes which function as a
catalyst for the removal of acetyl groups from the amino-terminus of histone tails. The
deacetylation enhances the association of histones to DNA and decreases the accessibility
of DNA to transcription factors. HDACs are usually associated with several protein
complexes such as corepressors as well as transcription factors such as Mad-1, BCL-6,
and ETO at gene promoters and regulate their activity and accessibility for transcription
(Wang ef al, 1998). Studies up to date show that eighteen different HDACs were
identified in human and classified into five different classes: 1, Ila, IIb, III and IV
(reviewed in Bolden 2006; De Ruijter et al, 2003). Members of HDAC class I are
HDACI, 2, 3 and 8. However, HDAC1 and 2 are functional only when they are
associated with transcriptional repressor complexes, such as Sin3, NuRD and Co-REST
(Zhang et al, 1999). The activity of HDACI1 and 2 is also regulated by phosphorylation,
in which phosphorylation of specific sites remarkably increases their enzymatic activity
(Galasinski et al, 2002). HDACS3 is associated with the silencing mediator for retinoic
acid and thyroid hormone receptors (SMRT) and the nuclear receptor co-repressor (N-
CoR) to modulate its activity. On the other hand, HDACS8 has no known associations to
date with co-repressor complexes. Next are the members of HDAC class IIa which

consist of HDAC4, 5, 7 and 9. In fact, HDAC4, 5 and 7 are dependent on corepressors



such as SMRT/N-CoR for their activity and possess a special property that distinguishes
them from other HDAC:s in their ability to shuttle from nucleus to cytoplasm during
various stages of muscle cell differentiation, suggesting that they play roles in
differentiation (Kao et al, 2001). HDAC9 has three isoforms: HDAC9a, HDAC9b and
HDRP/HDACY¢ and they are expressed at different ratios in different cell types.
Members of class IIb are HDAC6 and 10. HDACS is expressed exclusively in the
cytoplasm and acts on tubulin and thus has important roles in cell motility through
microtubule formation control. HDACS6 is heavily expressed at the leading edge of the
cell during the first steps of motility, and functions as a deacetylase in which
deacetylation of microtubules decreases their stability and promote their
depolymerization (Hubbert et al, 2002). HDAC10 has two isoforms and interacts with
many HDACs and corepressor complexes such as HDACs 1-5, 7 and SMRT. Therefore,
HDAC10 might have an additional function as a recruiter. Members of class IIIl HDACs
include SIRT}.; proteins, homologues of the yeast protein Sir2. SIRT deacetylases
regulate gene expression in response to cellular redox status and dependent on NAD+ for
their activity (Bolden ef al, 2006). HDACI11 represents another class of HDACs, class
IV. Although there is not much known about HDAC11, it had been shown that HDAC11
does not interact with other HDACs and corepressors such as Sin3, N-CoR and SMRT,
which indicates possible unique functions of HDAC11 (Gao et al, 2002). Histones are
not the only substrates to HDACs. Some proteins such as p53, E2F and MyoD are targets
for deacetylation by HDACs, which suggests versatile roles of HDACs in many different

functions in the cell (Juan et al, 2000 and reviewed in de Ruijter, 2003).



With the current knowledgé that HATs and HDACs are involved in epigenetic
regulation of a wide range of gene families, from tumor suppressors to cell cycle
regulatory genes, new studies emerged to identify mechanisms of tumorigenesis that are
related to abnormalities in HDAC and HAT expressions in cancer. A number of studies
demonstrated an increased expression of several HDAC and HDAC-containing
transcriptional repressor complexes in many cancers (Bolden et al, 2006). The basal
expression of HDAC1 was shown to be increased significantly in many carcinomas such
as prostate, gastric and breast carcinomas (Halkidou et al 2004; Choi et al, 2001 and
Zhang, Z. et al. 2005 respectively). HDAC2 is overexpressed in cervical carcinomas
(Huang et al, 2005); HDACS3 is overexpressed in colon carcinomas (Wilson ef al, 2006)
and HDACS6 is overexpressed in breast carcinomas (Zhang et al, 2004). Using the
knowledge that HDACs are over expressed in many carcinomas, and their roles in
epigenetic regulation, new avenues of research have been focused on elucidating the

possibility of targeting HDACs as a new strategy to fight cancer.

Histone deacetylase inhibitors

HDAC inhibitors emerged in recent years as a new class of therapeutics against
several cancers (reviewed in Bolden ef al, 2006). HDAC inhibitors are promising agents
as they selectively induce apoptosis in tumor cells, and pose minimal risks to normal
cells. This was illustrated in preclinical animal studies and iz vitro studies (reviewed in
Drummond et al, 2005; Dokmanovic and Marks, 2005; Kelly and Marks, 2005). In vitro
studies showed that transformed cells are more sensitive to these inhibitors which cause

them to undergo one or more of growth arrest, differentiation, apoptosis, and reactive



oxygen species- associated and autophagocytic cell death. Studies on animal models
show that HDAC inhibitors inhibit growth of solid tumors and hematological
malignancies with very limited toxicity to normal cells and tissues. The applications of
HDAC inhibitors as anticancer agents were assessed in several phase I and phase Il
clinical trials, with very promising preliminary results. In fact, some HDAC inhibitors
have already been approved for cancer therapy such as suberoylanilide hydroxamic acid,
which was approved by the U.S. Food and Drug Administration in 2006, and marketed
under the name of vorinostat (Zolinza®; Merck & Co., Inc.) for the treatment of
cutaneous T-cell lymphoma (Mann et al, 2007).

HDAC inhibitors affect molecular pathways which lead to the inhibition of cell
growth and induce cycle arrest as well as apoptosis to transformed cells (Takai et al,
2004). HDAC inhibitors induce changes on the expression of a large number of genes by
inhibiting the activity of HDACs on histone proteins which results in the accumulation of
acetylated histones and enhanced accessibility of DNA template to transcription as a
result of HDAC/HAT balance disruption. HDAC inhibitors can also affect global gene
expression through regulating the acetylation of non-histone targets (reviewed in
Johnstone and Licht, 2003). The activity and stability of several non-histone proteins are
regulated by acetylation and association with HDAC complexes, which are affected by
HDAC inhibitors. Some of these non-histone proteins directly and indirectly regulate
transcription such as E2F, which is a transcription factor involved in cell cycle
progression, and p53 which is a regulator of apoptosis (Martinez-Balbas ef al, 2000;
Somasundaram and El-Deiry, 1997). In a study by Glaser and colleagues (2003), global

gene expression profiles of bladder and breast carcinomas treated with three different



HDAC inhibitors were examined. The study revealed that there is a common set of genes
up- and down-regulated by the three different HDACs in both carcinomas. Interestingly,
the genes that are upregulated are functionally related and involved in cell cycle arrest
and apoptosis such as p16, p21, p27, Hep27 and TRPM-2. Whereas the downregulated
genes such as thymidylate synthetase and CTP synthase, both of which are involved in
DNA synthesis, cell division and survival. HDAC inhibitors do not only affect the
expression of pro-apoptotic genes, they also target pro-survival genes. Results from our
laboratory show that a key determinant for the susceptibility of cancer cells to histone
deacetylase inhibitors is their ability to maintain cellular pro-survival or anti-apoptotic
Akt/PKB (protein kinase B) activity (Chen, Ghazawi and Bakkar, 2006).

Although the potential use of HDAC inhibitors as therapeutic agents for cancer
treatment is very promising, adverse side effects have been recorded in several clinical
studies, which demonstrate the need for more careful studies on HDAC inhibitors to
identify the administrative dosage limits and to provide a better understanding of their
mechanisms of action (Bolden et al, 2006). There are many classes of natural and
synthetic HDAC inhibitors. Short-chain fatty acid (SCFA) is a well studied class of
HDAC inhibitors, (reviewed in Chen et al, 2003) which includes butyrate and valproic
acid.

Butyrate is a SCFA which is naturally produced by anaerobic bacteria fermenting
undigested dietary carbohydrates in colon. It was used in phase I clinical trials in patients
with B-hemoglobinopathies and p-thalassemia syndromes as a method of gene therapy to
reactivate the developmentally-silenced globin genes in these patients (Perrine et al,

1993). The first indication that butyrate has some anticancer activities appeared in a study



by Leder and colleagues (1975) in which it was revealed that the differentiation of
immature red blood cells (erythroids) can be induced by butyrate treatment. Following
this, a study by Riggs and colleagues (1977) has shown that butyrate induces a rapid and
reversible increase in global histone acetylation levels, but butyrate targets were not
identified. It is currently known that butyrate targets HDAC class I and IIa and inhibits
their enzymatic activities (reviewed in Bolden et al, 2006). Several studies revealed that
butyrate can induce cell cycle arrest and selective apoptosis of tumor cells. In fact, it was
reported that butyrate is the most potent fatty acid in arresting the proliferation of
colorectal carcinoma as shown in a study by Siavoshian and colleagues (1997). Thus,
butyrate is a promising anti-cancer agent.

Valproic acid (VPA, 2-propylpetanoic acid) is another SCFA, which is commonly
used in the treatment of epilepsy, bipolar disorders, migraine and neuropathic pain
(reviewed in Johannessen and Johannessen, 2003). VPA is an effective drug against
many seizures which acts by increasing levels and triggering the inhibitory effects of the
main inhibitory neurotransmitter in the mammalian central nervous system, gamma-
aminobutyric acid (GABA) (reviewed in Loscher, 1999). VPA inhibits HDAC class I and
IIa (reviewed in Bolden et al, 2006). VPA has a significant anticancer activity, as it
selectively causes transformed cells to undergo growth arrest and apoptosis (reviewed in
Dokmanovic and Marks, 2005).

Hydroxamate compounds such as Suberoylanilide hydroxamic acid, Pyroxamide,
Oxamflatin and Trichostatin A represent another important class of HDAC inhibitors.
Trichostatin A (TSA) is an antifungal organic compound. A study by Yoshida and

colleagues (1990) has shown that TSA is a potent inhibitor against histone deacetylases



in vivo as well as in vitro. TSA inhibits HDAC class I and Ila and possesses
antiproliferative effects against tumor cells (reviewed in Bolden et al, 2006). Several
recent studies illustrated that TSA can be used in the treatment of ovarian, prostate and
pancreatic cancers (Zhou et al, 2006; Rokhlin et al, 2006 and Cecconi et al, 2007
respectively). TSA possesses selective anti-cancer activities towards tumors, however
more research is needed to assess for any possible side effects associated with its
therapeutic application.

Cyclic tetrapeptides represent another class of HDAC inhibitors. Apicidin is a
potent HDAC inhibitor which was also associated with antiprotozoal activity (Darkin-
Rattray et al, 1996). Apicidin acts as an antiproliferative agent by upregulating the

expression of genes that are involved in cell cycle arrest such as p21 (Han et al, 2000).

Depsipeptide is another cyclic tetrapeptide compound which acts as an inhibitor to class 1

HDACSs (Furumaie al, 2002). Electrophilic ketones represent another class of HDAC

inhibitors. Trifluoromethylketone compounds were shown to possess characteristics of

HDAC inhibitors by inducing hyperacetylation of histone H4 and increase expression of

p21 (Frey et al, 2002). Benzamides represent another class of HDAC inhibitors. Several

benzamides possess HDAC inhibitor activity against class | HDACs. An example of
these benzamides is MS-27-275 benzamide compound which specifically inhibits

HDACI and 3 (Hu et al, 2003). Synthetic HDAC inhibitors are a new class of the

inhibitors (reviewed in Riesteret al, 2007). Using different model systems, screening of

small synthetic molecules with inhibitory effects to HDAC and examining their
anticancer effects is a novel approach for identifying new inhibitors as in the study by

Wegener and colleagues (2008).
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As discussed earlier, inhibiting HDACs disrupts the HAT/HDAC balance and
results in the accumulation of histones in hyperacetylated state and modulate the
acetylation status on non-histone proteins due to inhibiting the activity of HDACs which
are responsible for deacetylation. In this study, three HDAC inhibitors namely, sodium
butyrate, valproic acid and trichostatin A will be utilized and several aspects of their

anticancer activities will be investigated.

Transcriptional coactivator p300

The adenovirus E1A-associated 300 kDa protein (p300), and closely related 265
kDa CREB binding protein (CBP) are structural and functional homologues and global
transcriptional coactivators that are involved in the regulation of transcription of a wide
array of genes and modulate the activity of a large number of transcription factors
(reviewed in Vo and Goodman, 2001). The coactivator p300 was originally identified as
an adenovirus E1A oncoprotein-associated factor by Eckner and colleagues (1994), in
which it was shown that the 300 kDa protein is associated with E1A specifically through
its carboxy-terminal region. Due to its large size, versatility of its domains and
association with SV40 transcriptional enhancer, it was originally hypothesized that p300
has transactivation roles in transcription (Eckner et al, 1994). CBP was identified as a
binding factor interacting with the activated kinase A-phosphorylated form of CREB
(Chrivia et al, 1993). p300 and CBP share great similarity in DNA and amino acid
sequences, and often have overlapping functions, and so they are commonly annotated as

p300/CBP.
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p300/CBP encompass a wide range of functions in the cell such as in
differentiation, growth control, homeostasis, proliferation and apoptosis (reviewed in
Goodman and Smolik, 2000). The major role of these coactivators is to serve as
transcriptional integrators or adaptors to stabilize the transcriptional pre-initiation
complex. They bind to a large number of regulatory proteins, nuclear hormone receptors,
serum response factors, enhancer elements and general transcription factors (reviewed in
Vo and Goodman, 2001). In addition to functioning as a physical bridge between various
transcription factors and the basal transcriptional machinery, p300/CBP possess histone
acetyltransferase activity, capable of adding an acetyl group to all four core histones in
vitro (Ogryzko et al, 1996) and represent one of the five HAT families that were
discussed earlier.

