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The eukaryotic genome is a highly compact and dynamic nucleoprotein
complex comprising of DNA, histones, several nonhistone proteins and RNAs.
This compact and folded organization is a deterrent to the essential cellular
processes like transcription, replication and repair. Hence there are machineries
such as ATP-dependent remodeling complexes, nonhistone chromatin associated
proteins and most importantly chromatin modifying enzymes, which regulate the
dynamic folding and unfolding of the chromatinised genome. These enzymes bring
about modification of histone tails as well as other chromatin components like non
histone chromatin associated proteins and DNA, thereby fine tune the process of
gene expression intricately. Of these chromatin modifications known, the best
studied include reversible Lysine acetylation, Lysine/ Arginine methylation and
Serine/ Threonine phosphorylation. All these modifications together set up a
complex network referred to as ‘Epigenetic landscape’, which helps in establishing
the transcriptionally competent state of chromatin. Modifications, like these,
especially acetylation is considered to be the ultimate switches for regulation of
gene expression. Acetylation of histone tail generally results in a permissive

environment for chromatin templated phenomena like transcription and thus is a



mark of active transcription. The reversible acetylation and deacetylation of

chromatin in a cellular context is a highly regulated phenomena.

p300/ CBP is an important class of histone acetyltransferases (HATS), often
referred to as a ‘master regulator’ of acetylation dependent transcription. Besides
transcriptional coactivation property p300 possesses different intrinsic enzymatic
activities of which acetyltransferase activity is the most important. p300/CBP
mediated acetylation homeostasis is vital for neuronal gene expression, with
significant outcome in terms of neuron survival and physiology. Small molecule
modulators of chromatin modifying enzymes are efficient tools for understanding
the complex functional network. Small molecules help in delineating the role of
enzymatic activity versus coactivation property in various physiological outcomes.
This research work was initiated towards understanding the cellular physiology of
histone lysine acetylation and associated epigenetic marks in neurons using small

molecule modulators.

RTK1, also known as Plumbagin , is a well known natural compound, with
anti-proliferative activity. It is known for its ability to generate Reactive oxidative
Species and inhibit microtubule network. Recently, our laboratory has found that it
Is a potent inhibitor of p300 HAT activity. In the present research project RTK1
has been used to elucidate the epigenetic state of histone modifications in neural
cells i.e., SH-SY5Y, a neuroblastoma cell line. SH-SY5Y cells are known to be
dopamine beta-hydroxylase active, acetylcholinergic, glutamatergic and
adenosinergic, which are characteristics of neurons. SH-SY5Y cell line is an
established culture model for neurons and hence has been used in our experiments.
SY-SY5Y cells were treated with RTK1 to investigate the epigenetic landscape
and its consequences in altering gene expression, cell survival and apoptosis in

neural cells. Histones were isolated from RTK1 treated SH-SY5Y cells and



acetylation levels on a global scale was analysed by western blotting. We
observed that histone acetylation decreased drastically on histone H3K9, 14;
histone H2AKS5 and histone H4KS5, 8 residues. These are also sites for p300 and
PCAF mediated acetylation. Since these modifications are marks of transcriptional
activation we also analysed epigenetic marks, other than acetylation. Interestingly,
we found that Histone H3S10 phosphorylation and H3K4trimethylation
significantly decreased post treatment of RTK1. However, transcription
repressive marks like Histone H3K9 di/ tri-methylation did not alter. Collectively,
these data suggested that RTK1 could inhibit epigenetic marks specific for
transcriptional activation in the cellular context. Analysis also revealed that such
drastic alteration of Epigenetic mark preceded neural cell death. RTK1 treatment
up regulated pro- apoptotic genes belonging to the p53 pathway. Contrary to what
was expected, RTK1 mediated decrease in histone acetylation also activated some
neuroprotective genes that are p300 coactivation dependent. Recent reports
describe neuroprotective roles for RTK1. This contradictory finding matches with
such studies. Presently, we are analyzing the effects of RTK1 treatment on normal

neurons using primary cultures.

Histone acetylation being vital for neuronal gene expression, its decrease is
reported in various neurodegenerative states. Incidentally, broad spectrum Histone
deacetylase inhibitors (HDACI) have been proven to have protective effect in
neurodegenerative disorders . Presumably, neuroprotection was achieved mainly
due to induction of histone hyperacetylation. However, HDAC inhibitors are
generally non specific or possess broad spectrum activity. Considering that these
degenerative pathologies are associated with reduced p300/CBP mediated histone
acetylation, an alternative way of reversing the same would be to activate p300

ezymatic activity. We had already established CTPB as a small molecule activator



p300.To generate more efficient molecules we further derivatised CTPB to various
analogues and screened them for their p300 activation potential. Through this
screening we could achieve a potent molecule, TTK21. TTK21, in a dose
dependent manner activated both p300 and CBP similar to its parent molecules
CTPB and CTB. However, TTK21, like CTPB, was impermeable to cells.
Previously, we had employed self-fluorous, cell permeable carbon nanospheres
which also entered cell nucleus, to improve permeability of CTPB and thus
observed histone hyperacetylation in cells as well as mice brain. TTK21 will be
conjugated to these carbon nanospheres in an effort to improve its permeability
and thus, ability of TTK21 to induce acetylation of histones in cell culture system

and in animal models will be studied.

In conclusion, this research work has led to the elucidation of histone
acetylation associated epigenetic network with the help of a HAT inhibitor,
RTKZI. It has also led to identification of TTK21 as a novel HAT activator. These
small molecules have been used as probes to understand cellular physiology
effected by histone acetylation and associated epigenetic marks. This work
highlights the importance of HAT mediated histone acetylation in neural gene
expression and neuron cell survival. This research has also elucidated the role for
novel activators of HAT and novel delivery agents that could be used to activate

HAT in vivo. This is a novel approach for therapeutics as well.
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“ Chapter 1

INTRODUCTION TO NEURONAL EPIGENETICS

This chapter describes the significance of the different chromatin modifications with special
emphasis on histone acetylation, in the regulation of neuronal gene expression, neuronal
physiology and neurodegeneration. It also debates in favor of an inhibitor based approach to
understand the roles of the enzymes involved in these modifications especially p300/CBP

histone acetyltransferase in the context of neurons.

Chapter outline:

1.1. Chromatin modifications

1.2. Cross talk of chromatin modifications, the epigenetic language

1.3. HAT Enzymes as transcriptional co-activators

1.4. Signaling to the neuronal chromatin

1.5. Towards Epigenetic therapy for Neurodegenerative diseases

1.6. Chromatin acetylation, HAT/ HDAC balance in neurons

1.7. Small Molecule Modulators of Histone Acetyltransferases

1.8. Understanding the enzymatic role of transcriptional co activators in neurons

1.9. Research Focus

1.1. CHROMATIN MODIFICATIONS:

1.1.1. Chromatin

DNA, which is the blueprint of life, is condensed into chromatin and chromosome structures in
order to incorporate the long 2m strand into the small confines volume of the nucleus of the

eukaryotic cell. The process, involving packaging of DNA, into a discrete cellular organelle, the
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Nucleus, is a general phenomenon across eukaryotes. DNA is packaged as a nucleoprotein
complex called ‘Chromatin’. Chromatin is also the physiological template for all nuclear
processes involving genomic DNA, including transcription by RNA polymerase Il (Pol II). The
structural unit of chromatin, the nucleosome, comprises 147 bp of DNA wrapped around an
octamer of core histone proteins (two copies each of H2A, H2B, H3, and H4) in ~1.7 turns
(Figure 1.1) (Richmond and Davey, 2003). However the wrapping of DNA into chromatin also
limits the accessibility of the DNA to factors involved in these processes, thus implicating
regulation at a higher scale, making it more accessible in a spatio-temporal manner, to
overcome the hindrances to physiological processes that are DNA templated. It is immediately
observed that chromatin exists in multiple, functionally distinct structural states, that are defined
by their protein composition and level of compaction that directly influences one pivotal process,
Transcription (e.g., transcriptionally active euchromatin and transcriptionally repressed
heterochromatin (Horn and Peterson, 2002; Woodcock and Dimitrov, 2001). The dynamic
interconversion between these different chromatin states can play an important role in
transcriptional regulation (Horn and Peterson, 2002; Woodcock and Dimitrov, 2001).
The establishment of distinct chromatin domains can be achieved through (1) ATP dependent
chromatin remodeling factors (2) specific covalent modification of histones (e.g., acetylation,
methylation), (3) nucleosome assembly with histone variants (e.g., H2A.Z, CENP-A), (4)
Involvement of RNAs in gene silencing and heterochromatinization or (5) incorporation of
nucleosome binding non-core histone proteins, such as the linker histone H1, the
heterochromatin-associated protein HP1, poly(ADP-ribose) polymerase-1 (PARP-1) and PC4
(Brown, 2003; Horn and Peterson, 2002; Kellum, 2003; Kim et al. 2004; Das et al. 2006)
(Figure 1). The formation and disruption of higher-order chromatin structures is regulated by the
histone-modifying enzymes (e.g., acetyltransferases, deacetylases) and also by chromatin
remodeling complexes (e.g., SWI/SNF family). These factors act locally to modify individual
nucleosomes at specific gene promoters (Horn and Peterson, 2002). Thus, chromatin structure
and chromatin templated activity is modulated by its constituent proteins and a diverse group of

regulatory enzymes.
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Figure 1.1: Epigenetic players in regulating gene expression (Adapted from Dulac C., 2010)

A. ATP dependent remodeling factors:

The ATP dependent remodeling facilitates either the condensation or de-condensation of
chromatin. The remodelers utilize energy in the form of ATP hydrolysis for the remodeling
activity and hence the name. Broadly, there are three different groups of ATP-dependent
chromatin-remodeling complexes. All these complexes are characterized by an ATPase subunit
that belongs to the SNF2 super family of proteins. Such proteins are further classified into (1)
SWI2/SNF2 group (2) Imitation SWI (ISWI) group (3) Mi-2 group of complexes (Eisen et al.,
1995). The Swi/Snf families of proteins are well conserved across species and have a
bromodomain apart from the conserved ATPase subunit. The ISWI family consists of fewer
subunits compared to the SWI/SNF family. The most well characterized members of this family
are from drosophila, namely ACF (ATP-utilizing chromatin assembly and remodeling factor),
NURF (nucleosome-remodeling factor), and CHRAC (chromatin accessibility complex). (Ito et
al., 1997, Tsukiyama and Wu, 1995, Varga-Weisz, 1997). The third group of remodeling
complex coupled to which is the deacetylase activity, are the Mi-2 group of complexes (Wade et
al., 1998). The representative member of this group is the NURD complex. The different
components of the complex include the histone deacetylases, HDACL1 and -2, the retinoblastoma
protein (Rb)-associated proteins RbAp46 and -48, and the Swi2/Snf2 ATPase homologue CHD4,
also known as Mi-2B. Thus, the presence of deacetylase activity along with this complex
implicates the cross talk that exists between the chromatin modifications and the remodeling

machineries. This is further strengthened by the presence of bromodomains that recognize
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acetylated lysines within proteins, in the remodeling complexes. The exact consequence of
remodeling is likely to be dependent on the exact context of nucleosomes at a given promoter
and can lead to either (i) activation of transcription or (ii) repression (Vignali et al., 2000). The
SNF2 and ISWI remodeling machinery exhibit common activities such as repositioning of
nucleosomes in cis, generation of superhelical torsion, and DNA translocase activity (Havas et
al., 2000; Lia et al., 2006, Zhang et al., 2006). Subsequently, there is an activation of ATPase
activity. The presently accepted model of remodeling suggests a DNA loop formation on the
nucleosome surface that further allows the sliding of the histone octamer (Zofall et al., 2006;

Langst and Becker, 2001) and facilitates the nucleosome sliding ( Zhang et al., 2006).

B. Nonhistone and chromatin associated proteins:

Apart from histones, there are several other nonhistone chromatin associated proteins
which also modulate the chromatin dynamicity and thereby the chromatin functions. One of the
major components of this nonhistone protein group are the chromatin modifying enzymes. Apart
from these there are the chromatin associated proteins like high mobility group proteins (HMG),
heterochromatin proteins (HPa, B, v), H1, PC4. They are called chromatin associated proteins as
they are bound to the chromatin (individually to DNA/ histones or to the nucleosome) and they
are always isolated upon chromatin fractionation. The transcription factors are other important
group of proteins that mediate the structural organization of chromatin (McBryant et al., 2006).
There are also other chromatin-associated proteins like the scaffold proteins which comprise of
the insulators and the domain boundary elements.

C. Histone chaperones: Histone chaperones are important escort proteins of histones during
transcription, replication and DNA repair (reviewed in De Koning et al., 2007). The main role of
histone chaperones is to act as a sink and source of histones in various aspects of histone
metabolism. They also avoid aggregation of histones during storage. Thus histone chaperones are
defined mainly as factors that associate with histones and stimulate a reaction involving histone
transfer without being part of the final product. Histone chaperones play important role in
histone deposition and eviction (reviewed in Park and Luger, 2008), thus indicating an important
role alongside ATP dependent remodeling complexes for remodeling processes and influencing

transcriptional outcomes. HIRA and CAF-1 are histone chaperones that play a significant role in
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histone H3 and H4 deposition. There are other chaperones like Asf-1 that do not have the
property of histone deposition. Rather, they store histones that are used by HIRA and CAF-1 for
histone deposition. Considering the different roles played by chaperones in histone metabolism
they can broadly be classified into three groups. (A) Chaperones that can bind and transport or
transfer histones without necessarily involving additional partners—for example, Asfl; (B)
multichaperone complexes that combine several histone chaperone subunits—for example, the
CAF-1 complex; and (C) chaperones that provide histone-binding capacity within large
enzymatic complexes—for example, actin-related protein-4 (Arp4) in the INO80 chromatin-
remodeling complex. Human histone chaperone Nucleophosmin 1 (NPM1) belongs to the first
category of histone chaperones. NPM1 interacts with core histones H3, H2B and H4. But this
interaction is neither enough for its chaperone activity nor does this interaction facilitate
transcriptional activation. However, NPM1 enhances the acetylation-dependent chromatin
transcription (Swaminathan et al., 2005). NMPL1 is exclusively acetylated by p300 and this
acetylated form of NPM1 not only shows an increased affinity toward acetylated histones but
also shows enhanced histone transfer ability. NPM1 disrupts the nucleosomal structure in an
acetylation-dependent manner, resulting in transcriptional activation. In our laboratory we could
elucidate a very interesting link between NPM1, and its role in oral cancer manifestation
(Shandilya et al., 2009). It was also observed from our laboratory that the acetylation status of
histones in oral cancer is high. A combination of hyper acetylated histone and hyper acetylated
NPM1 resulted in activation of many pro-inflammatory genes like TNF-o, presumably due to
increased histone eviction at the promoters, as a result of increased chaperone function of
NPMI1. Targetting this hyperacetylation through a novel small molecule inhibitor of p300 proved
to be effective against oral cancer mice model (Arif et al., 2010). Thus these proteins are more
than mere histone escorts and are key players in various chromatin functions in health and

disease along with other epigenetic players.

D. RNA: The observation that the heterochromatin associated HP1 foci were sensitive to
RNase treatment which could be subsequently recovered by addition of RNA (Maison et al.,
2002) led to the speculation that this nucleic acid might also have a role in chromatin function.
The most direct evidence was provided when the chromatin fractions were analyzed

systematically to identify a 2-5% RNA component. It was also shown that this RNA belonged to
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the noncoding class of RNA molecule (Camos and Azorin, 2007). Also presence of several non
coding RNAs, mainly small non coding RNAs and long non coding RNAs adds to the repertoire
of factors that regulate gene expression. The best known are the small non coding RNA like the
SiIRNA, miRNA and piRNA which have vital contributions in epigenetic regulation of gene

expression.

1.1.2. Different chromatin modifications:

Among the modifications (Figure 1.2), the best studied is the acetylation and deacetylation of
histones and nonhistone proteins (Li et al., 2007). This is brought about by a class of enzymes
called ‘ Histone acetyltransferases’ (HATs), which however of late have been called as ‘Lysine
acetyltransferases’ (KATSs), as they are not restricted to histones alone, rather have a wide array
of substrates from transcription factors to enzymes regulating metabolism. In addition to
acetylation, chromatin also gets methylated and phosphorylated by ‘Histone methyltransferases’
and various ‘kinases’ respectively. Reversal of such modifications is inevitable for cellular
functions and is brought about by ‘Histone deacetylases’(HDACs), ‘Histone demethylases’, and
‘phosphatases’ for removal of acetyl-, methyl- , and phosphoryl- groups respectively. Based on
the residue that gets modified, the histone methyltransferases (HMTs) are classified into lysine-
and arginine- methyltransferases. Distinct residues on histone tails and nonhistone proteins
undergo either serine, threonine or in a few cases tyrosine phosphorylation. The acetylation,
methylation and phosphorylation modifications, very intricately regulate chromatin dynamics
and gene expression. Other cellular events like signal transduction and cell cycle are also
regulated by these modifications. All the above mentioned modifications and others (Figure
1.2), together, help in the establishment of the transcriptionally competent state of the chromatin.
With respect to regulation of gene expression, one of the most important modification is
acetylation. However, other modifications like Ubiquitination, SUMOylation, Citrullination,
Biotinylation, ADP-Ribosylation etc do play important roles in regulation of transcription and

thereby in, gene expression.

1.1.3. Chromatin acetylation:
Histone acetyltransferases (HATs) and histone deacetylases (HDACS) represent two enzyme

classes that, respectively, catalyze forward and backward reaction kinetics of lysine residue



Chapter 1

acetylation in specific protein substrates. These substrates most importantly include nucleosomal
histones and various transcription factors (TFs), which form part of the transcription initiation
complex. Accordingly, HATs and HDACs are found embedded in large multiprotein complexes
near euchromatic regions of the chromatin. HATs modify core histone tails by post-translational
acetylation of specific lysine residues, thereby creating appropriate ‘histone code’ for chromatin

modification and enhanced DNA accessibility of TFs
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Figure 1.2: Post-translational modifications of human nucleosomal histones. The modifications include
acetylation, methylation, phosphorylation and ubiquitination. Most of the known histone modifications occur on the
N-terminal tails of histones, with some exceptions including ubiquitination of the C-terminal tails of H2A and H2B

and acetylation and methylation of H3 within the globular domain.

Acetylation is a well-characterized modification with vital implications on dynamicity of
chromatin and transcription. There are many ways acetylation could alter the pre-existing state of
chromatin in terms of transcription. Acetylation of histones results in deposition of a negative
charge on the lysine residue which acts as a neutralizer of the strong positive charge of lysine to
which DNA (with a negatively charged phosphate back bone) is electrostatically bound and thus
loosens the histone - DNA contacts. Acetylation of histones also leads to the recruitment of
bromodomain containing ATP dependent chromatin remodeling complexes that read acetylation

7
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mark and act as effectors by loosening the compaction (Li et al., 2007). In fact, acetyltransferases
and deacetylases exist usually in a complex consisting of remodeling factors. The yeast SAGA
complex consisting, Gen5 acetyltransferase human STAGA complex containing GCN5 are
activator complexes while, drosophila sin3 complex containing rpd3 deacetylase are repressor
complexes. Moreover, TFs like RelA, E2F, p53 and GATAL are also acetylated by HATSs
(reviewed in Batta et al., 2007). In addition to enhancing protein stability, such acetylation, in
most cases, enhance their transactivation potential by facilitating their interactions with DNA
and other proteins of the transcription apparatus. Contrarily, HDACs attenuate transcription
process at a particular site by deacetylating these targets. Taken together, the HAT-HDAC
system, owing to their involvement in turnover of histone and transcription machinery
regulation, is one of the ultimate regulatory switches of gene expression. In addition to
transcriptional regulation, HAT-HDAC system is also postulated to modulate other chromatin-
associated processes like replication, site-specific recombination and DNA repair, thereby

playing a major role in modulating overall cellular fate.

1.1.3.1. Histone acetylation:

Histone acetylation and its association with transcriptional activity was first identified by
Vincent Allfrey in 1964 (Allfrey et al., 1964). However, recognition of the phenomena and the
realization of its importance dawned much later, with the discovery of a tetrahymena HAT
through an ingenious ‘in-gel assay’ by David Allis’s group in mid 1990s (Brownell et al., 1995).
Following this, there has been a spurt of research in this field, which has led to the identification
of acetylated nucleosomes as indispensable components of transcriptionally active chromatin.
This observation was further validated by other experimental evidences linking the possible
conformational changes in the nucleosome (Bode et al., 1980; Bertrand et al., 1984) and
enhanced accessibility to cellular machineries (Lee et al., 1993), subsequent to acetylation. Thus,
histone acetylation is now considered as a major determinant of the transcriptional competence
of chromatin. Several of the acetyltransferases exist in complexes with remodeling factors thus
providing the explanation for the conformational changes associated with acetylation
(Marmorstein and Roth, 2001, Lee and Workman, 2007). Many HATS also have transcriptional
co-activation property and interact with other transcription factors and hence facilitate efficient

transcription. Histone acetylation is catalyzed by the histone acetyltransferases, (HATS), recently
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referred to as lysine acetyltransferases (KATS) due to the increased evidences of nonhistone
protein acetylation. The HATs/KATSs are divided into two classes on the basis of their cellular
localization and are numbered from KAT1 to KAT13D (reviewed in Allis et al., 2007). The most
abundantly present class is the Type A HAT/KAT, which are nuclear and hence act on histones
and nonhistone chromatin proteins. The cytoplasmic variant is called as type B HATs. The
function of type B HATSs is restricted to the modification of newly synthesized histones as well
as other cytosolic proteins (Qin and Parthun, 2002). The cytosolic HATs, HAT1 and 2 were first
identified in Saccharomyces cerevisiae (reviewed in Parthun, 2007), subsequently homologs in
other species were also identified. Nuclear HATs are many in number, with further subdivision
into five main classes based on their functional characteristics (Table 1). Based on homology
even cytoplasmic HATSs like Hatl are related to Gen5 superfamily and hence classified together.
HATSs are also known to be components of multiprotein complexes. The presence of HAT
enzymes in complexes allows for the histone acetyltransferase activity to be targeted to
promoters of active genes or to be directed for some other purpose. For example, both the Esal-
containing NuA4 and the Gcen5-containing SAGA HAT complexes bind directly to
transcriptional activators and the combination of this activator binding with HAT activity
activates transcription from a chromatin template. It is essentially to confer specifity, facilitate
recognition and other subsequent activities. HAT catalytic subunits could be essential to direct
acetyltransferase activity towards different substrates in a substrate specific manner compared to
the HAT enzymes alone. For example, recombinant Esal acetylates histone H4 tails
preferentially in free histones, but fails to acetylate H4 tails in a nucleosomal substrate. In
contrast, the NuA4 complex acetylates H4 tails both in free histones and in nucleosomes.
Similarly, recombinant Gcn5 generally acetylates H3 tails in free histones but not in
nucleosomes whereas the Gcn5-containing SAGA complex acetylates H3 tails in both free
histones and in nucleosomes. This suggests that accessory proteins in NuA4 and SAGA enable
Esal and Gcnb, respectively, to acetylate nucleosomal substrates (Tan, 2001). However, unless
the structures and substrates of all the HATs are known it would be impossible to conclusively
prove the case. Nevertheless, it is certain that the presence of other factors along with the HATs
themselves have a vital role in targeting HAT activity to a specific promoter or a specific
substrate. It could also be possible that the accessory factors relay upstream signals to the

acetyltransferases and thus influence their activities.
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GNAT (Gcnb) family members were the first to be identified, the founding
member being Gen5. This enzyme mostly acetylates histones with differential activities on the

free form of histones against the nucleosomal form. Later on PCAF (p300/CBP associated

GNAT yeast GCN5 Transcriptional co- SAGA, ADA ATAC
activator
human GCN5 Transcriptional co- STAGA, TFTC
activator
PCAF Transcriptional co- PCAF complex
activator
Hatl Acetylation of non- HAT-B
nucleosomal histones
Elp3 Transcriptional Elongator for RNA
elongation Pol Il
MYST Esal Cell cycle progression | NuA4
Sas2, Sas3 Transcriptional Sas2-unknown; Sas3-
Silencing NuA3
Tip60 Tat interaction, DNA | TIP60 complex
damage response
MOF Dosage compensation | MSL complex
MOZ Leukemogenesis Unknown
HBO1 ORC replication HBO1 complex
complex interaction
CBP/ p300 CBP/ p300 Transcriptional Co- Unknown
activator
TAFI11250 human TAFI11250 and | Transcriptional co- TFIID
homologs activator
Nuclear SRC1 Steroid Receptor Co- | Unknown
activator
Receptor Co- ACTR Steroid Receptor Co-
activtors activator
TIF2 Nuclear Receptor Co-
activator,
Leukemogenesis

Table 1: Lysine acetyltransferase (KAT) families, their function and their complexes
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factor) was also identified which has a similar active site structure as the above member. It has
several non-histone substrates apart from acetylating the histone tails. The second family is the
p300/CREB-binding protein (p300/CBP) family. These proteins, arguably, are the most studied
amongst HATs. With well documented and diverse effects in various cellular processes such as
transcription, replication, repair, differentiation, disease, apoptosis, cell survival and cell death,
they are aptly referred to as the ‘master regulators of gene expression’. The third important class
of HATSs is the MYST family. The founding members of the MYST family are MOZ, Ypd3,
Sas2 and TIP60. While having a preference for H4 acetylation (H4Lys16) in vivo these have
been implicated in DNA damage repair and telomere silencing. H4 acetylation dramatically
influences nucleosomal structure, results in an open conformation that is essential for active
transcription, repair and even apoptosis where an open form of chromatin is essential for DNA
cleavage. These enzymes can form fusion proteins resulting in cancers. General Transcription

Factors have been

HATs Histone substrate specificity

GNAT family

GCN5 H2B; H3-K9, -K14, -K18, -K23, -K27,
H4-K8, -K16

PCAF H3-K14; H4-K8

MYST family

TIPGO H2A-K5; H3-K14; H4-K5, -K8, -K12

MOZ H3, H4

p300/CBP family

p300 H2A-K5; H2B-K12, -K15, -K20; H3-K14,
-K18, -K23; H4-K5, -K8, -K12
CBP H2A-K5; H2B-K12, -K15, -K20; H3-K14,

-K18, -K23; H4-K5, -K8

Nuclear receptor coactivators
AIB1 H3; H4

General transcription factors
TAF,250 H3; H4

Table 2: Classes of HATs/ KATSs responsible for histone acetylation
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shown to possess acetyltransferase activity, thereby regulating transcription directly, thus
bringing them into a separate class of acetyltransferases. ATF2, TAF1, TAFII250, TFIIIC90 are
all GTFs with intrinsic HAT activity. The growth receptors and the hormone receptors are one of
the main areas of active transcription based on extracellular signals. For a longtime, these were
considered to be activated by the co-activators like p300 and PCAF. However, few nuclear
hormone associated activators like ACTR, SRC2 have been shown to have acetyltransferase
activity, thus in combination with the other HATS, these facilitate better signal integration and
downstream target activation. Yet another unclassified group of acetyltransferases like CIITA,
CDYL also exist (reviewed in Selvi and Kundu, 2009). Histone H3 and H4 lysines are the most
acetylated by p300/CBP, PCAF and GCNS5 at specific residues as depicted in Table 2 and such
acetylation mostly results in transcriptional activation. However as mentioned before ,H4
acetylation of LYS16 by TIP60 is a mark associated with DNA repair while p300 mediated
H3K56 acetylation is a mark involved in DNA damage, histone deposition and chaperone
function. Few residues of histone H2A and H2B also get acetylated, majorly by p300 e.g.,
H2BK15 acetylation, which is a mark of non apoptotic cells and is decreased in apoptosis (Ajiro
et al., 2010). The specific epigenetic language of each of these modifications in conjunction with
methylation and phosphorylation will be discussed in the section on the cross talk established by
these modifications. It is important to note that all these modifications are reversible. The reverse
reaction is carried out by a group of enzymes called histone deacetylases (HDACs). There are
four classes of HDACs; Class | (HDAC1, 2, 3, 8), Il (HDACA4, 5, 6, 7, 9, 10) and IV (HDAC 11),
which possess an active-site, metal dependent catalytic mechanism (Gregoretti et al., 2004).
Class Il HDACs (or sirtuins) utilize a distinct nicotinamide adenine dinucleotide (NAD+)
dependent catalytic mechanism and are conserved from bacteria to humans with seven human
homologs (Sirt1-7) (Frye, 2000).

