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1.1 Eukaryotic Chromatin 

The eukaryotic genome is a highly dynamic and complex nucleoprotein structure 

possessing a hierarchical order of chromatin organisation. The basic unit of the 

organisation is a nucleosome in which DNA is wrapped around histone octamer. 

The eukaryotic cell faces topological challenges of packaged genetic information 

as histone proteins mediated formation of nucleosome restrict access of DNA-

binding transcription regulators to cis-regulatory DNA elements and the constant 

need to modulate gene expression in order to maintain cellular homeostasis 

(Clapier and Cairns, 2009). The highly dynamic nature of the eukaryotic genome 

and its transcriptional competency is achieved by diverse nuclear factors, 

including non-histone chromatin-associated proteins (CAPs), histone chaperones, 

ATP-dependent remodelling machinery, DNA methylation machinery, histone 

modifications and histone variants, enzymes that post-translationally modify 

chromatin proteins and the newly emerging role of RNA and RNA binding 

proteins. Eukaryotic chromatin displays structural dynamics at different 

hierarchical scales in a spatio-temporal manner. The basic unit of the chromatin, 

the nucleosome, follows the structural hierarchy from the 10nm filament to the 

30nm filament which finally folds into the higher order chromatin structure of 

100 to 400nm to accommodate in the nucleus (Figure 1.1). The dynamic nature 

of nucleosomes and higher order chromatin structure controls eukaryotic genome 

accessibility and thereby regulate DNA template dependent processes, like 

transcription, replication, recombination and repair. Technical progress has 

facilitated structural studies of nucleosomes and chromatin provided detailed 

insight into local chromatin organization and understanding of the functional and 

structural dynamics of nucleosomes and chromatin fibers.  
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Figure1.1. The hierarchical organisation of the eukaryotic genome showing 

chromosomal DNA packaging inside nucleus with the help of positively charged 

histones starting from a basic nucleosome unit to a 30-nanometer chromatin fiber, 

which is further folded into loops averaging 300 nanometers in length. The 

chromatin loops are compressed and folded to produce a 250 nm-wide fiber, 

tightly coiled into the chromatid of a chromosome. (Figure adapted from Pierce, 

Benjamin. Genetics: A Conceptual Approach, 2nd ed, Nature Education ,2013). 
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Various crystal structures would represent just one possible state of the 

nucleosome and it is the incorporation of post-translational modifications (PTMs) 

and histone variants that potentiates a shift in the equilibrium between different 

structural states. This variability affects the compaction of the chromatin fibre 

and the interaction of nucleosomes with non-histone proteins. The nucleosome 

structure is stabilized by a multitude of protein–protein interactions within the 

histone octamer and through electrostatic and hydrogen bonds between protein 

and DNA over its entire length (Luger K at al., 1997, Davey CA,2002 and Rohs 

R et al., 2009). Majority of DNA–histone interactions occur between structured 

regions of the histones and DNA (Richmond TJ, Davey CA, 2003), whereas the 

flexible histone tails (the sites of most PTMs) extend away from nucleosomal 

DNA and are mainly involved in interaction with neighbouring nucleosomes or 

with nuclear factors (Luger K, Richmond TJ, 1998). In vivo studies revealed that 

histones turn over in a replication- and transcription-independent manner, and at 

a much more rapid rate than previously anticipated (Deal RB. et al., 2010 and 

Jamai A. et al., 2007); this, in turn, is at least in part determined by the intrinsic 

stability of the nucleosomes themselves. The stability of H2A.Z nucleosomes in 

response to variations in ionic strength have been studied (Hoch DA et la., 2007). 

The variant nucleosomes are shown to differ in their ability to be remodelled by 

the various ATP-dependent chromatin-remodelling factors (Goldman JA et al., 

2010 and Angelov D et al., 2003). 

The nucleosome organizing into chromatin fibres only results in modest changes 

in the rates of DNA exposure, suggesting that nucleosomes in chromatin fibres 

also undergo transient DNA breathing (Poirier MG, et al., 2008). More recently, 

single-molecule FRET approaches have identified an open state of the 

nucleosome during salt-dependent nucleosome assembly and disassembly (Böhm 

V et al., 2011 and Tims HS et al., 2011) (Figure1.1.1) characterized by a partial 
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disruption of the interface between the H2A–H2B dimer and the (H3–

H4)2 tetramer while the H2A–H2B dimers remain attached to the DNA.  