Accumulation of acetylated histones is a characteristic of transcriptionally active
regions in the chromatin, and regions with an excess of hypoacetylated histones are
generally silent (reviewed in Wolffe, 1994). However, histones are not the only targets of
acetylation. p300/CBP acetylate components of the basal transcriptional machinery
including general transcription factors (reviewed in Imhof ez al, 1997). They also
acetylate other chromatin bound non-histone proteins such as the architectural chromatin
binding protein HMG I/Y (Munshi et al, 1998). Other targets of acetylation by p300/CBP
are transcriptional activators such as GATA-1 and NF-Y (Boyes et al, 1998; Li et al,
1998 respectively). Recent evidence from several studies indicated that another target of
acetylation by p300 is p300 itself, more specifically, on the HAT domain (Karanam et al,
2006). The significance of p300 autoacetylation was illustrated in a study by Thompson

and colleagues (2004), in which the HAT enzymatic activities of hyperacetylated and

12



hypoacetylated forms of p300 were measured. The hyperacetylated forms of p300 were
found to be much more active than hypoacetylated forms, by more than 10 fold. Thus,
p300 contribute to the regulation of its own HAT activity. However, it is not clear yet
whether p300 autoacetylation is intermolecular, through association with other HATs
such as PCAF, or intramolecular, through a conformational change that allows the
enzymatic reaction to occur (Karanam et al, 2006).

p300/CBP are involved in many developmental pathways in mammals (Reviewed
in Goodman and Smolik, 2000). Evidences of p300/CBP roles in development came from
gene knockout experiments in mice. In a study by Yao and colleagues (1998), mice
lacking one or two alleles of the p300 gene were generated. Mice that were homozygous
negative to p300 died between days 9 and 11.5 of gestation, displaying defects in heart
development, neural tube closure, and cell proliferation. This indicates that p300 is
exclusively required for functions that are not overlapped with CBP. Heterozygote mice
to p300 also showed embryonic lethality. This highlights the importance of basal p300
levels for development. Remarkably, double heterozygotes for p300 and CBP also
resulted in embryonic death, which suggests that minimal levels of both p300 and CBP
are required for cell proliferation and development. In another study by Tanaka and
colleagues (1997), heterozygous mice to CBP were generated and shown various skeletal
abnormalities. The severity of the abnormality was correlated with the genetic
background of CBP which further suggested the requirement of both CBP alleles in
proper mammalian development.

Another significant property of p300/CBP is their roles as tumor suppressors. This

was initially identified by Arany and colleagues (1995) when it was found that p300 and
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CBP are both targets for viral oncoproteins, an indication of the central roles that both
proteins play in the regulation of the cell cycle and tumorigenesis. In a study by
Suganuma and colleagues (2002), several human carcinoma cell lines lacking normal
p300 were transfected with either flag-tagged wild-type or mutant p300 to demonstrate
the significance of p300 mutations in tumorigenesis. It was revealed that there is an
apparent suppression of carcinoma cell growth by reintroduction of the normal functional
form of p300. In another study by Gayther and colleagues (2000), mutations in the p300
gene in 193 epithelial cancer samples were examined. The study revealed that six
common mutations lead to the expression of truncated, non-functional form of p300 in
many primary tumors including colorectal and breast and pancreas. Additionally,
incretion mutations were found in a primary breast cancer. Thus it is clear that p300/CBP
play important roles in suppressing tumor growth, mainly by regulating the expression of
many oncogenes (reviewed in Iyer et al, 2004).

p300/CBP regulate the activity of the apoptotic regulator and tumor suppressor
p53 (reviewed in Grossman, 2001). p53 is a transcription factor, which upon activation
during DNA damage, transactivates the transcription of a group of genes that are
involved in DNA repair response. It also transactivates the transcription of apoptotic
genes if the DNA damage proves to be irreparable (reviewed in Vousden, 2000). A
number of studies illustrated that overexpression of p300/CBP enhances the
transactivation activity of p53, which provided a clear link of roles of p300/CBP in p53
signaling (Avantaggiati et al, 1997; Gu et al, 1997; Lill et al, 1997 and Scolnick ef al,
1997). In fact, in a study by Gu and Roeder (1997), it was revealed that p300/CBP

acetylate p53 and stimulate its sequence-specific DNA-binding activity. Thus, the
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modulation of p53 activity by p300/CBP is a one of the mechanisms by which these
coactivators act as tumor suppressors.

Another tumor suppressor which is regulated by p300/CBP is the breast and
ovarian cancer-specific tumor suppressor BRCA-1 (Pao et al, 2000). BRCA-1 was
identified as a strong candidate for the breast and ovarian cancer susceptibility gene by
Miki and colleagues (1994). Mutations in BRCA-1 are highly associated with increased
risks of breast or ovarian cancer. p300/CBP are breast and ovarian tumor suppressors by
regulating the activity of BRCA1. BRCA-1 interacts with the cAMP response element
binding protein domain of p300/CBP through both its amino and carboxyl termini.
BRCA-1 does not become acetylated by p300 (Hockings et al, 2008; Jeffy et al, 2005).
However, BRCA-1 and p300 form a coactivator complex which associates on BRCA-1
regulated promoters and transactivate transcription. (Pao et al, 2000).

p300/CBP also function as tumor suppressors by inhibiting Wnt signalling
pathway. Wnt signalling pathway involves a complex network of genes that regulate cell
cycle and embryogenesis (reviewed in Polakis, 2000). Wnt signalling promotes tumor
formation by affecting the expression of critical genes that regulate the cell cycle such as
cyclin D1 (He et al, 1998). In a study by Li and colleagues (2007), it was shown that
p300 inhibits Wnt signaling in a human colorectal cancer cell line. Thus p300/CBP also
function as tumor suppressors by regulating signaling pathways and the cell cycle.

The capacity to multi-function by p300/CBP allows them to be very efficient key
regulators for RNA polymerase II-mediated transcription (Chen et al, 2005). p300/CBP
function as coactivators of transcription through different modes of regulation. As

discussed earlier, p300/CBP operate as scaffolding bridges to hold the transcriptional
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apparatus. They can acetylate promoter-associated histone proteins to allow DNA to be
more accessible for transcription, and they can acetylate transcription factors that bind to
specific consensus nucleotide sequences on gene promoters (cis-elements) to enhance
their activity, association or dissociation from transcriptional apparatus. p300 interacts
and binds to many transcription factors such as ZBP89, ZF9, ZNF42, NRF2, CETS1p54,
ETS1, ETS2, ELK1, GABP, SP1, BTEB3, CEBPB, CEBP, PAX-5, EGR1, EGR2,
EGR3, NGFIC and WT1 (Smith et al, 2004). However, the specific mode of regulation
by p300 and other coactivators depends on the presence and the arrangement of certain
cis-elements, which define the mode of regulation by coactivators in gene transcription
(Segal et al, 2003).

p300 interacts with regulatory proteins and transcription factors through several
conserved functional domains (please refer to the diagram on the next page) that include
three Cys/His-rich (C/H1, C/H2, and C/H3) domains, histone acetyltransferase (HAT)
domain, CREB-binding domain (KIX), a Glutamine-rich (Q) domain, a bromodomain,
and a recently discovered cell cycle regulated domainl (CRD1), which partially-represses
the HAT activity (Snowden et al, 2000 and reviewed in Vo and Goodman, 2001). Many
studies identified a variety of DNA-binding transcriptional activator proteins and
components of the basal transcriptional to almost each individual domain in p300 (Kraus
et al, 1999). However, until a short time ago, the function of the bromodomain was
largely unknown. Some early studies suggested that the bromodomain may be involved
in protein-protein interactions and may play a role in assembly or activity of multi-

component complexes involved in transcriptional activation (Tamkun ef al, 1995).
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Diagram 1. The domain organization of p300. Many interacting proteins with p300
domains are shown at the top of the figure. Functional domains are depicted beneath.
Adapted from (Vo and Goodman, 2001 Fig 1), (Goodman and Smolik, 2000 Fig 1),
(Snowden et al, 2000 Fig 6).

The bromodomain was first reported in the Drosophila protein brahma (brm),
hence the name (Tamkun et al, 1992). Bromodomains are found in a variety of
mammalian, invertebrate and yeast DNA-binding proteins (Haynes et al, 1992). The 110
amino acid domain represents an extensive family of evolutionarily conserved protein
module found in many chromatin-associated proteins, ATPase component of certain
nucleosome remodeling complexes and in almost all known nuclear histone
acetyltransferases (reviewed in Zeng and Zhou, 2002; Winston and Allis, 1999). The
bromodomain has long been a domain in search of a meaningful i»n vivo function until a
study by Dhalluin and colleagues (1999) that used a combination of structural and site-

directed mutagenesis experimental approaches led to a novel finding that the
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bromodomain of a human histone acetyltransferase, PCAF (p300/CBP associated factor),
could interact specifically with acetylated lysine, making them the first known protein
modules to do so. Several hypotheses were made based on this important finding,
suggesting a functional relationship between bromodomain and the HAT activity of
coactivators in the regulation of gene transcription. Nuclear magnetic resonance (NMR)
analysis of a single bromodomain from the p300/CBP-associated factor P/CAF revealed a
four-helix bundle with a left-handed twist (Dhalluin et al, 1999). The interaction between
the P/CAF bromodomain and acetylated lysine residues were shown to occur on a
hydrophobic pocket of bromodomain (Dhalluin ef al, 1999). Interestingly, the nature of
the interaction between bromodomain and acetylated lysines is similar to that between
acetyl-CoA and the histone acetyltransferase, suggesting a convergent mechanism of
acetyl recognition between bromodomains and histone acetyltransferases (Winston and
Allis, 1999; Dutnall et al, 1998). A study by Jacobson and colleagues (2000) examined
the double bromodomain module of TFIID, a multi-component transcription factor that
recognizes and binds to TATA box on gene promoters by a TATA binding protein (TBP)
subunit (reviewed in Goodrich and Tjian, 1994). The study showed a bromodomain-
dependent increase in affinity for specific acetylated histones near the core promoter,
which provided a link between histone acetylation and transcriptional activation by
enhanced transcriptional preinitiation complex formation. In other studies, it was shown
that deletion of the p300 bromodomain severely impairs p300 coactivator function for
transcriptional enhancement by NF-kB p65 and Spl in vitro transcription assays (Kraus
et al, 1999). Analysis of the HAT activity of a bromodomain mutant p300 protein

revealed that it is impaired in its ability to acetylate nucleosomal histones in native
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chromatin but not free histones (Kraus et al, 1999). A similar requirement for the
bromodomain in the acetylation of nucleosomal histones was observed with yeast GenSp
in the SAGA complex, an important protein for transcription in vivo, which possesses
HAT activity (Sterner et al, 1999). Taken together, these studies suggest a possible
requirement for the bromodomain for full HAT activity of p300 coactivator function. On
the other hand, it is also proposed by many that the bromodomain may play a different
role in anchoring HATSs or other coactivators onto active chromatin by recognizing
acetylated histones and/or other factors during chromatin remodeling (Manning et al,
2001). Thus, p300 bromodomain is an important domain for the function of p300.
However, the precise function of bromodomain remains unknown. Additionally, it is not
known whether the bromodomain is essential only to a limited set or to all the p300-
regulated genes and the precise transcription factors to which bromodomains interact
with remain largely unknown.

The above described facts and lack of solid understanding on bromodomain
function prompted us to investigate and start the current study, in an attempt to elucidate
possible roles of bromodomain in the function of p300. Based on the current knowledge

and preliminary data from our laboratory, we hypothesize that the bromodomain has

important roles in regulating the recruitment of p300 to target promoters. Given the

importance of p300 in the transcriptional regulation of many gene families, and the
evolutionary conserved nature bromodomain which is indicative of functional
importance, further understanding of the roles of bromodomain in the function of p300
could yield valuable information which would ultimately enhance our understanding of

the molecular mechanisms by which p300 functions.
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As already discussed, p300 is a transcriptional regulator of a wide range of gene
families and is involved in many cellular functions. However, roles of p300 in cell cycle
control at the transcript level have not yet been fully elucidated. This stimulated our
interest to examine the transcriptional regulation of several regulators of the cell cycle by
the coactivator p300. In a study by Smith and colleagues (2004), the kinetics of many
gene promoters was carefully examined and many genes under the specific control of
p300 were identified, including a number of genes that are involved in cell cycle
regulation. The expression of four p300-dependent genes that are involved in cell cycle
control was examined in this study. These genes are the cyclin-dependent kinase inhibitor
1A (p21), early growth response 1 (Egrl), cyclin-dependent kinase inhibitor 1C (p57) and

E2F transcription factor 1 (E2F1).

Roles of p300 in cell cycle regulation

The first study that identified the existence of different phases of the cell cycle
was first conducted over half a century ago by Howard and Pelc (1951). In their study,
the incorporation rate of P** during DNA synthesis was monitored by autoradiography
techniques. It was observed that P>* was incorporated only at a discrete period of
interphase. Thus, a basis for a model of the cell cycle, which divides it into four different
phases, was put forth. Following this model, considerable research has been focused on
understanding the cell cycle and identifying main components that regulate it.

Eukaryotic cell cycle takes place in four phases. Progression through different
phases of the eukaryotic cell cycle is mainly regulated by the expression of specific

cyclin proteins, cyclin dependent kinase (cdk) complexes and other cdk regulators at
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various stages of the cell cycle. The regulated expression of these proteins regulates the
cellular decision to proliferate, differentiate, or arrest the cell cycle (reviewed in
Mclnnes, 2008; Morgan, 1997; Snowden and Perkins, 1998; Nigg, 1995).

Cyclin dependent kinases (cdks) are serine/threonine protein kinases which
phosphorylate components of the cell cycle in which different cdks phosphorylate and
consequentially activate components of different phases of cell cycle cyclically. Cdks are
dependent on functional partners Cyclin proteins (reviewed in Johnson and Walker,
1999). Cyclins were first discovered in marine invertebrates and were described as
proteins that were expressed in cyclical fashion throughout the cell cycle, in which one is
produced at each phase, while others are down-regulated and re-expressed during other
phases of the cell cycle. Cyclin proteins bind to and activate cyclin dependent kinases
through a cyclin box domain. There are four classes of cyclin proteins that are directly
involved in cell cycle regulation: class A, B, D and E. Cyclin A regulates S phase entry
and transition and activates cdk1 and 2. Levels of Cyclin B peak at M phase and activate
cdkl. Cyclin D controls cell re-entry from GO into cell cycle and activates cdk4 and cdké.
Cyclin E regulates G1-to-S—phase transition and activates cdk2 (Ohtsubo et al, 1995).

