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Besides the fundamental components of the chromatin, DNA and octameric histone, the non-histone chromatin
proteins and non-coding RNA play a critical role in the organization of functional chromatin domains. The
non-histone chromatin proteins therefore regulate the transcriptional outcome in both physiological and
pathophysiological state as well. They also help to maintain the epigenetic state of the genome indirectly.
Several transcription factors and histone interacting factors also contribute in the maintenance of the epigenetic
states, especially acetylation by the induction of autoacetylation ability of p300/CBP. Alterations of KAT
activity have been found to be causally related to disease manifestation, and thus could be potential therapeutic
target.
Keywords. Cancer; chromatin organization; neurodegenerative disorders; neurogenesis; P300/CBP; posttranslational modiﬁcations

1. Introduction
The ordered three-dimensional organization of the
eukaryotic genome in the conﬁned space of the nucleus
is important for various functions of the cell and life
processes. The huge genome of billion bases of DNA is
orderly organized and enclosed in the eukaryotic cell
nucleus with typical diameters in the range of 10–20
μm. This compaction of DNA is driven by small highly
positively charged proteins called the histones, into a
large nucleoprotein complex called nucleosomes. A
nucleosome is formed by the wrapping of 145 bp of
DNA around a histone octamer. Several nucleosomes
in turn associates with one another to form a higher
order structure designated as the chromatin which is
further organized into distinct entities known as chromosomes. The chromosomes are not randomly distributed in the nucleus but occupy distinct spaces
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known as ‘chromosome territories’ (Babu and Fullwood 2015). This tiered organization of the chromatin
stances a signiﬁcant amount of challenge to the transcription machinery to access the cis-regulatory elements such as promoters, enhancers and insulators to
regulate gene expression. The chromatin is organized
in such a way that distant genomic elements could be
involved in the function (e.g., transcription) of targeted
gene. It forms ‘loops’, which helps in bringing distant
loci into spatial proximity. These looped structures are
formed with the help of non-histone proteins, such as
SATB family proteins (Yasui et al. 2002; Galande et al.
2007) along with non-coding RNA (Ordog et al. 2012),
which is closely associated with the core nucleosome
structure of the chromatin (Bonev and Cavalli 2016).
With the advent of chromosome capture methods
such as 4C and HiC, the importance of the chromatin
loops gained importance suggesting it to be an
important architectural design of the chromatin, and not
any random event (Bonev and Cavalli 2016). In the
context of transcription, to attribute any activation or
repressive effect on gene expression, the regulatory
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DNA elements must be positioned in close spatial
proximity to the target genes. Enhancers positively
promote transcription by providing binding sites to
transcription factors that are able to communicate with
the target genes often placed at a distance through the
help of these chromatin loops. Most of the loops are
placed in distinct domain-like structures called topologically associating domains (TADs) (Ea et al. 2015).
TADs are not only domains where DNA contacts take
place at a high frequency, but they also harbour distinct
histone chromatin signatures and also lamina association. Lamina-associated domains (LADs) are thus
similar to TADs in having a high frequency of DNA–
DNA interactions along with proteins and components
of the lamina (Gonzalez-Sandoval and Gasser 2016;
Wright et al. 2016). The chromatin landscape of the
TADs is highly variant. The transcriptionally active
domains are associated with trimethylation of the
lysines 4 and 36 of histone H3 (H3K4me3 and
H3K36me3); while the repressed chromatin is divided
into two kinds of domains, one linked to the Polycomb
group (PcG) proteins linked to trimethylation of the
lysine 27 of histone H3 (H3K27me3) and the other
associated to the HP1 and Su(var)3-9 heterochromatin
proteins as well as to dimethylation of the lysine 9 of
histone H3 (H3K9me2). The transcriptionally active
domains, euchromatin, possess less compact structure
while the constitutive heterochromatin with HP1a
domains and the facultative heterochromatin of PcG
domains are highly compact and refractory to transcription machineries (Ea et al. 2015).
The dynamicity and the organization of the chromatin
are regulated by various factors. The canonical histones
wrapped around by the DNA forms the basic unit
structure. In addition to histone post-translational
modiﬁcations, histones exert their functions through
their variants. Histone genes are present in multiple
copies and their expression is strictly regulated at various levels. The canonical histones are synthesized only
in S-phase in animals. Eukaryotic core histones have
further evolved into additional paralogues, or variants,
that function in multiple cellular processes, like transcription, chromosome segregation and DNA repair
(Talbert and Henikoff 2010). While the synthesis and
deposition of canonical histones in animals are coupled
to DNA synthesis, incorporation of histone variants
happens throughout the cell cycle and is independent of
DNA synthesis. The replacement of canonical histones
with the histone variants alters the composition and
distribution of nucleosomes and also affects its interactions with the other DNA-binding proteins, like the
chromatin remodelers and modiﬁers. For example, the

replacement of the canonical histone H3.1 by the highly
similar variant H3.3 leads to repairing gaps in the
chromatin landscape, which result from nucleosome
disruption. H2A variants affect gene expression; for
instance, H2A.Z and H2A.B are associated with transcription initiation, while macroH2A in animals and
H2A.W in plants are known to immobilize nucleosomes
resulting in transcriptional silencing (Talbert and
Henikoff 2017). However, it is yet to be elucidated how
the replacement of canonical histones by the histone
variants alters the interactions of different non-histone
chromatin proteins and its functional consequences.
2. Non-histone chromatin proteins ﬁne-tune
the functional folding of the genome
The binding of non-histone proteins is essential for the
higher-level organization of the chromatin as well as for
maintaining its dynamicity to mediate its several DNA
templated functions. A number of studies in the recent
past have revealed a family of chromosome-associated
non-histone proteins, which majorly functioned in the
organization of the higher order structure of the
eukaryotic genome (Holland 2002) (ﬁgure 1). Structural
maintenance class of proteins (SMC) are essential for
chromosome condensation, sister chromatid cohesion
and segregation. Besides their structural role, the SMC
proteins also possess conserved ATP motifs and harbor
enzymatic properties. Non-histone proteins have greater
roles other than just acting as structural scaffolds for the
chromatin; they regulate several cellular events involving the hereditary material, including DNA replication,
transcription, recombination and repair processes.