 

Figure1.1.1: Interchangeable structural states of nucleosome. These states 

include the tetrasome formed by the wrapping of ~80 bp DNA around an (H3–

H4)2 tetramer, intermediates states forming Hexasomes (nucleosomes lacking 

one H2A–H2B heterodimer) during nucleosome assembly or disassembly and 

transcription. Structural transitions between these states are characterized either 

by the transient release of the DNA ends (DNA breathing) or by a transient 

opening of the interface between histone subcomplexes (open state). (Figure 

adapted from Karolin Luger K, Dechassa ML., Tremethick D J., 2012) 

However, there are various contradictory interpretations of secondary chromatin 

structures which have been defined to produce chromatin fibres (30nm fibres) 

regulating all DNA- and chromosome dependent processes. Two competing 

models, the solenoid and zigzag arrangement of nucleosomes, have been 

proposed on the basis of in vitro data (Tremethick DJ., 2007) (1.1.2). The 

solenoid model depicted a one start model where consecutive nucleosomes 

interact with each other and follow a helical trajectory with bending of linker 
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DNA (Kruithof M, et al. 2009) whereas the ‘two-start’ zigzag structure shows 

two rows of nucleosomes forming a two-start helix so that alternate nucleosomes 

(for example, N1 and N3) become interacting partners, with relatively straight 

linker DNA (Dorigo B, et al., 2004) (Figure 1.1.2). The two stacks in a zig-zag 

model can further twist and coil producing different forms of the zigzag model. 

 

                   

 

Figure1.1.2: Two models for chromatin secondary structure: (A).The 

solenoid model where the 30 nm chromatin fibre is an interdigitated one-start 

helix in which a nucleosome in the fibre interacts with its fifth and sixth neighbour 

nucleosomes (Robinson PJ, Rhodes D, 2006). (B) The zig-zag model implies 

interaction between alternate nucleosomes forming a two-start helix in which 

nucleosomes are arranged in a zigzag manner (Dorigo B et al., 2004).  The two 

models differ in the trajectory and degree of bending of the DNA that connects 

two nucleosomes (linker DNA) (Li G, Reinberg D, 2011). (Figure adapted from 

Karolin Luger K, Dechassa ML., Tremethick D J., 2012). 

A B 
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Tertiary chromosome structure that is best represented as condensed metaphase 

chromosomes are believed to be the end point of chromatic compaction in 

dividing cells. Since recent studies question the existence of 30nm fibre in vivo, 

alternative models suggest less-ordered chromosome condensation process 

(Fussner E et al., 2011) where the arrangement of the metaphase chromosome is 

similar to a ‘molten globule’ state (Tremethick DJ, 2007, Fussner E et al., 2011 

and Eltsov M, et al., 2008) arising from the interdigitation of over-crowded and 

irregularly folded nucleosomal arrays. Studies upon analysis of extended 

chromatin fibres (~50–100 times their normal interphase length) revealed that 

10–40 kb regions of CenH3- and H2A-containing nucleosomes are interspersed 

with similar-sized domains of dimethylated H3 and H2A.Z occupying distinct 3D 

locations (Greaves IK et al., 2007). Studies using artificial segments of 

chromosomes created and tagged by the insertion of multiple copies of the lac 

operator sequence (Strukov YG, Belmont AS, 2009) have shown that there is no 

reproducibility in the lateral positions of the tagged sequences in mitotic 

chromosomes and positioning of these sequences differed even between sister 

chromatids (Strukov YG, Belmont AS, 2009). Therefore, eukaryotic chromatin 

both at the local level of chromatin fibre and at the global chromosomal level, 

does not exhibit structural uniformity and small, subtle changes by PTMs, histone 

variants and DNA sequence in chromatin primary structure yield dramatic effects 

in its large-scale organization significantly affecting nucleosome shape and 

stability and its protein surface.  

1.2 Eukaryotic genome organization and chromatin 

compartmentalization                     

The spatial organization of eukaryotic chromatin profoundly determines their 

function. One of the ways is through membrane-mediated compartmentalization 

having distinct protein compositions. One of the newly emerging mechanism for 

regulating spatial organization is through membrane-less compartmentalisation 
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driven by phase separation. Recent studies show that reconstituted chromatin 

undergoes histone tail-driven liquid-liquid phase separation (LLPS) in 

physiologic salt and when microinjected into cell nuclei, producing dense and 

dynamic droplets. Chromatin protein linker H1 and Heterochromatin protein1α 

(HP1α) promote phase separation of chromatin forming dense liquid condesates 

regulating heterochromatinization (Gibson B A et al., 2019 and Larson A G et al., 

2017). On the other hand, histone acetylation by lysine acetyltransferase p300 

antagonises phase separation of the chromatin by dissolving liquid droplets and 

inhibiting their formation in nuclei (Gibson B A et al., 2019). Chromatin 

acetylation leads to formation of a new phase-separated state by binding to multi-

bromodomain proteins, such as BRD4 with distinct physical properties. Thus, 

suggesting a new framework of eukaryotic genome organisation through intrinsic 

phase separation of the chromatin polymer (Gibson B A et al., 2019). 