The activity of cdks is modulated by cyclin dependent kinase inhibitors (CKlIs)
and by phosphorylation. CKIs modulate cell cycle progression by inhibiting cdks in
response to intracellular and extracellular signals (Harper & Elledge, 1996). There are
two classes of CKlIs: the Cip/Kip, which includes p21, p27 and p57; and Ink4, which
includes p15, p16, p18, and p19. Phosphorylation of cdk is another mechanism by which
their activity is up- or down-regulated, depending on the phosphorylation site (reviewed

in Morgan, 1995).
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Recent studies identified several direct and indirect roles of p300 in cell cycle
regulation. One of the first observations that suggested the involvement of p300 in cell
cycle was shown in a study by Yaciuk and colleagues (1991), which revealed that p300 is
phosphorylated in a cell cycle-dependent manner. Following this observation, a number
of studies emerged, which demonstrate roles of p300 in the expression and regulation of
several components of the cell cycle. p300 is involved in cell cycle through activation or
repression of several cell cycle regulatory genes through promoter interactions and thus
regulates the transcription process, or through direct protein-protein interactions, to

induce acetylation modifications to several components of the cell cycle.

Go

el cycle

Diagram 2. General model of the cell cycle and its key regulators. Adapted from
(Abukhdeir and Park, 2008 - Figure 1)
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p300 and p21

The cyclin-dependent kinase inhibitor p21 (CDKN1A) is a 21 kDa protein which
is composed of 164 amino acids in humans (Xiong et al, 1993). The main functions of
p21 are to modulate cell cycle progression at G1 and initiate checkpoint arrest in response
to apoptotic signals by inhibiting the activity of cyclin-cdk2 or -cdk4 complexes
(reviewed in Abukhdeir and Park, 2008). Several studies illustrated that overexpression
of p21 inhibits proliferation in mammalian cells (Kim et al, 2006; Lee et al, 1995; Xiong
et al, 1993).

The transcriptional coactivator p300 is one of the main regulators of p21 gene
expression (Xiao et al, 2000). In fact, first evidence of the importance of p300 in
modulating p21 expression came from the observation that p300 was essential for p21
expression in keratinocyte terminal differentiation (Missero et al, 1995). The coactivator
p300 mediates p21 transcription through collaboration with Sp1 and Sp3 transcription
factors on the p21 promoter (Xiao et al, 2000). p300 also mediates transcription of p21
through a p53-mediated mechanism. Acetylation of the p53 protein by p300 enhances
the transcriptional activity of p53 towards its targets, which include p21 (Somasundaram
and El-Deiry, 1997).

The transcriptional activity of p300 is partially modulated by p21 (Snowden et al,
2000). p21 augments HAT activity of p300 through binding to the cell cycle regulated
domain 1 (CRD1) domain of p300, which is a discreet domain in the amino-terminal
domain that represses the activity of p300 at multiple promoters (Snowden et al, 2000). It
is currently known that several anti-cancer drugs induce selective tumor death through

p21-mediated cell cycle arrest (Lim ef al, 2006; Ahmad et al, 2001). Thus, a better
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understanding of the regulation of p21 expression in tumors would be valuable in anti-

tumor drug design and therapy.

300 and p57

The coactivator p300 regulates the transcription of other cyclin-dependent kinase
inhibitors such as p27 and p57 (Snowden and Perkins, 1998). The cyclin-dependent
kinase inhibitor p57 (CDKNI1C) is a 57 kDa protein which is composed of 316 amino
acids in humans, and is a distinct member of the p21 cdk inhibitor family (Matsuoka, et
al 1995; Lee et al, 1995). p57 is mainly involved in modulating cell cycle progression at
G1 and checkpoint arrest in response to apoptotic signals by inhibiting the activity of
cyclin-cdk2 complex, in a similar manner as p21. Overexpression of p57 was shown to
arrest cells in G1, thus it is a negative regulator of cell proliferation (Matsuoka, et al
1995).

Mutations or dysfunctions associated with p57 gene are linked to many cancers
and syndromes. Mice lacking p57 gene show severe alteration in cell proliferation,
apoptosis and differentiation profiles (Zhang ef al, 1997). Genomic imprinting of p57 is
directly associated with Beckwith-Wiedemann syndrome (BWS), which causes many
growth defects such as macroglossia, visceromegaly and increased risks to a number of

tumors, possibly due to deregulation of cell cycle events (Hatada et al, 1996).

p300 and E2F

Transcription factors of the E2F family play key roles in controlling cell cycle

progression (reviewed in Sun et al, 2007; Attwooll et al, 2004). There are eight members
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of the E2F gene family: E2F-1-8, in which E2F-1, -2, and -3 are the functional
“activating” E2Fs in cell cycle regulation, while the remaining E2Fs act as suppressors.
Activating E2F transcription factors bind target gene promoters on E2F binding sites,
which consist of consensus DNA sequences, and transactivate transcription through a C-
terminal transactivation domain (TAD) (Wells et al, 2002). E2F target genes encode
proteins that drive S-phase entry, such as DNA polymerase, thymidine kinase (TK),
dihydrofolate reductase (DHFR) and cdc6 which are involved in DNA replication
(Marzio et al, 2000).

One of the mechanisms by which the activity of E2F is modulated is through
interactions with negative regulators: members of the retinoblastoma tumor suppressor
family (also known as pocket proteins), which consists of three genes: retinoblastoma
protein (Rb), p107, and p130 (Dannenberg et al, 2004 and reviewed in Giordano et al,
2007). When the TADs of E2Fs are bound to pocket proteins, their transactivation
activity is inhibited. Phosphorylation of pocket proteins by cdk complexes prevents their
binding to E2F transcription factors, enabling them to activate the expression of genes
that regulate entry into S phase. However, research in recent years has revealed that the
regulation of E2F activity is not just simply through modulating the phosphorylation
status of the pocket proteins but rather a complex one (reviewed in Blais and Dynlacht,
2007).

The coactivator p300 is an important regulator of E2F1 activity. In two separate
studies by Marzio and colleagues (2000) and Martinez-Balbas and colleagues (2000), it
was shown that p300/CBP and p300/CREB-binding protein (CBP)-associated factor

(P/CAF) are coactivators of E2F-mediated transactivation. Tip60 was also identified as
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another coactivator of E2F1 by Taubert and colleagues (2004). These coactivators
regulate the activity of E2F1 by acetylation of three highly conserved lysine residues
located at the N-terminus of E2F1 protein. The acetylation of E2F1 protein increases its
stability, specific DNA-binding activity and transcriptional activity. E2F-mediated
transactivation is also associated with histones H3 and H4 hyperacetylation at the E2F-
target promoters, which could be linked to the HAT activity of the p300/CBP, P/CAF and

Tip60 coactivators of E2F-mediated transactivation (Taubert et al, 2004).

p300 and Egrl

Immediate early growth response-1 gene (Egrl) encodes a transcription factor that
is expressed in response to growth factors, cytokines, stress and irradiations (Sukhatme e#
al, 1988). Egrl binds to promoters at two GC-rich Egrl binding sites (EBSs), which are
the consensus sequences 5'-GCGT/GGGGCG-3' and 5'-TCCT/ACCTCCTCC-3' to which
Egrl is recruited to regulate transcription (Wang and Deuel, 1992). Egrl is involved in a
wide range of cellular functions such as growth and cell cycle regulation as it regulates -
or at least participates in the regulation of- the expression of a large number of genes
(Ahmed, 2004). In an oligonucleotide-based microarray analysis by Fu and colleagues
(2003), more than 300 genes were identified responsive to Egrl overexpression in human
endothelial cells, by 3 or more fold increase or decrease in expression. Among the
responsive genes, a number of cell-cycle regulators were identified, such as cyclin D1
and the cyclin-dependent kinase inhibitor p57°"%, which indicates that Egrl has roles in
modulating cell cycle in response to inducers to Egrl such as growth factors and

cytokines.
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Egrl also modulates irradiation-induced cell cycle arrest and apoptosis through
regulating the expression of several genes such as p21, p53 and Rb. In a study by Das and
colleagues (2000), various mouse embryonic fibroblast cells (MEF) that expressed wild
type and Egr1 knock-outs showed that irradiation caused apoptosis to MEF cells that
express Egrl wild type, and are associated with increased levels of Egrl, p21 and p53 in
response to the irradiation. However, Egr-l'/ " cells were very resistant to apoptosis in
response to irradiation, and that was accompanied by no changes in p21 and p53
expression levels. In another study by Day and colleagues (1993), it was shown that there
are a number of EBSs on Rb gene promoter, which indicates another indirect mechanism
of Egrl-dependent cell cycle arrest and apoptosis in response to irradiation through Rb,
which is a regulator of p53 stability and apoptotic function (Hsieh ef al, 1999).

Egrl has important roles in the transactivation of p300/CBP genes, and is
dependent on these coactivators for transcription and activity (reviewed in Adamson and
Mustelin, 2005). In a study by Yu and colleagues (2004), it was found that there are 6
EBSs on p300 promoter, and 7 on CBP. Binding of Egrl on EBSs on p300/CBP
promoters was shown to induce the transcription of these coactivators. Endogenous levels
of Egrl are controlled by a negative feedback loop mechanism to prevent the presence of
excessive levels of Egrl. Induced levels of Egrl that transactivate the expression of
p300/CBP are stabilized through acetylation by these coactivators. High levels of

p300/CBP acetylate Egrl and form a complex which downregulates the transcription of

both Egrl and p300/CBP.
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As discussed earlier, HDAC inhibitors result in the accumulation of hyperacetylated
histones, which is commonly correlated with transcriptional upregulation due to the
enhancement of the accessibility of DNA template to transcription factors (reviewed in
Narlikar, 2002; Orphanides and Reinberg, 2002). However, the hyperacetylation induced
by HDAC inhibitors does not always result in transcriptional upregulation, which
indicates that the mechanism of action by HDAC inhibitors is not a simple one. There is a
growing interest to understand roles of HDAC inhibitors in regulating the acetylation
status of non-histone proteins such as the acetyltransferase p300. However, the precise
molecular mechanisms of their modes of action are still poorly understood.

The acetylation status of p300 modulates its transactivation activity (Stiehl ef al,
2007). A number of studies illustrated that HDAC inhibitors enhance the acetylation and
transactivation activity of p300 on p300-dependent promoters (Stiehl et al, 2007; Bouras
et al, 2005; Simone et al, 2004; Mayo et al, 2003). One of the mechanisms by which
HDAC inhibitors synergize the acetylation of p300 is by inhibiting the activity of
HDACSs which interact with and modulate the acetylation status of p300 (Stiehl e? al,
2007). This allows an efficient p300 autoacetylation, which augments the activity of
HAT up to 10 fold (Stiehl et al, 2007; Thompson et al, 2004). A number of studies
identified several HDAC complexes that interact with and modulate the acetylation status
of p300. HDACI1 was shown to interact at the C/H3 region of p300’s HAT domain
(Simone ef al, 2004). SIRT1, a member of HDAC class III, was also shown to interact
with and represses the transactivation activity of p300 (Bouras et al, 2005). Additionally,
the inhibition of HDAC activity was associated with the recruitment of the p300

transcriptional co-activator to chromatin (Mayo ef al, 2003).
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Butyrate, valproic acid and trichostatin A HDAC inhibitors utilized in this study
were shown to significantly increase the transactivation activity of p300 (Stiehl et al,
2007; Mayo et al, 2003). Thus, HDAC inhibitors can be utilized as an indirect approach
to examine the regulation of p300-regulated genes by the coactivator p300. In a study by
Bai and Merchant (2000), the upregulation of p21 expression by HDAC inhibitor was
examined. The study revealed that butyrate inhibits HDACI1 activity at p21 promoter,
which creates an environment of elevated histone acetylation by p300 and allows p300 to
interact with the transcription factor ZBP89 to initiate transcription.

In this study, we will examine the transcriptional regulation of four p300-
dependent genes in response to HDAC inhibitor treatments. The coactivator p300 was
detected at all four gene loci, as shown by chromatin immunoprecipitation assays by
Smith and colleagues (2004). A number of other studies further confirmed the
requirement of p300 by p21, Egrl, p57 and E2F1 promoters as a coactivator for
transcription (Xiao et al, 2000; Yu et al, 2004; Attia et al, 2007; Caretti et al, 2003,
respectively). However, it is very important to keep in mind that the expression of these
four genes is far from being simply regulated through p300 solely. Genes are often
regulated by many proteins acting together and cooperate at multiple levels. This will be
discussed in more depth in the discussion.

Advances in the analysis of DNA binding regulatory proteins and better
understanding of the molecular mechanisms of HDAC inhibitors’ mode of action will
help in unmasking key elements of gene regulation, and hopefully would help in curing

genetic diseases and cancer.
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Materials and Methods

Cell culture and reagents

HeLa human adenocarcinoma cells and SiHa squamous carcinoma cells were
obtained from American Type Culture Collection (ATCC). Cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO-Invitrogen) with 1%
Pencillin/Streptomycin (GIBCO-Invitrogen) and 1% MEM Non-Essential amino acids
(GIBCO-Invitrogen) and were supplemented with 10% Fetal Bovine Serum (Hyclone and
WISENT). Cells were incubated at 37 °C in humidified air that contained 5 % CO,.

Sodium butyrate, Valproic acid and Trichostatin A were obtained from Sigma-
Aldrich (please refer to supplementary table #1 for reagent details). The following
antibodies were obtained from Santa Cruz biotechnology: anti-p300 (N-15) rabbit
polyclonal, anti-p21(F-2) mouse monoclonal, anti-p57(C-20) rabbit polyclonal, anti-Egr]
(C-19) rabbit polyclonal, anti-E2f1(KH95) mouse monoclonal, anti-Ac-Histone H3 (Lys
9/14) rabbit polyclonal. Anti-B-Actin (AC-15) mouse monoclonal was obtained from
Sigma. The following secondary antibodies for Western were obtained from GE
Healthcare: anti-mouse IgG horseradish peroxidase conjugate and anti-rabbit IgG
horseradish peroxidase conjugate (please refer to supplementary table #2 for antibodies

details).

Cell synchronization and Flow cytometry assays
HeLa cells were grown in 10 cm tissue culture plates (Falcon). For late G1-phase

block, double thymidine block was performed in the following procedure: at 30%
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confluency cells were treated with 2 mM thymidine (Sigma-Aldrich) for 18 h. Cells were
then washed twice with PBS and released in thymidine-free DMEM medium for 9 hours.
After releasing, cells were blocked with 2 mM thymidine for 17 h. At that point the
major population of cells was synchronized at late G1-phase and then cells were released
back to the cell cycle by washing them twice with PBS and grown in DMEM media.