1.1.3.2. Mechanism of histone acetylation:

The histone acetylation reaction is a bi-susbtrate reaction involving the transfer of the acetyl
group from the pseudo substrate, acetyl-coenzyme A onto the g-amino group of the lysine
residue on protein substrates. GNAT family follows ordered sequential bi-bi kinetic mechanism
(Tanner et al., 2000). A glutamate residue present in the active site has been shown to act as a

general base, activating the e&- amino group of lysine for a nucleophilic attack forming a
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tetrahedral intermediate, which finally results in the formation of the acetylated lysine residue
and Coenzyme A (Tanner et al., 1999). For the MYST family two mechanisms have been
proposed. The first implicates a cysteine residue, which functions as an acetylated intermediate
leading to a ping-pong mechanism of catalysis (Yan et al.,, 2002). The other mechanism
concludes that the acetylated cysteine, although an important residue, is not a catalytic residue
and hence the mechanism of enzyme action for the MYST family is also a sequential bi-bi
mechanism. The p300/CBP HAT also showed a sequential mechanism similar to the other
families of acetyltransferase (Sagar et al., 2004). Though a ping-pong mechanism of action was
proposed (Thompson et al, 2001) the final proof for the mechanism of action of p300 was
obtained by the crystal structure data and biochemical evidences (Liu et al., 2008) which
suggested a Theorell-Chance (‘kiss and run’) mechanism, which is indeed a sequential bi-bi
mechanism, but the ternary complex has a very short life-time. Therefore, it can be concluded
that all characterized HAT families follow an ordered sequential bi-bi kinetic mechanism where
differences between families may affect substrate specificity but not the overall mechanism of

catalysis (reviewed in Smith and Denu, 2010).

1.1.3.3. Nonhistone protein acetylation:

It is well known that HATs have nonhistone substrates that play a vital role in major cellular
processes. Recent revelations of the cell’s acetylome, substantiates this fact and makes
acetylation the most prevalent post translational modification rivaled only by phosphorylation
(Choudhry et al, 2009). The first non-histone protein acetylation with functional significance was
shown for the tumor suppressor p53 (Gu and Roeder, 1997). The modified p53 was seen to have
better DNA binding and transcriptional activation ability. Posttranslational modifications
differentially regulate p53 function, depending on the types and sites of modification. For
example, phosphorylation of residue S15 in p53 releases MDM2 from p53 and enhances the
interaction with acetyltransferases p300/CBP (Shieh et al., 1997). p300/CBP-mediated
acetylation of residue K373 in p53 leads to apoptosis, whereas acetylation of residue K320 by
PCAF leads to cell cycle arrest (Knights et al., 2006). Acetylation of p53 is also reported to
augment its DNA binding ability (Gu et al et al., 1997). Many other nonhistone protein
acetylations have since been elucidated. The human positive co-activator 4 (PC4) was initially

identified as a general co-activator for activator-dependent transcription. It is also a DNA
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binding protein and binds non-specifically to both double and single stranded DNA. The activity
of PC4 is influenced significantly by its post translational modifications. PC4 is known to get
phosphorylated by Casein Kinase Il (CKII). Very interestingly, we demonstrated that, PC4 can
be acetylated specifically by p300 (Kumar et al., 2001). The activity of PC4 is negatively
regulated by phosphorylation (Ge et al., 1994; Jonker et al., 2006). While phosphorylation
negatively regulates PC4's co-activator function and double-stranded DNA (dsDNA) binding
ability, acetylation of PC4 enhances its dsSDNA binding ability. Phosphorylation of PC4 by CKI|I
in turn inhibits the p300-mediated acetylation in vitro. However, acetylated form of PC4 could
still be phosphorylated by CKII. This type of exclusivity in posttranslational modifications where
the presence of one modification prevents the occurrence of the other may have a role in many
functional outcomes. Incidentally, it was found that PC4 could transactivate p53. PC4 enhances
DNA binding ability of p53. Indeed, acetylated PC4 is a better transactivator of p53. On
incubation with acetylated PC4, p53 bind to its cognate sites better than with unmodified PCA4.
PC4 is a DNA bending protein and its ability to bend DNA contributes for p53 activation, and
this function is enhanced by acetylation. Thereby, acetylation of PC4 enhances; while
phosphorylation abolishes; its ability to bind and bend DNA, activate p53 DNA binding, and,
thereby, regulate p53 functions (Batta et al., 2007). Hence, different acetylation sites have
different cellular outcomes thus increasing the level of regulation brought about by a single
modification on a single protein. Similar to autophorphorylation events of various kinases, the
acetyltransferases too undergo autoacetylation, in cis- and trans- that positively influences their
HAT activity by making them more active. Apart from this, acetylation of several signaling
associated molecules like STATL, transcription factors like NF-xB, GATA-4, c-myc, Tat,
histone chaperones (NAP1, NPM1, Asfl) etc play important role in transcriptional regulation,
which when perturbed lead to disease states (Batta et al., 2007). Several metabolic enzymes and
even cytosolic proteins like a-tubulin get acetylated (Westermann and Weber, 2003). Thus,
acetylation has emerged as means of regulating gene expression by either promoter specific
histone acetylation, that modulates the local chromatin environment so as to facilitate access to
cellular machineries or as acetylation of non histone proteins that facilitates better functioning
with respect to signaling, protein-protein and protein-DNA interactions, thereby leading to a
global alteration in the state of the chromatin (Yang and Seto, 2008). However all these functions

are not unique to acetylation alone and they are brought about by a repertoire of other
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modifications which either synergize or antagonize with acetylation. This cooperation between
different posttranslational marks within histones and with DNA methylation, referred to as ‘cross
talk’, is essential for the establishment of the combinatorial ‘histone code’. However, unlike a
code, the combinations are not a rule. It need not be the case that a set of modifications always
code for transcriptional activation. Rather, it is the context in which the modifications are

introduced that decides the downstream events.

1.2. CROSS TALK OF CHROMATIN MODIFICATIONS, THE EPIGENETIC
LANGUAGE:

Epigenetics has been defined as mitotically and meiotically heritable changes in gene expression
that do not involve a change in the DNA sequence (Egger et al., 2004). The recent whole genome
studies in different contexts have revealed characteristic signatures for distinct events, thus
unraveling the complex language of epigenetic modifications. There seems to be an intricate
network of chromatin modifications orchestrating the process of gene expression by involving
various chromatin proteins and other components such as small RNAs. The elucidation of this
network warrants an investigation of the context dependent cassette of modifications.

1.2.1. Cross talk between DNA methylation and Histone modifications:

The cross talk first identified was between DNA methylation of the CpG islands and H3K9
methylation. Several studies indicate the positive regulatory effects of the above modifications
on each other. In fact, treatment of the DNA methylation inhibitor 5-aza dc, in addition to
decreasing global DNA methylation also reduces the H3K9 methylation (Zhang et al., 2007).
Knockout studies of DNA methyl transferases (DNMTs); H3K9 methyltransferases; in MEFs,
ES cells and mammalian cells have revealed a global decrease in both DNA methylation and
H3K9 methylation indicating the existence of a feed forward loop mechanism amongst these
modifications. This regulation is further fine-tuned by the deacetylation process, since in the case
of H3K9; deacetylation of this residue is an absolute prior requisite for H3K9 methylation to
occur. There are evidences suggesting the co-existence of the DNA methyltransferases and
histone deacetylases in a complex (Poleshko et al., 2010). Thus, it can be easily visualized that a
transcriptional repression/gene silencing state; gets initiated by DNA methylation, which brings

the deacetylase complex in close contact of the histones, that deacetylate H3K9. This acts as a
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signal for the H3K9 methyltransferase to methylate and this is recognized by the chromodomain
of heterochromatin proteins, which finally results in gene silencing. Another level of regulation
has been recently introduced into this system by the discovery of the demethylases, since
demethylases and deacetylases have also been found to coexist in complexes like the NURD,
CoREST complex.

1.2.2. Cross talk between histone acetylation and histone methylation:

Methylation-induced acetylation has been found to occur on histone H4. PRMT1 (Protein
arginine methyltransferase 1), an H4-R3 methyltransferase, induces p300-mediated H4
acetylation and transcriptional activation (An et al., 2004). This H4 acetylation in turn inhibits
H4 methylation. It is also observed that methylating and acetylating enzymes targeting the same
histone residue can be indirectly inhibitory towards one another. For example, acetylated lysine 9
on histone H3 will inhibit Suv39hl (Suppressor of variegation 3 — 9 homologuel)-mediated
methylation of the same residue. Similarly, methylated H3-K9 will prevent acetylation. These
two mutually exclusive modifications have this effect on one another because of their opposing
transcriptional outcomes as H3K9 methylation results in gene silencing whereas H3-K9
acetylation induces gene activation (Keppler et al., 2008). Furthermore, the methyltransferase
disruptor of telomeric silencing-1 (Dotl); is known to cross talk with the heterochromatin protein
silent information regulator-3 (Sir3), a member of the SIR complex that also includes Sir4 and
the NAD-dependent H4K16 HDAC Sir2 (Altaf et al., 2007). The SIR complex is associated with
transcriptional repression; gene silencing; cell cycle progression and chromosome stability
(Brachmann et al., 1995). Misregulation of Dotl is linked with leukemogenesis (Okada et al.
2005). Dot1 is responsible for methylating histone H3 at K79. This methylation is dependent on
the ability of Dotl to interact with a short basic region on the N-terminal tail of histone H4. Sir3,
known to associate with unmodified H3 and H4 tails, competes with Dot1 by interacting with the
same basic region on H4 and by binding H3 adjacent to K79. GCN5-mediated H4-K16
acetylation displaces Sir3 on H4, thereby allowing Dotl to interact with H4 and subsequently
methylate H3-K79. H3-K79 methylation in turn further blocks Sir3—H3 interactions. This series
of events serves to define a heterochromatin boundary and allow for transcriptional elongation.
H3K4 methylation by MLL is a signal for MOF mediated acetylation of H4K12 (Dou et al.,
2005).
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Figure 1.3. Cross talk of histone H3 and H4 modifications: The amino acid residues and their corresponding
positions of the histone H3 and H4 N-terminal residues are shown. The positive regulatory modifications are
represented by the green arrow, whereas the red lines indicate the negative modulatory effects, i.e. antagonizing
effects. With respect to histone H3, there are two antagonizing cross talk, H3K4 methylation inhibits H3K9
methylation and H3S10 phosphorylation inhibits H3K9 methylation. There exist several positive regulatory
modifications like, H3K4 methylation and H3K14 acetylation, H3K14 acetylation and H3R17 methylation, H3S10
phosphorylation and H3K14 acetylation as well as H3K36 methylation and H3K14 acetylation. The histone H4
represents four major acetylation sites, H4K5, K8, K12 and K16 which sequentially regulate each other. H4R3
asymmetric methylation and H4K20 monomethylation positively regulates H4 acetylation. H4R3 symmetric
methylation is negatively regulated by H4 acetylation. H4K20 trimethylation is a mark of silencing and hence

inhibits H4 acetylation. All these examples are of cis-modulation. One example of trans-modulation is also shown

where H4R3 asymmetric methylation regulates H3K14 acetylation.
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1.2.3. Cross talk between histone phosphorylation and histone acetylation:

Histone phosphorylation is known to modify nucleosomal structure. H3 phosphorylation is
synergistically coupled to histone acetylation, thereby increasing the levels of complexity and
control of transcriptional regulation (Cheung et al., 2000). A combination of phosphorylated and
acetylated histones is believed to display different recruitment signals for transcription factors
and regulatory complexes than histone with single modification. However, the precise
mechanism and physiological roles of this multifaceted cross-talk relationship is not fully
understood but two models have been proposed: the synergistic model and the parallel-
independent model (Biel et al., 2005). A number of HATs are known to preferentially acetylate
H3-S10 phosphorylated forms of their substrates as opposed to the unmodified forms, thus
giving rise to the synergistic model. For example, Msk1/2-mediated H3-S10 phosphorylation
enhances the binding affinity of the HAT, general control of nuclear-5 (GCNS5) to H3, which in
turn leads to H3-K14 acetylation and transcriptional activation (Lo et al., 2000). In the parallel-
independent model, H3-S10 phosphorylation does not necessarily lead to H3-K14 acetylation,
and the absence of H3 phosphorylation does not necessarily decrease levels of H3 acetylation.
This model is supported by the observation that, at times under certain conditions, Msk1/2
mutations or inhibition resulting in decreased H3-S10 phosphorylation do not affect levels of

histone acetylation (Keppler et al., 2008)

1.2.4. Cross talk between histone phosphorylation and histone acetylation/ methylation:

Phosphorylation, acetylation and methylation machinery is also known to function together in a
cross-talk tertiary loop (Figure 1.3). For example, histone H3K9 methylation inhibits S10
phosphorylation to repress gene transcription. On the other hand, in the case of gene activation,
S10 phosphorylation facilitates K4 methylation, inhibits K9 methylation and enhances K14
acetylation, which in turn helps to further inhibit K9 methylation (Cheung et al., 2000; Rea et al.,
2000; Zhang et al., 2001). The absence of a repressive methyl group on K9 then allows for K9
acetylation and further chromatin decondensation. These modifications work in concert to
compose distinct histone codes, which are recognized by specific chromatin-interacting proteins

in order to precisely drive the necessary physiological processes in the cell (Keppler et al., 2008).
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However, the presence of H3K9 methylation and H3K14 acetylation on the same histone is a
much debated topic, since few organisms show the presence of these two marks at the same time,

but in few such as mammalian systems these are exclusive to each other.

1.2.4. Crosstalk between Biotinylation, Ubiquitination and other modifications:

An intriguing modulation is the H2BK 123 monoubiquitination in positively regulating the H3K4
and K79 methylation. This is very interesting since ubiquitination is a common specific signal
for degradation or repression (Nakanishi et al., 2009).In the case of H4, H4K12 biotinylation is a
mark of repressive chromatin (Wijeratne et al., 2010) whereas the acetylation of this residue is a

signature for activation. Hence, these two modifications antagonize each other.

1.3. HAT ENZYMES AS TRANSCRIPTIONAL COACTIVATORS:

1.3.1. General introduction

In addition to having enzymatic activity that modifies chromatin many of these modifiers are
also ‘scaffold proteins’, that connect different transcription factors; ‘mediators’, between DNA
and the transcriptional factors; and ‘co-activators’ of transcription. These proteins are generally
termed as transcriptional co-activators, because they, unlike ‘activators’, do not bind to DNA

themselves, but streamline and increase the efficiency of transcription.

1.3.2. Transcriptional co-activators, Lysine acetyltransferase p300/KAT3B: Role in
development and disease.

p300/ CBP is commonly referred to as the master regulator of gene expression, due to its wide
range of histone and nonhistone protein substrates. It is a 2414 amino acid protein with distinct
domains as shown in Figure 1.4. It is characterized by three Zinc finger domains. It has a bromo
domain, and most importantly the acetyltransferase domain, which is active without the full-
length form, and thus has enabled the crystallization. The lysyl CoA (p300 HAT specific
synthetic inhibitor) bound form represents a very similar structure as the other HATSs but with
characteristic differences (Figure 1.4, 1.5). p300 HAT domain has a loop, which is made of
about 12 lysine residues which is normally inhibitory in nature but when it gets sequentially
acetylated gives rise to a hyperactive p300. Crystallization was difficult due to the presence of

unstructured loops within the HAT domain. However, deletion of some of these loops and
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binding of lysyl coA lead to the formation of a structure stable enough to be crystallized
(Thompson et al., 2005). p300 and the closely related CBP were among the first vertebrate
proteins to be recognized as acetyltransferases (Ogryzko et al., 1996; Bannister and Kouzarides,
1996). The acetyltransferase p300 is a well-known transcriptional co-activator of a large number
of transcription factors. It is probably the only enzyme that acetylates all four histones. Thus, via

acetylation p300 can modulate both the activity of transcription factors and the chromatin status
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Figure 1.4. p300 domain architecture: Domains of histone acetyltransferase p300. Apart from the minimal HAT
domain (1284-1673), three CH domains, a single bromodomain and the KIX domain are preset. The domains are

marked for their propensity to get modified post translationally.

of their target genes. However, p300 shows additional biochemical functions including E4
ubiquitin ligase activity (Grossman et al.,, 2003) and a SUMO-regulated transcriptional
repression domain (Girdwood, 2003) indicating that p300 has acetyltransferase-independent
functions. The recent propionylation, butyrylation and formylation have also been hypothesized
to be brought about by p300. p300/ CBP mediated histone and non-histone acetylation results in
various functional outcomes ranging from transcription, replication, and repair. p300 not only
acts as a co-activator, acetyltransferase but also as a bridging molecule and as a scaffold (Chan et
al., 2001) in transcription reactions. Its role in learning and memory (Oliviera et al., 2007) has
added a new insight to the field of neuroscience and epigenetics. p300 has been implicated in
regulating differentiation as well. Although p300 and CBP share extensive homology, genetic
and molecular analyses suggest that they perform not only overlapping but also unique functions.
The p300-/-, cbp-/- and p300+/- cbp+/- mice show similar, embryonic lethal phenotypes (Yao et
al., 1998), together with similar defects in growth and neural tube closure (Yao et al., 1998),

which suggests that p300 and CBP have overlapping roles during embryonic development.
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Furthermore, some p300 and Chp heterozygous mice suffer early lethality (Yao et al., 1998),
indicating that p300/CBP gene dosage, and therefore the level of p300/CBP proteins, is probably
important during development. CBP and p300 are known to contribute in diametrically opposed

Liuet al., Nat Str Mol Biol,2008

Figure 1.5. p300 crystal structure. Overall structure of the p300 HAT domain with N and C terminus coloured in
blue and red, respectively. Lys-CoA is shown as a space filled model. carbon = white, oxygen = red, nitrogen = blue,
phosphorous = orange. (Adapted from Liu et al., Nat Str Mol Biol, 2008).

cellular processes. It is shown that it participates in various tumor-suppressor pathways. It has
been shown that mice engineered to contain a null mutation in one CBP allele developed a
variety of hematological abnormalities, including extramedullary myelopoiesis and
erythropoiesis, lymph node hyperplasia, and splenomegaly (Goodman et al., 2000) which also
supported from the fact that human patients with the Rubinstein-Taybi syndrome (RTS), due to
CBP heterozygosity, also have an increased incidence of malignancy (Goodman et al., 2000).
Whether CBP and p300 promote apoptosis or cell proliferation appears to be highly context
dependent. Cell proliferation and growth is also known to get influenced by p300/CBP activity
(Stein et al., 1990; Yao et al., 1998) which is supported by the fact that p300-/- embryos are
significantly smaller than their wild-type littermates and show defects in cell proliferation (Yao
et al., 1998). Further it is also shown that p300/CBP-PCAF protein complex can arrest cell cycle
progression (Yang et al., 1996) and might regulate target genes that are involved in controlling
the G1/S transition, such as p21WAF1 (Missero et al., 1995). p300 was first implicated in

oncogenic pathways when it was originally identified as an adenovirus E1A oncoprotein binding
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partner (Stein et al., 1990) . Similar observations were made when mutations in the gene
encoding p300 are found in breast, colorectal, gastric and epithelial cancers. Glioblastoma and
other malignancies can also arise as a result of loss of heterozygosity at the p300 locus (Gayther
et al. 2000).

With evidence piling, implicating p300/CBP in various disease states, it was still not
certain to what extent altered HAT activity contributed to the pathology in diseases. However, it
is now clear and well elucidated with elegant studies that in various kinds of disorders,
dysfunction of HAT regulation is the key feature. In Acute Myeloid Leukemia (AML), a fusion
protein is created in which CBP is fused with a MYST domain-containing MOZ (Yang. 2004;
Borrow et al. 1996). This CBP—MOZ chimera, possessing protein interacting domains from both
the p300/CBP and MYST families of HATS, exhibits gain of function characteristics leading to
unchecked hyperacetylation and aberrant transcriptional activation. Histone acetylation,
controlled by HATs and HDAC:s plays a critical role in the regulation of inflammatory genes and
in mediating the anti-inflammatory effects of corticosteroids in asthma patients (Mroz et al.
2007). It was observed that the HAT activity is higher in asthmatic patients, which leads to
increased expression of multiple inflammatory genes that are regulated by pro-inflammatory
factors, such as NF-«kB. It is proposed that the activities of HATs/histone deacetylases (HDACS)
affect the regulation of transcription of genes critical for beta-cell function and metabolic
homeostasis, and therefore may play a crucial role in the pathogenesis and/or management of
diabetes (Gray et al., 2005). In a mutant mouse model of a HAT, mice heterozygous for the CBP
demonstrated an increased insulin sensitivity and glucose tolerance even while demonstrating a
marked lipodystrophy of white adipose tissue (Yamauchi et al., 2002). More recently, it was also
demonstrated that the regulation of expression of insulin by glucose is under the control of
histone hyperacetylation, suggesting an important role for HATs and HDACSs in the regulation of
this critical gene (Gray et al., 2001). Different studies have shown the involvement of HAT p300
in cardiac hypertrophy and development. It has been shown that Phenylephrine (PE) could
activate p300 and CBP through p42/p44 MAPK (Gusterson et al., 2002). The importance of
p300 in normal cardiac transcription was further illustrated by p300 knockout mouse embryos
that have reduced expression of muscle structural proteins such as myosin heavy chain and o-
actin, as a consequence, cardiac structural defects (Yao et al., 1998). In contrast, role of the

related protein, CBP was found to be less important in cardiovascular development (Roth et al.,
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2003; Tanaka et al., 2000). Over expression of p300 was sufficient to induce hypertrophy, but
the HAT domain of p300 was found to be required for this activity (Gusterson et al., 2003). The
above study clearly suggested the importance of p300 in regulating the hypertrophic program in
response to PE.