Brieﬂy, the enzyme DNA topoisomerases help in
resolving the tangles generated by the SMCs during
chromosome condensation or during DNA replication,
thus making it vital for the process of DNA replication.
Heterochromatin protein 1 α/β (HP1) mediate heterochromatinization of genome, frequently resulting in
silencing of genes. Other non-histone proteins, for
example, the abundant high-mobility group (HMG) of
proteins, regulate chromatin architecture by either DNA
bending or by unfolding of the chromatin, thereby
helping in the process of transcription (Agresti and
Bianchi 2003; Gerlitz 2010). Other chromosomal
architectural proteins, which play important roles in the
formation of transcriptionally inactive heterochromatin,
and thereby gene silencing, are PcG proteins including
Polycomb Repressive Complex 1 (PRC1) and PRC2
(Aranda et al. 2015), myeloid and erythroid nuclear
termination stage-speciﬁc protein (MENT), MeCP2, and
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Figure 1. Chromatin players in the switch from inactive to active chromatin state. Chromatin exists primarily into two
structural states. An active, or an open, euchromatin state is a transcriptional amenable landscape in which the histone tails are
acetylated by the Histone acetyltransferases (HATs). This acetylation loosens the chromatin structure, additionally chromatin
remodelers also modify the chromatin landscape by positioning the nucleosomes making it accessible for binding of the basal
transcriptional complex and other activators of transcription. The other is the inactive, or condensed, heterochromatin state,
where gene expression is inhibited. Methylation by Histone methyltransferase (HMT) and deacetylation by Histone
deacetylase (HDAC) proteins condenses DNA around histones and non-histone proteins and thus, make DNA inaccessible
for binding by RNA Pol II and other activators, leading to gene silencing.

SIR complex (Li and Reinberg 2011). Adding to these
group of proteins is the multifunctional human transcriptional positive coactivator protein, PC4, which
forms an integral part of the chromatin inducing its
compaction by directly interacting with the core histones
(Das et al. 2006). Transient silencing of PC4 leads to an
open chromatin conformation, altered epigenetic state
and the expression of neuronal genes in non-neuronal
cells (Das et al. 2010). Collectively, these studies reveal
the critical role of the non-histone proteins in mediating
chromatin compaction for the higher-order chromatin
structure formation as well as regulating its dynamicity
to mediate gene expression. These chromatin interactions regulate several physiological processes inside the
cell including differentiation, apoptosis, cell cycle, as
well as DNA damage repair. Study of these non-histone
chromatin-associated proteins in terms of their regulation, function and maintenance of chromatin dynamics is
of great importance in relevance to translational and
clinical impact as their dysregulation could potentiate

alteration in chromatin interactions and thereby gene
expression, which could lead to altered cellular health
and therefore to pathophysiological conditions such as
cancer (Babu and Fullwood 2015).
The dynamicity of the chromatin structure not only
helps it to package itself efﬁciently in the tiny nucleus
of the cell but also regulates the accessibility of the
genome for various DNA templated functions such as
transcription, recombination, DNA repair and replication. The tight packaging of the DNA with the core
histones along with the other architectural components
as mentioned above might apparently render rigidity to
its structure but physiologically it is quite dynamic.
DNA-templated processes such as transcription, replication and repair require the open conformation of the
chromatin so as to access the speciﬁc loci of the genome by the different cellular machineries. On the
contrary, efﬁcient compaction of the chromatin underwrites the establishment and maintenance of a deﬁnite
cellular phenotype by adversely affecting the redundant
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gene expression, inactivating one of the X chromosomes in females of mammals to recompense for the
gene dosage inequalities, maintaining genome integrity
by silencing viral genomes and transposable elements,
reducing aberrant transcription by limiting noncoding
and repetitive sequences, helping in protecting chromosome ends (telomeres) and assisting in equal chromatid segregation by acting as attachment anchors in
centromeres for kinetochore-microtubule assemblies
throughout nuclear division (Luijsterburg et al. 2009;
Li and Reinberg 2011; Caridi et al. 2017).
This chromatin ﬂuidity is brought about by the histone chaperones and the ATP-dependent chromatin
remodellers (Wright et al. 2016). The assembling and
dissembling of the nucleosomes, to allow the course of
RNA Pol II along the DNA template, plays a crucial role
in gene expression. Histone chaperones are proteins that
mediate this deposition or eviction of either canonical
histone subunits or non-canonical histone variants to
modulate the nucleosome structure. It would be unjust to
assign the nucleosomal activity as the only function of
histone chaperones. Histone chaperones play diverse
roles in histone metabolism, DNA replication, transcription, repair and maintenance of genome integrity
(Venkatesh and Workman 2015). To understand the
function of these remodeling factors in transcription, we
consider the events occurring at the promoters of active
genes, which undergoes considerable change in nucleosome architecture in order to facilitate the recruitment
of RNA Pol II to begin transcription. The sequence
present upstream of the transcribed region is often A-T
rich, which helps in maintaining a nucleosome-depleted
region (NDR) with the help of chromatin remodellers
like the RSC complex (Erkina et al. 2009; Talbert and
Henikoff 2017). The formation of NDR does not sufﬁce
PolII-mediated transcription initiation, a complex of
events take place to ensure robust transcription initiation. SWR-dependent incorporation of the H2A.Z
variant into the nucleosomes ﬂanking the NDR takes
place. Along with the nucleosomal dynamics, the posttranslational modiﬁcations of the histone tails also regulate gene expression to a great extent. At the active
promoters, histone acetylation not only regulates this
exchange H2A.Z but also helps in the conscription and
retaining of the SWR complex through its bromodomain
containing Bdf1 subunit100. In higher eukaryotes, the
H3.3 variant exchange takes place at enhancers, which
results in increased incorporation of H2A.Z at the gene
promoters. The DNA sequences in the NDRs exhibit
binding sites for transcription factors that ensures the
binding of other factors/proteins to mediate the transcription of the gene.