For mitotic block, thymidine-nocodazole block was performed in the following
procedure: at 40% confluency, cells were treated with 2 mM thymidine for 24 hours, then
washed with PBS and released in DMEM media for 3 h. Following the release, cells
were treated with nocodazole (Sigma-Aldrich) for 16 h. At that point the major
population of cells was synchronized at M-phase and then cells were released back to the
cell cycle by washing them twice with PBS and grown in DMEM media.

Cells were washed and harvested in PBS. In order to fix the cells in ethanol, cells
were resuspended in 300 pL. PBS and 700 pL of 95% ethanol was added drop by drop,
the suspension was then incubated in -20°C overnight. Fixed cells were then extracted by
simple centrifugation and then incubated with PBS containing 50 pg/ml of RNase A and
50 pug/ml of propidium iodide for 30 minutes at 37°C. DNA contents of the cells were
then profiled by fluorescence activated cell analyzer (Beckman Coulter) to determine the

distribution of cells in different phases of the cell cycle.

Western blot analysis
Cells were grown in 10 cm tissue culture plates and treated accordingly. Cells
were washed once and harvested in PBS. Whole cell protein extraction was done by

adding whole cell extraction buffer (10 % glycerol, 50 mM Tris-HCI pH 7.6, 400 mM
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NaCl, 5 mM EDTA, 1 mM DTT, 1 mM PMSF, 1 % NP-40) for 30 minutes at 4°C.
Protein concentration was quantified using Bradford protein assay by Ultrospec3000
spectrophotometer (Pharmacia Biotech). The optical density (OD) of samples which were
diluted in Bio-Rad reagent (Bio-Rad) along with a blank which consisted of 1 pL of
whole cell extraction buffer added to 1 mL of Bradford reagent, were measured at 595
nm wavelength. Equal amounts of protein (30-100pug) were added to 2x Laemmli
reducing buffer (25 % glycerol, 125 mM Tris-HC1 pH 6.8, 4 % SDS, 10% B-
mercaptoethanol, 0.01% bromophenol blue), boiled for 5 minutes and loaded onto SDS-
polyacrylamide gel (375 mM Tris-HCl pH 8.8, 0.1 % SDS, 0.05 % APS, 0.05 %
TEMED) which contained 4, 6, 8 or 12% acrylamide depending on the protein of interest.
Proteins were transferred overnight from gel to an Immun-Blot PVDF membrane (Bio-
Rad), blocked with 5% nonfat milk in PBST for 1 h and then incubated overnight with
diluted antibody in 1% of non-fat milk with agitation for overnight at 4°C. The dilutions
used were 1:500 for anti-p300, 1:200 for anti-p21, 1:200 for anti-p57, 1:200 for anti-
E2F1, 1:500 for anti-B actin, and 1:500 for anti-Egrl. The membrane was then washed 3
times in PBST for 10 minutes and then incubated in proper secondary antibody diluted in
PBST with 1 % milk at room temperature, then washed again for three times. For protein
signal detection, Western Lightning™ Chemiluminescence reagents kit (Perkin Elmer)
was used. For reprobing (as to probe for loading control), membranes were stripped 30
minutes at 50 °C in stripping buffer (2 % SDS, 62.5 mM Tris-HCl pH 6.8, 100 mM -
mercaptoethanol) blocked with 5% nonfat milk in PBST for 1 h and then incubated with
antibody of interest. Quantification of Western blot results was performed using Scion

Image computer software (Scion Corporation).
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Immunoprecipitation

Cells were grown in 10 cm tissue culture plates. Cells were washed, harvested in
PBS and whole cell protein extraction was performed as already described. 750 ug of
whole cell protein were diluted to adjust NaCl salt concentration to 150 mM by adding a
dilution buffer (10% glycerol, 20 mM Tris-HC1 pH 8.0, 0.5 EDTA pH 8.0, 1 mM DTT, 1
mM PMSF, and 1mg/ml of BSA). IP samples were agitated for 2 hours with 30 pL of
protein agarose A beads, 10 pL of anti-p300 (N-15) rabbit polyclonal primary antibody.
Agarose A beads were washed three times with 1 mL of washing buffer (10 % glycerol,
100 mM NaCl, 20 mM Tris-HCI pH 8.0, 0.5 mM EDTA pH 8.0, 1 mM DTT, 1 mM
PMSF, 0.1 % NP-40). 20 pL of 2x of Laemmli reducing buffer were added to the beads
then boiled for 5 minutes, vortexed gently for 30 seconds, boiled again for 5 minutes and
then samples were loaded on 6% SDS-PAGE gel, and proceeded on with same procedure

described above for Western.

Reverse Transcription and Real-Time Polymerase Chain Reaction

Cells were grown in 6 well tissue culture plate (Falcon) and treated accordingly.
Total RNA was isolated using RNeasy Mini kit (Qiagen) and manufacturer’s protocol
was followed. Multiskan Spectrum spectrophotometer (Thermo) was used to quantify
total RNA concentrations and their quality. Equal amounts of RNA were used in reverse
transcription in which High Capacity cDNA Archive Kit - Multiscribe Reverse
Transcriptase (Applied Biosystems) was utilized to reverse transcript RNA to cDNA
according to the manufacturer’s protocol.

The quantitative PCR amplification was performed using the Applied Biosystems

7500 Fast Real-Time PCR System. Gene transcript levels were quantified using the
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TagMan® reporter assay. Primers for four genes used for amplification were pre-
designed (TagMan® primers by Applied Biosystems). Using appropriate cDNA dilution
for consistent loading, the Real-Time PCR protocol was followed to perform 40 cycles of
amplification. 18S rRNA primers were used to calibrate for any inconsistencies in cDNA
input, as a reference control outgroup. The amount of target, normalized to the 18S
endogenous reference and relative to a calibrator (control) is calculated using the
arithmetic formula: 2 2T in which the threshold cycle (CT) indicates the fractional
cycle number at which the amount of amplified target reaches a fixed threshold. ACT
represents the difference between target’s threshold cycle number and control’s and
AACT represents the difference between ACT and threshold cycle number of the18S

endogenous reference.

Chromatin Immunoprecipitation

Cells were grown in 20 cm plates (Falcon) or in two 10 cm plates per sample,
treated accordingly and then crosslinked by adding formaldehyde 37% (BDH) dropwise
to a concentration of 1% at room temperature for 20 minutes and the reaction was
stopped by 200 mM glycine. Cells were then washed twice and collected in ice-cold
PBS. Cells were washed once with 1 mL buffer A (100 Mm Tris-HCI pH 9.4, 10 Mm
DTT), once with 1 mL buffer B (10 mM EDTA, 0.5 mM EGTA, 10 mM HEPES PH 6.5,
0.25% Triton X-100), once with 1 mL buffer C (10 Mm EDTA, 0.5 mM EGTA, 10 mM
HEPES PH 6.5, 200 mM NacCl) and lysed in 300 pL buffer D (10 mM EDTA, 50 mM
Tris-HCI pH 8, 1% SDS) supplemented with protease inhibitor cocktail (Calbiochem).
Lysate was then sonicated using Bioruptor system (Diagenode) for 10 minutes at 30

seconds on/off intervals and ‘High’ setting to achieve shearing chromatin to fragments in
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the range of 300-1000 bp in length, and then centrifuged at 13,000 rpm for 10 min at 4°C.
Supernatants were diluted 7 folds in ChIP dilution buffer (20 mM Tris-HCl pH 8.0, 1%
Triron X-100, 2 mM EDTA, 150 mM NaCl) and supplemented with protease inhibitors,
PMSF and DTT, and incubated overnight at 4°C with 1 pg of primary antibodies (anti-
p300 N-15 or anti-Ac K9/14 Histone 3). 30 pL of Salmon Sperm DNA/Protein A
agarose (Upstate-Milipore) were then added for 2 h at 4°C, washed for 10 minutes in low
salt wash buffer (20 mM Tris-HCI pH 8.0, 0.1% SDS, 1% Triton X-100, 2 mM EDTA,
150 mM NaCl), washed once for 10 minutes in high salt wash buffer (20 mM Tris-HCl
pH 8.0, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl), washed for 10
minutes in LiCl wash buffer (20 mM Tris-HCI pH 8.0, 0.25 M LiCl, 1% NP-40, 1%
dioxycholate, ]| mM EDTA) and washed twice for 10 minutes in TE buffer (10 mM Tris-
HCL pH 8.0, ] mM EDTA). Immunocomplexes were eluted off the beads in 300 pL of
elution buffer (1% SDS, 0.1 M NaHCOs) and crosslinks were reversed by incubating
eluates with 5 pL of proteinase K (Rouche) in 65°C overnight. Eluates were then purified
using QIAquick PCR Purification Kit (QIAGEN) and manufacturer’s protocol was
followed. Polymerase chain reaction was then performed to amplify promoter sequences
with pre-designed primers (please refer to supplementary table #3 for primer sequences)
spanning regions of p21, E2F1, Egrl and p57 promoters to which p300 binds to (Smith ef
al, 2004). ChIP on HeLa and SiHa were performed independently for three times each
using anti-Ac H3, independently for two times each using anti-p300, and together side by
side once using anti-p300. However, all PCR reactions of HeLa and SiHa were
performed together in the same reaction. Equal volumes of purified DNA were used for

PCR reaction performed with GoTaq® flexi DNA polymerase PCR Kit (Promega), with
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the following PCR reaction components (1X PCR buffer, 1.5 mM MgClz, 0.2 mM
dNTPs, 1 uM forward and reverse primers, 10 pL of purified DNA and 1 unit of Taq
DNA polymerase per reaction in a total volume of 25 uL) for 30 cycles. PCR products
were visualized by electrophoresis in 2% agarose gel (Rouche) in TAE stained with

ethidium bromide (0.001%) and scanned on Alphalmager™ (Alpha Innotech).

Statistical analysis

Results are presented as means =+ standard deviation. Statistical comparisons
between two groups were performed using the unequal variance (two tailed)
Student’s t-test. P values less than 0.05 or 0.001 were considered to be statistically

significant.
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Results

Effects of HDAC:i on the expression of p300-regulated genes in HeLa.

HDAC inhibitors affect the expression of many genes which are involved in cell
cycle regulation and ultimately induce growth arrest to cancer cells (Takai ef al, 2004).
However, the mechanisms of their action in the context of the p300 functions are not yet
fully understood. To understand roles of HDAC inhibitors in p300-mediated cell cycle
regulation we employed HeLa cells, originated from cervical carcinoma (Masters, 2002),
which express wild type p300 (Ohshima e al, 2001). HeLa had been utilized for
numerous studies on cell cycle regulation (Stauffer et al, 2007, Wang et al, 2008). It had
also been utilized for a number of important studies on p300, such as in studying roles of
p300 in chromatin assembly and as a tumor suppressor (Asahara et al, 2002; Suganuma
et al, 2002 respectively). In fact, the first study which elucidated that p300 possesses
histone acetyltransferase activity, which is arguably the most crucial function of p300,
was discovered using an E1A pull-down assay from HeLa nuclear extract (Ogryzko ef al,
1996). Thus, it is a very useful cell line in p300 and cell cycle regulation studies.

In order to elucidate effects of HDAC inhibitors on the expression of genes that
are involved in cell cycle regulation and transcriptionally regulated by p300, we
examined the expression of several genes, namely, cyclin-dependent kinase inhibitor 1A
(p21), early growth response 1 (Egrl), cyclin-dependent kinase inhibitor 1C (p57), E2F
transcription factor 1 (E2F1). To assess the effects of HDAC inhibitors on the expression
of those p300-regulated genes and to learn some indications on whether the magnitude of

the effects brought by HDAC inhibitors are dose-dependent, two different concentrations
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of sodium butyrate and valproic acid (2 and 5 mM) treatments were applied on
asynchronized HeLa to measure their effects on the protein expression levels (Figure 1A
and 1B) as well as on the mRNA expression levels (Figure 1C). The results suggest that
the magnitude of the effects brought by HDAC inhibitors are dose-independent, as the
differences between the effects seen between 2 and 5 mM are statistically insignificant,
except for Egrl in response to VPA treatment. However, including more time points and
the use of an array of increasing concentrations of the HDAC inhibitors are necessary to
further validate the dose-independent effect and further pharmacokinetic analysis is
necessary. Next, to assess the effects of HDAC inhibitors on the protein expression of
those p300-regulated genes, we treated asynchronized HeLa with 5 mM of NaB, 5 mM of
VPA and 200 nM of TSA for 4, 8 and 16 hours. This was done to assess the short and
long-term effects of HDAC inhibitors. Through Western blot analysis (Figure 2A and
2B), it was observed that the three HDAC inhibitors upregulated the protein expression of
p21 in time-dependent manner. As shown by the Western blot analysis, NaB treatment
produced the most prominent effect. The three HDAC inhibitors upregulated the protein
expression of Egrl in time-dependent manner. However, VPA treatment produced the
most prominent effect. Even though NaB treatment upregulated the protein expression of
p57, VPA and TSA did not have any significant effects. This suggests that the treatment
effects on gene expression may be different among the various HDAC inhibitors, perhaps
due to different specificities between the different inhibitors. Last of all, the three HDAC
inhibitors had no significant effects on the protein expression of E2F1.

Next, to determine whether the changes on protein expression levels by HDAC

inhibitors come from protein modifications that either stabilize or degrade the proteins or
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from changes brought by HDAC inhibitors at transcriptional level which translate into
changes at the protein level, we looked at the effects of HDAC inhibitors at mRNA
transcript levels. Quantitative Real Time PCR was performed on asynchronized HeLa
cells, in which they were treated with sodium butyrate (5 mM), valproic acid (5 mM for
all but 2 mM for E2F1) and trichostatin A (200 nM) HDAC inhibitors for 4 and 16 hours
to measure short and long-term effect of the inhibitors on transcript levels of the p300-
regulated genes. Total mRNA was isolated, reverse transcribed, and cDNA was
generated. Equal amounts of cDNA in addition to specific Real-Time PCR primers were
used to amplify and quantify the relative expression levels of the four genes in the study.
As shown (Figure 3A, 3B, 3C and 3D), changes in mRNA levels show resemblance and
similar patterns as of the protein levels (Figure 2A and 2B). The HDAC inhibitors up-
regulated p21 (Figure 3A) and Egrl (Figure 3B). NaB and TSA upregulated mRNA
expression of p57 (Figure 3C) with VPA showing no effect, consistent with Western blot
data (Figure 2A and 2B), and did not have significant effects on E2F1 mRNA expression
(Figure 3D).