With histone acetylation playing such vital roles in transcription and gene expression it
was obvious that it would affect life processes right from the stage of cells to the organs but its
role was clearer in some tissues while not readily manifested in others. The nervous system has
been one such tissue where this phenomenon was not well understood until recently. Though
nervous system is much more than just the Brain, our present knowledge is mostly limited to
some areas of the brain like the hippocampus and the striatum that are responsible for learning,
establishment of memory and retrieval of stored memory, than other constituents like the spinal
cord or the peripheral nervous system in the context of histone acetylation. Organic disorders
always showed evidence of what went wrong in the brain while inorganic diseases never show
any pathological changes. Many psychiatric disorders with no obvious brain pathology still cause
significant morbidity, if not mortality. Most neurodegenerative disorders are associated with
some degree of leaning and memory defects. In fact, it is so common that in most of the cases,
forgetfulness is the only complaint of the patients! The brain functions in a stimulation
dependent way, constantly establishing newer circuits and removing older circuits and synapses
that depend majorly on environmental stimulation or lack of it, thereby bringing about our daily
sense, perception, behavior, learning, memory and even forgetfulness (Figure 1.6). Any
disturbance in this process leads to neurological and psychiatric disorders. One characteristic
feature of the brain is to learn and store the information in the form of memory. In cognitive
psychology, memory is usually divided into short term and long term memories. Short term
memory is most often stored as sounds, especially in recalling words or as images. It provides a
working space for short computations and then transfers it to other parts of the memory system
or discards it. Short term memory can be converted to long term depending on the importance
and emotional value. Otherwise the memory system discards it. Short Term Memory is
vulnerable to interruption or interference. The biological basis for this form of memory is unclear
and may involve the pattern of events occurring at the synapse and presynaptic terminals like

neurotransmitter release and its endocytosis. This does not require structural alterations at the
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synapse. However, short-term memory, which is a temporary potentiation of neural connections,

can become long-term memory through the process of

Environmental
stimuli

Change in gene' .
expression Levensonet al., Nat Rev Neuro sci, 2005

b——=n7

Altered neuronal
and synaptic function

Figure 1.6.Epigenetics in the adult nervous system. Regulation of the epigenetic state of the genome in adult
neurons occurs in response to synaptic inputs and/or other environmental stimuli. These external stimuli result in

changes in the transcriptional profile of the neuron and, ultimately, neural function (Adapted from Levenson et al.,
2005).
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rehearsal and meaningful association. This results in Long-Term Memory being relatively
permanent storage. Information is stored on the basis of meaning and importance with inputs
from the emotional centres of the brain like the limbic system. Establishment of long memory
needs structural change in the circuits. One of the mechanisms of long term memory formation is
the induction of Long term potentiation (LTP) (Bliss et al., 1993; Malenka et al., 2004; Cooke et
al., 2006) . Long-term potentiation (LTP) is a persistent increase in synaptic strength following
high-frequency stimulation of a chemical synapse. There are two phases to LTP: an early
induction phase and a late maintenance phase. On the whole this translates to establishment of a
new circuit and to more number of synapses in an established circuit that can propagate the
particular signal with greater ease so that the information is never missed. The post synaptic cell
harbours receptors that are more active and more in number for the particular signal from the
particular presynaptic cell. There are also more number of synaptic proteins like synaptophysin
in the synapses. This places demands to the cell’s biochemical apparatus that modulate gene
expression and translation (Costa-Mattioli et al., 2008) (Figure 1.6 and 1.7). This is where
important transcription factors like CREB and co-activators like CBP along with their HAT
activity play a pivotal role. Indeed, in a learning model called Contextual fear conditioning,
which is a hippocampus dependent learning model, by which an animal learns to associate a
novel context with an aversive stimulus, acetylation of histone H3, but not H4, is significantly
increased after an animal undergoes contextual fear conditioning (Levenson et al., 2004). Also,
as mentioned during the description of long term potentiation; formation of long-term contextual
fear memories requires NMDA (N-methyl-D-aspartate)-receptor-dependent  synaptic
transmission and the MEK-ERK/MAPK signalling cascade (where MEK referes to MAPK/ERK
kinase) in the hippocampus and inhibition of either of these processes blocks the increase in
acetylation of H3. To further determine the role of CBP in long-term memory formation, two
recent studies have generated CBP-deficient mice that lack the severe developmental problems
of the CBPDN+/— animals. The first study linked the dominant-negative allele of CBP to an
inducible promoter (CBPI-DN+/-) ( Korzus et al., 2004). Activation of the dominant negative
allele after animals had developed normally led to impaired learning of the spatial water maze
task and novel object recognition. In the second study, mice that lacked one allele of CBP
(CBP+/-) had impairments in contextual and cued fear memory, and novel object recognition
(Alarcon et al., 2004). In both studies, administration of an HDAC inhibitor, that blocks
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deacetylase activity and increases histone acetylation, restored normal long-term memory
formation. Also, the induction of late-phase LTP, which requires transcription, was significantly
impaired in CBP+/— animals. Treatment of hippocampal slices from CBP+/— animals with the
HDAC inhibitor suberoylanilide hydroxamic acid significantly improved late-phase LTP

Protein Activity Neuronal Function

MSK1 CREB phosphorylation Long-term memory
H3-S10 phosphorylation formation

Rsk-2 CREB phosphorylation Long-term memory
H3-S10 phosphorylation formation

PP1 H3-S10 Long-term memory
dephosphorylation formation

G9a/GLP H3-K9 di-methylation Cognitionand

adaptative behavior

SMCX H3-K4 tri-demethylase  Cognitive functions

MeCP2 Methyl-CpG-binding Memory and synaptic
protein plasticity

CBP Histone Long-term memory
acetyltransferase consolidation

HDAC2 Histone deacetylase Negative regulator of

synaptogenesisand
memory formation

Table 3: Chromatin modifying enzymes with distinct effects on neuronal function with their modifications

induction, which indicated that inhibition of HDACs had compensated for HAT
haploinsufficiency. Indeed, inhibitors of HDACSs, Trichostatin A and Sodium butyrate when
added to slice cultures could induce LTP, which was significantly better than untreated slices. In
addition, LTP in the Amygdala that was induced by Forskolin, which is an activator of CREB
downstream genes, was also enhanced by the HDAC inhibitor Trichostatin A. These studies
indicate that the epigenetic state of the genome, more importantly chromatin acetylation, affects
the induction of long-term forms of mammalian synaptic plasticity and thus influence memory.
There are other modifications that play a role in neuronal function apart from acetylation (Table

3). Phosphorylation at H3S10 and di/ tri methylation of H3K4 is known to be necessary for
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memory functions. However, H3K9 methylation, which is generally a transcription repressive
mark is also known to be necessary for some aspects of cognitive functions in animal models.
DNA methylation is also a major determinant of active and inactive chromatin and thus
influences neuronal function (Levenson et al., 2005).

1.4. SIGNALS TO THE NEURONAL CHROMATIN:

1.4.1. Signaling to neuronal chromatin:

Gene expression is tightly regulated spatio-temporally and is governed by various signals from
the environment and from within the cell. It is the same case for the neurons. When the diverse
functions of neurons are taken into consideration it will be understood that environmental cues
play a major part in neuronal cell signaling that in turn influences gene expression. The signals
either result in immediate and short term changes like neuron depolarization or long term
changes that necessitate gene expression changes and structural alterations like dendritogenesis.
Most of the signals however seem to converge on one particularly important transcription factor,
cyclic AMP Response Element Binding Factor (CREB) (Figure 1.7 and 1.8). The cAMP/CREB
signaling pathway has been strongly implicated in the regulation of a wide range of biological
functions such as growth factor-dependent cell proliferation and survival, glucose homeostasis,
spermatogenesis, circadian rhythms and the synaptic plasticity that is associated with a variety of
complex forms of memory including spatial and social learning indicating that CREB may be a
universal modulator of processes required for memory formation. Deletion of CREB in neurons
of the developing CNS (Central Nervous System) results in apoptosis, and postnatal silencing of
CREB results in neuronal degeneration in adulthood. Neurons of the adult striatum and
hippocampus, which are the centers for learning and memory in the mammalian brain, are
particularly vulnerable to CREB deficiency. Most importantly, CREB interacts with its nuclear
partner CBP (CREB Binding Protein) and drives the transcription of a large number of genes that
is dependent on its intrinsic lysine acetyltransferase activity. The crucial event in the activation
of CREB is the phosphorylation of Ser133 in KID (Kinase-Inducible Domain). This domain
includes several consensus phosphorylation sites for a variety of kinases like PKA (Protein
Kinase-A), PKC ( protein Kinase C) CSNK (Casein Kinases), CaMKs (Calmodulin Kinases),

27



Chapter 1

\ Plasticity
23\ \ changes: LTF
Excitatory : "
neurotransmission /_/
\. \ / i
__,--r/ /
CBP (CREB1)
/ W nh
) ) Plasticity genes
(e.g. C/EBP)
Plasticity genes
>N0_Ac@my \
\; f / L = \\\—f\,\;_;\; :
Inhibitory 7 ::“ Plasticity
neurotransmission ~p changes: LTD

// Feng Jet al., Pediatr Res, 2007.

Figure 1.7. Histone modifications mediate alterations in neural gene expression and long-term neural
plasticity. A schematic drawing of excitatory (A) and inhibitory (B) synaptic transmission in a sensory neuron in
Aplysia that can lead to long-term synaptic plasticity changes such as LTF (long-term facilitation) and LTD (long-
term depression). Histone acetylation through HAT proteins (e.g. CBP) or deacetylation by HDACS is involved in
the stable alterations in the expression of the plasticity genes such as C/EBP (Adapted from Feng J et al., 2007)

GSK3 (Glycogen Synthase Kinase-3) and p70S6K that can either increase or decrease the
activity of CREB. Ser133 phosphorylation of CREB can be induced by electrical activity,
Growth Factors, Neurotransmitter or Hormone action on GPCR (G-Protein-Coupled Receptors),
or by Neurotrophin effects on RTKs (Receptor Tyrosine Kinases) (Figure 1.8) (Mayr B et al.,
2001). Since several different protein kinases possess the capability of driving this
phosphorylation, making it a point of potential convergence for multiple intracellular signaling
cascades. Upon stimulation of cellular GPCR (G-Protein-Coupled Receptors) and Growth Factor
Receptors, AC (Adenylate Cyclase) is activated, by various G-proteins leading to increases in
CAMP. This in turn activates PKA-C by dissociating the regulatory (PKAR) from the catalytic
(PKAC) subunits. In the basal state, PKA resides in the cytoplasm as an inactive heterotetramer

of paired regulatory and catalytic subunits. Induction of cCAMP liberates the catalytic subunits.
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Figure 1.8 : Neuronal excitation drives activity dependent signaling through various kinases. Most of the
signals however seem to converge on one particularly important transcription factor, cyclic AMP Response Element
Binding Factor (CREB) which gets phosphorylated at Ser133 and makes it active. This recruits CBP and results in

promoter proximal histone hyperacetylation.

This activated PKA then recruits the Ca2+/CalmK-I1V (Calmodulin (Calm)-dependent Kinases),
MEK (MAPK/ERK Kinases)/ ERK1/2 (Extracellular Signal-Regulated Kinases) and together
they translocate to the nucleus (Choe et al., 2002; Ahmed et al., 2005). In the nucleus they lead
to the recruitment of the transcriptional co activators CBP (CREB Binding Protein) and p300 by
phosphorylating Elk1. EIk1 is a part of a TCF (Ternary Complex Factor) that activates RSKs
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(Ribosomal S6 Kinases) and binds SRF (Serum Response Factor) to the SRE (Serum Response
Element). Phosphorylation of EIK1 increases its transcriptional ability to form ternary complexes
with SRF at the SRE in the promoter region of many genes, such as c-Fos (Finkbeiner S., 2001).
Further, CBP/p300 stimulates gene expression by interacting with components of the general
transcriptional machinery or by promoting the acetylation of specific lysine residues in
nucleosomes located near transcriptionally active promoters thus creating access to the gene for
the basal transcriptional machinery. The basal transcriptional machinery includes TBP (TATA-
binding protein), TFIIB (Transcription Factor-11-B), and RNA Pol-I11 (RNA Polymerase-I11) . The
accumulation of cAMP in response to activation of GPCR also induces PLC-Gamma
(Phospholipase-C-Gamma) that catalyzes the formation of DAG (Diacylglycerol), a PKC
activator through PI (Phosphatidylinositols). PI3K (Phosphoinositide-3kinase) is responsible for
activation of Akt/PKB (Protein Kinase-B), which directly or indirectly affects CREB.

In addition to the modification of CREB, these signals also modify p300/CBP itself.
These posttranslational modifications of p300/CBP are known to modify its interacting ability
and more importantly its HAT activity. A brief description regarding such modifications is
presented below.

1.4.2 Signal transduction cascades affecting Posttranslational modifications of p300/CBP
and its HAT activity:

Several posttranslational modifications have been reported to regulate CBP activity.
Phosphorylation of CBP or p300 at an unidentified site near the carboxyl terminus by MAPK
and CaMKIV has been reported to increase their HAT and transcriptional activity during
neuronal activity (Ait-Si-Ali et al., 1999; Impey et al., 2002). Neuronal activity-dependent
activation of CBP depends on CAMK-I1Vdependent phosphorylation on Ser 301. CBP is also
activated by elevation in cAMP level. cAMP-mediated activation of CBP is dependent on type-I
PKA-mediated phosphorylation. Growth factors (like NGF) can trigger CBP phosphorylation via
p42/p44 MAPK, which has been shown to interact directly with CBP. NGF can also trigger Ras
pathway, to mediate phosphorylation of 90 kDa Ribosomal S6 kinase (RSK), which binds to
CBP and leads to expression of genes dependent on Ras pathway. However, this interaction
inhibits expression of genes with CRE elements in PC12 cells. In one study it is also found that

Akt-dependent p300 phosphorylation at Ser 1384 can increase p300 HAT activity and contribute
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to inflammatory gene expression by TNF-a (Huang and Chen, 2005). However, phosphorylation
of p300 at Ser 89 by PKCa and PKCd appears to repress its transcriptional activity, probably
leading to cell growth inhibition (Yuan et al., 2002; Yuan and Gambee, 2000). Besides
phosphorylation, methylation by Coactivator- Associated Arginine Methyltransferase 1
(CARML1) (Xu et al., 2001) and sumoylation by Ubc9 (Girdwood et al., 2003) have also been
reported to regulate the transcriptional activities of CBP and p300. p300/ CBP methylation by
(CARML1) causes a transcriptional switch from CREB-regulated to nuclear hormone receptor-
regulated gene expression (Xu et al.,, 2001). A recent work indicated that IKKa-mediated
phosphorylation of CBP not only changes its protein binding preference but also is required for
its HAT and intrinsic transcriptional activities. However, blockage of IKKa or substitution of
CBP Ser- 1382/Ser-1386 with Ala could not completely abolish the HAT activity, suggesting
that IKKo mediated phosphorylation has other alternative ways of activating CBP.

1.5. Chromatin acetylation, HAT/ HDAC balance in neurons:

During normal conditions, protein concentration (availability) and enzymatic activity of HATS
(like CBP and p300) and HDACSs remain in a highly harmonized state of balance where adequate
active molecules from either group are present to effectively regulate chromatin and TF
acetylation in a controlled manner. Such equilibrium manifests a neuronal homeostasis and is
responsible for regulated gene expression leading to normal neurophysiological outputs like
long-term potentiation, learning and memory. This equilibrium is maintained very stringently
tinkering with the HAT or HDAC dose and/ or activity is not appreciated by cellular homeostasis
machinery. Treatment of neurons with HDAC inhibitors like trichostatin A (TSA) in normal
conditions induces neuronal apoptosis. Similarly, over expression of CBP in resting CGC
neurons under prosurvival conditions also leads to chromatin condensation and cell death.
However, overexpression of an HAT domain-deleted CBP mutant did not generate similar
results. CBP conveys the same fate in normal neurons as is observed by blocking HDAC activity
as both measures alter the precious HAT: HDAC balance towards enhanced histone acetylation,

resulting in open chromatin, expressing genes that otherwise remain quiescent.
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Figure 1.9: Decreased amounts of functional CBP protein and subsequent CBP’s loss of function has been
observed in different contexts of neurological disorders and neuronal apoptosis. RTS (Rubinstein-Taybi Syndrome)
results from a mutation on one chp gene allele. In several cases of polyQ diseases, CBP can be sequestered by the
mutated polyQ proteins, forming aggregates in the cytoplasm or the nucleus. CBP proteasomal degradation was also
shown to be favoured by polyQ proteins. CBP is a caspase-6 substrate in cerebellar granule neurons (CGN) deprived
of potassium modeling caspase-dependent apoptosis. Finally, cbp gene repression has been observed in oxidative

stress-induced death of a motor neuronal cell line.

These studies, therefore, strongly support the maintenance of precise balance between HATSs and
HDACS as a prerequisite of neuronal survival in normal conditions. One of the first evidences
implicating loss of HAT activity to neurodegeneration came when CBP mutations rendering the
HAT enzymatically inactive were seen in Rubenstein—Taybi syndrome. This syndrome is a
developmental disorder associated with mental retardation and childhood cancers of neural crest
origin (Petrij et al.,, 1995). The molecular basis of selective neuronal apoptosis during
neurodegenerative diseases has revealed the role of acetylating and deacetylating agents during

the process. Several studies have now successfully manipulated neuronal vulnerability by
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influencing the dose and enzymatic activity of histone acetyltransferases (HATSs) and histone
deacetylases (HDACSs), enzymes regulating acetylation homeostasis within the nucleus, thus
focusing on the importance of balanced acetylation status in neuronal vitality (Saha et al. 2006).
It is now increasingly becoming clear that acetylation balance is greatly impaired during
neurodegenerative conditions. Such equilibrium manifests neuronal homeostasis which is
responsible for regulated gene expression leading to normal neurophysiological outputs like
long-term potentiation, learning and memory (Saha et al., 2006). Neurodegenerative conditions
(Rouaux et al., 2003) reflect a malfunctioning acetylation apparatus. Such malfunction, as
suggested by several observations, is manifested by loss of HATs like CBP and p300 during
various neurodegenerative challenges (Rouaux et al., 2003; Jiang et al., 2003). As reflected by
the deacetylation of histones in apoptotic conditions where this loss is an early event during
apoptosis (Rouaux et al., 2003) and is specific for affected neurons only. In one study,
immunocytological detection of CBP with oxidative stress-challenged murine cortical neurons
was done which revealed the presence of CBP only in the nucleus of neurons surviving the
hypoxic stress, whereas in the condensed or fragmented nuclei, representing neurons undergoing
apoptosis, the HAT was not present (Jin et al. 2001). Furthermore, the critical nature of the loss
of HAT s illuminated by several overexpression studies of CBP, all of which demonstrate
enhanced neuronal viability in response to various challenges (Rouaux et al., 2003; Nucifora et
al., 2001; McCampbell et al., 2001; Taylor et al., 2003). It may be mentioned here that, among
all HATSs, loss of CBP appears to be pivotal in facilitating neurodegenerative cascade of events
(Figure 1.9). Various mechanisms are now known to reduce CBP HAT availability in several
models of neuronal insult. Nuclear translocation of expanded polyglutamine-containing
neurotoxins (like mutated huntingtin protein), implicated in at least nine neurodegenerative
diseases; selectively enhance ubiquitination and degradation of CBP by proteosomal pathway
(Jiang et al., 2003). Additionally, during Alzheimer’s disease progression, Presenilin-1-
dependent epsilon-cleavage product N-Cad/CTF2 binds to CBP and facilitates its proteosomal
degradation (Marambaud et al., 2003). Alternatively, CBP is redistributed from their normal
nuclear location into Huntington aggregates, which compromises their availability for normal
functions (Nucifora et al., 2001). Furthermore, caspase-6-dependent CBP proteolysis has been
reported in low K* shock model of neurodegeneration (Rouaux et al., 2003). Active caspase-6 is

also reported in neuropil threads, neuritic plaques and neurofibrillary tracts of Alzheimer brain,
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suggesting that CBP may be lost in Alzheimer’s disease by caspase cleavage. Like CBP, p300
protein level also decreases during neurodegenerative conditions (Rouaux et al., 2003).
However, the mechanism behind such loss is not well known. Epigenetics, especially histone

acetylation, is also implicated in

Normal neuronal state

A

Neurodegenerative state

Figure 1.10: Chromatin acetylation status, transcription and survival: a balance between HAT and HDAC
activities. A fine tuning of HAT/HDAC activities orchestrates neuronal death and survival. On one hand,
acetylation levels can be decreased hypoacetylation because of CBP loss of function, as observed during apoptosis

and neurodegeneration.

neuropsychiatric conditions like cocaine addiction. While histone hypoacetylation due to various
reasons has been the cause of neurodegeneration, abnormal histone hyperacetylation is also
implicated in some disorders. It is hypothesized that cocaine administration could induce global
level histone acetylation change within Striatum, which is the the major neural substrate for the
addiction (Kumar et al., 2005). Indeed, cocaine administration induced different histone

modifications at different gene promoters. At the cFos gene promoter, H4 hyperacetylation was
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seen instantly after fast cocaine injection, whereas no histone modifications were seen with
chronic cocaine administration, consistent with cocaine’s ability to induce cFos acutely (Levine
AA et al., 2005). In contrast, at the BDNF and Cdk5 promoters, genes that are induced by
chronic cocaine, H3 hyperacetylation was observed with chronic cocaine only. This shows
clearly that addiction induces neuroadaptations through epigenetic regulation of gene expression.
Furthermore, it also provides evidence that individual gene expressions are associated with

different epigenetic regulatory mechanisms.

1.6. Towards Epigenetic therapy for Neurodegenerative diseases:

Despite differences in disease etiology and cellular properties of affected neurons in various
forms of neurodegenerative disorders, loss of acetylation homeostasis appears to represent a
critical and decisive mechanism commonly underlying neuronal dysfunction and degeneration.
Once this was realized, research in this field focused on experimental therapeutics and drug
development that would allow proper acetylation levels resetting. The first attempts were
performed by Huntington disease researchers, who tried to fine-tune the altered HAT-HDAC
balance by using general HDAC inhibitors to re-establish the acetylation threshold in dying
neurons. On the opposite, targeting HAT loss reversal has also been proposed. Resetting
HAT/CBP functionality is possible by three means: either over expressing the protein, trying to
enhance the activity of the remaining protein with HAT activators or blocking its degradation in
the first place. Over expression studies of CBP have been conducted by different laboratories and
they all demonstrated increased neuronal survival in different context of apoptosis. For example,
the androgen receptor with an expanded polyglutamine repeat, which is the cause of Spinal and
Bulbar Muscular Atrophy (SBMA), interacts with CBP, leading to cell toxicity. This cell death
can be mitigated in part by increased expression of CBP, which retains histone acetyltransferase
activity (McCampbell et al., 2001). Overexpression of CBP rescued polyglutamine-induced
(huntingtin or atrophin-1 with expanded polyglutamine repeats) neuronal toxicity of N2a cells
(Nucifora et al., 2001). Using a Drosophila model of polyglutamine toxicity, Taylor et al.,
demonstrated complete functional and morphological rescue by upregulation of endogenous
Drosophila CBP. Rescue of the degenerative phenotype was associated with eradication of

polyglutamine aggregates, recovery of histone acetylation, and normalization of the transcription
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profile (Taylor et al., 2003). Thus, the success of using CBP over expression to rescue polyQ
toxicity in cell models suggests that a gene therapy approach could be of benefit. Attempts to
prevent cell death in CGN deprived of potassium by the over expression of CBP also to be
proved successful, but only with a CBP protein that still had an intact HAT domain (Rouaux et
al., 2003). However, high levels of CBP expressed in neuroprotective conditions ultimately leads
to cell death, likely because of unwanted hyperacetylation. This therapeutic strategy thus implies
a restricted gene targeting to damaged neurons.