Apart from the ATP-dependent chromatin remodelling complexes and chaperones, the binding of nonhistone architectural proteins to the chromatin also
affects its dynamicity and thereby gene expression. For
example, the high mobility group proteins (HMG)
decompacts the chromatin ﬁbre to ensure easier access
of the chromatin loci to the regulatory machineries.
HMGB1 interacts with histone linker H1 to counteract
its compaction property of nucleosome arrays (Agresti
and Bianchi 2003). As mentioned in the earlier section,
the other chromatin architectural proteins, such as PcG
proteins including Polycomb Repressive Complex 1
(PRC1) and PRC2, myeloid and erythroid nuclear termination stage-speciﬁc protein (MENT), MeCP2, and
SIR complex, all help in the formation of heterochromatin state and gene silencing. Another key player in
this group is Human positive coactivator 4, which is
also an intrinsic component of the chromatin known to
directly interact with the globular domains of histones
H3 and H2B and induce chromatin compaction (Das
et al. 2006) leading to heterochromatinization of the
genome (Das et al. 2010). Knockdown of PC4 in
HEK293 cells resulted in a transcriptionally active
chromatin conformation with an altered expression of
histone acetylation mark thus establishing it as a global
inducer of heterochromatinization; the absence of this
leads to an open chromatin conﬁguration, which allows
the histones accessible to undergo post-translational
modiﬁcations, mostly acetylation, which helps to
maintain the active state of the chromatin (Sikder et al.
2019). In a similar kind of work, with other non-histone proteins, the intrinsic role of non-histone proteins
in modulating chromatin landscape is revealed. PARP1
helps in maintaining a transcriptional amenable landscape at the gene promoters by preventing demethylation at H3K4me3 and also exclusion of H1
(Krishnakumar and Kraus 2010). Studies in SATB1
(matrix attachment region (MAR)-binding protein,
special AT-rich sequence binding protein 1) reveal its
critical role in establishing higher order chromatin loop
structures at the MHCI locus by directly interacting
with PML (Pavan Kumar et al. 2007).
3. Chromatin dynamics ﬁne-tune transcription
regulation
Transcription in eukaryotes is a highly orchestrated
event with ordered recruitment of a set of factors,
which helps in reading the coding sequence of the
genome. Transcription regulation is a complex set of
events regulated by different factors. Along with the
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three different RNA polymerases (Polymerases I, II and
III), general transcription initiation factors, genespeciﬁc transcription regulatory factors (activators or
repressors), and coregulatory factors (coactivators and
repressors) play important roles in the regulation of
gene expression (ﬁgure 1). These factors act through
chromatin modiﬁcations facilitating the formation of
preinitiation complex (Bártová et al. 2008). As discussed, besides the non-histone proteins, different histone modiﬁcations like lysine acetylation and
methylation, serine phosphorylation and arginine
methylation, play a regulatory role in ﬁne-tuning gene
expression by directly affecting transcriptional initiation, elongation or gene silencing. These milieus of
diverse histone modiﬁcations can act in concert, or
individually, bringing out the epigenetic language of
the genome, which acts as marks for mediating vital
signal transduction pathways (Fischle et al. 2003;
Bannister and Kouzarides 2011). Among the histone
modiﬁcations, histone acetylation has been closely
associated with transcriptional activation. The histones,
majorly the amino termini lysines of H3 and H4 (e.g.,
H3K9, H3K14, H3K36, H4K8, H4K16, etc.) undergo
dynamic acetylation–deacetylation modiﬁcations based
on the different physiological conditions. The balance
between these modiﬁcations is mediated through the
large protein complexes having an enzymatic activity
such as histone/lysine acetyltransferases (HATs/KATs)
and histone deacetyltransferases (HDACs) (ﬁgure 1).
Histone acetyltransferases catalytically transfer an
acetyl group from acetyl-CoA molecules to the lysine
ε-amino groups on the N-terminal tails of histones. The
acetylated histone tails are recognized by the bromodomains of various activating factors (transcription factors, chromatin remodelers), which help to modulate
the chromatin template at the site of acetylation.
Chromatin immunoprecipitation (X-Chip) studies using
histone isotype-speciﬁc antisera has provided us with
the knowledge of histone acetylation as a speciﬁc
epigenetic mark for transcriptional activation (Struhl
1998; Eberharter and Becker 2002). For example,
acetylation on lysine 9 of histone H3 (H3K9Ac) in
gene promoter or enhancer regions mediated by HAT
enzymes (e.g., nuclear type A proteins, GCN5, p300/
CBP and TAFII250) is demarcated as transcriptionally
active chromatin (euchromatin). Removal of this acetyl
group (deacetylation) by HDAC enzymes (e.g., nuclear
class 1 proteins, HDAC 1, 2, 3 and 8) transforms the
transcriptionally active form to transcriptionally inactive heterochromatin. In addition to histone acetylation,
histone methylation also plays a distinct role in determining gene expression. In a study in human CD4+ T
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cells, 20 histone methylations of lysine and arginine
residues were mapped by using chromatin immunoprecipitation followed by sequencing (ChIP-seq)
(Barski et al. 2007) It was observed that monomethylated H3K27, H3K9, H4K20, H3K79 and H2BK5 were
linked to gene activation, while trimethylated H3K27,
H3K9 and H3K79 were associated with gene repression. Thus, the chromatin landscape is modulated by
different histone modiﬁcations mediated by the interplay of epigenetic enzymes like histone demethylases,
histone acetyltransferases, etc., to regulate gene
expression. The HATs/KATs are mostly present in
complexes, which are recruited to the promoters of
active genes, which are mostly devoid of nucleosomes.