Together, these results indicate that HDAC inhibitors upregulate the expression of
the cyclin dependent kinase inhibitors p21 and p57, which are correlated to cell cycle
arrest and are known to initiate a number of sequential events leading to cell cycle arrest.
They upregulated the expression of Egrl, which transactivates the histone
acetyltransferase activity of p300 in response to the disruption of HDAC/HAT balance by
the HDAC inhibitors. They also have no significant effect on E2F1, which regulates cell
cycle progression from G1 to S, and is unaffected by HDAC inhibitors, at least at the

gene expression level. Additionally, HDAC inhibitors affect gene expression of p300-
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regaulated genes by affecting mRNA transcription, in which they translate into changes

at the protein level.
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Figure 1. Effects of two different concentrations of HDACi on both protein and
mRNA expression of p300-regulated genes in HeLa.

(A) Protein expression of p300-regulated genes as measured by Western blot analysis in
asynchronized HeLa in control (lane 1) and treated with sodium butyrate (2 and 5 mM)
and valproic acid (2 and 5 mM) harvested at 4, 8 and 16 hours after treatment. Western
blot analysis was performed with a series of antibodies against cyclin-dependent kinase
inhibitor 1A (p21), early growth response 1 (Egrl), cyclin-dependent kinase inhibitor 1C
(p57) and E2F transcription factor 1 (E2F1). B-actin was used as an internal loading
control (B) Quantification of Western blot results. Values represent fold difference in
reference to control (untreated cells). The amount of protein loaded on SDS-PAGE gel
was normalized by comparison with levels of B-actin. Quantification was performed
using Scion Image computer software and represent mean + standard deviation (error bar)
of three or more independent experiments. (C) mRNA expression of p21, Egrl and p57
as measured by quantitative Real-Time PCR in HeLa following 4 and 16 hours
treatments with valproic acid (2 and 5 mM). Statistical significance of differences as
compared with the lower concentration of the treatments (2 mM) were denoted by * or **

to indicate p < 0.05 or p <0.001 respectively.
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Figure 2. Effects of HDACi on the protein expression of p300-regulated genes in
HelLa.

(A) Protein expression of p300-regulated genes as measured by Western blot analysis in
asynchronized HeLa in control (lane 1) and treated with sodium butyrate (5 mM),
valproic acid (5 mM) and trichostatin A (200 nM) harvested at 4, 8 and 16 hours after
treatment. Western blot analysis was performed with a series of antibodies against cyclin-
dependent kinase inhibitor 1A (p21), early growth response 1 (Egrl), cyclin-dependent
kinase inhibitor 1C (p57) and E2F transcription factor 1 (E2F1). B-actin was used as an
internal loading control (B) Quantification of Western blot results. Values represent fold
difference in reference to control (untreated cells). The amount of protein loaded on SDS-
PAGE gel was normalized by comparison with levels of B-actin. Quantifications were
performed using Scion Image computer software and represent mean + standard
deviation (error bar) of three or more independent experiments. Statistical significance of
differences as compared with untreated controls were denoted by * or ** to indicate

p <0.05 or p <0.001 respectively.
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Figure 3. Effects of HDACi on the mRNA transcription of p300-regulated genes in
HeLa.

Total RNA was extracted from HeLa following 4 and 16 hours treatments with butyrate
(5 mM), valproic acid (5 mM for all but 2mM for E2F1) and TSA (200 nM), and reverse
transcribed. Relative mRNA levels of (A) p21, (B) Egrl, (C) p57 and (D) E2F1 were
measured by quantitative Real-Time RT-PCR on the reverse transcribed cDNA using
Taqman® primers and probes specific to each gene. 18S rRNA was used as an internal
control, to which amounts of mRNA in all samples were normalized. Values represent
fold difference in reference to control (untreated cells). Each experiment was repeated
three times in duplicates. Error bars represent the standard deviation of at least three
independent experiments. Statistical significance of differences as compared with

untreated controls were denoted by * or ** to indicate p < 0.05 or p <0.001 respectively.
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Protein profiles of p300-regulated genes in synchronized HeLa.

There has been controversy over which phase of the cell cycle is affected by
HDAC inhibitors (Noh and Lee, 2003). Additionally, it is not clear whether the
differences between the effects brought by the three distinct HDAC inhibitors utilized in
this study come from different specificities between the three inhibitors towards different
phases. These facts prompted us to investigate the protein expression profiles of p300-
regulated genes during different phases of the cell cycle in control and in response to
HDAC inhibitors. After carefully studying the effects of HDAC inhibitors in
asynchronized HeLa cells, we examined the protein expression profile of p21, Egrl, p57
and E2F1 in synchronized HeLa cells in control and in response to HDAC inhibitors.
Cells were either synchronized by a double thymidine block in order to enrich for cells in
late G1, just prior to S phase entry (Fig 4), or blocked with thymidine for 24h then
nocodazole for 16h in order to enrich for cells in M phase (Fig 5). Treating cells with
excessive amounts of thymidine blocks DNA replication and results in reversible cell
cycle synchronization in late G1, just prior to S phase entry, which could be reversed by
releasing the cells in untreated DMEM medium (Studzinski and Lambert, 1969). Treating
cells with nocodazole, a microtubule depolymerising agent, would arrest them in M phase
at the metaphase stage, as the spindle apparatus fail to assemble as the main microtubule
components fail to polymerize (de Brabander ef al, 1976). Synchronized HeLa cells were
treated with HDAC inhibitors and released back into the cell cycle (Fig 4A, 5A). The
typical timeline scheme of cell cycle progression into different phases in HeLa is well
established (Whitfield et al, 2002), and the time frame examined at each synchronization

protocol used in this study were represented in (Fig 4C, 5C). The M and late G1 time
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points were chosen in this study as they represent two different important time points to
which we can correlate the effects of the HDAC inhibitors and different phases of cell
cycle. The time line used in this study allows for examining cell cycle progression
through different phases of the cell cycle (as indicated in Fig 4C, 5C). Additionally,
synchronization protocols at these time-points in HeLa are feasible and well established.
Flow cytometry analysis of cells stained with propidium iodide was performed to assess
the synchronization protocols’ efficiency (Fig 4D, 5D).

Effects of HDAC inhibitors on expression of p21 and p57, regulators of cell cycle
progression at G1/S were seen at 4 and 8 hours as cells enter into S phase and progress
back into G1 (Fig 4A). However, they were not seen in M phase and early G1, which is
consistent with the knowledge that p21 and p57 regulates cell cycle at middle and late G1
phase. Egrl is up-regulated by HDAC inhibitor treatments up to 4 hours of release in S
phase, and up-regulated as released in M phase. It also appears to possess a modification
at M phase, marked by the appearance of another band with slower migration on the SDS
PAGE gel (Fig 5A). Levels of E2F1 protein in control and in HDAC treated cells slightly
(but not statistically significant) decrease at 8 hours after release into S phase (Fig 4),
which is further shown as cells are released from M phase (Fig SA). It is interesting to
note that the effects of HDAC inhibitors on asynchronized cells are more prominent than
synchronized ones, most likely due to the limited toxic side effects or drug-specific cell
stress brought by the synchronization agents (reviewed in Davis ef al, 2001). This is
evident by comparing the sub-G1 cell numbers, an indicative of apoptosis, between
asynchronized and synchronized cells, in which there is always a larger number of the

sub-G1 in the synchronized cells.
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Together, there seems to be no major differences in the specificities between the
three inhibitors used in this study towards different phases of cell cycle. However, the
magnitude of effects between the three inhibitors on the expression of several genes at
distinct phases of cell cycle vary in quantitative terms, perhaps due to different
specificities between the three inhibitors towards various HDACs as different genes are
regulated by distinct HDAC complexes. A more detailed discussion on the different

specificities of the distinct HDAC inhibitors was provided in the discussion.
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Figure 4. Effects of HDACi on the protein expression of p300-regulated genes in
synchronized HeLa in late G1 phase.

(A) HeLa cells were arrested in late G1 phase by double thymidine block and protein
expression was examined in asynchronized control (lane 1), synchronized control (lane 2)
and released cells. Cells were released and harvested at 4 and 8 hours after the release.
Extracts prepared from control and treated asynchronized cells (lanes 1, 11-14) were also
examined. (B) Quant‘iﬁcation of Western blot results. The amount of protein was
normalized by comparison with levels of B-actin, and represent fold difference in
reference to control (untreated cells). The quantification was performed using Scion
Image computer software and represent means + standard deviations (error bars) of three
independent experiments. (C) Standard timeline scheme of cell cycle phase transitions in
asynchronized HeLa. The arrow represents the timeline (0 - 8h) as cells progress from
late G1 to G1-re-entry timeframe examined in this experiment. (D) Examining the
efficiency of synchronization protocol by flow cytometry. All experiments were

performed three times with consistency.
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Figure 5. Effects of HDACi on the protein expression of p300-regulated genes in
synchronized HeLa in M phase.

(A) HeLa cells were arrested in M phase by thymidine-nocodazole block and protein
expression was examined in asynchronized control (lane 1), synchronized control (lane 2)
and released cells. Cells were released and harvested at 3 and 4 hours after the release.
Extracts prepared from control and treated asynchronized cells (lanes 1, 11-14) were also
examined (B) Quantification of Western blot results. The amount of protein was
normalized by comparison with levels of B-actin, and represent fold difference in
reference to control (untreated cells). The quantification was performed using Scion
Image computer software and represent means + standard deviations (error bars) of three
independent experiments. Statistical significance of differences as compared with
asynchronized controls is denoted by * to indicate p< 0.05. (C) Standard timeline
scheme of cell cycle phase transitions in asynchronized HeLLa. The arrow represents the
timeline (0 - 4h) as cells progress from M to G1 timeframe examined in this experiment.
(D) Examining the efficiency of synchronization protocol by flow cytometry. All

experiments were performed three times with consistency.

48



Released 3h - Released 4h-- Unsynch. 4h

NaB + + +
VPA + +
TSA

o)

p21 (fold)

p21 )
K
Egr1 | I
[1T]
p57 —_
3
L
E2F1 'B;
B-actin .
1 234 56 7 8 91011 12 13 14 E
&
C NaB
VPA
TSA

Released

150 SubG1:62.26% 150 SubG1: 58.88%
G1:32.9% G1: 34.32%
S: 1.88% S:3.01%
0 G2/M: 2.96% 0 G2/M: 3.79%

Release 3h-Ctl Release 3h-NaB

150 SubG1: 53.68% 150 SubG1: 52.76%
G1: 41.73% G1: 42.53%
S:2.51% $:2.93%
0 G2/M: 2.08% 0 G2/M: 1.78%

Release 4h-NaB

150 SubG1: 3.11%
G1: 83.81%
S:5.43%
0 G2/M: 7.65%

Asynchron 4h-NaB

Release 4h-Ctl

150 SubG1: 3.42%
G1: 83.52%
S:7.72%
0 G2/M: 5.34%

Asynchron 4h Cti

Figure 5.

SubG1: 3.87%
G1: 82.68%
8:5.6%

G2/M: 7.85%

50

Events __
o

Asynchron Ctl

150 SubG1: 64.12%
G1: 30.49%
S:2.82%

G2/M: 2.57%

B

0
Release 3h-VPA

150 SubG1: 53.92%
G1: 42.08%
S: 2.69%

G2/M: 1.31%

5

0
Release 4h-VPA

150 SubG1: 3.25%
G1: 83.47%
$:6.21%

0 G2/M: 7.07%

Asynchron 4h VPA

F

Rel. 3h -- Rel. 4h -- Unsyn. 4h

150 SubG1: 32.68%
G1: 4.47%
$:278%

oA A G2/M: 60.07%

M Synchron.

150 SubG1: 63.26%
G1:31.52%
$:27%

0 G2/M: 2.52%
Release 3h-TSA

150 SubG1: 57.75%
G1: 38.65%
$:2.23%

G2/M: 1.37%

8

0
Release 4h-TSA

150 SubG1: 3.48%
G1:83.77%
S:5.78%
G2/M: 6.97%

Asynchron 4h-TSA

»

0



Basal levels of p300-regulated transcripts are higher in SiHa.

The expression of four p300-regulated genes in response to HDAC inhibitors was
examined in HeLa, which expresses wild type p300. Next, we thought it would be very
interesting to investigate the expression of the same four genes in another cell line, which
expresses a mutant form of p300, in an attempt to understand some of the effects of
p300.deregulation. A number of cell lines which express mutant forms of p300 were
readily available and economical for us, however one cell line (SiHa) was of a particular
interest to be employed in this study. SiHa was established from a surgically removed
carcinoma of the uterine cervix. A homozygous p300 deletion of exons 15-18, which
results in an in-frame deletion that causes specific loss of the bromodomain was
identified in the SiHa cervical carcinoma cell line by Ohshima and colleagues (2001). In
fact, a number of studies utilized SiHa to serve as indicators for the effect of
bromodomain-deficiency in the function of p300 (Suganuma et al, 2002; Ohshima et al,
2001). We utilized this cell line to learn more on how the four p300-dependent genes
respond to HDAC inhibitors and to gain insights into possible roles of p300
bromodomain and how the cell compensates for the loss of p300 bromodomain in
regulating the expression of p300-dependent genes. However, we recognize that a
different and more reliable system should be utilized when studying the precise roles of
p300 bromodomain, which would ideally consist of p3 007" cell lines transfected with
either wild-type or bromodomain truncated p300 expression constructs (Iyer et al, 2007).