The chromosomes organise themselves on the basis of their functions, and adopt 

reproducible positions within the nucleus. There are fundamental differences in 

the spatial distribution of the genome and the two most common configurations 

are the Rabl configuration observed in rapidly dividing embryonic cells and the 

second type of global nuclear organisation is the non-overlapping discrete 

chromosome territories (Fung J C et al., 1996, Lee, K. K et al., 2001). The human 

genome consists of 3×109 nucleotides of DNA that is present in 46 chromosomes 

and each of the chromosomes is present in a distinct chromosomal territory 

having a distinct spatiotemporal domain (Figure1.2). The chromatin comprises of 

largescale chromatin domains such as euchromatin and the heterochromatin. The 

euchromatin comprise mostly of the open chromatin where transcription occurs. 

Even though heterochromatin mostly comprise the silenced chromatin foci 

correlating with more compact chromatin, evidence suggest that transcription 

also occurs in such regions (Gilbert N et al., 2004). The fraction of the human 

genome having an “open” chromatin structure originates from the most gene-rich 
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domains that may not necessarily be transcriptionally active but have the potential 

for transcription, given the right transcription factor environment (Gilbert N et 

al., 2004). The concept of transcription factories (TFs) is a newly evolved concept 

where active sites of both RNA polymerase II and III mediated transcription 

cluster and each factory consist of one type of polymerase but specific 

transcription factors that activate transcription of specific group of genes 

(Bartlett, J et al., 2006). Chromosome folding and position within the nucleus 

determines the exposure of different regions of the chromosome to these TFs. As 

observed in differentiated cells different chromosome territories form within the 

volume of the nucleus (Cremer T et al., 2006). Expressed genes localise within 

these territories in differentiated cells (Noordermeer D et al., 2008) with the most 

active genes being positioned between chromosome territories towards the 

interior of the nucleus where repressed regions located towards the nuclear 

periphery along with heterochromatin region (Cremer T et al., 2006, Kosak ST et 

al., 2002, Reddy KL et al., 2008, Reddy KL et al., 2006 and Mahy NL, Perry PE, 

Bickmore WA, 2002). 

Recent advances in the technology have helped in the understanding that 

chromosomes are compartmentalised into discrete territories (Figure 1.2) and the 

expression of a particular gene is decide upon its location within a chromosome 

territory that determines the accessibility of different transcription and splicing 

machineries (Figure1.2) (Cremer T and Cremer C,2001). The topological model 

for gene regulation suggests (Cremer T and Cremer C,2001): 

• The chromosomes occupying discrete territories contain chromosome arm 

and chromosome band domains  

• The chromosome territories (CTs) have distinct nuclear localisations with 

different gene densities with gene-poor, mid-to-late replicating genes being 
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enriched in nuclear periphery and perinucleolar region whereas the gene-

dense, early replicating chromatin being away from the periphery. 

• Chromatin domains that contain DNA of ~1Mb are detectable in the 

interphase and non-cycling cells 

• The interchromatin compartment (IC) also comprises of non-chromatin 

factors regulating transcription, splicing, DNA replication and repair and 

CT-IC model predicts a specific topological relationship between them 

regulating gene expressions. 

• The gene positions within CTs determines their transcriptional status and 

gene silencing and activation on the other hand is regulated by the dynamic 

repositioning of the genes with respect to centromeric heterochromatin. 

 

Figure 1.2: The spatial organization of the nucleus. Cartoon depiction of the 

spatial arrangement of different chromosome territories along with expanded 

view showing lamin-associated dense heterochromatin (hatched pattern) in 

region A, RNA polymerase II TF consisting of clusters of active genes from 
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different chromosomes in association with RNA polymerase II (blue) in region B 

and Intra-chromosomal loop mediated by CTCF (light blue ovals) in association 

with cohesin (deep blue ring) in region C. 

Advanced chromosome capture methods such as 4C and HiC, highlights the 

importance of the chromatin loops as functional chromatin architecture and not 

random events (Bonev and Cavalli 2016). Bromo-deoxy-uridine (BrdU) pulse 

labelling of nuclei during early S phase coupled with 3D fluorescence imaging, 

has shown nearly 1,100 sites of DNA replication, called Replication Sites (RS), 

in NIH 3T3 cells (Ma et al., 1998). Each RS with an average size of 1million 

bases comprises of 5-6 replicon clusters that persist through several cell divisions 

(Jackson and Pombo, 1998 and Ma et al., 1998). With the help of 5C and Hi-C 

techniques, chromatin interactions have been shown to be spatially restricted into 

repeated chromatin domains (Dixon et al., 2012; Nora et al., 2012; Sexton et al., 