Apart from promoters, operators and enhancers also
determine the level of gene expression. As described
earlier, the chromatin must loop or bend to allow the
enhancer-bound activators to interact with the basal
transcription machinery at the promoter to stimulate
transcription. Transcription initiation is followed by
elongation and termination, which are also multifactorial dependent events and is highly regulated. Apart
from the basal transcription process, there is activatordependent transcription, which requires additional
factors like coactivators or mediators other than the
initiation factors. The Upstream Stimulatory Activity
(USA) fraction isolated from human cells contain both
positive cofactors (PC1, PC2, PC3/Dr2, PC4 and ACF)
(Kretzschmar et al. 1994; Ge and Roeder 1994), as well
as negative cofactors that include Ada/Mot1NC1 and
NC2 (Meisterernst et al. 1991). The non-histone
chromatin proteins play a very critical role in the
dynamic process of transcription through chromatin. A
few of these proteins are also components of transcription complex. In higher eukaryotes, there are three
different types of heterochromatin proteins, HP1s,
these are HP1α, HP1β and HP1γ. The nuclear localization pattern of these three different HP1 differs
greatly. For example, the HP1α is mostly associated
with the highly compact deacetylated heterochromatin,
whereas HP1β is found to be associated with the
euchromatin while HP1γ could more dynamic and gene
speciﬁc (Eissenberg and Elgin 2000). In humans, HP1α
speciﬁcally interact with the other non-histone chromatin protein and positive transcriptional co-activator
PC4, to repress speciﬁc chromatin domains (Das et al.
2010; Sikder et al. 2019). The precise epigenetic language and gene speciﬁcity of these domains however
are yet to be known. Furthermore, the functional
mechanisms of these non-histone proteins in gene
silencing or activation also remain elusive. However,
knocking down of PC4 dramatically, reduce the
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Figure 2. Non-histone chromatin protein PC4 is critical for the maintenance of nuclear architecture of the cell. Ultrathin
sections of HEK293 (control) and HEK293 PC4 knockdown cells were visualized using transmission electron microscope.
Electron micrographs showing abnormal nucleus (N) in absence of PC4.The densely stained region in the nucleus is the
heterochromatin region, while the lighter regions represent the euchromatin region. Loss of PC4 leads to lighter-stained
nuclei demarcating the loss of heterochromatin region as compared to the control cells, which harbors a more compact
chromatin as evidenced by densely stained regions. Scale bar represents as denoted.

heterochromatin foci (ﬁgure 2), a characteristic feature
of HP1alpha with consequent open conformation of the
genome. It also alters epigenetic landscape with up
regulation of several silent genes otherwise (Das et al.
2006; Sikder et al. 2019).
Along the process of lineage speciﬁcation, the
chromatin becomes more restrictive ensuing rigid cell
identity (Flavahan et al. 2017). Heterochromatin or
compacted chromatin is marked by DNA hypermethylation in combination with repressive histone
methylation marks such H3K9me1/2/3 and
H3K27me3, which are associated with gene silencing
(Berger 2007; Bannister and Kouzarides 2005). The
Heterochromatin Protein 1 (HP1) family proteins bind
to H3K9me2/3 and recruit SUV39H enzymes to promote heterochromatin formation (Bannister et al. 2001;
Lachner et al. 2001; Nakayama et al. 2001). The
repressive state of heterochromatin is self-reinforcing
as the responsible epigenetic enzymes, Polycomb
group proteins, SUV39H1/2, SETDB1 bind to these
marks through their reader domains thus aiding in the
maintenance of the epigenetic state (Krouwels et al.
2005). Recent studies have demonstrated that HP1α
protein can promote phase separation in a phosphorylation-driven process implicating that HP1-mediated
heterochromatin sequestration in phase-separated droplets could be an additional mechanism of heterochromatin-mediated gene silencing (Larson et al.
2017; Strom et al. 2017). The role of HP1α interactome
such as PC4, REST, Co-REST, etc. in this process of

gene silencing need to be investigated at the molecular
level. It is evident that in the non-neuronal cells these
machineries are utilized to silence the neuronal genes
(Das et al. 2010). The euchromatin is decompacted
chromatin enriched with activating histone marks such
as lysine acetylations, usually accompanied by transcription factors and engaged RNA polymerases
(Flavahan et al. 2017). The genome is further functionally compartmentalized into topologically associated domains containing gene loci and interacting
regulatory elements delimited by insulators to ensure
spatiotemporal regulation of gene expression (Lieberman-Aiden et al. 2009; Rao et al. 2014; Wang et al.
2016). In this process, the non-histone chromatin proteins are also subjected to dynamic post-translational
modiﬁcations, namely acetylation and phosphorylation.
The acetylation of PC4 seems to be critical for its coactivation ability (Batta and Kundu 2007) Similarly,
dynamic acetylation of HMG proteins is also documented with respect to transcription through chromatin
(Wang et al. 2019).
4. Regulation of epigenetic states through
the modulation of p300 activity by transcription
factors and histone interacting proteins
It was observed that in absence of some non-histone
chromatin organizers, the genome opens up substantially and the epigenetic landscape also alter
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dramatically. The most notable changes happen in the
acetylation of histones. As mentioned above, in
absence of PC4, histones get hyperacetylated. The
hyper acetylation could also be achieved by the transcription factor and histone-chaperone-induced
autoacetylation of CBP and p300 (KAT3A and 3B,
respectively), which directly affect the epigenetic
landscape of the genome and thereby the transcriptional outcome.
There are several known inducers of p300/CBP
catalytic activity and the recurring theme among most
inducers is their ability to modulate the conformation
of these master epigenetic enzymes. Intermolecular
autoacetylation of p300/CBP on the autoinhibitory
loop activates its lysine acetyltransferase activity
(Thompson et al. 2004) Interestingly, several cellular
factors can modulate p300 activity and downstream
transcriptional networks through the enhancement or
reduction of p300 autoacetylation under speciﬁc internal or environmental cues. The Notch signaling coactivator, MAML1, can induce p300 activity by
interacting with the autoinhibitory domain, CH3 of
p300, to enhance p300 autoacetylation and Notch
pathway gene expression (Hansson et al. 2009). Under
apoptotic stimuli, the metabolic enzyme GAPDH is
S-nitrosylated and translocated to the nucleus through
its interaction with the E3 ubiquitin ligase, Siah1. The
nuclear GAPDH interacts with and activates p300/CBP
in an acetylation-dependent manner, thus inducing an
apoptotic gene cascade (Sen et al. 2008).