HDAC inhibitors are also effective in animal models of neurodegeneration demonstrating
that these in vitro findings are translatable in vivo. As mentioned above, butyrates are considered
to be most effective in vivo in terms of their ability in crossing the blood brain barrier. In
Drosophila models of Huntington’s disease, the HDAC inhibitors SAHA and sodium butyrate
arrest the progressive neuronal degeneration and lethality (Steffan et al., 2001). SAHA and
sodium butyrate have also been demonstrated to extend survival, ameliorate motor deficits and
delay characteristic neuropathology in the mouse Huntington’s disease model, R6/2 (Ferrante et
al., 2003; Hockly et al., 2003). NaBu has also been reported to be effective in treating SBMA
(Minamiyama et al., 2004), an inheritable motor neuron disease caused by an expanded
polyglutamine-repeat within the androgen receptor. VPA was also shown to induce persistent
activation of extracellular signal-regulated kinase (ERK), and its downstream effectors RSK and
CREB, thus promoting neurite growth (Yuan et al., 2001). The mode of action for HDAC
inhibitors is highly non-specific and not targeted: if the context of neurodegeneration were
CBP’s loss of function, clearly, HDACi do not specifically target CBP’s regulations only, but
rather unlock repressive conformations at promoters of essential genes. This implies that more
genes ‘than needed’ will be activated, and this might end up being cytotoxic. In this respect,
while HDACI have been proved efficient in several in vitro and in vivo models of apoptosis, it is
worth considering the death signaling pathway involved in each pathological situation. It is
noteworthy that the CBP/p300 proteins are present in limited quantities thus creating a
competition between transcription factors. CBP sequestration or reduction in CBP level, while
inducing specific gene downregulation, could also represent a way to allow specific re-activation
of a given gene. HDACIi treatment may worsen this problem. Determining the genes that
promote survival, especially those under CBP’s control, could facilitate the development of

novel drugs and specific therapeutic strategies with lower adverse side effects than those
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currently available. In this scenario, it needs to be known as to what would be the changes in
gene expression and epigenetics, when an inhibitor for HAT activity is used without altering
total protein levels of HATs. There is need to understand the extent of hypoacetylation and
hyperacetylation of histones that could be tolerated by neurons. There is also a need to elucidate
the genes that would be regulated directly by CBP mediated acetylation. This would be possible
by using small molecule modulators of HATs that would activate or inhibit the enzymatic
activity thereby providing an easy alternative to investigate histone acetylation. Many of these
small molecules have already been used in other settings like cancer and have been found to be
highly specific and efficacious in cell culture models. There is a brief description of the HAT
inhibitors that have been discovered in the last one decade. Though none of them have been used
in the background of neuronal physiology, their effects on other cells have been studied to
considerable extent

1.7. Small Molecule Modulators of Histone Acetyltransferases:

Several small molecule modulators of p300/CBP and PCAF have been developed (reviewed in
Selvi et al, 2009). Though, synthetic bisubstrate analogues, that inhibit p300, PCAF, and TIP60
are known, not much information regarding their in vivo effects are known due to their poor
cellular permeability. However, Spermidinyl CoA is one such synthetic and general inhibitor of
HATS that has been reported recently to induce cell cycle arrest by sensitizing cells to radiation
(Bandyopadhyay K et al., 2009). However, naturally occurring products have shown better in
vivo effects. The first naturally occurring HAT inhibitor, anacardic acid, was isolated from
cashew nut shell liquid, which inhibits the HAT activity of both p300 and PCAF very effectively
(Balasubramanyam et al., 2003). Anacardic acid is not known to be cell permeable. However
several reports describe meticulously, its in vivo activity. Anacardic acid potentiates apoptosis
induced by cytokine TNF-o. and chemotherapeutic agents like cisplatin, doxorubicin etc. This
increase in apoptosis correlates with downregulation of various gene products that mediate
proliferation (cyclin D1 and cyclooxygenase-2), survival (Bcl-2, Bcl-xL, cFLIP, clAP-1, and
survivin), invasion (matrix metalloproteinase-9 and intercellular adhesion molecule-1), and
angiogenesis (vascular endothelial growth factor), all known to be regulated by the NF-xf.
Anacardic acid inhibited both inducible and constitutive NF-kf activation ( Sung et al., 2008).
Anacardic acid also inhibits the activity of TIP60, a MY ST family acetyltransferase and
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Figure 1.11: Structures of naturally occurring small molecules known to be HAT inhibitors. The presence of

hydroxyl- group is highlighted in blue

sensitizes tumor cells to ionizing radiation (Sun et al., 2006). It was also found that Curcumin
(diferuloylmethane), a major curcumanoid in the spice turmeric, is a specific inhibitor of the
p300/CBP histone acetyltranferase (HAT) activity but not of PCAF both in vitro and in vivo.
Curcumin could also inhibit the p300-mediated acetylation of p53 in vivo. p300/ CBP HAT
activity dependent transcriptional activation from chromatin but not a DNA template is repressed
(Balasubramanyam et al., 2004). Yet another naturally occurring molecule, polyisoprenylated
benzophenone Garcinol inhibits non-specifically both PCAF and p300. Garcinol inhibits histone
acetylation in cells even when cells are pretreated with the HDAC inhibitors like Trichostatin or
sodium butyrate. Garcinol induces apoptosis and predominantly downregulates global gene
expression in HelLa cells (Balasubramanyam et al., 2004). Plumbagin (RTKZ1), isolated from
Plumbago rosea root extract, has been recently investigated to inhibit histone acetyltransferase
activity potently in vivo. RTK1 specifically inhibits the p300- mediated acetylation of p53 but
not the acetylation by the other HAT p300/CREB-binding protein —associated factor, PCAF,
upon induction by doxorubicin treatment. Presence of hydroxyl- group is observed commonly
across most of the naturally occurring small molecule inhibitors of HATS, leading a speculation
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that these groups may confer activity in terms of HAT inhibition (Figure 1.11). In case of
Plumbagin, a single hydroxyl group is observed at the 5™ position. When we investigated
whether this hydroxyl group has any role to play in HAT inhibition, we observed that this single
hydroxyl group of RTK1 makes a hydrogen bond with the lysine 1358 residue of p300 HAT
domain and almost abolishes its HAT activity (Figure 1.12). In agreement with this observation,
it has been found that the hydroxyl group substituted plumbagin derivatives lost the
acetyltransferase inhibitory activity. This study describes for the first time that a chemical entity
(hydroxyl group) is required for p300 HAT inhibition (Ravindra et al., 2009). Plumbagin is a
potent inhibitor of NF-xB pathway and its downstream gene products (Sandur et al., 2006). It is
expected that one of the mechanisms of NF-xB inhibition would involve Plumbagin mediated
p300 HAT inhibition and thereby hypoacetyation of p65, amongst other mechanisms, though it is
yet to be proved. EGCG is a novel HAT inhibitor with global specificity for the majority of HAT
enzymes. Interestingly it has no activity toward other epigenetic enzymes including HDAC,
SIRT1, and Histone methyltransferase activity. EGCG abrogates p300-induced p65 acetylation
in vitro and in vivo, increases the level of cytosolic lkpa, and suppresses TNF- o induced NF-
kp activation. EGCG also prevents TNF-o. induced p65 translocation to the nucleus. EGCG
treatment inhibited the expression of NF-x[3 target genes in response to various stimuli (Choi et

al., 2009). Our laboratory has synthesized a water soluble inhibitor, CTK7A, a derivative of

Ravindra KC etal., J Biol Chem, 2009.

Figure 1.12: Docking of RTK1 onto the p300 HAT domain (A) and image of the docking site with the contact
residues showing the hydrogen bond (B).
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curcumin. This molecule is active against both p300 and PCAF acetyltransferase activities and
has been found to target the hyperacetylation of histone and non histone proteins by p300 in oral
cancer and reduce cancer load effectively in nude mice models (Arif et al., 2010). A new
synthetic HAT inhibitor has been shown to be cell permeable and works in nanomolar
concentrations. This molecule, C646, slows cancer cell growth by impeding intracellular histone
acetylation (Bowers et al., 2010).

With more HAT inhibitors being discovered HAT activators have not been left far
behind. By using anacardic acid as a synthon, an amide derivative of anacardic acid, CTPB, has
been synthesized (Balasubramanyam et al., 2003). However, cells are impermeable for this
particular molecule. This hurdle was crossed when novel drug delivery agents in the form of
glucose derived carbon nanospheres were discovered which could ferry small molecules into the
nucleus (Selvi et al., 2008). These nanoparticles could even cross the blood brain barrier. This
discovery opens up new ways of targeting drugs to the neurons. The fact that CTPB is selective
to p300 adds to the value and could help as a tool to study p300/CBP specific activation in the
neurons and in the background of neurodegeneration. Incidentally, newer HAT activators have
been discovered. Nemorosone has been reported to be a p300/ CBP specific HAT activator. Long
chain alkylidenemalonates have been reported to activate PCAF specifically, while inhibiting
p300/CBP in vitro. In this research project we report a new activator of p300 and CBP that is
derived from the CTPB scaffold.

1.8. Understanding the enzymatic roles of these transcriptional coactivators in

neuronal chromatin:

It is indeed clear that the acetyltransferase p300 regulates key cellular processes, not only by its
enzymatic activity but also by participating in the process of transcription as coactivators. One of
the easiest method to understand the role of a protein is by exogenously modulating that protein
levels in the system. This can be achieved by overexpression or knockdown studies, and most of
the information available about these enzymes is due to such studies. However, the possible flaw
in this approach is the alteration of the interacting proteome on modulating the protein level.
Thus, the outcome would essentially be a downstream effect and not a direct modulatory effect.

Although further validations such as examining the important promoters for these proteins or

40



Chapter 1

pulldowns, are helpful one efficient way to understand the enzyme function is through an
inhibitor based approach. Small molecule modulators (inhibitors/activators), of enzymes have

been used very successfully to unravel the mechanistic details of enzyme function.
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Figure 1.11: Small Molecule Modulators of HATs and HDACSs; Implications in Neuronal physiology: Histone
acetylation balance is important for neuronal cell survival and neuron physiology. HDAC inhibitors have been
known to rescue Neuronal cells from apoptosis in various degenerative states. But the role of HAT

inhibitors/activators, in neuronal physiology, is unknown.

In the field of chromatin, the identification of lysyl CoA as a p300 HAT specific inhibitor
opened up the entire field of p300 HAT biology. This is further supported by the fact that more
than a decade later the p300 HAT domain structure could be reported with the same specific
inhibitor. The p300 HAT specific inhibitor, curcumin has been used in transcription experiments
to study the role of p300 in pre-initiation complex (PIC) formation (Black et al., 2006). The field

of phosphorylation has been heavily influenced by specific inhibitors which have helped in
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understanding the process of phosphorylation so extensively. These different inhibitors have not
just helped in understanding the enzyme function but also greatly influenced the field of
therapeutics. In the context of neurons, though much is known about the role of p300/CBP as has
been discussed all through, the role of HAT activity of these enzymes versus their role as co
activators and bridging proteins has not been dissected. It is still unclear as to the actual changes
in gene expression that would occur with a defective acetylation of histones. Though we know
that HDAC inhibitors have been proven efficacious in neurodegenerative settings, it is still not
known as to what genes they de-repress to reverse the pathology. Though histone acetylation is
important for the neurons, we do not know much about the associated epigenetic marks on
histones, though DNA methylation has been addressed to some extent. So, this warrants the use
of HAT inhibitors that target the enzymatic activity of p300/CBP and /or other HATS that play a
crucial role in neuronal physiology (Figure 1.11). This would also serve as an easy alternative
and/ or is complementary to gene ablation and silencing studies. Some of these small molecule
modulators that activate p300 could be of immense use in the neurodegenerative setting. There is
also need for better and efficient activators that has been addressed in this work. These activators
could also be the beginning of next generation epigenetic therapeutics as will be discussed later

in the future perspectives.

1.9. RESEARCH FOCUS:

The area of chromatin research has advanced tremendously in the past two decades due to
the increased evidences linking chromatin as an important entity regulating gene expression.
This has been possible because of the various whole genome studies as well as different
chromatin immuno-pulldown data indicating the importance of chromatin modifications for the
various cellular processes. It is slowly being realized that these modifications are not functional
as single marks rather they exist in a network which is modulated by different environmental and
physiological cues. The universality of these cross talks is still in debate, since for every
modification network, there seems to exist more exceptions. However, a common thread that is
observed is the epigenetic cassette for activation and repression. Based on the different
transcription complexes, there are fine changes in the chromatin modifiers that get associated,
but as a general rule, acetylation of H3, H4, trimethylation of H3K4, H3S10 phosphorylation are

the marks associated with transcriptional activation (reviewed in Berger et al., 2007). We
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decided to investigate the physiological role of histone acetylation and the associated epigenetic

marks, in the global perspective of gene regulation by an inhibitor based approach taking the

following into consideration.

a.

p300/ CBP is an enzyme with multiple cellular functions which are both due to its
transcriptional co-activation property as well as due to its enzymatic property. However,
a clear delineation of which cellular function is regulated by which of these two abilities
has still been not possible, thereby alluding towards the need for the use of enzyme
specific inhibitors and activators. The cellular physiology of neurons to these HAT
inhibitors needed to be studied.
Though the role of histone acetylation has been highlighted in most of the reports which
have studied neuronal physiology in the chromatin context, there is very less knowledge
as to what are the other modifications that would be affected by tampering with
acetylation. Indeed, most studies look at specific modifications like H3 and H4
acetylation while actually, in the in-vivo context, a repertoire of modifications constitutes
a code for regulation of gene expression. Hence we wanted to understand the epigenetic
network associated with histone acetylation in the neurons.
Though HAT inhibitors are increasingly being studied for applications in diseases that
does not concern with the nervous system like Cancer and Diabetes Mellitus, their toxic
effects on the neurons cannot be neglected, considering the excessive sensitivity of
neurons for both hypo and hyperacetylation of histones.
Even though hypoacetylation of histones have been implicated in neurodegeneration, no
efforts have been done in the direction of specifically activating the involved HAT. Since
sequestering, degradation or hypoexpression of CBP is involved in most cases, till now
there are no drugs that would specifically activate the enzyme in a bid to increase
acetylation, through whatever CBP is available for function and thus keep the acetylation
specific to CBP downstream genes, thereby reducing toxicity. In this context, it has to be
noted that HDAC inhibitors may have been proved to alleviate the progression of
neurodegeneration, but due to its non specific nature it also causes neuronal apoptosis.
Hence, an effective alternative to overcome the pleotropic effects of indiscriminate

activation by HDACs is specific activation of the involved HATs. Hence we have
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intitiated search for efficient activators of p300/CBP provided their role in

neuroprotective pathways.
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“ Chapter 2

MATERIALS AND METHODS

This chapter is a brief note on the experimental procedures and also consists information on the

different reagents used for the study reported in this thess.

Chapter outline:

2.1. General Methods

2.2. Protein Expression and Purification

2.3. Histone modifying enzyme assays in vitro
2.4. Histone/Protein modification analysis in cells
2.5. Gene expression studies

2.6. Cell viability assays

2.1. General Methods

2.1.1. Reagent information:

The molecular biology reagents were purchased from either SIGMA, USB or
Invitrogen for the different experiments as indicated alongside. Buffers for routine use were
prepared from Qualigenes AR grade chemicals. Mammalian cell culture requirements were
purchased from SIGMA or Invitrogen. Insect cells requirements were purchased from
SIGMA. Tissue culture plasticware used were from NUNC. Primary antibodies used were
essentially from Upstate, Abcam, Millipore or Calbiochem, whereas the secondary
antibodies were purchased from Bangalore Genei or Invitrogen. Plumbagin (RTK1) and its
analogue RTK2 has been synthesized in the laboratory according to previously published
protocols (Ravindra et al., 2009). Synthesis of derivatives of CTB like TTK21 and the TTK

series has been done in the laboratory (Vedamurthy and Kundu , unpublished).
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2.1.2. Poly Acrylamide Gel Electrophoresis (PAGE):

SDS-PAGE: Sodium Do-decyl Sulphate — Polyacrylamide Gel Electrophoresis (SDS-
PAGE) was performed to separate the proteins according to molecular weight and also to
analyze the purity of the protein samples. Separating gels were made in various percentages
of acrylamide (Stock: 30%, Acrylamide: Bis acrylamide 29:1) along with 0.375 M Tris pH
8.8, 0.1% SDS, 0.1% APS and 8% TEMED. Stacking gels were made with 5% acrylamide
along with 0.375 M Tris pH 6.8, 0.1% SDS, 0.1% APS and 8% TEMED above the
separating gel. Protein samples were made in 1X sample buffer ( 50 mM Tris-HCI pH 6.8,
100 mM DTT, 0.1% bromophenol blue, 10% glycerol) heated at 90°C for 10 mins and
subjected to electrophoresis using SDS, Tris-Glycine buffer (25 mM Tris, 250 mM Glycine
pH 8.3, 0.1% SDS). Gels were visualized by staining with coomassie (45% methanol, 10%
Acetic acid, 0.25 % bromophenol blue) followed by destaining with destaining solution
(30% methanol, 10% acetic acid in H,O ).

2.1.3. Western blot analysis:

The separated proteins on a 12% SDS-PAGE gel were blotted to PVDF/Nitrocellulose
membrane using Biorad semidry western apparatus. Initially the gel was equilibrated with
transfer buffer (25 mM Tris, 192 mM glycine, 0.038% SDS, 20% methanol v/v) for 30 mins
on a rocker. The PVDF membrane was activated by soaking in methanol for 1 min followed
by washes with transfer buffer. The proteins were transferred to the membrane at 25V for
appropriate time period according to the size and nature of the protein. The nonspecific sites
were blocked using 5% skimmed milk or 1% BSA at 4°C overnight or at room temperature
for 3 hours. The blot was then incubated with primary antibody in 2.5% skimmed milk or
1% BSA in PBS for 3 hours or overnight at 4°C depending on the antibody. The blot was
washed with wash buffer according to standardized conditions for each primary antibody.
Further the blot was incubated with appropriate secondary antibody conjugated with HRP in
2.5% skimmed milk or 1% BSA in PBS for 3 hours at 4°C or at room temperature for 1.5
hours. The membrane was washed and the blot was developed using Pierce Super Signal
West Pico chemiluminiscent kit as described by the manufacturer. The blot was exposed to
TMS (Kodak) films for different time points and developed using GBX-Developer-Fixer

solutions.
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2.1.4. Mammalian Cell culture:

SH-SY5Y, C6 and HelLa cells were maintained at 37°C in Dulbecco's modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (US biological) and
appropriate antibiotics in 5% CO2 incubator. For cell storage, approximately 2 million cells
were suspended in 1 ml of 90% FBS and 10% DMSO. The temperature of the cells was
brought down gradually to -80°C with the help of cryocooler and finally cells were stored in
liquid nitrogen for long term storage. Cell revival was done by keeping the cells at 37°C for
3 mins followed by washing with 10 ml of DMEM to remove DMSQO. Cells were further
seeded in 25 mm flask for maintenance. On attaining confluency, the cells were trypsinized
using 0.05% Trypsin EDTA solution (Invitrogen) at 37°C for 1-2 mins based on the cell
type, followed by immediate neutralization with serum containing media. The cells were
centrifuged at 700 rpm for 5 mins and seeded in flasks or dishes as per the experimental

requirements.

2.1.5. Sf21 insect cell culture:

The Spodoptera frugiperda ovarian epithelial cell line Sf21 was cultured in the
commercial TC100 medium (Sigma), supplemented with 0.1% Pluronic F-68 solution
(Sigma), 10pg/ml Gentamycin (Sigma) and 10% FBS (Invitrogen) at 27°C in a BOD
incubator. After attaining confluency, the cells were dislodged from the substratum using a
cell scraper and subcultured in a 1:3 ratio. For cell storage, approximately 10 million cells
were suspended in 1 ml of 90% FBS and 10% DMSO. The temperature of the cells was
brought down gradually to -80°C with the help of thermo cooler and finally cells were stored
in liquid nitrogen for long term storage. Cell revival was done by keeping the cells at 37°C
for 3 mins followed by washing with 10 ml of TC100 to remove DMSO. Cells were further

seeded in 25 mm flask for maintenance.

2.1.6. RNA isolation:

Cells after culturing at different conditions were scraped/trypsinized, centrifuged at
2000 rpm, 4°C for 10 mins. The pellet was washed with 1X PBS. The pellet was
resuspended by vortexing in TRIZOL (Invitrogen), reagent at a ratio of 1ml per 10 million
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cells, followed by centrifugation at 12000 rpm, 4°C for 10 minutes. The supernatant was
subjected to chloroform extraction thrice. RNA was precipitated using equal volume of
isopropanol, following which the pellet was resuspended in 70 ul DEPC treated water. Re-
precipitation was done using 3 M sodium acetate, pH 5.2 and equal volume iso-propanol.
Pellet was washed with water, allowed to air dry and finally was resuspended in ultra pure
water.

2.1.7. cDNA synthesis:

3 png of total RNA was used for synthesis of 20 pul cDNA. 3 pg RNA was taken in a 12
ul reaction containing 40 picomoles of oligo dT and incubated at 70°C for 10 mins followed
by immediate incubation on ice for 10 mins. Reaction was initiated by the addition of 10
mM DTT, 0.5 mM dNTPs, 4 ul of 5X First strand synthesis buffer and 1 pl superscript RT
(Invitrogen). The reaction was incubated for 60 mins at 42°C followed by heat inactivation
at 70°C for 10 mins. The cDNA was then used for real time or normal PCR analysis using
specific set of primers. Alternatively, cDNA synthesis was also prepared by SIGMA
MMLV- RT, wherein the RNA template was incubated with 40 picomoles of oligo dT and
ImM dNTPs in a 10 pl reaction volume at 70°C for 10 mins followed by immediate
incubation on ice for 5 mins. The reaction was initiated by addition of the MMLV RT
enzyme and the buffer making up the volume to 20 pl, and incubation at 37°C for 50
minutes. Finally the RT was inactivated by incubating the reaction mixture at 90°C for 10
minutes. The cDNA synthesized by this method was essentially used for the gene expression

analysis by real time PCR.

2.1.8. Estimation of nucleic acids and proteins:

a) Nucleic acids concentration was estimated spectrophotometrically by measuring the
absorbance of DNA solution diluted in 10 mM Tris, 1 mM EDTA at 260 nm wavelength
(Az260). The concentration was calculated according to Beer-Lamberts law.

C =A%X0

C is the concentration of nucleic acid in ng/pul. For DNA 6 is 50 ng/ul. In case of
oligonucleotide 6 is 33 ng/ul. In case of RNA 0 is 40 ng/ul.
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b) Estimation of proteins: The concentration of protein in cell lysates was estimated
with Bio-rad protein estimation reagent according to the protocol supplied by manufacturer
using BSA as standard. Recombinant purified proteins were estimated by running different
concentrations of BSA along with protein of interest on a SDS-PAGE gel.

2.1.9. Agarose gel electrophoresis:

Agarose gel electrophoresis was carried out to visualize/analyze DNA/RNA samples.
Indicated percentage of agarose was added to 1X TBE (0.09 M Tris-Borate and 0.002 M
EDTA) /0.5X TBE and dissolved by melting in microwave oven. Samples were prepared in
1X loading buffer (0.25 % Bromophenol blue, 0.25% Xylene cyanol in 40% sucrose) and
were elecrophoresed at different voltages for varying time periods as indicated, in 1X
TBE/0.5X TBE. Gels were stained with Ethidium Bromide (10 ug/100 ml H,0) with gentle

rocking. Nucleic acids were visualized on U.V. lamp in gel documentation system (Bio-rad).

2.2. Protein Expression and Purification:
(a) Protein purifications:
2.2.1. Core histone purification from HeLa nuclear pellet:

HelLa nuclear pellet was homogenized in 0.1 M potassium phosphate buffer (pH 6.7),
containing 0.1 mM EDTA, 10% glycerol, 0.1 mM PMSF, 0.1 mM DTT with 630 mM salt
concentration and the supernatant was kept for binding with Hydroxyapatite. Following
washes with 630 mM salt over a prolonged period (12 hours), the histone octamer was
eluted with 2M salt and was dialyzed against BC100 (20 mM Tris, pH 7.9, 100 mM KCl,
20% glycerol, 0.1 mM DTT). Protein concentration was estimated using Bio-rad protein
reagent assay and electrophoresed on 15% SDS PAGE (Figure 2.1.). Aliquots were flash

frozen in liquid nitrogen and stored in -80°C.

2.2.2. Full length hexa histidine tagged p300 purification from Sf21 insect cells infected
with baculovirus of recombinant p300 virus:

Sf21 insect cells (5 million cells per 150 mm plate) were infected with the
recombinant p300 baculovirus. Following 60 hours of infection when all the cells show
distinct infected morphology and detachment properties from the surface, the cells were
scraped and lysed in homogenization buffer (10 mM Tris pH 7.4, 500 mM NacCl, 0.1% NP-
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40, 15 mM Imidazole, 2 mM PMSF, 2 mM B-mercaptoethanol and protease inhibitors). The
supernatant was kept for binding with Ni-NTA beads (Novagen) followed by washes with
buffer consisting of 10 mM Tris, pH 7.4, 300 mM NaCl, 10% glycerol, 15 mM Imidazole,
0.2% NP-40, 2 mM PMSF and 2 mM B-mercaptoethanol.

KDa
116 —
97 —

66 —

45 —
31 —

215 =— 3
H3
s
18| — H2A

6.5— H4

Marker

Figure 2.1. The core histone octamer profile on a 15% SDS-PAGE representing all the four histones, H3,
H2B, H2A and H4.

Protein was eluted using elution buffer consisting of 250 mM Imidazole. The protein
aliquots were flash frozen in liquid nitrogen and stored in -80°C. The protein concentration
was estimated using the BIORAD reagent, and was checked on 8% SDS PAGE (Figure
2.2.A). The activity of the protein was verified by filterbinding assay and fluorography gel
assay (Figure 2.2.B)

2.2.3. Full length FLAG tagged CBP purification from Sf21 insect cells infected with
baculovirus of recombinant CBP virus:

Sf21 insect cells (5 million cells per 150 mm plate) were infected with the
recombinant CBP baculovirus. Following 60 hours of infection when all the cells show
distinct infected morphology and detachment properties from the surface, the cells were
scraped and lysed in homogenization buffer (20 mM Tris, pH 7.4, 500 mM NaCl, 4 mM
MgCl,, 0.4 mM EDTA, 2mM DTT, 20 mM B-glycerophosphate, 20% glycerol, 0.4 mM
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Figure 2.2. Recombinant histone acetyltransferases. Protein profile of (A) full length p300, (B) The activity

of the p300 enzyme was verified by the gel fluorography assay as represented in lane 1 versus lane 2. Lane 1,

histones without enzyme: lane 2, histones with enzyme. The upper panel represents the autoradiogram profile

whereas the lower panel is the coomassie stained gel.(c) Activity of purified Flag-CBP

PMSF. The supernatant was kept for binding with M2-agarose beads (SIGMA) followed by
washes with buffer consisting of 20 mM Tris, pH 7.4, and 150 mM NaCl, 2 mM MgCl,, 0.2
mM EDTA, 1 mM DTT, 10 mM B-glycerophosphate, 15% glycerol, 0.01% NP-40, 0.2 mM
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PMSF and protease inhibitors. Protein was eluted using FLAG peptide (SIGMA) in BC100
buffer. The protein aliquots were flash frozen in liquid nitrogen and stored in -80°C. The
protein concentration was estimated using the BIORAD reagent, and was checked on 12%
SDS PAGE .The activity of the protein was verified by filterbinding assay and fluorography
gel assay (Figure 2.2.C)

2.3. Histone modifying enzyme assays in vitro:

2.3.1. Histone Acetyltransferase (HAT) Assay:

HAT assays were performed using 2.4 ug of highly purified HeLa core histones, incubated
in HAT assay buffer at 30°C for 10 mins with or without baculovirus expressed recombinant
p300 or CBP in the presence or absence of compounds followed by addition of 1 ul of 3.6
Ci/mmol ®H-acetyl CoA (NEN-PerkinElmer) and further incubated for another 10 mins in a
30 pl reaction at 30°C. The reaction mixture was then blotted onto P-81 (Whatman) filter
paper, radioactive counts were recorded on a Wallac 1409 liquid scintillation counter. For
gel fluorography assays, the histones were TCA precipated using 25% TCA. Precipitates
were washed twice with acetone, dissolved in 2x SDS loading dye,heated for 5 minutes and
separated using 15% SDS-PAGE. The gel was stained by coomassie to ascertain the
presence of histones in equal amounts in each of the reaction and was later dehydrated in
DMSO for 1hour. Later they were incubated in scintillation fluid (PPO solution in DMSO)
for 45 minutes and rehydrated again in distilled water for 4 hours. The gel was later dried
using a gel drier and exposed in an X-ray cassette using a film for 5 days in -80 degree

cooler. The film would be developed later to get intensity profiles for each of the reaction.