2012). Studies reveal that chromatin interactions in human and mouse cells occur 

predominantly within domains of average size of 880Kb, similar to that of RS, 

known as Topologically Associated Domains, or TADs. TADs are generally 

stable like RS, with diverse cell types such as embryonic stem cells and 

fibroblasts sharing the majority of the TADs defined in each cell type. TADs 

represent a physical compartmentalization where two regions associate on 

average more frequently with each other than with regions outside the TAD 

(Dixon et al., 2012; Nora et al., 2012; Sexton et al., 2012) suggesting a property 

of “self -association” of regions within the TAD, and second, an “insulation” 

property between regions in neighbouring TADs. TADs are hierarchical in nature 

containing smaller “sub-TADs” (Phillips-Cremins et al., 2013; Rao et al., 2014), 

and loops at their most local level (Rao et al., 2014) or “insulation 

neighbourhoods” (Dowen et al., 2014; Ji et al., 2016). They are preserved in 

syntenic sequences (Dixon et al., 2012; Vietri Rudan et al., 2015) serving as the 

basic unit of chromosome folding (Dekker, 2014) regulating nuclear processes 
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that involve chromatin organization like transcription, DNA replication, and VDJ 

recombination (Hu et al., 2015; Lucas et al., 2014; Nora et al., 2012; Pope et al., 

2014; Sanborn et al., 2015). Figure 1.2.1 shows the hierarchical folding of the 

eukaryotic genome reflecting the different layers of higher-order chromosome 

folding (Figure 1.2.1). 

 

Figure 1.2.1: Schematic view of chromosome folding inside the nucleus. 

Chromatin packed at different nucleosome densities depending on gene 

regulation, folding at the submegabase scale into higher-order domains of 

preferential internal interactions termed as TADs. Chromatin segregation at the 

chromosomal scale into active "A" and repressed "B" compartments of 

interactions, reflecting preferential contacts between chromatin regions of the 

same epigenetic features. Chromosomes occupying individual space within the 

nucleus, forming chromosome territories. 

The different mechanisms that shapes a chromatin polymer in the nucleus 

contributing to chromatin organization involves chromatin fiber movement 

through fractional Langevin motion (Dekker and Mirny, 2016) or fractal globule 

(Lieberman-Aiden et al., 2009), chromatin domains attraction through multiple 
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binding sites for certain diffusible molecules like large protein complex, or a 

chromatin-associated RNA, or an RNA/ protein complex (Barbieri et al., 2012) 

(Mele and Rinn, 2016) and insulation by specific sequence binding proteins 

factors or RNAs inducing topological constraints to the local chromatin fiber 

(Phillips-Cremins and Corces, 2013; Vietri Rudan and Hadjur, 2015). TAD 

formation occurs through an “attractive” force involving the Cohesin complex 

(Kagey et al., 2010; Phillips-Cremins et al., 2013; Seitan et al., 2013; Sofueva et 

al., 2013; Vietri Rudan and Hadjur, 2015; Watrin et al., 2016; Zuin et al., 2014). 

Recent evidence now suggests the role of Cohesin complex in mediating long 

range chromatin interactions between enhancers and promoters (Kagey et al., 

2010; PhillipsCremins et al., 2013; Seitan et al., 2013; Sofueva et al., 2013; Zuin 

et al., 2014). Interestingly, chromosome territories repositioning can occur in 

diseases, and this might provide novel insights into disease mechanisms and 

deregulated gene expressions in pathophysiological conditions.  

 

1.3 Chromatin and transcription 

Chromatin is a dynamic functional organisation comprising of regions with 

variable gene expression that is determined by several factors. There two different 

states of the chromatin, one is transcriptionally active or the open chromatin 

called the euchromatin and the transcriptionally silenced or heterochromatin state 

that is mostly composed of closed and compact chromatin. The boundaries of 

euchromatin and heterochromatin region are composed of insulator elements. The 

theory regarding chromatin architecture that actively transcribed genes 

(constitutively expressing) or genes expressed under certain stimuli (being in 

poised state) are located on an open chromatin while silenced genes are located 

on closed chromatin loci is not entirely correct. Recent studies have shown that 

though there is a correlation between open chromatin structure and high gene 
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density, it doesn’t necessarily corroborate with high gene expression. 