Transcription of enhancer RNAs (eRNAs) is a signature of active enhancers. Bose et al. show that
eRNAs can bind to the regulatory motif in CBP HAT
domain and activate its KAT activity. Activated CBP, in
turn acetylates histones especially on H3K27, a mark
for active enhancers, thereby ﬁne-tuning CBP activity
proﬁle and transcription output (Bose et al. 2017; Bose
and Berger 2017). The histone chaperone and RNA
polymerase II coactivator, NPM1 is a multimeric protein that can activate p300 activity by stabilization of
the intrinsically disordered structure of p300. The
molecular chaperone activity of NPM1 towards p300
and its ability to enhance p300 autoacetylation largely
depends on its oligomeric conformation (Kaypee et al.
2018). It may be conjectured that NPM1 oligomers
facilitate trans-autoacetylation of p300. NPM1 is
upregulated in several cancers. Moreover, acetylated
NPM1 levels increase in oral cancer with progressively
higher tumor grade (Shandilya et al. 2009) and
upregulated NPM1 enhances p300 autoacetylation in
oral cancer results in a state of global hyperacetylation
and dysregulation gene expression (Arif et al. 2010).
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Recently, studies have revealed that the tumor suppressor protein TP53 is a potent enhancer for p300
activity by facilitating inter-molecular autoacetylation.
Alike NPM1, oligomerization of TP53 is important for
the induction of p300 catalytic activity (Kaypee et al.
2018a). Further in-depth structural analysis of the p53–
p300 complex elucidated that the TP53 tetramer brought
about a conformational switch in the multidomained p300
from an inactive to an activate conformation (Kaypee
et al. 2018b). In the cellular context, activated
autoacetylated p300 was found to be enriched on p53
response gene promoters, thus facilitating the expression
of the p53 response pathway. Interestingly, the oncogenic
gain-of-function p53 missense mutants retained the ability to stimulate the KAT activity of p300 (Kaypee et al.
2018a). It would be intriguing to elucidate the global
epigenetic alterations and transcriptional proﬁles ﬁnetuning brought about by the modulation of p300 activity
by these tumorigenic p53 mutants. Subsequent studies
have further conﬁrmed that oligomerization of transcription factors may be important in facilitating transautoacetylation of p300, as in the case of IRF3 and
STAT1. Similar to the p53–p300 complex, it was
observed that the rearrangement of the RING domain of
p300 is important for substrate access (Ortega et al. 2018)
Interestingly, histone H3.3-speciﬁc phosphorylation
on serine 31 stimulates p300 autoacetylation, thus
implicating the role of histone H3.3 as a nucleosome
cofactor of p300. Loss of H3.3 from embryonic stem
cells ablated the enrichment of the p300-mediated
enhancer mark H3K27ac. This study reveals the
importance of the single site modiﬁcation in the integration of cell signaling, thereby, giving an insight into
how histone protein mutations contribute to cancers
(Martire et al. 2019) CARM1-mediated arginine
methylation of CBP on multiple sites enhances CBP
catalytic activity. Interestingly, chromatin IP studies
with antibodies recognizing speciﬁc methylated forms
of CBP reveal differential and distinct chromatin
occupancy and transcriptional effects, thus diversifying
the estrogen receptor-mediated response (Ceschin et al.
2011). Interestingly, many proteins have been reported
as antagonists of p300 autoacetylation, such as Twist1
(Hamamori et al. 1999) SIRT2 (deacetylase for p300
autoacetylation) (Black et al. 2008) and Polycomb
protein of the PRC1 complex (binds to the un-acetylated autoinhibitory loop on CBP, inhibits CBP-mediated histone acetylation) (Tie et al. 2016). These
studies suggest that the direct modulation of p300
activity by these cellular factors can not only alter the
epigenetic landscapes but can also shape the p300/
CBP-mediated transcription cascades (ﬁgure 3).
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Figure 3. Multiple factors modulate the autoacetylation property of p300 and thereby its transcriptional activity to regulate
gene expression. A milieu of transcriptional factors/ histone interacting proteins is shown to directly affect the autoacetylation
status of p300. Several factors can positively (such as p53, NPM1, GAPDH, enhancer RNAs or CARM1-mediated arginine
methylation) or negatively (such as Twist1, SIRT2, or PC) modulate p300 autoacetylation. These factors alter p300
recruitment to chromatin and thereby regulate the epigenetic landscape and transcription proﬁles under different
environmental and cellular cues.

5. Dynamic epigenetic states of chromatin
in pathophysiological conditions
In different pathophysiological conditions dramatic
alteration of epigenetic state of chromatin are observed.
The causal relationship of these changes with the disease manifestation are not fully understood or established. Several chromatin proteins’ expressions also
alter, and a few get mutated, which contribute to both
macro and micro changes in the chromatin organization
and function. Here, we shall focus on a couple of
diseases in the context of epigenetics state and chromatin organization.
5.1 Cancer
DNA methylation and histone post-translational modiﬁcations are important in the maintenance of cellular
identity apart from playing critical roles in development and differentiation (Ignacio Martín-Subero 2011).
Deviation from the epigenetic homeostasis leads to
aberrant lineage plasticity, most often observed in
cancers (Flavahan et al. 2017). Both, genetic

mutations, as well as epigenetic alterations, contribute
to the onset and progression of cancer. Interestingly,
many epigenetic modiﬁers are mutated in cancers
resulting in profound alterations in the epigenetic
landscape (Cancer Genome Atlas Research Network
2013; Nebbioso et al. 2018). Alterations in epigenetic
marks have been used as diagnostic and prognostic
markers in the progression of cancer. Loss of H3K16ac
and H4K20me3 is associated with malignant transformations (Fraga et al. 2005). Hypoacetylation on histone H3 at lysines 9, 18 and H4K16 are predictive of
prostate cancer recurrence (Seligson et al. 2005).
Global histone hyperacetylation is a hallmark for oral
cancer manifestation (Arif et al. 2010). While histone
hypoacetylation in breast cancer is indicative of poor
prognosis (Elsheikh et al. 2009), contrastingly, loss of
histone acetylation on H3K9 and K18 correlates with
better prognosis in glioma (Liu et al. 2010).