To examine the basal gene expression profiles of the p300-regulated genes in
HeLa and SiHa cell lines, Real-Time PCR as well as Western blot analysis was

performed. For Real-Time PCR analysis, mRNA was isolated, reverse transcribed, and
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cDNA was generated. Equal amounts of cDNA in addition to specific Real-Time PCR
primers were used to amplify and quantify the relative expression levels of the genes in
the study between HeLa and SiHa (Figure 6A). These results indicate that basal levels of
p21, Egrl and p57 are significantly higher in SiHa. For Western analysis, same amounts
of whole cell lysates from HeLa and SiHa were migrated on SDS-PAGE, and probed
with primary antibodies corresponding to our genes of interest. Western blots (Figure 6B
and 6C) show that only basal levels of p21 are significantly higher in SiHa than in HeLa.
Thus, the basal levels of some p300-regulated gene expression appear to be higher in

SiHa than HeLa at the mRNA transcriptional level.
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Figure 6. Relative levels of gene expression between HeLLa and SiHa.

(A) Quantitative Real-Time PCR analysis of endogenous p300, p21, Egrl, p57 and E2F1
mRNA in HeLa and SiHa. 18S rRNA was used as an internal control, to which amounts
of mRNA 1in all samples were normalized. Values represent fold difference in reference
to HeLa (B) Western blot analysis of the five genes in HeL.a and SiHa. Same amounts of
protein from control (untreated) HeLa and SiHa whole cell extract were loaded on SDS-
PAGE and probed with proper antibodies accordingly. Anti-B-actin was used for loading
control (C) Quantification of Western blot analysis of HeLa and SiHa proteins using
Scion Image computer software. The amount of protein was normalized by comparison
with levels of B-Actin, and represents fold difference in reference to HeLa. Error bars
represent the standard deviation of three or more independent experiments. Statistical

significance of differences as compared with HeLa is denoted by * to indicate p < 0.05.
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Effects of HDACI on the expression of p300-regulated genes in SiHa.

Next, to examine roles of p300 bromodomain in the function of p300, we assessed
the effects of histone hyperacetylation induced by HDAC inhibitors on the protein
expression of the p300-regulated genes in asynchronized SiHa. Cells were treated with 5
mM of NaB, 5 mM of VPA and 200 nM of TSA for 4, 8 and 16 hours, to assess for the
short and long-term effects of HDAC inhibitors. Through Western blot analysis (Figure
7A and 7B), it was observed that butyrate upregulated the protein expression of p21.
However, the fold induction of ~4 fold was much less than ~15 folds in HeLa (Figure 2A
and 2B). Similarly, HDAC inhibitors upregulated the protein expression of Egrl less than
~2 fold induction, as compared to ~10 folds seen in HeL.a. An interesting observation was
that HDAC inhibitors were associated with a downregulation of p57 protein expression in
SiHa, in contrast to the upregulation observed in HeLa. In fact, NaB had no significant
effect on p57 in SiHa, in contrast to upregulation in HeLa. VPA and TSA had
downregulated expression of p57 as opposed to no changes seen in HeLa. Lastly, HDAC
inhibitors had no significant effects on E2F1 in SiHa, which was also observed in HeLa.

To measure the effects of HDAC inhibitors on mRNA transcript levels,
Quantitative RT-PCR was performed on asynchronized SiHa cells. They were in fact
treated with sodium butyrate (5§ mM), valproic acid (5 mM for all but 2 mM for E2F1)
and trichostatin A (200 nM) for 4 and 16 hours to measure short and long-term effects of
the treatments on transcript levels of the p300-regulated genes. It came to no surprise
that changes in mRNA levels show resemblance and similar patterns as of the protein
levels which indicates that changes on protein levels originate from changes that occurred

at transcript levels. The HDAC inhibitors slightly up-regulated p21 (Figure 8A) as well as
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Egrl (Figure 8B), downregulated mRNA expression of p57 (Figure 8C) and did not have
a significant effect on E2F1 mRNA expression (Figure 8D). To conclude, these results
suggest that HDAC inhibitors fail to significantly upregulate the expression of cyclin
dependent kinase inhibitor p21. They also downregulate the expression of cyclin
dependent kinase inhibitor p57 and fail to significantly upregulate the expression of Egrl.
Additionally, HDAC inhibitors affect gene expression of p300-regulated genes by

affecting mRNA transcription, in which they translate into changes at the protein level.
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Figure 7. HDAC:i have less prominent effects on the protein expression of p300-
regulated genes in SiHa.

(A) Protein expression of p300-regulated genes as measured by Western blot analysis in
asynchronized SiHa in control (lane 1) and treated with sodium butyrate (5 mM), valproic
acid (5§ mM), and trichostatin A (200 nM) harvested at 4, 8 and 16 hours after
treatment. Western blot analysis was performed with a series of antibodies against p21,
Egrl, p57 and E2F1. B-actin was used as an internal loading control (B) Quantification
of Western blot results. Values represent fold difference in reference to control (untreated
cells). The amount of protein loaded on SDS-PAGE gel was normalized by comparison
with levels of B-actin. Quantification was performed using Scion Image computer
software and represent means + standard deviations (error bars) of three or more
independent experiments. Statistical significance of differences as compared with

untreated controls is denoted by * or ** to indicate p < 0.05 or p <0.001 respectively.
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Figure 8. Effects of HDACi on the mRNA transcription of p300-regulated genes
in SiHa.

Total RNA was extracted from SiHa following 4 and 16 hours treatments with
butyrate (5 mM), valproic acid (5 mM for all but 2mM for E2F1) and TSA (200 nM),
and reverse transcribed. Relative mRNA levels of (A) p21, (B) Egrl, (C) p57 and (D)
E2F1 were measured by quantitative Real-Time RT-PCR on the reverse transcribed
¢DNA using Tagman® primers and probes specific to each gene. 18S rRNA was used
as an internal control, to which amounts of mRNA in all samples were normalized.
Values represent fold difference in reference to control (untreated cells). Each
experiment was repeated three times in duplicates. Error bars represent the standard
deviation of three or more independent experiments. Statistical significance of
differences as compared with untreated controls is denoted by * or ** to indicate

p <0.05 or p <0.001 respectively.
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HDAC: induce the acetylation of histones H3 (Lys 9/14).

After measuring the effects of NaB, VPA and TSA on the expression of the four
genes in SiHa, we found that the effects of HDAC inhibitors are less prominent. We next
compared the acetylation levels of histone 3 of all four gene promoters in response to the
HDAC inhibitors to the basal acetylation levels of histone 3 in control, in an attempt to
investigate for the possibility that the difference in responses seen in SiHa is due to less
acetylation, which would leave promoters with less accessibility for transcription. First,
to investigate the global acetylation levels between the two cell lines, we treated
asynchronized HeLa and SiHa with 5 mM of NaB, 5 mM of VPA and 200 nM of TSA
for 4 hours. Through Western blot analysis using antibody against acetylated lysines 9
and 14 on histone 3 and comparing H3Ac between control (basal H3Ac) and in response
to treatments (induced H3Ac), it is apparent that HDAC inhibitors increase global
acetylation levels of histone 3, in both HeLa and SiHa (Figure 9A and 9C) to =2 fold in
HeLa and =2.5 fold in SiHa. It was also apparent that the basal levels of H3Ac are
comparable between Hel.a and SiHa (Figure 9E).

Next, we examined the histone hyperacetylation levels on the promoters of p21,
Egrl, p57 and E2F1. Following 4h of treatment with 5 mM of NaB, 5 mM of VPA and
200 nM of TSA, Chromatin immunoprecipitation (ChIP) assay was performed. It was
performed using the same antibody against acetylated lysines 9 and 14 on histone 3
which was used in Western, to pull down acetylated promoters. Promoter regions to
which p300 binds to, and which the PCR primers covered were pre-designed by Smith
and colleagues (2004). As shown (Figure 10), there is a remarkable increase in H3

acetylation in the promoters of the four genes, in both cell lines. However, in contrast to
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HeLa in which the basal H3 acetylation level is almost undetectable, there is a high basal
acetylation level SiHa. HDAC inhibitors also induced the acetylation levels of H3
histones which are associated with p300-regulated promoters in SiHa by comparable
levels to HeLa. The results obtained were preliminary as more repeats and additional
experiments are required before any conclusions can be made. However, our results
suggest that histone H3 becomes hyperacetylated in response to HDAC inhibitors. Our
results also indicate that basal acetylation levels of histone 3 are higher in SiHa than
HeLa. This suggests higher transcription levels in SiHa since H3Ac is a marker of
transcriptional upregulation. This could explain the lower fold induction by HDAC
inhibitors since the basal transcription level for the inducible p300-regulated genes is
higher in SiHa (also indicated in Figure 6A). A plausible explanation for the acetylation
observed in SiHa in spite of the bromodomain-deficiency of p300 is through functional
redundancy with other HATs, which will be discussed in more depth in the discussion

section.

57



Figure 9. Global histone H3 (Lys 9/14) acetylation in HeLa and SiHa in control and
in response to HDACi by Western blotting.

(A) The global acetylation levels of histone 3 in HeLa in control and in response to
HDAC inhibitors are assessed through Western blot analysis. Following 4 hours
treatments with butyrate (5 mM), valproic acid (5 mM) and TSA (200 nM), Western blot
analysis was performed using antibody against acetylated lysine 9/14 resides of histone 3.
Bars represent fold induction as compared to basal levels of acetylated lysine 9/14 on H3
(lane 1). B-actin was used as an internal loading control. (B) Quantification of Western
blot results. The amount of protein loaded on 12% SDS-PAGE gel was normalized by
comparison with levels of B-actin. Quantification was performed using Scion Image
computer software. Values represent fold difference in reference to control (untreated
cells) and represent means =+ standard deviations (error bars) of three independent
experiments. (C-D) Experimental setup as in panels (A-B) however performed on SiHa
cell line. (E) Comparison of basal endogenous acetylation levels of histone 3 proteins
between HeLa and SiHa. Statistical significance of differences as compared with
untreated controls in panels B, D and E are denoted by * or ** to indicate p < 0.05 or

p <0.001 respectively.
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Figure 10. HDACI induce acetylation of histones H3 (Lys 9/14) which are associated
with promoters of p300-regulated genes in both HeLa and SiHa.

The acetylation statues of histone 3 associated with promoters of the p300-dependent
genes: p21, Egrl, p57 and E2F1 in asynchronized HeLa and SiHa were assessed by
chromatin immunoprecipitation (ChIP). Following treatment for 4 hours with 5 mM
butyrate, 5 mM valproic acid, or 200 nM trichostatin A HDAC inhibitors, ChIP was
performed in which equal amounts of DNA from both cell lines were
immunoprecipitated. Primers mapped the following regions on the gene promoters: p21
(from -308 to -205), Egrl (from -483 to -345), p57 (from +49 to +196) and E2F1 (from
-580 to -448) in reference to transcription start site. Antibody used in this assay was anti-

Ac-Histone 3 which recognizes acetylated lysine 9 and 14 on histone 3.
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Recruitment profiles of p300 in HeLa and SiHa.

Following the examination of the acetylation levels of histone 3 in HeLa and SiHa
in control and in response to HDAC inhibitors at both protein and promoter levels. We
next compared the recruitment profiles of p300 to the promoters of p21, Egrl, p57 and
E2F1. In fact, p300 is recruited at p300-dependent promoters and functions as a
transcriptional coactivator. However, it is not clear whether bromodomain-deficient p300
in SiHa is recruited in the same manner as the wild type p300 in HeLa. Additionally it is
not fully clear if HDAC inhibitors affect the recruitment of p300 by enhancing or
repressing the association with proximal promoters and thus affect gene transcription.
Following 4h of treatment with 5 mM of NaB, 5 mM of VPA and 200 nM of TSA, ChIP
assay was performed with anti-p300 (N-15) used to pull-down p300-associated promoters
from two cell lines that were immunoprecipitated. Our results indicate that wild type
p300 in HeLa is recruited to the four gene promoters (Figure 11A). This is in agreement
with another study which showed that p300 is recruited to the four gene promoters in
Jurkat T cells which also express wild type p300 (Smith et al, 2004). Our results also
suggest that recruitment of wild type p300 in HeL a is significantly more than in SiHa
(Figure 11A). To rule out the possibility that the decrease of p300-promoter association
seen in SiHa is not as a result of a natural decrease of the affinity of the protein to the
antibody used in the ChIP assay against the bromodomain-deficient p300, we performed
an immunoprecipitation experiment in which equal amounts of whole cell protein lysates
of control (untreated) HeLa and SiHa cells were immunoprecipitated using the same
antibody used in ChIP, anti-p300 (N-15). The results (Figure 11B) show that the antibody

binds to p300 in HeLa and to bromodomain-deficient p300 in SiHa with comparable
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affinities. This is evident by comparing the input and immunoprecipitated proteins, in
which larger amounts of p300 were immunoprecipitated from SiHa. This is consistent
with the input, which shows that p300 is more abundant in SiHa than HeL.a (also shown
in Figure 6B). The results also show that the recruitment profiles of p300 to the proximal
promoters of p21, Egrl, p57 and E2F1 are similar between untreated and treated cells,
with no significant differences in p300 association in response to HDAC inhibitors.
HDAC inhibitors do not appear to affect the recruitment of either wild type or
bromodomain-deficient p300. Thus, HDAC inhibitors may perhaps impose their effects
through regulating other factors such as HDAC complex formation, and deregulation of
HAT activity of coactivators such as p300. Collectively, our data suggest that
bromodomain-deficiency may affect the recruitment of p300 to p300-regulated
promoters. This suggests possible important roles of bromodomain in p300 recruitment.
However, the results are preliminary and more repeats as well as additional experiments
are required to determine the precise role of bromodomain in the function of the

coactivator p300.
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Figure 11. Recruitment profiles of p300 to the promoters of the four genes in control
and in response to HDACI in HeLa and SiHa.

(A) The recruitment profiles of p300 protein to p21, Egrl, p57 and E2F1 promoters in
asynchronized HeLa and SiHa were assessed by chromatin immunoprecipitation (ChIP).
Following treatment for 4 hours with 5 mM butyrate, 5 mM valproic acid, or 200 nM
trichostatin A HDAC inhibitors, ChIP was performed in which equal amounts of DNA
from both cell lines were immunoprecipitated. Primers mapped the following regions on
the gene promoters: p21 (from -308 to -205), Egrl (from -483 to -345), p57 (from +49 to
+196) and E2F1 (from -580 to -448) in reference to transcription start site. Antibody used
in this assay was anti-p300 (N-15), which recognizes the N-terminus of p300.