2.4. Histone/Protein modification analysis in cells and tissues:
2.4.1. Immunofluorescence Analysis:

Cells were grown on cover slips coated with poly-Lysine at 37°C in a 5% CO,
incubator. After the indicated treatment, cells were washed with PBS and fixed with 4%
paraformaldehyde (in PBS) for 20 minutess at room temperature. Cells were then
permeabilized using 1% Triton X-100 (in PBS) for 10 minutes and subsequently washed
with PBS for 10 mins, 3 times. Nonspecific sites were blocked using 5% FBS (in PBS) for
45 minutes at 37°C. Immunostaining was done with primary antibody at appropriate

52



Chapter 2

dilutions for 1 hour at room temperature. The cells were washed with wash buffer (1% FBS
in PBS) 4 times, 3 mins each. Primary antibody stained cells were incubated with secondary
antibody tagged with fluorescent dye at appropriate dilutions for 1 hour at room
temperature. After washes with wash buffer the nuclei were stained with Hoechst (1:10,000
dilution) for 20 mins. Two times PBS washed cover slips were inverted on to a microscopic

slide over 2 ul of 70% glycerol (in PBS) and visualized using confocal microscopy.

2.4.2. Acid extraction of histones:

Cells (3 million cells per 90-mm dish) were seeded overnight, and histones were
extracted from the cells after 24 h of compound treatment. In all the cases serum was added
after a period of 2 h of compound treatment. Cells were harvested, washed in ice-cold buffer
A (150 mM KCI, 20 mM HEPES, pH 7.9, 0.1 mM EDTA, and 2.5 mM MgCl,) and lysed in
buffer A containing 250 mM sucrose and 1% (v/v) Triton X-100. Nuclei were recovered by
centrifugation, washed, and proteins were extracted (on ice) for 1 hour using 0.25 M HCI.
Chromosomal proteins were precipitated with 25% (w/v) trichloroacetic acid and
sequentially washed with ice-cold acidified acetone (20 pl of 12 N HCI in 100 ml of
acetone), and acetone, air-dried, and dissolved in the sample buffer (5.8 M urea, 0.9 M
glacial acetic acid, 16% glycerol, and 4.8% B-mercaptoethanol). The protein was quantified
using a protein assay reagent (Bio-Rad). This was later used for immunoblotting analysis to
assay the in vivo histone modification status.

2.4.3. Whole cell extract preparation:

Cells were harvested by scraping/trypsinization follwed by centrifugation at 6000
rpm for 5 mins at 4°C. Cell pellet was washed with cold PBS and resuspended 10 times
packed volumes of cell pellet in RIPA (50 mM Tris-HCI, pH 7.4, 1% NP-40, 0.25% Na-
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM Phenylmethylsulfonyl fluoride (PMSF),
1 pg/ml each of aprotinin, leupeptin, pepstatin, 1 mM NazVO,4, 1 mM NaF) or TNN (50
mM Tris-HCI, pH 7.4; 100 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1 pg pepstatin per ml,
200 uM PMSF, 0.5 mM dithiothreitol (DTT), 1 pg of leupeptin per ml) buffer.

Homogenization was done using pipette tip and homogenate was incubated at 4°C for 30
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mins- 3 hours. Lysates were cleared of debris by centrifuging at 13,000 rpm for 5 mins and

the supernatant was used for further experiments.

2.4.4. Whole cell extract using Laemmli Buffer:

Cells were harvested by scraping/trypsinization follwed by centrifugation at 6000
rpm for 5 mins at 4°C. Cell pellet was washed with cold PBS and resuspended 10 times
packed volumes of cell pellet in Laemmli buffer ( SDS 4%, Glycerol 20%, Tris-HCI 0.125
at pH 6.8). Samples were boiled for 5 minutes at 90 degree centigrade and allowed to cool
till they attained room temperature. They were then subjected to brief sonication. 5X SDS
loading dye was added to samples and boiled for 5 more minutes. These lysates were later

used for western blotting.

2.4.5 Immunohistochemistry:

All sample tissues were collected in three separate vials (a).for IHC (fixed in 10% formalin)
; (b). for protein isolation (in protease inhibitor cocktails; Roche) ; (c). for RNA isolation (in
RNA latter solution; Ambion). Tissues samples except for IHC were quick frozen in liquid
nitrogen and stored at -80°C. Patient samples to be used in IHC were fixed in 10% formalin
for 1-2 hr and transferred to 70% ethanol overnight followed by paraffin embedding.
Paraffin blocks of fixed oral tissues were sectioned at 5 um. The sections were mounted on
silane coated glass slides. The deparaffinization was done by keeping the slides at 42°C hot.
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Figure 2.3: Immunohistochemical analysis of mouse liver using anti H3 antibody. Prescence of brown
coloured precipitate indicates the localization of protein against which antibody has been used. Prescence of

histone H3 in nucleus can be made out by the nuclear localization of brown colour.
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platform (overnight), hydrated and heated by microwave for 5 min at 93-98 °C in citric
buffer (10mM, pH 6.0).The slide were further incubated in same buffer for 20 min at room
temperature (RT). The slides were washed with PBS (3 min, two times). Blocking was done
at RT with 5% fat free milk. Slides were again washed with PBS (3 min, four times). The
sections were then incubated overnight at RT with different antibodies as mentioned in the
text (1:30 dilution). Then, the Envision kit (Dako, Denmark) was used according to the
manufacturer’s recommendations. Sections were counterstained with Mayer’s hematoxylin,
mounted in DPX and air dried. Prescence of brown coloured precipitate indicates the
localization of protein against which antibody has been used. Prescence of histone H3 in
nucleus can be made out by the nuclear localization of brown colour (Figure 2.3)
2.5. Gene expression studies:
2.5.1. Endogenous gene expression assay

HeLa and SH-Sy5Y cells were treated with RTKL1 to induce histone hypoacetylation
. Following the stipulated treatment time, total RNA was isolated using Trizol reagent
(Invitrogen). cDNA was synthesized with oligo dT (28 mer) (Invitrogen) and MMLV
reverse transcriptase (SIGMA), and the expression analysis was carried out using SyBR
green supermix (BioRad) and gene-specific primers of Actin, PUMA, NOXA, BDNF,and
Bcl2.
Sequences of the primers used are as follows:

Actin:  FP,5-GTGGGGCGCCCCAGGCACCA-3,
RP, 5-CTCCTTAATGTCACGCACGATTTC-3".

PUMA: FP, 5-GACCTCAACGCACAGTA-3,
RP, 5'-CTAATTGGGCTCCATCT-3"

Noxa: FP,5-ACTGTTCGTGTTCAGCTC-3/,
RP, 5'-GTAGCACACTCGACTTCC-3".

p300: FP,5’-ATGGCCGAGAATGTGGTG-3,
RP, 5’-ATTATCCCTTGTCCATTGCC-3'

PCAF: FP, 5’- GACCTGCAGCAAATAATTC-3’,
RP, 5’- GTAAAATAGACTTTCTCAAG-3’.

55



Chapter 2

BDNF: FP, 5’-AAACATCCGAGGACAAGGTG-3’,
RP, 5’- AGAAGAGGAGGCTCCAAAGG-3".

2.6. Cell Viability assays:
2.6.1. FACS analysis of PI stained cells:

Briefly cells were harvested by mild trypsinization (0.25%) followed by
centrifugation at 2000 rpm for 10 mins at 4°C. Cells were washed with cold PBS by
centrifugation at 2000 rpm for 10 mins at 4°C. Cells were fixed in cold 70% ethanol which
was added dropwise along with mild vortexing. Samples were left for 12 hrs, after which
ethanol was removed followed by two washes in cold PBS. RNase (100 pg/ml) treatment
was subsequently given at 37°C for 30 mins to ensure only DNA staining. 50 pg/ml
Propidium lodide was added for staining at 37°C for 30 mins. Cells were sorted and
analyzed by flow cytometry for the cell cycle distribution using inbuilt software of BD

FACS caliber instrument. Analysis was done in FL2 channel.

A B
% Gated Stage of cell

cycle

All 100 Allinclusive

M1 43.91 G1 phase

M2 275 G2 phase

M3 242 S phase

M4 4.49 Ploidy levels
greater than

0 200 400 600 800 1000 2n
FL2-A

M5 0.74 Sub-G1,
apoptotic
population

Figure 2.4: FACS analysis of PI stained HelLa cells. A. The cells were gated in M1, M2, M3 and M4 and M5
region in the FL-2 channel. B. Tabular representation of percentage of cells gated in relation to their cell cycle

stages.
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2.6.2. MTT cytotoxicity assay:

HeLa cells (5000 cells) were seeded in 96 well plate. The cells were treated with the
inhibitor for 24 hours. 5 hours prior to completion of the incubation, 20 ul MTT (5mg/ml
stock) was added to the culture media and incubated at 37°C for 5 hours. The media was
aspirated with the help of a needle and 200 pl of DMSO was added to solubilize the crystals.
After mixing by pipetting, the cells were incubated at 37°C for 5 mins and the absorbance
was recorded at 540 nm in an ELISA reader (VERSA Max microplate reader, Molecular
Devices). The values were normalized with the untreated control and plotted. Error bar

indicates the standard deviation.

2.6.3. DNA Fragmentation Assay:

RTK1-induced apoptosis was monitored by the extent of chromatin fragmentation. DNA
was extracted from the untreated and RTK1 treated HeLa/ SH-SY5Y cells. The cells (3x10°
per 90-mm dish) were seeded and treated with the compound for 24 h. Harvested cells were
washed with PBS and then lysed with lysis buffer containing 0.5% Triton X-100, 20 mM
Tris, and 40 mM EDTA at room temperature for 15 min. The lysate was treated with RNase
(0.1 mg/ml) and proteinase K (2 mg/ml) for 1 h, extracted with phenol/chloroform/isoamyl
alcohol (25:24:1), and DNA was precipitated by incubating the upper aqueous phase with
0.1 volumes of 3 M sodium acetate (pH 5.2) and 1 volume of isopropyl alcohol overnight at
-20 °C. The pellet obtained on centrifugation was washed with 70% ethanol and dissolved
after air drying in 50 ul of TE buffer. The extracted DNA was analyzed on a 1.8% agarose

gel and visualized by ethidium bromide staining.
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“ Chapter 3

Plumbagin alters epigenetic landscape and

Induces apoptosis in neuronal cells.

This chapter discusses the role of p300 acetyltransferase inhibition by RIKI (Plumbagin), isolated
from the roots of a medicinally important plant Plumbago rosea, in neuronal cell survival. It also
discusses HAT inhibition mediated alterations in the epigenetic state of neuronal and non neuronal
cells. Alterations in gene expression that follow these epigenetic changes has been investigated. The
experimental evidences that signify the importance of histone acetylation balance in neuronal cell

survival and apoptosis is presented in this chapter through a small molecule inhibitor based approach.

Chapter outline:

3.1. p300/KAT3B acetyltransferase

3.2. RTK1 is a potent anti cancer agent.

3.3. RTK1 inhibits p300 HAT enzyme in vitro.

3.4. RTK1 inhibits histone acetylation in neuroblastoma cells.

3.5. RTK1 alters epigenetic network; inhibits transcriptional activation mark.
3.6. RTK1 induces apoptosis of neuroblastoma cells.

3.7. RTK1 induces expression of both apoptotic and neuroprotective genes

3.8. RTK1 mediated perturbation of epigenetic network is true even in non

neuronal cells and animal models.
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3.1. p300/KAT3B acetyltransferase:

p300 acetyltransferase is referred to as the master regulator of gene expression (Ogryzko
et al., 1996) due to its different biological activities. p300 and its twin homologue CBP
are probably the most widely studied acetyltransferases. These enzymes are important
transcriptional co-activators and are components of the transcription machinery. Their
role in transcription and other physiological functions is a combination of various
biological activities such as the acetyltransferase function, the co-activation property and
their ability to act as scaffold or bridges connecting different proteins (reviewed in Giles
et al.,, 1998). Significantly, not all the activities require the enzymatic function rather
their interactomes (Manning et al., 2001) also influences the functional outcome. p300 is
a large protein with well documented role in processes such as transcription (Ogryzko et
al., 1996), cell cycle and DNA repair (Goodman and Smolik, 2000, Chan and La
Thangue, 2001), differentiation (Zhong and Jin, 2009) etc. Though, the exact structural
information of this protein is not available, an interdisciplinary approach utilizing the
Surface enhanced Raman spectroscopy (Arif et al., 2007) has provided significant details
of the secondary structural organization of this protein. This was followed by the report
of the minimal HAT domain crystal structure complexed with the p300 specific inhibitor
Lysyl CoA (Liu et al., 2008). The enzyme p300 is modulated not only by the various
interacting proteins, but is also self-regulated through an autocatalytic mechanism
(Thompson et al., 2004). Earlier work from Philip Cole’s group has revealed the
existence of an autoacetylation loop in the enzyme which consists of twelve acetylation
residues which undergo very rapid acetylation, essential for the acetylation activity of the
enzyme (Thompson et al., 2004). The lysyl CoA complexed p300 HAT domain crystal
structure also led to the identification of the mechanism of enzyme action. For a long
time, p300 was considered to follow a ping-pong mechanism of action (Thompson et al.,
2001), but the crystal structure data and the biochemical validation, suggest a Theorell-
Chance mechanism of enzyme action proposing a hit and run mechanism (Liu et al.,
2008), thus shedding light on its wide repertoire of substrates that get modified. This

mechanism of enzyme activity precludes the need for a proper enzyme-substrate complex
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formation. Instead, the enzyme exists in an active autoacetylated form and different
substrates transiently interact with the active site of the enzyme to undergo modification.

The substrates that get modified by p300 are indeed many with a proposed number of
more than 100 substrates (Marmorstein, 2001). It is probably the only histone
acetyltransferase that catalyzes acetylation of all four histone tails (reviewed in Lee and
Workman, 2007). It also acetylates several transcription factors such as p53 (Gu and
Roeder, 1997), NF-kB (Chen et al., 2001), SP1 (Xiao et al., 2000), c-myc and regulates
their activities. The histone chaperone NPM1 has been identified as a p300
acetyltransferase specific substrate wherein acetylation regulates its transcriptional ability
as well as its oncogenic potential (Swaminathan et al., 2005, Shandilya et al., 2009). A
search for the consensus motif for p300 acetylation has shown that there does not seem to
exist any characteristic recognition motif, however the presence of a G/SK sequence
relative to the acetylation site is a probable recognition motif of p300 acetyltransferase
(Bannister et al., 2000).

Since, the involvement of p300 in physiological functions is immense and it
regulates almost all essential cellular processes, it is an obvious corollary that its
dysfunction may lead to several abnormal or diseased states. Indeed the hyper-activation
or hypo-activation of this enzyme has been linked to a wide range of diseases from
cancer, asthma, respiratory disorders to metabolic diseases like diabetes (reviewed in
Selvi and Kundu, 2009). One of the major mediator of the inflammatory response is the
transcription factor NF-kB, which exhibits a strict requirement of acetylation of its p65
subunit for its transcriptional activity. Thus, NF-kB which is one of the main players in
the field of disease manifestation due to its obvious association with the first step of
disease, i.e. inflammation is directly regulated by p300 mediated acetylation and thus
p300 influences several disease associated pathways. It is important to remember that the
acetylation and the deacetylation mechanisms that exist in the cell maintain a
homeostatic balance that controls the smooth functioning of the different cellular
processes. And it is this balance that is lost in most disease states. The balance can be lost
by several mechanisms such as increased or decreased enzyme activities or mutations in

any of the enzyme components or sequestration of the proteins or most importantly
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altered post translational modifications which might change the interacting proteome. All
these changes need not essentially occur on only acetyltransferases and deacetylases and
most often the alterations are in both the enzyme machineries. For example, in cancer
there is hyperacetylation associated with the gene rich regions whereas there is
hypoacetylation at the promoter regions. Hence, it is essential to understand the exact
cause and mechanism of these dysfunctions so as to design and execute measures
towards therapeutic purposes. The most widely used method has been the knockout
strategy wherein the entire protein is absent thus addressing the effect of that protein in
toto on the cellular system. This strategy although has been extremely useful in providing
new insights into the protein function, it is slowly being realized that such an information
might not be useful in delineating the role of the enzyme in the cellular processes. The
advantage of an enzyme associated activity is the ability to modulate it by varying
substrate concentrations, or by using modulators (activators/inhibitors) or by just
changing the optimal activity conditions. Thus, if it becomes clear that the enzymatic
activity is what is responsible for its functions and thereby its possible role in disease
manifestation, an inhibitor would have immense therapeutic potential. Most importantly,
a modulator might help in understanding the enzyme and its mechanism of action. Thus,
the identification of specific modulators of an enzyme are valuable tools to understand
the enzyme function in physiological conditions as well as to modulate the same enzyme
function in pathophysiological states. This concept was realized in the early 2000. The
increased use of histone deacetylase inhibitors led to the realization that there should also
exist modulators of the forward reaction, i.e. histone acetylation inhibitors/activators. The
first known p300 specific HAT inhibitor is a synthetic molecule, Lysyl CoA (Lau and
Kundu, et al., 2000). Although, it is a decade since the first HAT inhibitor was
discovered, the field of HAT inhibitors consists of less than a dozen representatives. The
most important fact is that none of these inhibitors, inspite of their proven specificities,
have been considered for any clinical trials. The identification of HAT inhibitors from
natural source such as anacardic acid from cashewnut shell liquid (Balasubramanyam et
al., 2003) and garcinol from Garcinia indica (Balasubramanyam et al., 2004), opened up

a newer source for HAT inhibitors. Although, these inhibitors were highly potent, their
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nonspecific action on other chromatin modifying enzymes necessitated the search for
specific inhibitors. The identification of p300 specific inhibitors, curcumin
(Balasubramanyam et al., 2004a) and LTK-14 (Mantelingu and Reddy et al., 2007) has
immensely contributed towards understanding the role of p300 in transcription (Black et
al., 2006) and global gene regulation (Mantelingu and Reddy et al., 2007). But curcumin
is a well known antioxidant with multiple pleotropic effects (reviewed in Bar-Sela et al.,
2010). The garcinol derivative LTK-14 has anti-HIV property as it inhibits the viral
syncytia formation. Interestingly, the DNA binding intercalator, Sanguinarine which is a
putative anti-cancer therapeutic was also found to be a potent inhibitor of both p300 and
PCAF with an ICsp of 10 uM (Selvi and Pradhan et al., 2009), but it had a broad
spectrum of inhibitory activity. Although, the role of enzymes like p300 have been
implicated in diseases such as neurodegenerative disorders (Rouaux et al., 2003), several
inflammatory disorders (Dekker and Haisma, 2009) and it has also been shown that the
HAT inhibitors can effectively downregulate NF-«xB transcription (Ralhan et al., 2009), it
is surprising that none have been taken forward for therapeutic applications. Furthermore,
the available information about these inhibitors are all based on cell line experiments
with very minimal data on whole animals. Hence, the apparent in vivo toxicity and the
bioavailability of these inhibitors are not known. All these facts necessitate the
identification of HAT inhibitors especially from the natural sources so that an active
scaffold could then be modified for better and efficient inhibition. Considering the role of
histone acetylation to be so important, in cell survival, it has to be seen how these HAT
inhibitors will affect systems in vivo. Each tissue is different in terms of physiology and
histone acetylation would be tuned to its needs. Thus, HAT inhibition in different tissues
could result in different physiological outcomes. These are the kinds of studies that are
the need of the hour. Hence, one aspect of our work is to discover and establish newer

HAT inhibitors and to look at their in vivo effects.

3.2. RTK1 is a potent anticancer agent:
We have established a screening system of medicinal plants (described in the Indian

ayurvedic literature by Charaka and Sushruta) with known anticancer properties for HAT
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modulation activity. A systematic literature survey was carried out to determine the
possible candidate for p300 inhibition. The Ayurvedic medicines are generally crude
extracts of various plant components in a suitable form. Few are topical and few are
taken internally. One way to search for active components is to first determine the
diseases in which that particular enzyme (in this case, p300) is involved. The diseases
with a more direct involvement are better candidates to consider. The next step is to
identify the plant materials that are used for treatment of those diseases that have been
screened in the first survey. Such an extensive search led to the identification of the root
extract of Plumbago rosea as a treatment measure for several inflammatory and
microbial diseases (reviewed in Krishnaswamy and Purushothaman, 1980). The more
striking observation was that the active component of this root extract, plumbagin was
used for the treatment of hepatic ailment (Parimala and Sachdanandam, 1993) and also
exhibited anticancer activity against the hepatocellular carcinoma cell line (HCC) HepG2
(Shih et al., 2009) by inhibiting the invasion and migration of the cells. Incidentally
plumbagin inhibits many cancer cell growth. Potential role of plumbagin, as an anti-
cancer agent has been recognized (Parimala and Sachdanandam, 1993; Naresh et al.,
1996; Sugie et al., 1998; Hazra et al., 2002) and its anti-cancer effects have been reported
in diverse cancer models such as prostate (Powolny and Singh, 2008), lung (Hsu et al.,
2006; Gomathinayagam et al., 2008), cervical (Srinivas et al., 2004; Nair et al., 2008),
ovarian (Srinivas et al.,2004), Breast (Amir Ahmad et al , 2008). Also, majority of cancer
cases report hypoacetylation citing loss in p300 activity (Muraoka et al., 1996) or
mutated p300 (Roelfsema and Peters, 2007), there are few cancers such as oral cancer
and hepatocellular carcinoma which exhibit histone hyperacetylation. In the case of oral
cancer, the histone hyperacetylation is related to the hyperacetylation of a p300 substrate,
NPM1 leading to expression of genes associated with oral cancer manifestation
(Shandilya et al., 2009). The histone hyperacetylation in HCC is causally related to the
hyperacetylation of p300 regulated MEF2 (Bai et al., 2008) leading to a mechanism
contributing towards tumorigenesis. Taking all these facts into consideration, we had
earlier tested the root extract of Plumbago rosea for its effect on histone acetylation.

Surprisingly, plumbagin turned out to be a potent HAT inhibitor.
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3.3. Plumbagin isolated from Plumbago rosea is a histone acetylation inhibitor:

RTK1 (plumbagin) was used in histone acetyltransferase assays to check its HAT
inhibition, As observed in Figure 3.1, a drop in acetylation levels is clearly observed at
25uM concentration of plumbagin. Though the decrease in observed in bothp300 and
PCAF enzymes, the inhibition is better for p300 compared to PCAF (Figure 3.1, lane 5).
RTK1 was also tested in cell culture models. RTK1 could potently inhibit histone
acetylation in HepG2 cell line. The same inhibition was also observed in HelLa cell line.
However, in the cells it was not clear whether the inhibition is because of inhibition of
PCAF or p300.However through an ingenious and established assay we could dissect the
preferential inhibition of RTK1 of p300 but not PCAF by RTK1. DNA damage results in
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Figure 3.1. Effect of plumbagin/RTK1 on histone acetyltransferases: Filter binding assay for inhibition
of histone modification: HAT assays were performed either with p300 (blue bar) or PCAF (green bar) in
the presence or absence of RTK1 by using highly purified human (HeLa) core histones and processed for
filterbinding. Core histones without enzyme (lane 1); histones with enzyme (lane 2); histones with enzyme

in the presence of DMSO (lane 3); histones with enzyme in the presence of increasing concentration of

RTKZ, 10 pM and 25 pM (lanes 4-5). Error bars are standard deviations of mean of duplicate assays.
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p53 getting acetylated at various lysines, mediated by both p300 and PCAF, which is
important for different functional outcomes. Doxorubicin, an anthracycline and DNA
intercalating agent, when treated to cells, increases p53 accumulation and p53 dependent
transcription. p300 and PCAF acetylate different lysine (K) residues, (K373and K320
respectively) of p53 upon DNA damage. The PCAF acetylation site K320 is a site that
binds to the high affinity p53 RE on p21 and other survival associated gene promoters.
Hence, this residue acetylation is a mark for cell survival. On the other hand, the p300
acetylation site K373 binds to the low affinity p53 RE on p21 and other apoptotic gene
promoters hence skews the cell towards the apoptosis pathway. HEK293 cells were with
different concentrations of RTK1 for 3 hours following which acetylation of p53 was
enhanced by treating cells with doxorubicin for different time points. Whole cell lysates
prepared from the treated were subjected to western blotting analysis using antibodies
against p53, acetyl p53 (K373), acetyl p53 (K320) and B actin. It was found that the
acetylation of p53 at lysine 373 (by p300) was inhibited by treating cells with increasing
concentrations of RTK1 (Ravindra KC et al., 2009).The concentration of RTK1 added
did not affect the acetylation of p53 at lysine 320 (by PCAF). This suggested that there
was preferential inhibition of p300 in the cells and not PCAF in the assay, within the
range of concentration tested. It has to be noted that protein levels of p300 did not change

after addition of RTK1 to cells. It was also elucidated that RTK1 is a non competitive
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Figure 3.2: Structure of RTK1 with single hydroxyl group at the 10" position and methoxy- substitution at
the same position in RTK2
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inhibitor of p300 and a single hydroxyl group within the molecule was very important to
preserve its HAT inhibitory activity. When the hydroxyl group was changed to other
functional groups there was a complete loss of HAT inhibitory activity (Figure 3.2). This
hydroxyl group also was responsible for interaction of RTK1 with the HAT domain of
p300 and removal of the group, as observed in the structure of RTK2, resulted in the
molecule losing its HAT inhibitor activity (Ravindra et al., 2009). The presence of a
hydrogen bond between this single hydroxyl group and a particularly important Lys 1358
of HAT domain of p300 as observed by docking studies suggested that this binding is
important for HAT inhibitory activity. The mutation of lysine 1358 to alanine completely
abrogated HAT activity. Hence, this site specific binding was possible because of the
presence of a hydroxyl- group and the absence of the same lead to loss of inhibitory
activity. With this information in our consideration we set out to understand the effect of

RTK1 on neuronal cell acetylation and its functional consequences.
3.4.1 RTK1 inhibits histone acetylation in neuroblastoma cells:

Our goal has been to elucidate the effects of HAT inhibitor in neuronal cells. SH-SY5Y
cells were grown as mentioned in materials and methods section. The cell line SH-SY5Y
is a third generation Neuroblastoma cell line, cloned from SH-SY5. This cell line has
been used as a model for human neuronal cells. SH-SY5Y cells are known to be
dopamine beta hydroxylase active, acetylcholinergic, glutamatergic and adenosinergic.
SHSY5Y cells are well established in vitro models for studying neuronal cell physiology
especially neurotransmitter, neuronal differentiation and neuropharmacologic studies.