There are no unifying trends in the alterations in
histone PTMs, and it is apparent that these alterations
might only be a snippet of a larger epigenetic code that
we still do not fully comprehend. However, recent
studies are accounting for tumor heterogeneity by
using single cell analytical tools. This also emphasizes
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on the need for precision medicine depending on
patient-speciﬁc epigenetic signatures. In a recent study,
DNA methylome, histone modiﬁcation mapping, and
integration of single cell RNA expression proﬁles in
primary Chronic Lymphocytic Leukemia (CLL) samples revealed that there is decreased correlation
between gene expression and epigenetic modiﬁcations,
possibly due to cell-to-cell heterogeneity. The comapping of mutually exclusive histone marks
H3K27ac and H3K27me3 also reﬂected the intra-tumoral epigenetic diversity (Pastore et al. 2019). This
study highlights our limited understanding of the epigenetic code and its correlation with cellular process
such as transcription. With the ever-growing number
of post-translational modiﬁcations, the complexity of
the epigenetic landscape only increases. To add to this
complexity is the emerging concept of ‘oncohistone’
mutational landscape (Nacev et al. 2019). Mutations
occurring in histones have been associated with cancers (Schwartzentruber et al. 2012; Wu et al. 2012;
Behjati et al. 2013). H3K27M and H3G34V/R have
been identiﬁed in gliomas, H3.3K36M is found in 95%
of chondroblastomas and H3.3G34W/L in 92% of
osteoclastoma (Behjati et al. 2013; Nacev et al. 2019).
Interestingly, H3K27M leads to a loss of H3K27me3
and transcriptional silencing, thereby acting as a
dominant negative of the PRC2 complex (Chan et al.
2013; Lewis et al. 2013). In addition to the previously
reported histone mutations, Nacev et al. (2019) identiﬁed additional mutations on histone tails and globular
domains. Intriguingly, these mutations were found at
or around prevalent histone modiﬁcation sites.
Knowing that the combinatorial effects of histone
modiﬁcations and environmental signals dictate physiological processes, these histone mutants can disrupt
epigenetic signaling and thereby contribute towards
oncogenesis.
5.2 Neurodegenerative disorder
Age-related cognitive decline is associated with global
or loci-speciﬁc alterations in the epigenetic landscape.
In aged animal models, an increase in repressive
histone marks and a decrease in activating histone
marks have been observed (Berson et al. 2018).
Huntington’s disease (HD) is a heritable neurodegenerative disease caused by the polyglutamine expansion
within the huntingtin protein. The toxic huntingtin
protein aggregates sequester CBP, which has been
observed in cell lines, transgenic HD mice, and postmortem HD brain (Nucifora et al. 2001) leading to
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the abrogation of CBP function (Steffan et al. 2001).
CBP depletion in HD is associated with hypo-acetylation and transcription dysregulation contributing to
HD neurotoxicity (Jiang et al. 2006). Alzheimer’s
disease (AD) is an age-related neuropathological disorder caused by the accumulation of beta-amyloid
(Aβ) plaques and intraneuronal neuroﬁbrillary tangles
of hyperphosphorylated Tau protein, leading to cognitive deterioration. Epigenome analyses in AD
mouse model revealed considerable alterations in
H3K4me3 (promoter activating mark) and H3K27ac
(active enhancer/promoter mark) enrichment. In contrast, Polycomb-repressed regions and heterochromatin regions showed negligible alterations. The
altered distribution of activation marks was consistent
with increased immune gene expression and reduced
expression of genes related to neuronal function,
which are preferentially bound by CREB and CBP
(Gjoneska et al. 2015). Parkinson’s disease is another
age-related neurodegenerative disease characterized by
dopaminergic neuron loss and motor dysfunction. The
causal agent is the accumulation of the mutant form
of the pre-synaptic protein α-synuclein (Thomas and
Beal 2011). A possible cause of PD pathogenesis is
the sequestration of DNMT1 by α-synuclein leading
to global hypo-methylation observed in human postmortem PD brain and transgenic PD mouse brain.
Another report showed that α-synuclein prevented
histone acetylation by binding directly to histones
mitigating neuronal toxicity. The condition was rescued in cultured cells and transgenic Drosophila by
the administration of HDAC inhibitors (Kontopoulos
et al. 2006). The reversible lysine acetylation is critical for brain development and neural function. Disruption of acetylation homeostasis is associated with
severe neurological disorders as described above.
CBP and p300 are essential for brain development
especially neural crest formation (Yao et al. 1998).
Interestingly, heterozygous mice with single copies of
CREBBP and EP300 are embryonic lethal with neurulation defects, suggesting the dosage of these proteins is crucial and that CBP and p300 exhibit distinct
functions during development (Yao et al. 1998).
Moreover, germline mutations in a single copy of
CREBBP (and less frequently, EP300) result in the
genetic disorder Rubinstein-Taybi syndrome, characterized by cognitive impairment and cranio-facial
defects (Rubinstein and Taybi 1963). CBP/p300 has
been extensively studied for its role in memory consolidation. Thus, CBP/p300 has proved to be successful molecular targets for activation in
neurodegenerative diseases.
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5.3 Metabolic disorders and ageing
The epigenetic landscape is maintained in a cell over
several generations even though the environmental
cues triggering such modiﬁcations are removed. Various extrinsic and intrinsic factors like diet, microbiome,
temperature, malnutrition, exposure to radiation and
chemicals may induce heritable modiﬁcations in the
DNA or histone modiﬁcation proﬁles, which directly
affect the gene expression pattern. These changes are
quite stable and can be found to be transmitted after
several generations (Ordog et al. 2012). The epigenome determines the cellular fate and also connects the
transitory metabolic state to a more stable transcriptional state leading to a more permanent phenotypic
change. In eukaryotes, the acetyl-CoA generated from
catabolic pathways of nutrients serves as the sole donor
for acetylation phenomenon. Fasting leads to rapid
breakdown of the stored glucose after which the cells
switch to fatty-acid oxidation. The acetyl-CoA generated during this process then acts as a fuel for the TCA
cycle leading to oxidative phosphorylation and ATP
synthesis. However, upon fed conditions, acetyl-CoA is
generated from the glycolysis pathway. The fast–fed
cycles thus generate change in the acetyl-CoA levels in
the cells. Histone acetylation in mammalian cells
mostly depends on the glucose-derived, cytosolic pools
of acetyl-CoA. During high energy conditions, the
elevated histone acetylation induces a transcriptionally
amenable state for expression of genes related to proliferation, lipogenesis and adipocyte differentiation
(Tzika et al. 2018).