(B) Immunoprecipitation of p300 using anti-p300 (N-15) of equal amount (750 pg) of
whole cell protein from untreated HeLa and SiHa, compared side by side to assess the

binding efficiency of the antibody in the two cell lines.
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Figure 12. General model of p300, p21, p57, Egrl and E2F1 interactions.

Histone deacetylase inhibitors inhibit the activity of deacetylases that restrict p300
autoacetylation. p300 regulates transcription of Egrl, which is a positive regulator of the
p300 gene. Excess levels of Egrl are stabilized through acetylation by p300. High levels
of p300 acetylate Egrl and form a complex which downregulates the transcription of
both Egrl and p300. The coactivator p300 transactivates E2F1, p21 and p57 gene
expression. p21 and p57 proteins inhibit the activity of cyclin dependent kinases and thus
prevent phosphorylation of protein retinoblastoma (pRb) which is associated with E2F1.
Failure to phosphorylate the pRb-E2F1 complex prevents the release of E2F1 which is

necessary for cell cycle progression.
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Discussion

In this study, we examined the effects of HDAC inhibitors on the expression of
several p300-dependent genes which are involved in cell cycle regulation. We also
examined the effects of HDAC inhibitors on a cell line which expresses a mutant form of
p300 with bromodomain truncation. Our results demonstrated that HDAC inhibitors
upregulate the expression of a number of genes. However, they did not result in
transcriptional ~ upregulation to all genes. Moreover, through chromatin
immunoprecipitation assays, we observed that the recruitment of p300 to target promoters
was affected in the bromodomain-deficient cell line, which suggests role of

bromodomain in the recruitment of p300 to target promoters.

Acetylation and gene expression

Acetylation of histone and non-histone proteins by histone acetyltransferases such
as p300 plays significant role in regulating gene expression. In general, accumulation of
acetylated histones is a characteristic of transcriptionally active regions in the chromatin.
Similarly, regions with excess hypoacetylated histones are generally transcriptionally
silent (reviewed in Wolffe, 1994). Acetylation of histone proteins which are associated
with gene promoters induce conformational changes in chromatin and become more
accessible for transcription factors. Although acetylation can be generally linked to
transcriptional activation, it is not sufficient to induce transcription in absence of other
factors. As indicated by our results, histone 3 associated with the gene promoter of E2F1

was extensively acetylated by HDAC inhibitors, however, there was no significant
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increase in transcription in response to HDAC inhibitors. Therefore acetylation alone is
not sufficient to induce transcription.

Histone acetylation serves another function which is providing signals for
coactivators such as p300 to recruit and transactivate gene transcription. The ‘histone
code’ hypothesis postulates that acetylation of specific lysine residues on histone tails
play key role in epigenetic regulation by serving as a flag mark to initiate transcription. A
number of studies suggested an obscure link between acetylation of histone tails at
specific lysine residues and transcriptional activation. This was the case until a study by
Dhalluin and colleagues (1999) revealed that bromodomain recognizes and binds
specifically to certain acetylated lysine residues on histone tails. Acetylated lysines are
recognized by the bromodomain of many chromatin-remodeling complexes and histone
acetyltransferases such as p300. Consequently, they initiate the assembly of transcription
factors and RNA polymerase II to initiate transcription (Chen and St-Germain, 2005).

Acetylation of non-histone proteins by p300 and other HATSs is another important
mechanism by which transcription is directly and indirectly regulated (reviewed in
Glozak et al, 2005; Sterner and Berger, 2000). In fact, p300 acetylates various non-
histone protein targets which results in either an increase in their transcriptional activity,
or enhances their binding affinity to chromatin or other components that are related to
transcription. On the other hand, p300 acetylates and activates general transcription
factors and transcriptional activators such as GATA-1, which has crucial role in the
expression of genes involved in the differentiation of blood cells (Boyes ef al, 1998).
Additionally, p300 acetylates NF-Y, which has important role in transactivation of genes

involved in cell cycle progression (Li et al, 1998). Also, p300 acetylates the architectural
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chromatin binding protein HMG I/Y and increases its binding affinity to chromatin
(Munshi et al, 1998). Also, p300 regulates the activity of p53 through acetylation
(Somasundaram and El-Deiry, 1997). Moreover, p300 regulates E2F1 activity by
acetylation, which increases protein stability as well as specific DNA-binding and
transcriptional activity (Marzio et al, 2000; Martinez-Balbas et al, 2000). In fact, one of
the main targets of acetylation by p300 is p300 itself. p300 undergoes autoacetylation to
enhance its own HAT activity by up to 10 fold (Thompson et al, 2004). Other targets of
p300 acetylation include, but not limited to, nuclear receptor coactivators such as ACTR,
TIF2 and SRC-1, transcriptional activators such as c-Myb, EKLF, MyoD, dTCF and non-
histone chromatin proteins such as Sinl (reviewed in Sterner and Berger, 2000). Thus,
acetylation is an important mechanism which is extensively involved in transcriptional

regulation at many different levels.

Effects of HDAC! on cell cycle

Inhibition of HDAC enzymatic activities disrupts HAT/HDAC balance. The result
of inhibiting histone deacetylase enzyme is the accumulation of hyperacetylated histones.
Although histone hyperacetylation is usually linked to transcriptional upregulation, recent
evidences emerged in recent years suggest that this is not always the case. Results that
came from our Western and Real-Time PCR analyses show that HDAC inhibitors induce
the expression of cyclin kinase inhibitors p21 and p57 in HeLa, in time-dependent
manners. Induction of cyclin kinase inhibitors transcript levels results in cell cycle arrest
in G1, which ultimately lead to growth arrest (reviewed in Johnson and Walker, 1999). In

fact, p21 and p57 block cell cycle through two ways. Firstly, by inhibiting the association
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of several cyclin dependent kinases with cyclins such as cdk2/cyclin E and cdk4/cyclin
D. They are required for Rb activation through phosphorylation to release E2F and
transactivate transcription of genes that are required for G1-S progression. Secondly, p21
prevents S phase entry by binding to the proliferating cell nuclear antigen (PCNA) which
inhibits DNA synthesis (reviewed in Johnson and Walker, 1999). Our results are in
agreement with many studies which indicated the upregulation in the cyclin kinase
inhibitors expression in response to HDAC inhibitors in many carcinomas (Glaser ef a/,
2003; Frey et al, 2002 and Takai et al, 2004). Additionally, our results from
synchronization experiments show that p21 responds to HDAC inhibitors as cells enter
G1 and G2 while p57 respond to HDAC inhibitors as cells enter G1, which is consistent
with what is known about the expression of p21 and p57 (reviewed in Morgan, 1997).
Our results indicate that the basal expression levels of p21 and p57 in HeL.a and SiHa
cervical carcinomas is very low, which is consistent with what is known about the basal
expression of these genes in other cancer cell lines such as breast, colon, liver and
epithelial ovarian cancers (Jiang et al, 1997; Liu et al, 2005; Ito et al, 2001; Anttila et al,
1999 respectively). HDAC inhibitors significantly upregulate the expression of p21 and
p57 in cancer cells and this could account for some of the anticancer effects of these
HDAC inhibitors (Gui et al, 2003; Cucciolla et al, 2008 respectively).

Our results also show that HDAC inhibitors induce the expression of Egrl in a
time-dependent manner. It is reported that Egrl is a transactivator of p300 (reviewed in
Adamson and Mustelin, 2005). The levels of Egr1 rapidly increase in response to HDAC
inhibitors as shown by our Western and Real-Time PCR results. They increased in

response to HDAC inhibitors perhaps to induce transcription of p300. In addition, cell
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synchronization results revealed that Egrl levels are induced at G1 and G2. They are
also modified at M phase, which is apparent by the appearance of another band with
slower migration on the SDS-PAGE, possibly due to acetylation. Results also showed no
significant expression of Egrl at M phase. In fact, high levels of p300/CBP acetylate
Egrl and form a complex which downregulates the transcription of both Egrl and
p300/CBP (Yu et al, 2004).

Our results also show that E2F1 levels do not change significantly in response to
HDAC inhibitors. p300 regulates E2F1 protein activity through acetylation (Marzio et al,
2000; Martinez-Balbas et al, 2000). However, the exact mechanisms by which p300
regulate E2F1 transcription at the promoter level are not fully understood yet.
Synchronization results show that E2F1 levels are slightly upregulated (although not
statistically significant) during S-phase, consistent with its role of promoting S-phase
entry. Results also show that E2F1 appears to be modified at M phase, which is apparent
by the appearance of another band with slower migration on the SDS-PAGE, possibly
due to phosphorylation. It has been reported that E2F1 is phosphorylated by Cyclin
A/Cdk2, which inhibits its DNA-binding activity at late G2 just in prior to M entry (Xu et
al, 1994). Phosphorylated and unphosphorylated E2F1 levels decrease as cells progress
from M to G1. Western and Real-Time PCR results show trivial changes in E2F1
expression in response to all three HDAC inhibitors, suggesting that p300 regulates E2F1
transactivation on the promoter possibly through an indirect mechanism or different
mode of regulation. In fact, indications for the indirect role of p300 on E2F1 promoter
come from chromatin immunoprecipitation assay in the p300 bromodomain-deficient cell

line, SiHa. The assay showed that among the four genes under the study, E2F1 had the
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smallest difference in p300 promoter occupancy between HeLa and SiHa. To conclude,
HDAC inhibitors target genes that modulate cell cycle perhaps through different modes

of regulation and they do not always result in gene expression upregulation.

Requirement of the bromodomain by p300-dependent genes

Our work on SiHa cell line which expresses mutant form of p300 which lacks
bromodomain has revealed several indications on some of the roles of bromodomain in
the function of p300. Western blot results in SiHa show that the gene expression of p21
is induced by less fold difference (=2-4 fold) in comparison to (=5-16 fold) in HeLa.
HDAC inhibitors also did not induce p21 expression in SiHa to levels seen in HeLa,
possibly due to p300 bromodomain-deficiency. Evidence for the significance of
bromodomain for transactivation of p21 was illustrated in a study by Ohshima and
colleagues (2001). In their study, a transient reporter assay was performed in which SiHa
cells were transfected with a luciferase reporter construct mediated by the p21 promoter.
The promoter activity was in fact measured in control and in response to cotransfection
with a plasmid encoding a constitutively active form of transforming growth factor f3
(TGF-B) type I receptor, which is a known inducer of p21. The study revealed that TGF-
B failed to activate the promoter p21 in the luciferase construct in SiHa, and upon
reintroduction of p300 wild type, TGF-3 was able to induce the expression of p21 in the
construct in a p300-dependent manner. Thus bromodomain has important roles in the
coactivator function of p300 at the p21 promoter. On the other hand, p57 is

downregulated in SiHa, where as its upregulated in HeLa. This is also possibly due to
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p300 bromodomain-deficiency, which suggests that bromodomain may be important for
p300 coactivation function on p57 promoter.

Our results also show that HDAC inhibitors induce the expression of Egrl in less
fold difference (=1-2 fold) as compared to (~4-8 fold) observed in HeLa. This implies
that p300 might not fully induced the transcription of Egrl in SiHa. It is known that high
levels of both Egrl and p300 would lead to Egrl acetylation by p300 and p300-complex
formation, which functions in a negative loop mechanism to attenuate the expression of
both proteins (Yu et al, 2004). Endogenous levels of p300 protein in SiHa are abundantly
more than 3 fold times as compared to HeLa (Figure 6B). On the other hand, it has been
reported that p300 bromodomain maintains the HAT function, at least on non-
nucleosomal histone protein targets (Manning et al, 2001). Thus, more abundant p300 in
SiHa could rapidly acetylate Egrl and consequently attenuate the expression of Egrl in
negative loop mechanism, and as a result, it is not surprising that Egr1 levels are induced
in a limited manner.

Our findings within the study also show that E2F1 levels in SiHa do not change
significantly in response to HDAC inhibitors. This is in consistence with HeLa, which
further indicate that E2F1 is regulated by p300 in an indirect manner and may not be
dependent on p300 bromodomain for transcription. Given all the observations on the
effects of bromodomain-deficiency on the gene expression of the four genes, it is likely

that bromodomain requirements vary between different p300-regulated genes.
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Roles of bromodomain in p300 recruitment

Bromodomains are found in many HAT proteins such as GCN35, ring3, Br140,
TAF;250, PCAF and p300 (reviewed in Tamkun, 1995). Our results suggest that
bromodomain has roles in the recruitment of p300 to p300-regulated gene promoters. As
shown by chromatin immunoprecipitation results, there is a remarkable decrease in p300
recruitment to p300 regulated promoters in SiHa (Figure 11).

Based on what is currently known in literature, there seem at least three possible
roles of bromodomain in the recruitment of p300 to target promoters. First of all, it is an
acetyl-binding domain, which recognizes acetylated lysine residues on histone proteins
that are associated with gene promoters. Loss of bromodomain, which guides p300,
would result in less recruitment of p300 as it fails to recognize acetyl signals. To rule out
the possibility that there is a defect in global acetylation as well as in the acetylation of
lysines to which bromodomains bind, we assessed the global acetylation levels and found
that it is comparable between the two cell lines as shown by Western blot results. To
further confirm that acetylation occurs at lysine residue to which bromodomains bind we
performed ChIP using antibody that binds to acetylated lysine 9/14 on histone 3 to which
bromodomains specifically bind to. According to a study by Agalioti and colleagues
(2002), bromodomains recognize and bind to acetylated lysine 8 on histone H4 and
acetylated lysine 9 and acetylated lysine 14 on histone H3. Our results indicate that
acetylation of lysine 9 and 14 on histone 3 occur in SiHa in response to HDAC inhibitors
and yet p300 fails to efficiently bind on gene promoters as shown by ChIP results (Figure
11). This indicates that bromodomain may have roles in the recruitment of p300 perhaps

by guiding it to its targets. The second possible role of bromodomain is in p300
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anchoring on chromatin. In a study by Manning and colleagues (2001), p300-chromatin
interaction assay was developed in which the affinities of wild type and bromodomain-
truncated p300 mutant to chromatin were assessed. The main conclusion of the study by
Manning and colleagues (2001) was that deletion of the bromodomain significantly
reduced the ability of p300 to bind on chromatin. Additionally, it was found that isolated
p300 bromodomain can bind to free histones but not to nucleosomal histones (Kraus et al,
1999). Thus, bromodomain is likely required for the binding of p300 to chromatin, more
specifically, to nucleosomal histones where promoters reside. This is in agreement to our
chromatin immunoprecipitation results which indicated that bromodomain-deficient p300
binds at much lower degree as compared to normal p300 to p300-regulated gene
promoters. Thus it is possible that bromodomain may act as an anchoring domain which
tethers p300 to the chromatin template (reviewed in Zeng and Zhou, 2002). The third
possible role of bromodomain in the function of p300 is that it may contribute to full

p300 HAT activity, which will be described in further details.