RTKZ1 was treated at two concentrations, 10uM and 20uM to SH-SY5Y cells. Treatment

of plumbagin at 20uM induces drastic changes in cell shape. This morphological change
could be due to the fact that plumbagin is known to inhibit microtubule polymerization
(Acharya et al., 2008). This has been investigated in many cell types like A549 which are
lung cancer cells. Since microtubule dynamics is very important in maintenance of cell
shape, motility and intracellular transport, the same could be true even in neuronal cells
like SH-SY5Y (Figure 3.3 A). Also, Western blotting was done using specific
Acetylated H3 (H3K14 acetylation) antibody to ascertain HAT inhibition. This site on

67



Chapter 3

histone H3 is acetylated by p300. The same blot was stripped of antibody binding and re-
probing was done with H3 antibody to confirm equal loading of histones. It was seen that
RTKL1 inhibited acetylation at 20uM concentration (Figure 3.3 B). In Figure 3.3 B, when
compared to lane 1 in which cells were treated with DMSO solvent, lane 2 and 3 show

decreased intensity as a result of decreased acetylation. In Lane 4, histones of cells

A
DMSO RTK120uM
B RTK1 RTK1 RTK2
UNT  10um 20uM  20pM

a H3K14Ac

o H3

Figure 3.3: RTKZ1 alters cell morphology and inhibits p300 mediated histone acetylation in SH-
SY5Ycells; A. Representative image of SH-SY5Y cells treated with DMSO or RTK1 20uM; B. Western
blot analysis of RTK1 untreated and treated cells. Lane 1- Untreated cells with DMSO solvent added to
culture, Lane 2 -10uM RTK1 treatment for 6 hours, Lane 3 — 20uM RTK1 treatment for 6 hours, and Lane
4- 20uM RTK2 treatment for 6 hours. Immunoblotting was done using Anti acetylated H3 K14 antibody.

As loading control re-probing of the same blot was done by anti H3 antibody.

treated with RTK2 was loaded and acted as negative control. As expected from our filter
binding assays, RTK1 inhibited histone acetylation in neuronal cells in a dose dependent
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manner, its effect being maximum at 20puM. RTKZ2, a derivative of RTK1, does not
inhibit p300 in vitro. The same is reflected when RTK2 was treated to cells. No change
was seen in histone acetylation levels upon RTK2 treatment. Hence RTKL1 inhibited

histone acetylation.
3.4.2. RTK1 inhibits p300 autoacetylation in neuroblastoma cells:

Within the cell, the activity of p300 is controlled by various mechanisms. Interacting
partners, posttranslational modifications etc, modify the histone acetyltransferase activity
of p300/CBP. One such vital posttranslational modification is autoacetylation of p300
(Thompson et al., 2004). In the normal state there is a stretch of lysine rich, inhibitory
loop of amino acids that cover the acetyl-coA binding site in the HAT domain of p300
(Figure 3.4A).Under appropriate conditions; there is acetylation of this loop. This
modification will pave way for a more active p300. This phenomenon of p300
autoacetylation has been observed in cell free systems and is expected to regulate the
activity of p300. Hence gauging the extent of autoacetylation is one way of estimating
the activity status of p300 in both in vitro and in vivo. As reported earlier, RTK1 could
inhibit p300 mediated acetylation in different cell lines. We found a similar pattern of
inhibition in neuronal cell line. To confirm whether this inhibition is also an effect of
RTK1 on p300 activity, we tested the autoacetylation status of p300 upon RTK1
treatment in cells. We hypothesized that it may affect autoacetylation levels of p300. In
order to prove that RTK1 could affect the autoacetylation of p300, it was treated at two
concentrations, 10uM and 20uM to HelLa cells. Western blotting was done using specific
Acetylated p300 (K1499 acetylation) antibody. The same nitrocellulose blot was stripped
of antibody binding and re-probing was done with tubulin antibody to ascertain loading
of cell lysates (Figure 3.4, B). In Figure 3.4B, when compared to lane 1 in which cells
were treated with DMSO solvent, lane 3 shows decreased intensity as a result of
decreased acetylation. In Lane 4, lysate of cells treated with RTK2 was loaded and acted
as negative control. It was seen that RTKL1 inhibited autoacetylation in a dose dependent
manner, which was not observed when RTK2 was treated to cells. The panel adjacent to

the western blot data quantifies the inhibition observed in the immunoblot It is observed
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that there is nearly 60 percent inhibition in the autoacetylated status of p300 as observed
by the drop in intensity to 40% of the DMSO treated lane. Thus the decrease in histone

A p300 autoacetylation loop

Thompson PR et al., Nat Str mol Biol, 2004 .

B RTKI ~ RTKI  RTK2 C 1o,
UNT  10uM  20puM  20pM o0 |

a Acp300
60
40 -
a Tubulin 20 -
o -

DMSO RTK1 RTK2
1 2 3 4 20uM  20uMm

Figure 3.4: A. Cartoon depicting lysine rich inhibitory loop of p300 that gets autoacetylated. The last and
the most critical lysine in the series is lysine 1499. Measure of this acetylated lysine of p300 is a measure
of its activity (Adapted from Thompson et al., 2004). B. RTK1 inhibits p300 autoacetylation in HeLa cells
in a dose dependent manner. Immunoblot analysis of cell lysates treated with solvent DMSO (lane 1), 10
uM RTK1 (lane 2), 20 uM RTK1 (lane 3) and 20 uM RTK2 (lane 4); Probed with antibody against
acetylated p300. As loading control re-probing of the same blot was done by tubulin antibody; C.

Quantification of western blot showing the percentage of inhibition.

acetylation observed in cells after treatment of RTK1 is due to inhibition of p300

enzyme, which is also evident from decrease in autoacetylation status of p300.
3.5.1.1. RTK1 alters epigenetic network; inhibits transcriptional activation mark.

It has been established that there is a cross talk between histone modifications in the cells

that influences transcription and thus gene expression. Acetylation of histone is an
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important mark that is generally associated with transcriptional activation. However, it is
the presence of combinatorial modification of histone on gene promoters that finally
decides the transcriptional state of the gene. Among these modifications, methylation and
phosphorylation of histones play a very important role. More specifically the presence of
acetylation on N-terminal histone H3 (H3K9, 14, 18 etc) and H4 tail (H4KS5, 8, 12, 16)
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Figure 3.5: RTK1 inhibits histone acetylation marks responsible for transcriptional activation in
SH-SY5Ycells; A. Western blot analysis of solvent treated and RTK1and treated cells. Lane 1- cells

treated with DMSO solvent, Lane 2-10uM RTK1 treatment for 6 hours, Lane 3 — 20uM RTK1reatment for

6 hours, Lane 4- 20uM RTK2 treatment for 6 hours. Probing was done using anti acetylated H3K9
antibody (panel 1), anti acetylated H3K14 antibody (panel I1), anti acetylated H2AKS antibody (panel I11),
anti acetylated H4KS5 antibody (panel 1V), anti acetylated H4K8 antibody (panel V). As loading control, re-
probing of the same blot was done by anti H3 antibody (panel VI); B. The experiments were performed in
duplicates, the levels of histone acetylation marks obtained by western blotting were quantified using
ImageJ software and graph was plotted for relative intensity (in percentage) considering the intensity of
DMSO treated lanes as 100%. Only the solvent treated, 20uM RTK1 and 20uM RTK2 lanes are
quantified.

are transcriptional activation marks. But these modifications do not act alone and there

are intricate cross- talks between H3K4 tri-methylation and H3S10 phosphorylation. In
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order to investigate the epigenetic changes associated with HAT inhibition we analysed
the changes using immunoblotting using various antibodies against the above mentioned
activation marks after treatment with RTK1. RTK1 was treated at two concentrations,
10uM and 20uM to SH-SY5Y cells with RTK2 20uM as negative control. Western
blotting was done using specific antibodies to histone modifications like acetylated H3
(H3K9, H3K14, H2AK5, H4K5 and H4K8 acetylation). Most of these sites are
acetylated by p300. H2AKS5 is reported to be a p300 specific site. The same
nitrocellulose blot was stripped of antibody binding and re-probing was done with H3
antibody to ascertain equal loading of histones. It was seen that RTK1 could inhibit
acetylation at all these sites in a dose dependent manner. As depicted in Figure 3.5 A, we
observe that acetylation at H3K9 (panel 1), H3K14 (panel I1), H2AKS5 (panel I11), H4K5
(panel 1V), H4K8 (panel V) decreases at the same concentration of RTK1 suggesting that
all the events are because of the inhibitor treatment and not other indirect events. Also,
RTK?2 that cannot inhibit p300 acetyltransferase does not cause any of these epigenetic

changes similar to RTK1 treatment. After treatment with RTK1 or RTK2 at 20uM it
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Figure 3.6: RTK1 treatment does not alter p300 expression: Cells were treated with DMSO or 20uM
plumbagin for 6, 12, and 24 h. Cells were harvested total RNA was extracted, and reverse transcription was
performed as described in the methods section. RT-PCR was performed as described elsewhere using gene
specific primers for p300 (A) or PCAF (B) Results are mean fold expression change over DMSO

treatment.

was found that RTK1 inhibits all the tested acetylation marks to nearly 60% as indicated
by the drop in intensity to 40% of DMSO treated lane (Figure 3.5, B). Thus RTK1
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inhibits major transcriptional activation marks, on all histones analyzed, on a global
scale, which are meant for transcriptional activation. We speculated that this reduction in
histone acetylation upon inhibitor treatment could also be a result of a downregulation on
the acetyltransferase expression itself. Hence, either p300 or PCAF, which acetylate the
above mentioned sites could be reduced due to their reduced expression and thus
acetylation could come down. To ascertain whether major cellular HATs like p300 or
PCAF show any change in expression patterns pos t treatment we performed a real time
PCR assay. After treatment with RTK1 at 20uM or solvent DMSO (control) for various
time points like 6, 12 and 24 hours we harvested cells, isolated RNA and made cDNA
using the RNA. Using primers specific for p300 (Figure 3.6A) and PCAF (Figure 3.6B)
we performed SyBrGreen based RT-PCR assay. We plotted graphs as fold expression
change over solvent DMSO treatment. We did not see any change in expression patterns
of p300 compared to the solvent treated cells. Very interestingly there was a significant
two fold up regulation of PCAF expression at 6 hours. The same trend continued till 12
hours. However, by 24 hours the expression decreased though it was still 1.5 fold more
than DMSO treated cells. However, it has to be noted that RTK2 did not cause any
change in the expression of either of the enzymes at 24 hours of treatment. This suggests
that, the decrease in acetylation in histones after treatment of RTK1 is because of

inhibition of enzyme activity and not because of hypoexpression of the enzymes.

3.5.1.2. Effect of RTK1 on the epigenetic network associated with transcriptional

activation:

Since acetylation of histones is not the sole modification for transcriptional activation
and is always associated with H3K4 tri-methylation and H3S10 phosphorylation
(Berger., 2007), we decided to investigate the effect of RTK1 treatment on the latter two.
RTK1 was treated at two concentrations, 10 and 20uM to SH-SY5Y cells for 6 hours
(Figure 3.7 A). Western blotting was done using specific antibodies against anti
phosphorylated H3S10 antibody (panel 1), anti tri-methyl H3K4 antibody (panel 11), anti
di-methyl H3R17 antibody (panel I11).As loading control, re-probing of the same blot
was done by anti H3 antibody (panel 1V). We observe that phosphorylation of H3S10
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(panel 1) and H3K4 trimethylation (panel 11), both decrease drastically after RTK1
treatment , which is also indicated in the graph quantifying the inhibition (Figure 3.7 B),
whereas no such effect was observed when RTK2 was treated at the same 20uM
concentration. However, H3R17 dimethylation, which is also a transcriptional activation
mark, known to have a cross talk with CBP mediated histone acetylation at H3K18
(Daujat S et al.,, 2002), remains unaltered. This was surprising, since being a
transcriptional activation mark, it remained unaltered. It could be possible that observing
global changes does not reflect sensitive rearrangements. It could also be possible that
H3R17 dimethylation is related to a distinct but minor set of genes, regulated by discrete

signals. A clue, to be
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Figure 3.7: RTK1 inhibits transcriptional activation marks associated with histone acetylation in
SH-SY5Ycells. A. Immunoblot analysis of solvent treated and RTK1 treated cells. Lane 1, Untreated cells
with just DMSO solvent; Lane 2, 10uM RTK1 treatment for 6 hours; Lane 3, 20uM RTK1reatment for 6
hours; Lane 4, 20uM RTK2 treatment for 6 hours. Probing was done using anti phosphorylated H3S10
antibody (panel 1), anti tri-methyl H3K4 antibody (panel I1), anti di-methyl H3R17 antibody (panel 111).As
loading control, re-probing of the same blot was done by anti H3 antibody (panel 1V); B. The experiments
were performed in duplicates, the intensities obtained by western blotting were quantified using ImageJ
software and graph was plotted for relative intensity (in percentage) considering the intensity of DMSO

treated lanes as 100%.

noted here is that CARM1 methylates H3R17, and is responsible for hormone regulated

gene expression. This observation however needs to be investigated. The results seemed
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to suggest that most of the histone epigenetic marks meant for transcriptional activation,
decrease on a global scale after HAT inhibitor treatment. However this would be clear
6hours
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Figure 3.8: RTK1 does not alter marks associated with gene repression in SH-SY5Ycells; A. Western
blot analysis of RTK1 untreated and treated cells. Lane 1,Untreated cells with just DMSO solvent; Lane 2,
10uM RTK1 treatment for 6 hours; Lane 3, 20uM RTK1reatment for 6 hours; Lane 4, 20uM RTK2
treatment for 6 hours. Probing was done using anti dimethylated H3K9 antibody (panel I) and anti tri-
methyl H3K9 antibody (panel I1).As loading control, re-probing of the same blot was done by anti H3
antibody (panel 111). B. The experiments were performed in duplicates, the levels of histone methyation
obtained by western blotting were quantified using ImageJ software and graph was plotted for relative

intensity (in percentage) considering the intensity of DMSO treated lanes as 100%.

only if effect on repressive marks on histones can be analyzed. H3K9 di-methylation at
promoter proximal histones is indicative of a repressed gene. H3K9 trimethylation is
representative of permanently silenced chromatin that occurs in the pericentric
heterochromatin (Snowden et al., 2002; Stewart et al., 2002; Rice et al., 2003). We
checked whether these two repressive marks would change with treatment of HAT
inhibitor RTK1. Hence, we performed western blot for histones isolated from SHSY-5Y
cells treated with RTK1 at 10uM and 20uM to SH-SY5Y cells for 6 hours (Figure 3.8
A). Western blotting was done using specific antibodies against anti dimethyl H3K9
antibody (panel 1) and anti tri-methyl H3K9 antibody (panel I1). As loading control, re-
probing of the same blot was done by anti H3 antibody (panel 111). We
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Figure 3.9: RTK1 inhibits HDAC inhibitor treatment induced hyperacetylation in SH-SY5Y cells.Western
blot analysis of RTK1 untreated and treated cells in the background of sodium butyrate (NaBu,1mM) and
trichostatin (TSA,1uM) treatment . Lane 1, Untreated cells with just DMSO solvent; Lane 2, NaBu and
TSA treatment for 3 hours; Lane 3, NaBu and TSA treatment for 6 hours; Lane 4, 20uM RTK1 treatment
for 3 hours in presence of NaBu and TSA, Lane 5, 20uM RTK1 treatment for 6 hours in presence of NaBu
and TSA; Lane 6, 20uM RTK2 treatment for 6 hours in presence of NaBu and TSA. Probing was done
using anti acetylated H3K9 antibody (panel 1) and anti acetylated H2AK5 antibody (panel II), anti
acetylated H4K8 antibody (panel I11), anti-acetylated H4K16 antibody (panel 1V) anti trimethylated H3K4
antibody (panel V). As loading control, re-probing of the same blot was done by anti H3 antibody (panel

VI). Indicated below each band is the change in intensity with respect to DMSO control.
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observe that none of the marks meant for gene repression are altered. Though H3K9
trimethylation is a mark of permanently silenced chromatin where alteration need not
occur, H3K9 dimethylation is a mark of repression of erstwhile active genes. Even here
no change was observed. The lack of any change in repressive marks is also indicated in
the graph quantifying the inhibition (Figure 3.8 B). Again, we are only observing the
changes in the global histone modification context. Minor rearrangement need not be
essentially identified since this cannot be proved by western blot experiments and needs
more sensitive chromatin immunoprecipitation of specific genes followed by RT-PCR of
their promoter to get information at a higher resolution. Over all, this data suggests that
the major change in epigenetic marks after RTK1 treatment to neuronal cells is on
transcriptional activation marks and affects all three modifications i.e., acetylation,
phosphorylation and methylation. Since RTK1 inhibits histone acetyltransferase it was
obvious that it could inhibit acetylation marks on histones. But the alteration of
acetylation associated phosphorylation and methylation was interesting. We decided to
rigorously establish the fact that RTK1 was first and foremost an inhibitor of HATs and
by virtue of the same it causes epigenetic changes. There could be two ways of proving
the same. The first is to check what would happen to histone acetylation when RTK1 was
added to cell culture media along with broad spectrum HDAC inhibitor like sodium
butyrate and trichostastin. If indeed RTK1 is a HAT inhibitor in vivo, it would drastically
affect histone acetylation turnover, eventually leading to a hypo-acetylated state. The
second is a more indirect and corroborative evidence. The same epigenetic alterations
caused by RTK1 should be effected by another known HAT inhibitor. Hence we
performed western blot analysis of RTK1 untreated and treated neuroblastoma cells in
the background of sodium butyrate (NaBu, 1mM) and trichostatin (TSA,1mM) treatment
(Figure 3.9). We observe that in untreated cells (lane I) there is not much of acetylation
of histones at the sites tested i.e., H3K9ac, H2AK5ac, H4K8ac and H4K16ac (panel I to
IV). However upon treatment of Sodium butyrate (NaBu) and Trichostatin (TSA) for 3
hours, there is hyperacetylation observed at all the acetylation sites tested. The
quantification of the band intensity showed a drastic 3 fold increase in H3K9

acetylation, 6 times increase in H2AKS5 acetylation and a 2 times increase in H4K8
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acetylation compared to DMSO treated lane at 3 hours itself which increases further by 6
hours. Acetylation is maximum by 6 hours of treatment (Lane 3, panel | through V).
However this hyperacetylation does not occur in RTK1 treated cells. By 3 hours itself
(Lane 4, panel I through IV) the presence of RTK1 prevents hyperacetylation as observed
by drop in intensities of the bands. This continues till 6 hours. When lane 3 is compared
with lane 5, in all the panels, we see a drastic difference between hyperacetylated
histones in lane 3 and hypoacetylated histones in lane 5, at all the tested sites. However,
RTK2 which is not a HAT inihibitor does not induce such a hypoacetylation state.
Indeed, HDAC inhibitor mediated hyperacetylation of histone is clear in lane 6, at all
residues sites (panel 1 through 1V) even in the presence of RTK2. To confirm equal
loading of histones, the blots were stripped of antibodies and reprobed by H3 antibody.
Panel V shows all the lanes to contain equal amount of histones. Thus, RTK1 by virtue of
its HAT inhibitory potential prevents hyperacetylation at all the tested modification sites
It is important to note that we chose sites on each of the histones except H2B, thus
making this a global phenomenon and not a residue specific event. Also, it is important
to note that the inhibition is seen as early as 3 hours (lane 2 versus lane 4, panel | through
IV). This is suggestive of the rapid permeability of RTKL1 to cells and an equally quick
and potent inhibition of HATSs. This also proves that inhibition of HATSs is a direct effect
of RTK1 treatment and not a downstream event. Sodium butyrate and Trichostatin, both
are HDAC inhibitors known to hyperacetylate histones resulting in enhanced gene
expression. They are also known to affect chromatin structure, wherein, their treatment
results in a more open form of chromatin. This open form of chromatin requires
acetylation of critical residues like H4K16 (Shogren-knaak et al., 2006). When we
analyzed the changes by western blotting, HDAC inhibitors caused a significant increase
in acetylation of H4K16 (Figure 3.9; Lane2, 3; panel IV). However, treatment of RTK1
could abolish this increase at three hour time point itself (Figure 3.9; lane 4, 5; panel
V). However, H4K16 site is acetylated by MYST family of HATs and not by p300/CBP
family or GCN5/ PCAF family. Hence a direct effect of RTK1 is not very clear. It is
possible that RTK1 could inhibit any of the MYST family of HATs directly. There are

small molecules HAT inhibitors known, like EGCG, Spermidinyl CoA, where no
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specificity is known for any particular HAT. But, they inhibit histone acetylation on a
global scale. RTK1 may also inhibit other HATSs in the cellular context, which has not
been conclusively shown as yet. Hence the decrease in H4K16 acetylation could either be
because of a direct effect through inhibition of enzyme acetylating the site, like the
MYST family, or this could mean that H4K16 acetylation has cross talks with other
acetylation sites. It is known that cross talk between acetylation sites within H4 exists.
H4K16 acetylation is absolutely essential for acetylation of H4K12, H4K8 and H4KS5.
Crosstalk of H4K16 with acetylation sites on H3 is also well known. H3S10
phosphorylation influences H4K16 acetylation as well as H3K14 acetylation (Berger .,
2007; Zippo et al., 2009). Hence inhibition of H3 acetylation could affect H4K16
acetylation as well. Thus, RTK1 inhibits global histone acetylation by virtue of its HAT
inhibition, in SH-SY5Ycells. Additionally, the experiments on the elucidation of the
epigenetic network perturbation has led to the identification of the inhibition of H3K4
trimethylation as a consequence of HAT inhibition (Figure 3.9, panel V). The inhibition
of this mark has been observed previously on treatment of RTK1 without sodium
butyrate treatment. This mark will however be discussed in the ensuing section that
discusses methylation and its crosstalk with acetylation. As discussed above, the changes
in epigenetic alteration could be attributed to HAT inhibition if the same set of changes

could be observed with a different HAT inhibitor having a different chemical scaffold.

3.5.2. Isogarcinol inhibits HATs and causes effects similar epigenetic alterations,
similar to RTK1:

Recently many naturally occurring HAT inhibitors have been reported. We had
discovered that Garcinol, a component of fruit rind, is an inhibitor of p300 and PCAF
enzymes (Balasubramanyam et al., 2004). Garcinol was a very toxic molecule. In order
to reduce its toxicity and make it more specific to p300 we had resorted to derivatization
of chemical groups of Garcinol. One such derivative obtained by an internal cyclization
was Isogarcinol (1G). IG was subjected to controlled modification and monosubstitution
at “14” position to synthesize 14-isopropoxy IG (LTK-13) and 14-methoxy IG (LTK-14)

(Mantelingu et al., 2007). These derivatives of isogarcinol were specific to p300.
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However, Isogarcinol, by itself is not specific to p300. It could inhibit both p300 and
PCAF (Figure 3.10). Considering that RTK1 is an inhibitor of p300 and also PCAF to
some extent we went ahead to compare epigenetic changes that was caused by RTK1
with those that could be caused by 1G. Also, the time point of treatment, and permeability
of RTK1 and IG are similar. Hence we chose IG to compare with RTK1. Before we
could continue with our assays in neuroblastoma cells we wanted to characterize histone

acetylation inhibition in other cell lines. In order to understand whether Garcinol
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Figure 3.10: Garcinol derivatives are potent inhibitors of p300. Garcinol, a naturally occurring non
specific, HAT inhibitory small molecule, was derivatised to isogarcinol (IG) through a process of
intramolecular cyclization. 1G was subjected to controlled modification and monosubstitution at “14”
position to synthesize 14-isopropoxy I1G (LTK-13) and 14-methoxy IG (LTK-14). The disubstitution of 1G
generated 3, 14 disulfoxy IG (LTK-19).

derivatives could inhibit histone acetylation and thus reverse the effects of histone
deacetylase inhibitors induced hyperacetylation, LTK14 and Isogarcinol were treated

after inducing hyperacetylation in C6 cells by using sodium.