The role of metabolic cues regulating epigenetic
language is further enlightened in case of metabolic
disorders. For example, diabetic patients have an
increased risk of macrovascular complications and
diabetic organ damage. The persistence of this ‘glycaemic memory’, although not fully understood, can be
attributed to the chronic inﬂammation. Studies in primary human aortic cells exposed to increased concentration of glucose show variations in H3K9 and H3K14
modiﬁcations, to H3K4me2 and H3K4me3. The
chronic pro-inﬂammatory gene expression levels could
be directly correlated to increase of H3K4 methylation
and the suppression of H3K9me2 and me3 marks at the
NF-κB-p65 promoter (Rodriguez et al. 2017). Another
important aspect of metabolic reprogramming of epigenetic landscape lies in the process of ageing.
Although majorly described as a genetically controlled
phenomenon, studies reveal that the H3 methylation
mark changes during ageing in D. melanogaster and
humans. Genetic perturbations of enzymes regulating

methylation like demethylase or methyltransferases
affect the lifespan of C. elegans (Peleg et al. 2016).
The metabolic substrates via the epigenetic modiﬁcations regulate a conduit of cellular pathways like
Insulin/ IGF1-signaling and TOR signaling to regulate
lifespan in various organisms. However, how these
mechanisms lead to transgenerational effects are now at
the focus of elucidation.
6. Regulation of chromatin modifying enzymes
as therapeutic targets: Focus on KATs
Lysine acetylation homeostasis is disrupted in disease
conditions, thus, targeting the writers, readers, or erasers of this post-translational modiﬁcation is of
immense value. Several molecules targeting HDACs
have been FDA approved in treatments against
hematopoietic malignancies. Currently, HDACi and
bromodomain inhibitors (BRDi) are being tested in
clinical trials; however, efﬁcacy and off-target effects
of these molecules are still a concern. Small molecule
inhibitors targeting KATs have been extensively
reviewed (Kaypee et al. 2016); here, we focus mainly
on recent developments in the area of KAT modulators.
6.1 Inhibition of acetyltransferase activity
Most KATi reported are designed against the three
major KAT families, p300/CBP family, GNAT family
(PCAF/Gcn5) and MYST family (Tip60/MOZ). Bisubstrate inhibitors, synthetic peptide acetyl-CoA
conjugates mimicking the ternary complex formed at
the KAT active site, were the ﬁrst highly selective
molecules targeting KATs; Lys-CoA a speciﬁc inhibitor
for p300, H3-CoA-20 targeting PCAF and H4K16CoA
speciﬁc for Tip60 and Esa1 (Lau et al. 2000; Wu et al.
2009). Recently, a potent bi-substrate inhibitor,
H4K12CoA was synthesized targeting HAT1 (Ngo
et al. 2019). However, the therapeutic applications of
bisubstrate inhibitors are stunted by the cellular
impermeability of these molecules (Kaypee et al. 2016;
Wapenaar and Dekker 2016). Natural compounds such
as anacardic acid (Balasubramanyam et al. 2003),
curcumin (Balasubramanyam et al. 2004a), and garcinol (Balasubramanyam et al. 2004b), targeting KATs
have shown promising results; however, the lack of
selectivity of these molecules has impeded the development of these inhibitors towards therapeutics.
Nonetheless, these small molecules hold potential as
scaffolds for the design of new speciﬁc KAT inhibitors.
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High-throughput screen has yielded potential drug
candidates targeting KATs. In silico docking of
500,000 commercially available small molecules lead
to the discovery of C646, a highly potent p300/CBP
inhibitor with a Ki of 400 nM (Bowers et al. 2010).
However, subsequent studies demonstrated the thiolreactivity of C646 thereby limiting its cellular use
(Shrimp et al. 2016). Recently, another potent p300/
CBP inhibitor, A-485 was identiﬁed through a virtual
screen of 800,000 molecules. A-485 was found to be
selective over other KATs, including PCAF, Tip60,
MYST3, MYST4, HAT1, and GCN5L2, bromo- and
BET domain proteins and over 150 non-epigenetic
targets. A-485 showed efﬁcacy against 124 cell lines,
especially haematological cancer and androgen receptor (AR) positive prostate cancer lines. A-485 was also
effective in inhibiting tumor growth in castration-resistant, patient-derived, prostate cancer xenograft
model (Lasko et al. 2017). A compound library screen
of 243,000 molecules led to the discovery of CTx0124143, a MOZ inhibitor (Falk et al. 2011). Further
optimization of this molecule yielded to potent, speciﬁc
MOZ/MORF inhibitors, WM-8014 and WM-1119,
which could induce senescence. WM-119 was optimized for higher bioavailability and it exhibited tumor
growth arrest in lymphoma mouse model (Baell et al.
2018). Another approach to modulate KAT function is
the use of molecules that disrupt their interactions with
transcription factors. This method is effective in
inhibiting certain oncogenic pathways without affecting other general activities of the enzyme. p300/CBP
are an integral part of transcription hubs, thus inhibiting
p300/CBP interaction with speciﬁc transcription factors
can have more precise effects in comparison to KAT
activity inhibition. Several molecules have been
reported over the years (Kaypee et al. 2016); here, we
will discuss the recent advances made in the ﬁeld.