Significance of bromodomain in p300 HAT function

There is a growing evidence that bromodomain contributes either directly or
indirectly in the histone acetyltransferase or acetyltransferase activity of p300. A number
of studies suggested a contribution of bromodomain to histone acetylation by tethering
transcriptional HATSs to specific sites at the chromatin and stabilizing HAT/chromatin
binding (reviewed in Brownell and Allis, 1996). In a study by Kraus and colleagues
(1999), the transcriptional activities of various segments of p300 were examined in the

context of transcription activation process. The study reveals that bromodomain deletion
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impairs p300’s ability to acetylate nucleosomal histones in native chromatin. These
results suggest that the bromodomain contributes to the ability of HATs to acetylate
nucleosomal histones. Therefore, bromodomain contributes to p300 transcriptional
activity, perhaps in part by supporting p300 HAT activity. Furthermore, the
bromodomain is important for the stable interaction of p300 with chromatin, thus
contributing to its ability to form a template-committed complex with chromatin. Overall,
this could contribute to p300’s ability to associate with chromatin prior to activator-
mediated targeting and to enhance transcription initiation by stable association with the
promoter through multiple rounds of transcription. However the exact mechanism by
which bromodomain contributes to the HAT function of p300 has not been elucidated
yet.

Our results suggest that in the p300 bromodomain-deficient SiHa, the HDAC
inhibitors can still induce transcription of p21 and Egr1 in SiHa, although in much less
fold difference as compared to HelLa. Also, there is a comparable basal level of
acetylated histone 3 between HeLa and SiHa at protein and promoter levels, however it
was observed that there is a high basal level of H3Ac associated with p300-dependent
promoters in SiHa, compared to the almost non-detectable basal acetylation on H3 in
HeLa (Figure 10). A plausible explanation for such observations could be based on
functional redundancies and compensating mechanisms by other histone acetyltransferase
family members (Arany et al, 1995). Numerous studies illustrated that functional
redundancies exist between histone acetyltransferase proteins such as p300, the
functional homologue of p300 CBP, PCAF, GCNS5 and Tip60 which ultimately regulate

the fine-tuned acetylation balance in vivo (Wittschieben et al, 2000; Yamauchi et al,
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2000; Arany et al, 1995). Thus, it is possible that in SiHa, other HATSs could compensate
for the affected recruitment of p300 or to the possible inefficiency of p300 HAT activity
due to bromodomain deficiency. However, the exact molecular details of such
compensatory mechanisms in the context of the regulation of the four genes under this

study are yet to be determined and in need of further experimental evidences.

Short chain fatty acids versus hydroxamate HDACi

Various HDAC inhibitors differ from each other in many aspects. Since every
inhibitor inhibits a limited number of HDACs, the regulatory pathways affected by these
inhibitors can be different (Noh and Lee, 2003). Butyrate, valproic acid and trichostatin A
inhibit HDAC class I and Ila. However, they differ slightly in terms of inhibitory
activities and target specificities (reviewed in Bolden et al, 2006). This is also supported
by our Western and Real-Time PCR results which demonstrate different degrees of
induction or suppression among the three HDAC inhibitors used in this study.
Furthermore, we observed that in HeLa, butyrate and trichostatin A upre gulated the
protein expression of p57, while valproic acid did not have any signiﬁcant effects (Figure
2). This provides an example where closely related HDAC inhibitors can have different
effects on the expression of some genes.

Short chain fatty acid (SCFA) HDAC inhibitors are weaker inhibitors and their
biological effects are detected through their use at a milli-molar scale. In contrast, TSA is
effective at a nano-molar scale and appear to be more specific than SCFA inhibitors,
which appear to have a ubiquitous range of HDAC inhibitory activities. TSA is also a

potent inhibitor, whereas butyrate and valproic acid are weaker and appear to be less
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specific in terms of their substrate binding. In two studies by Guardiola and colleagues
(2002) and Gurvich and colleagues (2004) it was shown that valproic acid and butyrate
do no inhibit HDAC6 and HDAC10 in contrast to TSA. The differences in HDAC
specificities could explain differences in induction or suppressor by the use of these
different inhibitors on the gene expression of the four genes under this study. In fact, in
another study by Siavoshian and colleagues (2000), the effects of butyrate and TSA on
proliferation and differentiation of human intestinal epithelial cells were compared.
Butyrate was found to block cell cycle at the G1 phase whereas TSA blocks cell cycle at
G1 and G2. Also, it was found that after six hour of treatment with either inhibitor,
histone H4 hyperacetylation was observed. However, the hyperacetylation was
maintained even after 24 hours following butyrate treatment, whereas acetylation levels
induced by TSA dropped to basal levels after 24 hours. Thus, it is apparent that various
HDAC inhibitors have distinct roles. This is either possibly due to difference in their
affinities, or perhaps due to differences to accessibilities to their targets because of their
chemical composition. Understanding different effects and specificities of various
HDAC inhibitor compounds is necessary for their potential use as therapeutic agents

against cancer.

Therapeutic significance of HDACIi anticancer activities

Histone deacetylase inhibitors induce apoptosis and differentiation to transformed
cells of a wide range of cell types including cervix, bladder, skin, ovaries, colon, breast
and leukemia, with minimum toxic side effects to normal cells (reviewed in Bolden e? al,

2002; Dokmanovic and Marks, 2005). HDAC inhibitors possess a wide range of
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anticancer activities. They induce cell cycle arrest to cancer cells through induction of
cyclin dependent kinase inhibitors such as p21 and p57. In fact, it is known that the
upregulation of p21 and p57 induces cell cycle arrest at G1/S and prevents progression
and cell division (reviewed in Johnson and Walker, 1999). Thus, HDAC inhibitor-
mediated cell cycle arrest is a crucial mechanism by which these compounds target tumor
cells.

HDAC inhibitors inhibit histone deacetylases and disrupt the HAT/HDAC
balance. They also augment the HAT activity of p300, which is a tumor suppressor
protein (Arany et al, 1995). p300 suppresses the growth of several carcinoma cell lines
including pancreatic, breast and colon (Gayther et al, 2000). On the other hand it also
controls the activity of the apoptotic regulator and tumor suppressor p53 (reviewed in
Grossman, 2001). It also regulates the activity of other tumor suppressors such as breast
and ovarian cancer-specific tumor suppressor BRCA-1, and inhibits signalling pathways
that induce cancer such as Wnt signalling pathway. Thus, an additional mechanism by
which HDAC inhibitors target cancer cells is mediated through p300, which possesses a
range of anticancer activities.

HDAC inhibitors initiate apoptosis to many cancer cells through direct and
indirect mechanisms. HDAC inhibitors modulate the activity of the proapoptotic factor
p53 indirectly by enhancing its activity by acetylation. HDAC inhibitors initiate apoptosis
through direct mechanisms too. Previous results from our laboratory demonstrated that
butyrate and valproic acid induce apoptosis through activation of caspase-dependent
pathway by inducing the caspase-8 and -9 transcript levels (Chen, Ghazawi and Bakkar,

2006). HDAC inhibitors have many more anticancer activities by inducing extrinsic
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death-receptor pathway, intrinsic mitochondrial death pathway, regulate reactive oxygen
species activity and affect the activity of diverse kinase-mediated signal transduction
pathways (reviewed in Bolden et al, 2002). Therefore, understanding the exact molecular
mechanisms by which different HDAC inhibitors exert their effects in the context of

anticancer activities is crucial to design effective therapeutics against many cancers.

Roles of HDAC:i in p300-mediated cell cycle regulation

HDAC inhibitors induce histone hyperacetylation not only in cancer but in normal
cells too (Zhao et al, 2005). This further confirms that histone acetylation and changes in
chromatin structure are not the only mechanism by which HDAC inhibitors regulate gene
expression. One plausible hypothesis for a possible mechanism by which HDAC
inhibitors lead to the transactivation of several genes is that they may allow HAT proteins
such as p300 to increase their association with promoters. However, as shown by our
chromatin immunoprecipitation results, there were no significant changes in the
recruitment profile of p300 in response to HDAC inhibitors. This was also illustrated in a
recent study by Balakrishnan and Milavetz (2008), in which the p300 recruitment profile
on SV40 in control and in response to treatment with butyrate and trichostatin A were
assessed. No changes on p300 association on SV40 minichromosomes were observed
after the treatments. In fact this was also illustrated in another study by Gui and
colleagues (2004). In agreement with our results, chromatin immunoprecipitation assays
by Gui and colleagues revealed that the histone deacetylase inhibitor suberoylanilide
hydroxamic acid (SAHA) does not cause any significant differences in the recruitment

profile of p300 to p21 promoter. However, it was also shown that SAHA causes
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dissociation of HDACT1 protein from p21 control after 3 hours of treatment. In another
study by Kobayashi and colleagues (2004), it was shown that the transcription factors
ZBP-89 and Sp1 are recruited to p21 promoter following butyrate treatment. In another
study by Xiao and colleagues (2000) it was shown that p300 is indispensable to p21
promoter activation in response to TSA treatment. Collectively, p300 may act as a
coactivator at some promoters whenever repressor complexes such as HDACs are
dissociated by various cellular signals or mechanisms or through exogenous HDAC
inhibitors. This allows promoter kinetics to change in favor of p300 coactivator function
in terms of acetylating transcription factors or as an anchoring protein which acts as an
adaptor for the transcriptional pre-initiation complex. Moreover, it is currently known
that HDAC inhibitors activate p300 by modulating the acetylation status of p300 itself
(Stiehl et al, 2007). Inhibiting the activity of several HDACs allows an efficient p300
autoacetylation, which augments the p300 HAT activity significantly (Stiehl et al, 2007;
Bouras et al, 2005; Simone et al, 2004; Mayo et al, 2003; Thompson et al, 2004).

In summary, HDAC inhibitors may cooperate with p300 in regulating the cell
cycle by a) stimulating p300 HAT activity, through inhibition of HDAC counterpart
b) affecting the promoter kinetics of several p300 regulated genes, as in dissociating
HDACs from repressor complexes in favor of the coactivator function of p300 and c)
regulating the activity of non-histone proteins such as transcription factors that are also

involved in p300-mediated cell cycle regulation.
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Conclusions

In this study we examined the effects of HDAC inhibitors on the expression of
several p300-dependent genes which have several roles in cell cycle, in an attempt to
understand some of their anticancer effects and understand several aspects of the p300-
dependent gene regulation. We found that HDAC inhibitors do not affect the expression
of all p300-dependent genes. Our data on p300-dependent expression in a cell line which
expresses bromodomain-deficient p300 suggest that in contrast to what we and others
observed in cell lines which express wild type p300, the recruitment of bromodomain-
deficient p300 to target promoters was reduced. Thus, we conclude that p300
bromodomain may have a role in the recruitment of the coactivator to target genes. More
research is necessary to characterize precise roles of HDAC inhibitors and bromodomain
in modulating global gene expression to fully understand the molecular pathways by
which these inhibitors selectively induce cell cycle arrest to cancer cells, and by which

bromodomain precisely contributes to the function of p300.
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Supplementary Table 1. Reagent details.

Reagent Source Catalog Number
Dulbecco’s Modified Eagle Medium GIBCO-Invitrogen 12800-017
Pencillin/Streptomycin GIBCO - Invitrogen | 15140
MEM Non-Essential amino acids GIBCO — Invitrogen | 11140

Fetal Bovine Serum Hyclone SH30396.03
Fetal Bovine Serum WISENT 080450
Sodium butyrate Sigma-Aldrich B5887
Valproic acid Sigma-Aldrich P4543
Trichostatin A Sigma-Aldrich T8552
Thymidine Sigma-Aldrich T9250
Nocodazole Sigma-Aldrich M1404
Bradford reagent Bio-Rad 500-0006
PVDF membrane Bio-Rad 162-0177
Western Lightning Chemiluminescence | Perkin Elmer NEL105
RNeasy Mini kit Qiagen 74104

High Capacity cDNA Archive Kit Applied Biosystems | 4322171
Formaldehyde BDH BDH0500
Protease inhibitor cocktail Calbiochem 539134
Salmon Sperm DNA/ Protein A agarose | Upstate-Milipore 16-157
Proteinase K Rouche 03115879001
QIAquick PCR Purification Kit QIAGEN 28106
GoTaq"” flexi DNA polymerase PCR Kit | Promega PRM8295
Agarose Rouche 1685 678




Supplementary Table 2. Antibodies details.

Antibody Source Catalog Number
Anti-mouse IgG horseradish GE Healthcare NA931
peroxidase conjugate 2" Ab

Anti-rabbit IgG horseradish GE Healthcare NA9340
peroxidase conjugate 2 Ab

Anti-p300 (N-15) Santa cruz sc-584
Anti-p21(F-2) Santa cruz sc-6246
Anti-p57(C-20) Santa cruz sc-1040
Anti-Egrl (C-19) Santa cruz sc-189
Anti-E2f1(KH95) Santa cruz sc-251
Anti-Ac-Histone H3 (Lys 9/14) [ Santa cruz sc-8655
Anti-B-Actin Sigma-Aldrich A5441

Supplementary Table 3. Oligonucleotide sequences (from 5’ to 3”) of the primers used

for PCR analysis in ChIP assays

Gene Forward Primer

Reverse Primer

P21 | AAA AAGCC

AGTGCCAACTCATTCTCCAAGTAA

TCCCTCCTCCCCCAGTCCCTC

Egrl GGAACCA GGGAGGAGGGAGGGAG

GCCGGGCCATATCGGGCCAC

p57 GGACGAGACAGGCGAACCCGAC

GAGAAGAAGGGGAAAGGAGAGG
AGGAGAG

E2F1 CCCCTCGCCATTT CCAGGCAC

CACAGCCCAGCCATCAGCCAC

II