80



Chapter 3

12 hrs 6hrs  12hrs  NaBu500puM 6hrs
LTK14 IG NaBu  NaBu +
Unt DMSO 100pM 100pM 500pM 500puM LTK14100uM 6hrs
]
e s o o AcH3 (K9, K14)

Figure 3.11: Garcinol derivatives, LTK14 and Isogarcinol inhibit histone acetylation in C6 cells and
LTK214 reverses hyperacetylation induced by NaBu. Western blot analysis of LTK14 untreated and treated
cells. Lane 1- Untreated cells; Lane 2- DMSO treated cells; Lane 3 —100uM LTK14 treatment for 12
hours; Lane 4 - 100uM Isogarcinol treatment for 3 hours; Lane 5 — 0.5mM NaBu treatment for 6 hours;
Lane 6 - 0.5mM NaBu treatment for 12 hours; Lane 7 — 0.5mM NaBu treatment for 6 hours followed by a
media change with 100mM LTK14 for 6 hours. Probing was done using Anti acetylated H3 K9,14

(bivalent) antibody. As loading control re-probing of the same blot was done by anti H3 antibody.

butyrate, a broad spectrum HDAC inhibitor (Figure 3.11). Western blotting was
performed to assess the status of histone acetylation in treated and untreated C6 cells. In
Figure 3.11, when compared to lane 2, in which cells were treated with DMSO solvent,
lane 3 (LTK14, 100uM) and lane 4 (I1G, 100uM) show decreased intensity as a result of
decreased acetylation. In Lanes 5 and 6, histone hyperacetylation is seen as a result of
sodium butyrate (0.5mM) treatment for 6 and 12 hours respectively. In lane 7, cells
treated with sodium butyrate for 6 hours were subsequently washed and treated with
100uM of LTK14. As expected, LTK14 could reverse the hyperacetylation induced by
HDAC inhibitors in C6 cell line. To observe the effects of these derivatives in SHSY5Y
cells, LTK14 was treated at two concentrations, 50uM and 100uM to these cells. 1G was

treated at a single concentration of 50uM to avoid toxicity. DMSO treated cells were
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taken as negative control. Western blotting was done using specific Acetylated H3 (K14

acetylation) antibody. The same nitrocellulose blot was stripped of antibody
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Figure 3.12: Garcinol derivatives LTK14 (p300 specific inhibitor) and IsoGarcinol, inhibit p300
mediated histone acetylation in SH-SY5Y cells in dose and time dependent manner. (A) Immunoblot
analysis of solvent treated and LTK14 treated cells. Lane 1- untreated cells, Lane 2- DMSO treated cells,
Lane 3 — 50uM LTK14 treatment for 12 hours, Lane 4 — 100uM LTK14 treatment for 12 hours, Lane 5-
100uM lIsogarcinol treatment for 3 hours. Probing was done using Anti acetylated H3 for K9 and K14
antibody. As loading control reprobing of the same blot was done by anti H3 antibody. (B) Inhibition of
acetylation as visualized by immunofluorescence of SY5Y cells with anti AcH3 antibody. Left panel shows
immunofluorescence with anti AcH3 antibody; middle panel shows DNA staining by Hoechst and merge

of antibody and Hoechst shown in the right panel.

binding and reprobing was done with H3 antibody to ascertain loading of histones. In
figure 3.12 A, when compared to lane 2 in which cells were treated with DMSO solvent,
lane 3 and 4 show decreased intensity as a result of decreased acetylation. In Lane 5,
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histones of cells treated with Isogarcinol was loaded which also showed inhibition.Thus
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Figure 3.13: Isogarcinol inhibits histone acetylation marks essential for transcriptional activation in
SH-SY5Ycells in a dose dependent manner; A. Western blot analysis of solvent DMSO treated and I1G
treated cells. Lane 1- Untreated cells with just DMSO solvent added to culture, Lane 2-30uM IG treatment
for 6 hours, Lane 3 — 60uM IG treatment for 6 hours. Probing was done using anti acetylated H3K2AK5
antibody (panel 1), anti acetylated H3K9 antibody (panel 1), anti acetylated H3K14 antibody (panel I11),
anti acetylated H4KS5 antibody (panel 1V), anti acetylated H4K8 antibody (panel V). As loading control, re-
probing of the same blot was done by anti H3 antibody (panel VI); B. The experiments were performed in
duplicates, the levels of histone acetylation marks obtained by western blotting were quantified using
ImageJ software and graph was plotted for relative intensity (in percentage) considering the intensity of
DMSO treated lanes as 100%.

LTK14 inhibited p300 mediated acetylation in a dose dependent manner along with 1G
(Figure 3.12A). An immunofluorescence assay was done of SH-SY5Y cells using
100uM LTK14 (Figure 3.12B). Two time points 6 hours and 12 hours were chosen for
treatment after which cells on coverslips were fixed and processed for
immunofluorescence using anti-acetylated H3 antibody. The confocal images clearly
show a decrease in intensity at 6 hours of treatment compared to DMSO control. The
decrease in inhibition is more after 12 hour treatment implicating a time dependent
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inhibition of histone acetylation. Isogarcinol treated cells acted as positive control.
Isogarcinol treatment necessitated early processing at 3 hours as the compound is toxic to
cells for longer time point treatment. Having characterized the inhibition of Garcinol
derivatives in neuronal cell lines we sought to analyze the epigenetic changes that
Igogarcinol would have in neuronal cells. The aim was to match the inhibition profile of
both RTK1 and IG and thus incriminate HAT inhibition as the common factor for the
same set of epigenetic changes. IG was treated at two concentrations, 30uM and 60uM to
SH-SY5Y cells for 6hours (Figure 3.13). DMSO treated cells were taken as controls.
Western blotting was done using specific antibodies to histone modifications like
acetylated H3, H2A and H4 (H2AK5, H3K9, H4K8 acetylation); phosphorylated H3S10,
tri-methylated H3K4; all of which are marks of transcriptional activation. Western blot
has also been done for repressive marks (H3K9me2 and H3K9me3). The same
nitrocellulose blot was stripped of antibody and re-probing was done with H3 antibody to
ascertain loading of histones. It is observed that in a dose dependent manner, IG inhibits
transcriptional activation marks H2AK5Ac, H3k9ac, H3K14Ac, H4K5Ac and H4KB8AC.
(Figure 3.13 A, panel | to V; lane 1 versus 2 and 3), and H3S10p and H3K4
trimethylation (Figure 3.14 A, panel I and 11, lane 1 versus 2 and 3) in the same way
RTKZ1 inhibits transcriptional activation marks. Also, transcriptional repressive mark
H3K9 tri-methylation is not altered by IG (Figure 3.14, panel 111 and 1V; lane 1 versus
2 and 3). It is clearer from the quantification of the western blots that all transcriptional
activation marks that have been probed are repressed to nearly 50% from their control
levels (Figure 3.13 B and Figure 3.14 B, upper panel). It is also clear that 1G does not
alter transcriptional repressive marks either (Figure 3.14 B, lower panel). This is similar
to the earlier data on RTK1. The only common factor between these two molecules
belonging to different chemical scaffolds is the fact that both are potent HAT inhibitors.
This incriminates the role of HAT inhibition in repressing transcriptional activation
marks, which could either be acetylation itself or acetylation associated marks like
H3S10 phosphorylation. Isogarcinol inhibits HATs and affects similar epigenetic
alterations, as RTK1 through its HAT inhibitory activity. It could be argued that the
inhibition of marks other than acetylation could be because of a pleotropic effect.
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However, two different molecules, bearing two different scaffolds, both of them proven
to inhibit p300 HAT, having the same pleotropic effect is distant. However, that
possibility cannot be ruled out. At this juncture, it is clear that inhibition of HATS,
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Figure 3.14: Isogarcinol inhibits transcriptional activation marks but not repressive marks; A.
Western blot analysis of I1G untreated and solvent treated cells. Lane 1- cells with just DMSO solvent
added to culture, Lane 2-30uM IG treatment for 6 hours, Lane 3 — 60uM IG treatment for 6 hours. Probing
was done using anti phosphorylated H3S10 antibody (panel 1), anti trimethylated H3K4 antibody (panel I1),
anti dimethylated H3K9 antibody (panel I11), anti trimethylated H3K9 antibody (panel 1V). As loading
control, re-probing of the same blot was done by anti H3 antibody (panel V); B.The experiments were
performed in duplicates, the levels of histone acetylation marks obtained by western blotting were
quantified using ImageJ software and graph was plotted for relative intensity (in percentage) considering
the intensity of DMSO treated lanes as 100%.

especially p300, has major repercussions in the epigenetic landscape of the cells.
Support for this work comes from other studies which have looked into the cross talks

between these epigenetic marks in the background of HDAC inhibition. The report
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elucidates an increase in acetylation with concomitant increase in other marks like H3K4
trimethylation (Nightingale et al., 2007). Our study concludes just the contrary in the
case of HAT inhibition. It has been elucidated that the functional roles of histone H3
acetylation and H3K4 methylation broadly correlate. Enhanced levels of both H3

acetylation and H3K4me3 are detected at the transcriptional start sites of active
‘ :
éw

§ @ Nightingale KP et al., J Biol Chem, 2007,

Figure 3.15: Proposed enzymology of histone H3 lysine 4 methylation. The abundance of specific

Ul
\\

methyl isoforms at H3 lysine 4 (mel, me2, or me3) is linked to the level of H3 acetylation and this is under
the regulation of several opposing multienzyme complexes; a MLL4-histone acetyltransferase complex is
responsible for depositing these marks. Importantly, the H3 tail must be acetylated for subsequent

methyltransferase activity (Adapted from Nightingale et al., 2007).

promoters, and both marks exert functional effects by recruiting activating chromatin
enzymes through interactions with bromo- and chromo-domain-containing proteins. This
correlation is also observed biochemically in the global pool of histones. Mass
spectrometry and Western blot analysis demonstrate that the level of histone H3
acetylation is linked to the degree of methylation at H3 lysine 4. It is known now that
conditions that increase histone H3 acetylation (i.e. treatment with deacetylase inhibitors)
are associated with increased levels of H3K4 methylation, primarily the di- and tri-
methylated forms, whereas conditions that decrease H3 acetylation (i.e. removal of
deacetylase inhibitors) also reduce the abundance of these methyl marks. HDAC
inhibition also affects acetylation turnover at promoters of immediate early genes and
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results in hyperacetylation at these promoters (Hazzalin CA et al., 2005). In cells that
were not treated with HDACI, H3K4 methylation is seen almost exclusively on
acetylated (primarily mono-acetylated) H3 isoforms and was virtually absent from the
more common non-acetylated form. Further, it was observed that the degree of
methylation is linked to the extent of acetylation, with H3 isoforms mono-, di-, and
trimethylated at Lys-4 being associated with progressively more highly acetylated H3
isoforms. Infact, it has been reported that the number of acetylated lysines on histone H3
influences the methylation of H3K4, which is due to a direct influence of the acetylation
on enzyme activity, in this case MLL4 that tri methylates H3K4. The more the
acetylation of H3, the better substrate it becomes for MLL4 resulting in increased H3K4
trimethylation (Figure 3.15). Indeed, phosphorylation of H3S10 in conjunction with
acetylation, results in a phospho-acetylated histone H3 isoform, which is an even better
substrate for trimethylation at H3K4. Kinetics of the modifications reveal that post
HDACI treatment, the changes in histone acetylation precede changes in histone
methylation. In our observation we observe that after inhibition of histone acetylation,
both H3K4 trimethylation and H3S10 phosphorylation levels drop on a global scale.
There could be a cross talk operating between these modifications post inhibition of
histone acetyltransferase, which needs to be addressed. No study has yet been conducted
where changes in epigenetic network is analyzed either post HAT inhibition (p300 and
PCAF in this case) or after gene silencing of these major HATS. This area needs to be
addressed keeping into consideration the fact that HATS, especially p300, is a master
regulator of gene expression. It also has important fallouts into neuronal cell physiology,
where hypoacetylation is known to be detrimental to the cells. But, what has not been
addressed is the involvement of other modifications, which could be either upstream or
downstream of changes in acetylation that could contribute to the pathology and ways to
rescue the cells from these harmful perturbations. Our study suggests that post inhibition
of HATSs, on a global scale, there are major repercussions on other modifications that
have been described above. These epigenetic modifications also affect cell survival and
physiology. It has already been mentioned that balanced acetylation of histones is vital

for neuron cell survival. A loss of acetylation is reported in apoptotic cells. To check the
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effect of HAT inhibition of neuronal cells, we performed cell viability assays using
neuroblastoma cells post treatment of RTK1. The nature of toxicity would also help
elucidating the fact that the epigenetic changes that we have been observing is not a
result of apoptosis, but the ensuing epigenetic alterations driven by HAT inhibition

would indeed lead to neuronal apoptosis.
3.6. RTK1 induces apoptosis of neuroblastoma cells:
3.6.1. RTK1 inhibits proliferation of SH-SY5Y cells:

RTK1 is toxic to cells and induces apoptosis, which is not surprising, considering the
wide array of activities attributed to RTK1. Through unknown mechanisms RTK1
generates Reactive Oxygen Species (ROS); Inhibits tubulin polymerization; Inhibits NF-
kB, AP-1 activity; Induces autophagy etc. We recently discovered that RTK1 inhibits
HAT and through this work we have elucidated its effects on the epigenetic landscape. It
could be argued that all the epigenetic perturbations we observe is due to these activities
and unrelated to HAT inhibition. However, HAT inhibition could be central to many of
these activities of RTK1. We investigated the role of RTK1 in cellular proliferation. We
treated Neuroblastoma cells with increasing concentrations of RTK1 (5, 10, 15, 20uM)
while RTK2 (20uM) treated cells were treated as negative control. The treatment time
was 6 hours for one set and 24 hours for another set (Figure 3.16, A and B respectively).
We observe that after 6 hours of treatment there is a gradual drop of viability in a
concentration dependent manner. Though the drop is not drastic, at the maximum

concentration of 20uM, there is a significant drop to 75% from 100% in DMSO treated
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Figure 3.16: Concentration dependent inhibition of cell proliferation by RTK1 measured by MTT assay
A. 6 hours treatment; B. 24 hours treatment.

cells. The drop in viability was drastic by 24 hours. Though dose dependence was
observed here too, there was 60% viability at 20uM concentration by the end of 24
hours. Very surprisingly, when RTK2 was treated at the same maximum concentration,
no change in cell viability was observed, even after for 24 hours, implicating the HAT
inhibitory potential of RTK1 in apoptosis. However, the drop at 6 hours was interesting
in another way. RTKZ1 inhibits tubulin polymerization (Acharya et al., 2008). Treatment
of RTK1 results in immediate loss of cell shape. Since we were experimenting with
neuronal cells, where cytoskeleton is more than other cells, the loss of cell shape and
adherence was imminent. We hypothesized that the drop in viability is actually due to
this change in morphology. Since MTT assay involves a step where the culture medium
with the dye is syringed out, it was possible that even viable cells would be syringed out
as they have lost adherence and are floating in the medium. The assay however did give

information that after 24 hours of treatment there is a drastic loss in cell viability which is
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not the case when HAT inhibition does not occur.lt is yet to be ascertained whether the
morphology of the cel is related to HAT inhibition or whether it is due to a different
pathway. It is important to note that RTK2 does not cause any morphological change.To
have a better estimate as to when apoptosis sets in, we performed DNA fragmentation

assay.
3.6.2. RTK1 induces apoptosis of SH-SY5Y cells:

This is a sensitive assay that is designed on the principle that apoptotic cells have
fragmented DNA, nearly 200kb in size at the onset, which escapes to the cytoplasm. At
later stages, fragments of all sizes are formed giving rise to a ladder when run on agarose
gel. At the end of apoptosis, however, DNA is mainly the smaller fragments with hardly

any large molecular weight DNA left uncleaved by endonucleases. As observed in

RTK1 RTK2
DMSO 20UM 20uM
Marker  6hr 6hr 12hr 24hr 6hr

Figure 3.17:RTK1 induces apoptosis (as monitored by DNA fragmentation). Apoptosis sets in at 12
hours as observed by DNA fragmentation. Lane 1, Marker in kilo base; lane 2, DMSO treated cells; lane 3,
RTK1 20uM for 6 hours; lane 4, RTK1 20uM for 12 hours; lane 5, RTK1 20uM for 24 hours; lane 6,
RTK2 20uM for 24 hours.

Figure 3.17, no DNA fragmentation is observed in either DMSO treated cells (lane 2) or
RTK1 treated cells (lane 4) till 6 hours. The same is the case with RTK2 treated cells
(lane 6). However, DNA fragmentation is observed by 12 hours of RTK1 treatment (lane
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4). The appearance of DNA ladders can be seen in lane 4. There is increase in
fragmentation of DNA fragmentation by 24 hours as seen by the increase in DNA ladder
in lane 5.This proves that apoptosis sets in at 12 hours while there is no apoptosis at 6
hours. In our earlier experiments we observe epigenetic changes as early as 3 hours. This
observation further strengthens the fact that the epigenetic perturbations are not because
of apoptotic cell death or any other downstream event, but due to HAT inhibition by
RTKZ1. As observed in the MTT assay, RTK2, which is not a HAT inhibitor, does not
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Figure 3.18: A. FACS analysis of PI stained HeLa cells treated with DMSO, RTK1 20uM (for 6, 12 and
18 hours). RTK2 (20uM) treated cells are considered as negative control. The cells were gated in M1, M2,
M3 and M4 and M5 region in the FL-2 channel. B. Percentage of cells in various stages of cell cycle post
RTK1 treatment.

cause apoptosis. This also proves beyond doubt that HAT inhibition causes apoptosis in
neuronal cells. However, DNA fragmentation is a qualitative assay. To be quantitative
and more accurate we also performed fluorescence activated cell sorting (FACS) analysis
(Figure 3.18 A and B). SH-SY5Y cells were treated with DMSO or 20uM RTK1 or

20uM RTK2 for various time points. Later, cells were stained with propidium iodide as
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mentioned in materials and methods section and subjected to FACS analysis. Of interest,
in FACS analysis, is the appearance of Sub-G1 peaks in the M5 region, which
corresponds to the apoptotic population. There is no appearance of Sub-G1 peaks in
DMSO treated cells or RTK2 treated cells as expected. RTK1 (20uM) when treated for 6
hours does not yield any apoptotic population of cells. However, by 12 hours of
treatment of same concentration of RTK1, there is appearance of a peak in M5 region.
This peak increases by 18 hours. The percentage of cells that are in M5 region is
mentioned in the tabulation beside each FACS profile. By 12 hours of RTK1 treatment
6% of cells are apoptotic and by 18 hours 15% cells are apoptotic. This analysis confirms
two issues. First, the earlier epigenetic perturbations that targeted transcriptional
activation marks are not due to apoptosis of cells. The second, is inhibition of HATS,
results in apoptosis of neuroblastoma cells. This information adds to the available
information that hypoacetylation of histones in neurons is seen predominantly in

neurodegenerative conditions, and most of those neurons are in apoptotic state.

3.7. RTK1 induces expression of both apoptotic and neuroprotective genes:

4.5 4

3.5 1

251 0 PUMA|
B NOXA

Mla_n

RTK1 (6hr) RTKl(thr) RTK1(24hr) RTK2 (6hrs) Doxorublcm
24hr)

-

Fold Expression over DMSO control

o

o

Figure 3.19: RTK1 induces p53 dependent pro apoptotic gene expression: Cells were treated with
DMSO or 20uM plumbagin for 6, 12, 24h. Cells were collected, total RNA was extracted, and reverse
transcription was performed as described in the methods section. RT-PCR was performed as described
elsewhere using gene specific primers for PUMA or NOXA. Results are mean fold expression change over
DMSO treatment.

92



Chapter 3

Having ascertained the toxicity profile caused by RTK1, we were interested to know
what changes would it cause to gene expression in neuronal cells. More compelling
reason was the fact that it inhibited major transcriptional activation marks, mostly those
of acetylation. Hence, changes in gene expression especially repression of genes was
expected. SH-SY5Y is a p53 positive cell line. However the expression of p53 is
considered to be negligible. We checked for expression of PUMA and NOXA genes by
RT-PCR analysis as these genes are p53 responsive and get upregulated during p53
mediated apoptosis (Villunger et al., 2003)(Figure 3.19). The fold change in expression
of treated cells over solvent treated control (DMSO) cells was calculated and data
tabulated. These genes are pro apoptotic and are p53 downstream genes. As expected,
their expression increased by 1.5 to 2 fold by 6 hours of treatment of RTK1 at 20uM.
This high level of expression was maintained till 12 hours. However by 24 hours, the
expression decreased, but still was higher than DMSO control. The decrease could be
because of the increase in apoptotic population as observed in our earlier data. The
increase by 6 and 12 hours was comparable to the induction observed after doxorubicin
(DNA damaging agent, induces p53) treatment for 24 hours (10pg/mL). However we
were more interested in understanding the gene expression of neuroprotective genes. We
chose Brain Derived Neurotrophic Factor (BDNF) and BCL2 genes (Figure 3.20 A and
B respectively). These are genes that protect neurons from death. These two genes are
Cyclic AMP Responsive Element Factor (CREB) downstream and they require CBP
mediated HAT activity at their promoters for efficient expression (Finkbeiner S et al.,
1997). Again, we performed RT-PCR for these two genes after treating neuroblastoma
cells with RTK1 at 20uM for 6, 12 and 24 hours. Surprisingly, there is no inhibition in
the expression of these genes, notwithstanding the fact that they are CREB downstream.
This, despite the fact that histone acetylation is decreasing globally. Recent literature
reports that RTK1 at lower concentrations than what has been used here is a
neuroprotective agent, and this has been established in the background of cerebral
ischemia (Son et al., 2010). This occurs through a different pathway involving the
Nrf2/ARE pathway. RTK1 reportedly activates this pathway. In vitro, plumbagin

increases expression of neuroprotective genes in primary neuronal cultures upon
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Figure 3.20: RTK1 induces expression of neuroprotective genes: Cells were treated with DMSO or
20pM plumbagin for 6, 12, 24h. Cells were collected, total RNA was extracted, and reverse transcription
was performed as described in the methods section. RT-PCR was performed as described elsewhere using
gene specific primers for BDNF (A) or Noxa (B). Results are mean fold expression change over DMSO

treatment.

ischemic stress. But, whether the effect is a direct action of plumbagin on the Nrf-ARE
pathway or whether this activation is due to the generation of ROS upon RTK1 treatment
is unknown. However, it is to be dissected as to what extent the role of RTK1 as a HAT
inhibitor would affect the other actions that also influence gene expression. The
availability of HATSs like p300 in the cell is very limited and thus one way to use them
would be to hijack p300 from one pathway to the other. Considering that Nrf2 needs
p300 co-activation property it could be possible that Nrf2 responsive genes could be
activated even though p300 is inhibited by RTK1. It is not known to what extent p300’s
HAT activity influences Nrf2 mediated activation. Thus it could be possible that on one
hand p300 is inhibited by HAT activity thus repressing a subset of genes. However, the

ability of RTK1 that is plumbagin, in inducing the production of ROS could in turn
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activate a lot of genes that would be necessary to counter the stress and repair DNA
damage which is an inseparable component of ROS mediated stress. Since the role of
HATSs and the presence or absences of redundancy in these pathways have not been
worked out the present up regulation of neuroprotective genes could be a response to
ROS production.

3.8. RTK1 mediated perturbation of epigenetic network occurs in non neuronal

cells and animal models:
3.8.1. Effect of RTK1 in HeLa cell epigenetic marks.

Having proved that the treatment of RTK1 to neuronal cells alters epigenetic landscape
and leads to apoptosis of cells, we wanted to establish the prevalence of this phenomenon
across all cell types. This is because, though the expression may vary between tissue and
cell types, HATs are present in all cell types. If RTK1 is a HAT inhibitor, then
essentially, it should induce similar changes across all cell types since the working
principles of epigenetics and transcription are similar across mammalian cells. Also, we
wan type specific event. Hence, we treated RTK1 to HeLa cells, which are non neuronal
cells and very different in nature from SH-SY5Y cells. We ensured the toxicity levels by
initially performing FACS analysis of propidium iodide stained HelLa cells after
treatment of 25uM RTKZ1 for a period of 12 hours (Figure 3.21 A and B). We observed
no apoptosis at this concentration at 12 hours, as observed by lack of Sub G1 (M5)
population of cells, contrary to what occurred in SH-SY5Y cells, which began to die by
apoptosis by 12 hours itself. This could be because of the excessive sensitivity of ted to
ensure that the observations that we had made is not a onetime event or a cell neuronal
cells for hypoacetylation. However, there is an accumulation of cells in S phase and G2
phases of the cell cycle as indicated by increase in M2 and M3 populations. It is known
that plumbagin inhibits cell cycle progression in S phase. This feature of plumbagin is
attributed to its ability to induce DNA damage. But, it is certain that at the concentration
and time point that has been used in the present study there is no cell death by apoptosis
which is supported by the FACS data. After ensuring the lack of toxicity, RTK1 was
treated at two concentrations, 10uM and 20pM to Hela cells (Figure 3.21 C). DMSO
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Figure 3.21: RTK1 inhibits transcriptional activation marks associated with histone acetylation in HelLa
cells in a dose dependent manner. Western blot analysis of RTK1 untreated and treated cells. Lane
1,Untreated cells; lane 2, DMSO treated; Lane 3, 10uM RTK1 treatment for 6 hours; Lane 4, 25uM
RTKZ1reatment for 6 hours. Probing was done using anti phosphorylated H3S10 antibody (panel I), anti tri-
methyl H3K4 antibody (panel I1), anti di-methyl H3R17 antibody (panel 11), anti trimethyl H3K9 (panel
IV). As loading control, re-probing of the same blot was done by anti H3 antibody (panel V).

treated cells acted as negative control. Western blotting was done using specific
antibodies like anti phosphorylated H3S10 antibody (panel 1), anti tri-methyl H3K4
antibody (panel I1), anti di-methyl H3R17 antibody (panel 1llI) and anti tri-methyl
H3K9antibody (panel 1V). As loading control, re-probing of the same blot was done by
anti H3 antibody (panel V). We observe that phosphorylation of H3S10 (panel 1) and
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Figure 3.22: RTK1 inhibits epigenetic marks meant for transcriptional activation in mouse brain tissue.
Western blot analysis of DMSO and RTK1 (9mg/kg, intra-peritoneal route) injected mouse brain. Lane 1-
brain lysate from DMSO injected mouse , Lane 2- brain lysate from RTK1 injected mouse ( in A,B and C).
A) Probing was done to check changes in acetylation status of histones using anti acetylated H3K9
antibody (panel 1); anti acetylated H3K14 antibody (panel I1); anti acetylated H4K5 antibody (panel 111);
anti acetylated H4K8 antibody (panel 1V) and anti-GAPDH ( loading control). B) Probing was done to
check changes in acetylation associated transcriptional activation marks using anti-phosphorylated H3S10
antibody (panel 1); anti-trimethylated H3K4 antibody (panel I1); anti GAPDH (panel 111) as loading control.
C) probing was done to check transcriptional repressive mark using anti-trimethylated H3K9 antibody
(panel 1); anti GAPDH (As loading control).