Inhibitors targeting bromodomains have proved effective against KATs. GNE-781 and GNE-272 are orally
bioavailable, highly speciﬁc, and potent inhibitors of
p300/CBP bromodomains. GNE-781 was shown to
possess anti-cancerous properties in an AML xenograft
tumor model (Romero et al. 2017). CCS1477 is
another potent selective bromodomain inhibitor targeting p300/CBP (Pegg et al. 2017) It is currently
being tested in clinical trials against metastatic castration-resistant prostate cancer (ClinicalTrials.gov Identiﬁer: NCT03568656). Another study showed that
p300/CBP bromodomains are critical for leukemia and
lymphoma cell proliferation, and the inhibition of
p300/CBP bromodomains using CBP30 (Hay et al.
2014) abolished the GATA1/MYC-driven oncogenic

Page 11 of 16

15

transcriptional cascades (Garcia-Carpizo et al. 2018).
Moustakim et al. reported the ﬁrst PCAF/GCN5 bromodomain inhibitor, L-45, which is non-toxic, cellpermeable and with good pharmacokinetics (Moustakim et al. 2017). The small-molecule ICG-001
speciﬁcally inhibits CBP/β-catenin interaction, selectively inducing senescence in colon cancer cells and
not in normal cells (Emami et al. 2004). Interestingly,
this molecule can distinguish between the KAT3
homologs, thereby not affecting p300/β-catenin interaction. The molecule ICG-001 (PRI-724) is of
immense interest, because it has shown efﬁcacy against
several cancers (Arensman et al. 2014; Gang et al.
2014; Nagaraj et al. 2015; Kuang et al. 2016) and is
currently being tested in clinical trials against metastatic pancreatic adenocarcinoma (ClinicalTrials.gov
Identiﬁer: NCT01764477), metastatic colorectal carcinoma (in combination with Bevacizumab; ClinicalTrials.gov Identiﬁer: NCT02413853), advanced
myeloid malignancies (ClinicalTrials.gov Identiﬁer:
NCT01606579), and HCV-induced liver cirrhosis
(ClinicalTrials.gov Identiﬁer: NCT02828254).
6.2 Activation of KAT functions
Lysine acetyltransferase activators (KATa) are an upcoming area in epigenetic therapeutics. An anacardic
acid derivative, N-(4-chloro-3-triﬂuoromethyl-phenyl)2-ethoxy-6-pentadecyl-benzamide (CTPB) was the ﬁrst
reported KATa activating p300/CBP enzyme (Balasubramanyam et al. 2003). However, CTPB was found
to be a cell-impermeable thus intrinsically ﬂuorescent
carbon nanosphere, CSP, was used for cell delivery
(Selvi et al. 2008). CTB, a CTPB derivative lacking the
pentadecyl hydrocarbon chain was also shown to be an
activator of p300 in vitro. CTB conjugated to synthetic
DNA-binding pyrrole–imidazole polyamides (CTB-I)
altered gene expression proﬁles through the activation
of p300/CBP in cells. Speciﬁc targeting of KATa
molecules through DNA binding conjugated could be
exploited in pathway-speciﬁc gene-activation cascades
without eliciting global transcription alteration (Han
et al. 2015). TTK21, another CTPB derivative was
observed to be a potent activator of p300, in vitro. Cells
treated with TTK21 conjugated to CSP showed elevated levels of histone acetylation. The mechanism of
p300 catalytic activation by CTPB and its derivative is
through the induction of p300/CBP autoacetylation
(Chatterjee et al. 2013). The CSP-TTK21 conjugates
could effectively cross the blood–brain-barrier and
could signiﬁcantly induce memory duration and
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hippocampal neuronal differentiation in mice (Chatterjee et al. 2013). CSP-TTK21 treatment ameliorated
memory deﬁcits in tauopathy mice through the upregulation of CBP-mediated H2B acetylation and
expression of genes involved in synaptic plasticity.
CSP-TTK21 reversed the epigenetic and transcriptional
signature associated with AD (Chatterjee et al. 2018).
Notably, CSP-TTK21 has also been shown to promote
recovery in spinal cord injury in rodent models in a
CBP-dependent epigenetic reprogramming, which has
immense clinical implications (Hutson et al. 2019).
Another anacardic acid derivative SPV106 (or Pentadecylidenemalonate 1b) is an activator of PCAF and
an inhibitor of p300 (Sbardella et al. 2008). Interestingly, SPV106 can enhance fear extinction in mice
through the activation of PCAF (Wei et al. 2012).
SPV106 restores proliferation and differentiation in
cardiac mesenchymal cells of type 2 diabetic patients,
where PCAF and Gcn5a are downregulated. SPV106
treatment rescued histone acetylation levels and
reduced CpG hypermethylation (Vecellio et al. 2014)
There are ongoing clinical trials to study the effect of
the catalytic activities of KATs and HDACs in the
autoimmune neurodegenerative disease multiple sclerosis (ClinicalTrials.gov Identiﬁer: NCT02862301). It
should be noted that molecules showing encouraging
results in pre-clinical studies often exhibit limited
efﬁcacy in clinical trials. Therefore, the need of the
hour is to develop non-toxic, high afﬁnity, selective
drugs targeting epigenetic enzymes to help reverse
deleterious effects of disease conditions at the transcriptional level, leading to better disease prognosis.

compartments in terms of their tissue speciﬁcity and
evolution holds a promising future.
The role of metabolic cues altering the pool of
cofactors inside the cell and the subsequent change in
the epigenetic marks, both histone modiﬁcations and
DNA methylation, is of great cellular signiﬁcance.
Chromatin modiﬁers and non-histone proteins have
been increasingly gaining importance in the regulation
of several of these intricate cellular pathways through
the alteration of chromatin and epigenetic landscape in
response to environmental cues. With the advent of
HiC and high-resolution microscopy, the in vivo chromatin organization is now being fully elucidated. The
‘Hi-M’ data, which represents high-throughput data
from chromosome capture methods coupled to microscopy requires greater quantitative analysis through
mathematical modelling and computational insights.
However, the in vivo versus cell-based studies of the
chromatin architecture still poses a challenge in the
ﬁeld of genome organization and epigenetics. However, it is of potential interest to study the dynamic
changes in the chromatin during differentiation, ageing
and disease and to identify new players in the process.
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