Transcriptionally active genes are also present in compact regions of the 

chromatin while silent genes are present in more open chromatin loci. The 

chromatin modification states determine the recruitment or removal of factors 

involved in regulating the gene expression. Different biochemical process that are 

essential for gene expression are not uniformly distributed within the nucleus and 

might constitute either stable assemblies that serve as factories for biochemical 

processes (Figure 1.3.1 A) or could be a product of transcription upon 

accumulation of RNA or proteins involved in post-transcriptional events (Figure 

1.3.1 B) and they need not mutually exclusive. Gene movement to these sites 

represent different modes of transcriptional regulation (Figure 1.3.1). 
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Figure 1.3.1. Different modes of spatial organization impacting transcription 

in the nucleus. (A) Chromosomes loop formation upon activation from 

respective territories to interact with a stable protein body (blue cloud) enriched 

for RNA polymerase II (grey). (B) de novo formation of a nuclear body at active 

transcription sites induced by mRNA synthesis (red). (C) Targeted gene 

movement to a nuclear pore complex serving as platform concentrating proteins 

(blue) and RNA polymerase II (gray) for transcription. 

The chromatin modifications comprise both modifications of DNA as well as 

histone and non-histone components that form the epigenetic code. Both the 
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genetic and epigenetic code together determines the gene expression pattern 

(Figure 1.3.2). The epigenetic code includes the following: 

• DNA Methylation: The DNA methylation may achieve silencing of gene 

by preventing transcription factors from binding to their cognate DNA 

binding sequence or recruiting methyl CpG binding proteins that in turn 

recruit corepressors to silence the chromatin.  

• Acetylation of histones and non-histone proteins: The acetylation of 

histones is reversible and catalysed by Histone Acetyltransferases (HATs) 

and Deacetylases (HDACs). The HATs are also termed as Factor 

acetyltransferase (FATs) because they have a broad range of substrates 

including transcription factors, coactivators, histone chaperones etc. 

Reversible acetylation of these factors can lead to altered DNA binding 

ability as well as transition between open and closed chromatin structure. 

There is an interplay between factor acetylation, chromatin remodeling and 

histone chaperones in transcriptional regulation of genes.  

• Methylation of histone and non-histone proteins: This modification has 

a greater half-life and therefore contributes to epigenetic memory. The site-

specific Lysine (K) methylation is associated with both transcriptional 

activation as well as repression. The lysine methyltransferases are found to 

be associated with protein complexes. Suv39H1-mediated trimethylation 

of H3K9 leads to docking of HP1and is associated with heterochromatin 

assembly. The H3K4me3 is associated with increased transcription 

elongation and enhancer activity, which together lead to exceptionally high 

gene expression (Chen K et al., 2015). Some non-histone substrates of 

methyltransferases are linker histone H1 and p53. Ezh2 mediated 

methylation of H1 in mammalian cells has been implicated in 

transcriptional repression (Kuzmichev A et al., 2004). Studies on human 

CD4+ T cells have mapped 20 histone methylations of lysine and arginine 
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residues by chromatin immunoprecipitation followed by sequencing 

(ChIP-seq) (Barski et al. 2007). Data suggested that monomethylated 

H3K27, H3K9, H4K20, H3K79 and H2BK5 were linked to gene 

activation, while trimethylated H3K27, H3K9 and H3K79 were associated 

with gene repression.  

• Phosphorylation of histone and non-histone proteins: Phosphorylation 

of histones is intricately linked to cell cycle arrest. Phosphorylation occurs 

in wide repertoire of non-histone proteins with distinct functional 

consequence that has been discussed later (1.7). 

• ADP Ribosylation: Poly ADP ribose polymerase (PARP1) catalysing 

ADP ribosylation or PARylation of both histones and non-histone substrate 

is an interesting example of a non-histone protein having enzymatic 

activity. ADP ribosylation of histone H2A is important for its function in 

double stranded break repair. PARP1 itself gets ADP ribosylated causing 

dynamic chromatin alterations. This enzymatic process is required in 

various DNA repair pathways and in the maintenance of genomic stability. 

PARP-1 regulates gene expression by promoting exclusion of H1 and 

opening of chromatin near promoter region (Krishnakumar R. et al, 2008). 

SATB1 (matrix attachment region (MAR)-binding protein, special AT-

rich sequence binding protein 1) is crucial for establishing higher order 

chromatin loop structures at the MHCI locus by directly interacting with 

PML (Pavan Kumar et al. 2007). 

• Ubiquitination: Factors that are involved in telomere associated gene 

silencing have showed that monoubiquitination is required for methylation. 

Ubiquitination is also a reversible process as monoubiquitinated H2B can 

be deubiquitinated by the enzyme Ubp8, a component of the SAGA histone 

acetyltransferase complex required for transcription initiation (Henry K. 