H3K4 trimethylation (panel I1), both decrease post treatment of RTK1 which correlate to
the doses where histone acetylation inhibition has been reported. However, H3R17
dimethylation, which is also a transcriptional activation mark remains unaltered at same
concentration, as has been observed with SH-SY5Y cells (Figure 3.7). H3K9 tri-
methylation too showed not alteration. This result is in line with the earlier data on the

same modification in SH-SY5Y cells (Figure 3.8).Through these rigorous analysis of
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histone post translational modifications we could elucidate the role of HAT inhibition in
influencing epigenetic marks and we established RTK1 as a potent HAT inhibitor both in

neuronal and non-neuronal cell lines.
3.8.1. Effect of RTK1 in epigenetic alterations in a mouse model:

The ultimate aim of this research is to check for physiological changes ensuing HAT
inhibition. This will help to understand the role of histone acetylation in normal
physiology better. However, we chose the small molecule inhibitor based approach for
the same. Since we had established RTK1 as a HAT inhibitor is detrimental to neuronal
cell survival and since acetylation of histones is such a vital physiological process in the
mammalian brain, we sought to analyse the epigenetic changes and the physiopathology
associated with HAT inhibition in brain, in a mouse model. We observed that most of the
acetylation sites, H3K9, H3K14, H4K5, H4K8 acetylation are decreased post RTK1
treatment (Figure 3.22, A, panel I-1V respectively) in mice. To our surprise, there is
also a drastic decrease in other transcriptional activation marks, associated with
acetylation like H3K4 tri- methylation and H3S10 phosphorylation (Figure 3.23, B,
panel | and 11 respectively). As we observed in our cell line based experiments, we do
not see any changes in the transcriptional repressive marks like H3K9 tri-methylation
even though most of the transcriptional activation marks are repressed. In order to
visualise the inhibition of acetylation and inhibition of p300 within the brain tissue we
resorted to immunohistochemical analysis. After 6 hours of treatment with either DMSO
or RTK1 mouse were decapitated and brain was quickly dissected out. The tissue was
then fixed with formalin and embedded with paraffin. Sections were made from the
paraffin blocks and stained using anti H2AKS5 acetylation and anti acetylated p300
antibodies. Upon completion of the procedure the development of a brown stain is due to
the formation of an insoluble brown precipitate from a chromogenic substrate di-amino
benzidine (DAB). The sections were counterstained with hematoxylin after
immunostaining. We observe a drastic decrease in the H2AKS5 acetylation in the RTK1
treated mice brain when compared to DMSO treated brain as indicated by the intense

brown nuclear stain taken by tissue in the DMSO injected mice which is absent in the
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RTKZ1 treated mice. There is also a drastic decrease in acetylated levels of p300. The
inhibition of autoacetylated forms of p300 with concomitant inhibtion of histone
acetylation as observed by western blotting and IHC, proves beyond doubt that RTK1, by
virtue of its HAT inhibitory potential inhibits transcriptional marks both in vitro and in

vivo. Whether the inhibition of transcriptional activation marks actually translate to

RTK19mg/Kg

aH2AKS5AC

Figure 3.23: Immunohistochemistry was performed using brain tissue from mice which were intra
peritoneal injected with DMSO (lane 1) and RTK1 at 9mg/Kg (lane 2) immunostained with antiacetylated
histone H2AKS5 antibody (panel 1) and anti acetylated p300 antibody (panel I1).

repression of transcription itself is a subject of further study that is now being conducted.
Also, what meaning this form of inhibition of HATs would have in terms of functioning
of the brain, especially in the context of learning and memory, as well as

neurodegeneration is currently being studied.
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“ Chapter 4

TTK21, a novel p300/CBP histone acetyltransferase
activator

This chapter discusses the activators of p300/CBP acetyltransferases. It also includes the screening of various

derivatives of CTPB, a HAT activator, to identify and characterize better activators of p300/CBP.

Chapter outline:

4.1. CTPB, a p300/CBP specific activator of acetyltransferase activity.

4.2. Nanoparticles, new tools for drug delivery.

4.3. ldentification of a novel, small molecule activator of CBP/p300 and its characterization
4.4. Activation of p300 mediated histone acetylation in vivo using carbon nanospheres as
drug delivery vehicle:

4.1. CTPB, a p300/CBP specific activator of acetyltransferase activity.

There are many naturally occurring small molecules that have been isolated and screened from
medicinal plants for their anticancer properties. However, not many of these molecules have
been tested for their ability to inhibit acetyltransferase activity. In an effort in the same direction,
we had isolated cashew nut shell liquid (CNSL) extracts (both polar and non-polar) and tested
for their HAT inhibitory activity. Surprisingly, CNSL inhibited HAT activity of both p300 and
PCAF (Balasubramanyam et al., 2003). We could also narrow down our search to anacardic
acid, which was a very potent but non specific inhibitor of both p300 and PCAF. It was also
observed that anacardic acid did not show any changes in cellular histone acetylation which
could be due to the fact that these group of molecules were cell impermeable. Due to the
apparent lack of specificity toward HATS, we altered the various functional groups of anacardic
acid, keeping the parent structure intact, to end up with a molecule with a better inhibitory effect
or even selectivity. One such modification involved the acidic group on the anacardic acid
which was modified to different amide derivatives using substituted anilides. This resulted in a

molecule, CTPB, which surprisingly when tested in an in vitro HAT assay, showed an
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enhancement in the p300 HAT activity while keeping the PCAF HAT activity mostly
unperturbed. Concentration-dependent HAT activity profile revealed a maximum activation for
p300 HAT activity at 275 uM CTPB. Thus, CTPB specifically enhanced the HAT activity of

Balasubramanyametal., J Biol Chem, 2003 ) Ha

Figure 4.1: x-ray crystal structure of CTPB showing the Oak Ridge Thermal Ellipsoid Plot (ORTEP) view of the
compound. The color coding of the atoms is as follows: black, carbon; light blue, hydrogen; dark blue, nitrogen; red,

oxygen; light green, fluorine; dark green, chlorine.(Adapted from Balasubramanyam et al., J Biol Chem, 2003)

p300, a function that is reflected even at the transcriptional level. CTPB could activate in-vitro
chromatin templated transcription significantly. However, it did not affect DNA transcription,
thus highlighting the fact that CTPB enhances transcription through its ability to activate p300.
The resultant increase in chromatin templated transcription is due to hyperacetylation of
nucleosomes by p300 in vitro. Molecules which can activate p300 in vivo could be of immense
use not only as tools to study the phenomena of acetylation in the living cells and organisms but
also as new generation therapeutics in those diseases where decrease in p300/CBP mediated
histone acetylation is known. The major drawback with this activator is that it does not permeate
into the cells. We treated HeLa cells with various doses of CTPB for a period of 24 hours and
analyzed histone acetylation status by western blotting probing acetylated histone H3 antibody
against acid extracted histones. Across lanes we do not observe any change in the acetylation
status of histones. This is suggestive that the molecule could be impermeable to the cells. We
were constantly in the look out for any system that could ferry this drug to the cell nucleus. Such
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a system would immensely help investigate the effect of activation of p300 HAT in cells. We hit

upon one such drug delivery system in the form of glucose derived carbon nanospheres.

4.2. Nanoparticles, new tools for drug delivery:

Cytoplasm

Chromatin Chromatin
Repressed state Active state

Nucleus
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Carbon nanosphere

%
“@ :
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Figure 4.2. Carbon nanospheres bind to CTPB by physical adsorption and ferry them into the nucleus where CTPB

activates p300/CBP and results in active state of chromatin.

Nanomaterials in biology has opened the door to a better understanding of cellular processes
through imaging and improved therapeutic procedures, especially in drug delivery. Nanoparticles
such as silica, LDH clay, micelles, polymer nanoparticles, and carbon nanotubes are being
actively explored for the purpose of intracellular drug delivery. Most often, these nanoparticles
require several surface chemical modifications to attach the drug molecules and additional
fluorescent tags. This inevitably affects the cellular uptake and metabolism of the nanomaterial.
However nanoparticles have been useful in transporting nucleic acids, proteins, and drug

molecules across the cell membrane. The drawback of these nanoparticles is the inefficiency to
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breach the nuclear membrane. This limits their use in many applications. However, nuclear
targeting carriers such as peptides and polyethyleneimines do exist. These are positively charged
moieties and face intense serum inhibition, since most of the serum is made up of negatively
charged proteins. But the carbon nanospheres (CSPs) derived from the hydrothermal treatment of
glucose could overcome all of the above shortcomings and entered the cell nuclei (Figure 4.2).
Importantly, these CSPs are intrinsically fluorescent and do not require any additional
fluorescent tags to track them inside the cells (Selvi et al., 2009). Intrinsic fluorescence makes it
easy to track them in cells. Once we could track these carbon nanospheres into the cell nucleus
we ensured that we could observe the same in animal models. We injected the nanospheres
intraperitoneally into rats and then harvested tissues after 72 hours. These tissues were
formaldehyde fixed and paraffin embedded. When sections were taken we could observe the
intrinsic fluorescence emanating from the nanospheres in almost all of the tissues. Strikingly,
these nanospheres could also enter the brain tissue by crossing the blood brain barrier. It was
important since any carrier molecule will have to be able to penetrate this barrier in order to
deliver small molecules to the brain. It was also observed that there was accumulation of
nanospheres more in the brain than in other tissues at 72 hours. The percentage of cells that had
nanospheres within them was higher in brain than in either liver or spleen even though it was the
liver and the spleen that would be expected to harbor most of these particles considering their
roles in removal of particulate foreign particles in the body. Having ensured that the nanosphere
could permeate into the nucleus in both cell culture and animal models we also verified whether
these could act as efficient carriers. We checked for the ability of these nanospheres to conjugate
CTPB. The conjugation of the nanospheres and CTPB was mediated by physical adsorption
without requiring any covalent bonding between the carrier and the small molecule. An extended
Energy-dispersive X-ray spectroscopy confirmed that the molecule CTPB was indeed conjugated
to the glucose derived carbon nanosphere albeit in a physical manner. The surface of carbon
nanosphere has hydrophobic pockets and crevices that could account this physical adsorption.
Since we had a delivery system in place we decided to look for better and efficient activators of
p300. Some of these small molecules were of immense help in understanding the nature of the
enzyme activation when probed by Surface Enhanced Raman Spectroscopy (SERS) (Mantelingu
et al., 2007; Arif et al., 2007). The earlier works also led to elucidation of the autoacetylation

based structural changes in p300 as probed by SERS analysis. Here we had found that the small
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molecule activators bind to a region near the HAT domain but not to the HAT domain itself. It

was also found that derivatives that lacked the penta-decyl side chain of CTPB could access the

binding pocket better than CTPB thus making them better activators.
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Figure 4.3: Structures of TTK derivatives: Analogues of CTB that have been selected for screening for their HAT

activation potential.

4.3. Identification of a novel, small molecule activator of CBP/p300 and its characterization

in vitro:

In an effort to understand the mechanistic aspects of p300 activation and the chemical entities

within these small molecules that are important to activate p300, we derivatized various small
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molecules from CTPB. The initial, tail less derivatives, of CTPB were nomenclatured as CTB.
CTB was further derivatised to TTK series of molecules (Figure 4.3). These molecules were
subjected to histone acetyltransferase assays (Filter binding assay) to check for their ability to
activate p300/CBP HAT. Core histones purified from HelLa nuclear pellet was used as the

substrate and p300 purified from baculovirus infected Sf21 cells was used to determine the HAT

Screening CTB derivatives for p300 activation( 200uM)
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Figure 4.4: Screening TTK series for their HAT modulatory activity: Screening of TTK series ( TTK19,

TTK20, TTK21, TTK22, TTK23, TTK24, TTK25, TTK26), all derivatives of CTB for their p300 activation activity

was done by filter binding assay at 200puM concentration and data tabulated.

modulation activity of these derivatives. All molecules were used at a concentration of 200uM in
the HAT assays in the initial screen. TTK21 showed significant increase in radioactivity counts
compared to other derivatives (Figure 4.4). The activation by TTK21 was comparable to both
CTPB and CTB. In fact TTK21 consistently showed better activation than its parent molecule
CTB with p300. To test for dose dependent activation by TTK21 of p300, histone

acetyltransferase assay were performed in the same way using
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Figure 4.5: TTK21 activates p300 in a dose dependent manner: A. Filter binding assay to show activation of
p300 by TTK21. Dose dependent activation of p300 by TTK21 as seen by Filter binding assay using TTK21 at
50uM, 100uM, 200uM, and 275uM. CTPB at 275uM in the last lane serves as positive control. B. Gel fluorography
assay to show dose dependent activation of p300 by TTK21.TTK21 dissolved in DMSO was added to reaction
mixture to the desired concentration. Lane 1- Histone only. Lane 2- p300 enzyme added. Lane 3- DMSO added.
Lane 4- 50uM TTK21, Lane 5- 100uM TTK21, Lane 6 — 200uM TTK21, Lane 7 — 275uM TTK21, Lane 8 —
275uM CTPB.
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Figure 4.6: TTK21 activates CBP in a dose dependent manner. A. Screening of TTK series (TTK19, TTK20,
TTK21, TTK22, TTK23, TTK24, TTK25, TTK26), all derivatives of CTB for their CBP activation activity was
done by filter binding assay at 200uM concentration and data tabulated in CPM (Scintillation Counts per Minute)

B. Dose dependent activation of CBP by TTK21 as seen by Filter binding assay using TTK21 at 50uM, 100uM,
200uM, and 275uM. CTB and CTPB at 275uM in the last lane serves as positive control.

increasing concentrations of TTK21. We tested 50uM, 100uM, 200uM and 275uM
concentration of TTK21. TTK21 activated p300 in a dose dependent manner starting from 50uM
itself (Figure 4.5 A). Maximum activation of TTK21 is seen at 250-275uM range which is
similar to its parent molecule CTB. The same is also reported for CTPB (Balasubramanyam et
al., 2003). TTK21 mediated activation, was comparable to CTPB. We also performed Gel
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Figure 4.7: CTPB and TTK21 are probably impermeable to cells. A. Western blot analysis of CTPB untreated
and treated HeLa cells for 24 hours. Lane 1- Untreated cells; Lane 2- DMSO treated cells; Lane 3 — 50uM CTPB
treatment; Lane 4 — 100uM CTPB. Lane 5 — 200uM CTPB. Lane 6- 275uM CTPB. Lane 7- 500uM Sodium
butyrate (NaBu) treated cells. Probing was done using Anti acetylated H3 for K9 and K14 antibody. As loading
control, re-probing of the same blot was done by anti H3 antibody. B. Western blot analysis of TTK21 untreated and
treated Hela cells for 24 hours. Lane 1- Untreated cells, Lane 2- DMSO treated cells, Lane 3 — 50uM TTK21
treatment, Lane 4 — 100uM TTK21. Lane 5 — 200uM TTK21. Lane 6- 275uM TTK21. Lane 7- 500uM Sodium
butyrate (NaBu) treated cells. Primary probing of the blot was done with AcH3 and re-probing was done by H3
antibody.

fluorography studies. TTK21 activated p300 in a dose dependent manner as observed from the
intensity of the bands (Figure 4.5 B). Lane 3 contained DMSO and served as negative control.

Compared to lane 3, lanes 4-7 show increased intensity of bands. At 275uM activation was
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comparable to CTPB in lane 8 of same concentration. The same screening experiment was
repeated with full length Flag-tagged CBP and similar result was found. TTK21 significantly
activated CBP better than other derivatives and activation was again comparable to CTPB and
CTB (Figure 4.6 A). Similar results were also obtained in a filter binding assay using TTK21
which activated CBP better than CTB. Filter binding assays were repeated using increasing
concentrations of TTK21 with CBP HAT (Figure 4.6 B). With p300 and CBP bearing striking
sequence homology similar activation for CBP was expected. Consistent with this, TTK21
activated CBP HAT as much as CTPB and CTB as shown. TTK21 activated CBP at 50uM itself
very similar to its activation of p300. With increasing concentration of TTK21, at 100uM,
200uM, 275uM, increase in acetylation was observed. This was similar to activation of p300.
The activation at 275uM was comparable to that of CTB and CTPB at the same concentration
and even better than CTB. Thus we observed that TTK21 is a potent HAT activator of both p300
and CBP. TTK21 is a molecule that is tail less, thus smaller than CTPB but equally potent in
activating the HATs. CTPB, as mentioned before, is a p300/CBP specific. Considering the large
scale functional significance of acetylation and deacetylation in a cell, we were interested in
knowing what effect such an activator would have on chromatin templated phenomena in the
cell. Having verified the in-vitro efficacy of TTK21 as a potent HAT activator we wanted to
check whether it would activate p300/CBP in cells and thus increase the cellular histone
acetylation. Unfortunately, cell membrane is impermeable to CTPB, as well as its derivative
TTK21 (Figure 4.7 A and B). HeLa cells were treated with CTPB or TTK21 in petri dishes for a
period of 24 hours. Histones were isolated and Western blot analysis was done using anti-
acetylated H3 antibody. In Fig 4.7 A and B; Lane 2; contained histones from DMSO treated
cells. Lanes 3-6 contained Histones from cells treated with 50uM, 100uM, 200uM and 275uM
of CTPB (A) or TTK21 (B). Lane 2 in A; with histones of DMSO treated cells, shows very less
intensity that is lesser than the intensity of the band of untreated cells and thus could be an
experimental artifact. Across lanes 3-5 in both panel 1 and panel 2 there is no increase in
intensity of the bands suggesting that there is no hyperacetylation of histones. This is an
indication that CTPB and TTK21 both are probably impermeable to the cell membrane. So a
vehicle that would serve to carry the drug molecule inside would help in vivo activation of
histone acetyltransferase. The only other ways of doing this is microinjection of the small

molecule. However this is a single cell technique and relevance of the data in actual in vivo
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scenario cannot be claimed. Since we had reported for the first time, the delivery of CTPB into
the cell by conjugating it with 500nm carbon nanospheres, we wanted to know what effect would
TTK21 have on global activation of p300/CBP and global histone acetylation and thus

transcriptional regulation and gene expression.

4.4. Activation of p300 mediated histone acetylation in vivo using carbon nanospheres as

drug delivery vehicle:

AcH3 Hoechst Merge

N . . .
CTPB
conjugated
CSP

Figure 4.8: CTPB can activate p300 in vivo when conjugated to Carbon nanospheres. (A) Activation of p300

Untreated

mediated histone acetylation as visualized by immunofluorescence of Hela cells with anti AcH3 antibody. Panel 1
shows immunofluorescence with anti-AcH3 antibody. Panel 2 shows DNA staining by Hoechst and merge of
antibody and Hoechst shown in Panel 3.Intensity plots for each is shown beside Merge images. Intensity plot is

shown beside each merge.

In this direction, HeLa monolayer culture was treated with nanosphere conjugated CTPB and its
effect on histone acetylation was observed by immunofluorescence using anti-acetylated H3
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antibody (Figure 4.8). While untreated cells and cells treated with nanospheres without
conjugation served as negative control, cells treated with Sodium butyrate, a broad spectrum
Histone deacetylase inhibitor, served as positive control. Only cells treated with CTPB
conjugated nanospheres (1mg nanosphere to 3 mg CTPB) treated cells showed increased global
histone acetylation levels that were reflective of p300/CBP activation by CTPB (Figure 7).
Untreated cells and non conjugated nanospheres do not show hyperacetylation. It has already
been reported that these nanospheres get accumulated in the animal brain by 3 days after
intraperitoneal injection. It is also known that they can cross the blood brain barrier and thus
cause hyperacetylation of neurons and glial cells. It was also reported that decreased global
acetylation is a feature of apoptotic neurons in neurodegenerative disorders, primarily due to
degradation of p300/CBP. It would be interesting to explore the effect of HAT activation as a
therapeutic option. In an effort in this direction activation of histone acetylation has been
achieved in rat dorsal hippocampi using CTPB conjugated carbon nanospheres (reviewed in
Selvi BR et al., Biochim Biophys acta, 2010). Since, TTK21 is impermeable to cells a similar
approach is being followed. This approach involves conjugation of TTK21 to glucose derived
carbon nanospheres. This would overcome the problem of this molecule being impermeable to
cells. The conjugation of TTK21 to glucose derived carbon nanospheres in an attempt to deliver
it inside the cells is currently being attempted. TTK21 thus adds to the list of very few HAT

activators known so far.
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“ Chapter 5

Summary

The chapter provides a summary of the research work presented in the thesis, highlighting the significant
findings.

Although, it is well established that p300 is a bonafide transcriptional co-activator
and a HAT, its contributions towards the epigenetic phenomena is yet to be clearly
understood in terms of cellular physiology. Small molecule modulators of chromatin
modifying enzymes are efficient tools for understanding the complex functional network.
Small molecules help in delineating the role of enzymatic activity versus coactivation
property in various physiological outcomes. This research work was initiated towards
understanding the cellular physiology of histone lysine acetylation and associated epigenetic
marks in neurons using small molecule modulators. Hence, we decided to elucidate the role

of p300 in maintenance of epigenetic marks by using a small molecule inhibitor, RTKL1.

RTK1, also known as Plumbagin, has been found to have a potent p300 HAT
inhibitory activity. In the present research project RTK1 has been used to elucidate the
epigenetic state of histone modifications in neural cells i.e., SH-SY5Y, a neuroblastoma cell
line as well as non neuronal cells and animal models. On treatment of RTK1 to cells,
histone acetylation decreased drastically on histone H3K9, 14; histone H2AKS5 and histone
H4K5, 8 residues. These are also sites for p300 and PCAF mediated acetylation.
Interestingly, in addition to acetylation we found that histone H3S10 phosphorylation and
H3K4 trimethylation significantly decreased post treatment of RTK1. Thus RTK1 decreased
transcriptional activation marks in neuronal cells. However, transcription repressive marks
like histone H3K9 di/ tri-methylation did not alter. Collectively, these data suggested that
RTKL1 could inhibit epigenetic marks specific for transcriptional activation in the cellular
context. Analysis also revealed that such drastic alteration of Epigenetic mark preceded
neural cell death as observed by MTT, FACS and DNA fragmentation analysis. RTK1
treatment up regulated pro- apoptotic genes belonging to the p53 pathway. Contrary to what

was expected, RTK1 mediated decrease in histone acetylation also activated some
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neuroprotective genes that are p300 coactivation dependent. Recent reports describe
neuroprotective roles for RTK1. This contradictory finding matches with such studies. The
results in chapter 3 also proves that the same pattern of inhibition of transcriptional
activation marks, could happen with the use of IsoGarcinol a different molecule which is
also a HAT inhibitor. The same pattern of inhibition with RTK1 was also observed in non
neuronal cells like HelLa and in the mouse brain, making these general phenomena

downstream of HAT inhibition, and not a cell line or a small molecule specific effect.

< || €«

V¥ Decrease B Transcriptional activation marks
= No Change -Transcriptional repression marks

Figure 5.1: Summary of alterations in histone post translational marks post HAT inhibition by plumbagin
(RTK1).
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Histone acetylation is vital for neuronal gene expression and its decrease is reported in
various neurodegenerative states. Incidentally, broad spectrum Histone deacetylase
inhibitors (HDACIi) have been proven to have protective effect in neurodegenerative
disorders. Presumably, neuroprotection was achieved mainly due to induction of histone
hyperacetylation. However, HDAC inhibitors are generally non specific or possess broad
spectrum activity. Considering that these degenerative pathologies are associated with
reduced p300/CBP mediated histone acetylation, an alternative way of reversing the same
would be to activate p300 enzymatic activity. We have established CTPB as a small
molecule activator p300. To generate more efficient molecules we further derivatised CTPB
to various analogues and screened them for their p300 activation potential. Through this
screening we could narrow our search to a new molecule, TTK21. TTK21, in a dose
dependent manner activated both p300 and CBP similar to its parent molecules CTPB and
CTB. However, TTK21, like CTPB, was impermeable to cells. Previously, we had
employed self-fluorescent, cell permeable carbon nanospheres which also entered cell
nucleus, to improve permeability of CTPB and thus observed histone hyperacetylation in
cells as well as mice brain. By using these carbon nanospheres, an attempt to target TTK21
to the cell nuclei and its effect on activation of histone acetylation will be made, as has been
shown for nanosphere - CTPB conjugates which could be delivered to brain resulting in
hyperacetylation of histones in brain. The ability of TTK21 to induce acetylation of histones

in cell culture system and in animal models is currently being studied.

In conclusion, this research work has led to the elucidation of histone acetylation
associated epigenetic network with the help of a HAT inhibitor, RTK1. It has also led to
identification of TTK21 as a novel HAT activator. These small molecules have been used as
probes to understand cellular physiology effected by histone acetylation and associated
epigenetic marks. This work highlights the importance of HAT mediated histone acetylation
in neural gene expression and neuron cell survival. This research has also elucidated the role
for novel activators of HAT and novel delivery agents that could be used to activate HAT in

vivo. This is a novel approach for therapeutics as well.
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