W. et al.,2003 and Daniel, J. A., 2004). Ubiquitylation of histone H2B at 

lysine residue 120 (H2BK120ub) is an actively transcribed genome mark 
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which triggers several critical downstream histone modification pathways 

and changes in chromatin structure. Nucleosome stability is reduced or 

enhanced upon modulating levels of H2Bub1 and it regulates initiation by 

stabilizing nucleosomes positioned over the promoters of repressed genes 

reflected by an intrinsic difference in the property of chromatin assembled 

in the presence or absence of H2Bub1 (Chandrasekharan M. B., Huang F., 

and Sun Z., 2009). 

• Sumoylation: Sumoylation are small ubiquitin related modifications 

involved in chromatin structure thus regulating gene expression. The four 

core histones get sumoylated which negatively regulates transcription 

(Shiio, Y., and Eisenman, R. N., 2003). Sumoylation is involved in Methyl 

CpG binding protein MBD1 and MCAF1 interaction inducing chromatin 

silencing (Uchimura, Y. et al., 2006).  

• Protein acylations: Proteomics based approach have led to identification 

of acyl intermediates derived from acetyl-CoA (like succinylation, 

malonylation, propionylation and hydroxyl-butyrylation) and fatty acid 

derived myristoylation and crotonylation as novel modifications 

(Sabari BR. et al., 2017; Tan M. et al., 2011). With the help of in vitro 

labeling and peptide mapping by mass spectrometry, p300 and CREB-

binding protein (CBP) of KAT3 family have been shown to catalyse lysine 

propionylation and lysine butyrylation of histones as well as non-histone 

protein p53 (Chen Y. et al., 2007).  Butyryl CoA levels affect chromatin 

structure and regulate gene expression through butyrylation of chromatin 

or transcription components (Dutta R. et al. 2016) and by inhibiting 

KDACs, which would ultimately lead to increased acetylation (Steliou 

K. et al. 2012). Recent study discovers the relevance of crotonylation of 

H3K9 for robust transcriptional induction, along with H3K9 acetylation 

(Li Y. et al., 2016).  
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There are other modifications like biotinylation, formylation, citrullination, along 

with newly discovered which act on both histone and non-histone proteins leading 

to different functional consequences. Along with these modifications, very 

recently identified modifications like serotonylation of glutamine, at position 5 

(Q5ser) of histone H3 upon serotonin secretion meditated by Tissue 

transglutaminase 2 (TGM2) in histone H3 tri-methylated lysine 4 (H3K4me3)-

marked nucleosomes, results in H3K4me3Q5ser enrichment in euchromatin 

sensitive to cellular differentiation and permissive to gene expression (Farrelly 

LA.et al.,2019). Recently identified modification histone H3 glutamine 5 

dopaminylation (H3Q5dop) has a specific role in cocaine-induced transcriptional 

plasticity in the midbrain exhibiting its function in a specific region of the brain 

that is ventral tegmental area (Lepack A. E. et al., 2020). 

              

Figure 1.3.2. Chromatin dynamics mediated by different chromatin player 

regulating gene expression. Transcriptionally active open chromatin state is a in 

which the histone tails are acetylated by the Histone acetyltransferases (HATs). 
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Chromatin remodelers modulating chromatin landscape by positioning the 

nucleosomes making it accessible to TFs and coactivators. The inactive 

condensed heterochromatin state is often mediated by Histone methyltransferase 

(HMT) and deacetylation by Histone deacetylase (HDAC) proteins along with 

non-histone chromatin binding proteins making it inaccessible to the transcription 

machinery. 

Non-histone proteins like Positive coactivator 4 (PC4) is involved in activator 

dependent transcription acting as coactivators or mediators for the transcription 

and initiation factors (Batta K et al., 2007). The non-histone chromatin proteins 

are critical players in the dynamic process of transcription through chromatin.  

The differential localisation of three heterochromatin protein 1 (HP1) isoforms in 

the nucleus; HP1α, HP1β and HP1γ, has functional implications in terms of 

heterochromatinization and gene expression (Eissenberg and Elgin,2000). HP1α 

specifically interact with PC4, to repress specific chromatin domains stands is an 

example of such functional interactions (Das C. et al.2010; Sikder S. et al. 2019). 

Non-histone protein regulating gene expression have implications in 

pathophysiological conditions as well. Linker histone H1 mediated gene 

expression has also been studied in stable T47D breast cancer shRNA inducible 

cell lines where different subsets of genes were affected upon knockdown of 

specific H1 subtypes (Sancho M et al., 2008). Linker H1 mediated gene 

expression also regulates important cellular process like embryogenesis and 

muscle differentiation (Lee H et al.,2004).   

Growing evidence suggest phase separation mediating various cellular processes, 

including formation of classical membrane-less organelles, signaling complexes, 

the cytoskeleton, and numerous other supramolecular assemblies. Recent 

experimental studies show that chromatin proteins like linker H1 promote phase 

separation acting as scaffolds for phase separated heterochromatin domains and 

p300 mediated histone acetylation antagonizes chromatin phase separation, and 
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forms a new phase separated state in the presence of multi-bromodomain 

proteins, such as BRD4 forming nuclear chromatin subdomains distinct from the 

unmodified chromatin (Shakya A. et al., 2020 and Gibson B.A. et al., 2019). An 

interesting aspect of heterochromatin mediated gene repression by HP1 family 

shown by single-molecule DNA curtain assay is that it occurs through 

sequestration of compacted chromatin in phase-separated HP1 droplets, which 

are dissolved or formed by specific ligands on the basis of nuclear context (Larson 

A.G. et al, 2017). Phase separation mediated by protein forming liquid-like 

compartments may play a role in reducing the transcriptional noise regulating 

biological signal processing and control (Klosin A. et al., 2020). 

1.4 Non-histone chromatin associated proteins (CAPs) 

A number of studies have identified a large family consisting several sub families 

under its roof as chromosome-associated non-histone proteins (CAPs), each of 

them having a distinct mode of function in the organization of the higher order 

structure of the eukaryotic genome. The non-histone chromosomal proteins are 

defined as proteins excluding core histones that isolated together with DNA in 

purified chromatin and overlaps with the class of acidic nuclear proteins and 

contribute to the dynamicity of the chromatin. These proteins exhibit distinct 

chemical, physical and biological properties that are different from those of 

histones and show limited tissue specificity. A class of these proteins are involved 

in chromatin compaction and higher order chromatin organisation whereas some 

are involved in chromatin decompaction leading to an open chromatin structure 

activating transcription. 

1.4.1.1 Role of different CAPs in chromatin organisation  

The non-histone chromatin proteins are also multifunctional proteins and have 

diverse physiological functions that enables the otherwise inaccessible chromatin 

template available to various factors, inducing topological changes and functional 
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folding of the genome to facilitate chromatin template dependent functions like 

transcription (mentioned in the earlier section), DNA replication, DNA 

recombination and repair. Each family of CAP exhibit different mechanisms to 

regulate chromatin structure some of which are mentioned below. 

1.4.1.1 Linker histone H1 

The first identified non-histone chromatin protein involved in dynamic chromatin 

organisation is linker histone H1. H1 contains a short N-terminal tail (~20-35aa), 

a central globular domain (~70 aa) and a long, extremely basic C-terminal tail 

(CTD) (~100 aa). Linker histone H1 has large number of tissue specific variants 

regulating chromatin architecture. Linker histone H1 interacts with nucleosomes 

leading to compaction of the chromatin and restricting the accessibility of the 

chromatin binding sites to the regulatory factors (Wolffe, A. P. et al., 1997, 

Thomas, J. O.,1999, Zlatanova, J., Caiafa, P., and Van Holde, K., 2000 and 

Hizume, K., Yoshimura, S. H., and Takeyasu, K., 2005). There are two sub-

populations of H1 with differential mobility interacting with the chromatin in 

dynamic fashion and rapid exchange of H1 occurs in euchromatin and 

heterochromatin regions (Misteli, T. et al., 2000 and Catez, F., Ueda, T., and 

Bustin, M.,2006). The nucleosome bound H1 termed as chromatosome were 

identified in the 1970s (Olins AL, Olins DE., 1974, Kornberg RD., 1974 and 

Simpson RT., 1978). From near-atomic resolution structure of the nucleosome 

core particle solved in 1997 (Luger K et al., 1997), indicating how the side chains 

of amino acids of core histones interact with DNA to various structural models 

of the chromatosome core particle proposed on the basis of Cryo-electron 

microscopy (Cryo-EM) studies. The first crystal structure of the linker histone 

H1 bound nucleosome using 167 bp of DNA and the globular domain of chicken 

H5 (Figure 1.4.1) shows that the globular domain binds on the nucleosome dyad 

and interacts with the linker DNA at both the entry and the exit sites of the 

nucleosome through interactions with occurring between positively charged Lys 
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and Arg residues of the globular domain and the phosphates of the DNA 

backbone in the nucleosome (Zhou BR, et al., 2015) (Figure 1.4.1).  This structure 

was in agreement with the binding of the globular domain of mouse H1.0 and its 

mutants to chromatin in vivo (Brown DT et al., 2006). Later NMR and cryo-EM 

using longer linker DNA and H1.0 suggest that the tails of the linker histones and 

linker DNA in the chromatosome do not contribute to the binding mode between 

the nucleosome and the globular domain of the linker histone (Zhou BR. et al., 

2016 and Bednar J. et al., 2017). However, later studies that measured the binding 

affinity from cryo-EM structure does imply that within a single chromatosome, 

the C-terminal tail of linker H1.0 prefers association with only one of the two 

available linker DNAs (Bednar J. et al., 2017, White AE. et al., 2016). Similar 

structural studies of chromatosome in D.melanogaster indicates an off dyad 

binding mode of linker H1 that appears to interact with one linker DNA (Zhou 

BR, et al., 2013). Subsequent studies identified five key residues in the globular 

domains of H5 and D. melanogaster H1 which determines the binding location of 

the globular domain in the chromatosome and thereby the different binding mode 

(on-dyad versus off-dyad binding) (Zhou BR, et al., 2013).  Cryo-EM structure 

of a nucleosome array with linker histone variant H1.4 of 11 Å resolution 

indicates that the globular domain of H1.4 binds off the nucleosome dyad where 

tails of H1.4 were not largely visible indicating an unstable binding to linker DNA 

(Song F, et al., 2014). This was contrary to on dyad binding mode of globular 

domain of human H1.5, despite having the same amino acid sequence as that of 

H1.4 (Syed SH, et al., 2010 and Bednar J. et al., 2017). Thus, these structural 

studies indicate the relevance of PTMs and mutations in the globular domain of 

linker histone H1 on chromatin structure and function. 

A newly discovered mode of linker histone H1 mediated chromatin organisation 

has been through linker H1 condensing into liquid-like droplets as shown in HeLa 

cell nuclei during the interphase stage of the cell cycle (Shakya A et al., 2020). 
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These droplets colocalized with DNA-dense regions thus mediating 

heterochromatinization. H1 form these, liquid like phase separated droplets where 

the nucleosome core particle maintains its structural integrity (Shakya A et al., 

2020). 

 

Figure 1.4.1: Crystal structure of chromatosome: The crystal structure of 

containing the nucleosome core particle with globular domain of chicken H5 

(H1.0; shown in red) and fold regions of core histones (H2A, H2B, H3 and H4; 

all colour-coded) (Protein Data Bank identifier (PDB ID): 4QLC). This shows on 

dyad binding mode of the globular domain sitting on the nucleosome dyad and 

exhibiting interaction with both linker DNAs. (Figure adapted from Fyodorov D 

V., Zhou BR., Skoultchi A I., and Bai Y., 2018). 

Role of linker histones in establishing 30nm chromatin fibers 

Linker histone H1 is one of the most well studied chromatin proteins which 

stabilizes the nucleosomal core particle through direct binding. The exact position 

of H1 in the nucleosome and its precise interaction with linker DNA is still a 

matter of debate. One group with the help of cryo-electron microscopy (Cryo-

EM), hydroxyl radical footprinting and nanoscale modelling develops a model 
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where the globular domain of H1 interacts with DNA minor groove located at the 

centre of nucleosome symmetrically contacting 10bp of linker DNA (Syed et al 

2010) and other group based on the cryo-electron microscopy of in vitro 

reconstituted mammalian 30-nm fibers combined with fitting of the chicken 

histone H1 globular domain structure, indicates asymmetrical binding of H1 

globular domain to the minor groove and contacting both linker DNA strand 

causing the nucleosome arrays to arrange into a twisted left-handed double helix 

with a zigzagged, two-start tetra-nucleosome as the repeating structural unit 

(Song et al., 2014) (Figure 1.4.2 A and B). Dimer formation by the globular 

domains of the linker histone between these tetra-nucleosome contributes to the 

twisted feature of the double helix which is in agreement with the previously 

proposed zigzag, two-start organization of the 30 nm chromatin fiber (Williams 

SP, et al., 1986 and Woodcock CL. et al., 2006) and is contradictory to the cryo-

EM model obtained for the nucleosome array containing linker histone H5 in the 

presence of 1mM MgCl2 forming a single-start interdigitated nucleosome 

organization for the nucleosome array (Robinson PJ. et al., 2006).  

Chromatin structural studies using stochastic optical reconstruction microscopy 

(STORM) enabled chromatin fiber visualization at the single-cell level in 

interphase stage, with a resolution of ~20 nm (Ricci MA et al., 2015). This study 

showed that nucleosome assembly occurs in discrete heterogeneous groups of 

varying sizes, termed ‘nucleosome clutches’ (Ricci MA et al., 2015). In different 

cells, like differentiated human fibroblasts contains larger clutches (~8 

nucleosomes per clutch) whereas stem cells induced from fibroblasts contain 

smaller clutches (~4 nucleosomes per clutch). Greater association of linker 

histones in larger and denser clutches correlates with heterochromatin markers 

suggesting that linker histones H1 mediated chromatin folding forming 30 nm 

chromatin structures may exist as short fragments rather than as continuously 

folded fibers in vivo (Ricci MA et al., 2015). This observation is also consistent 
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with the recent findings using electron-microscopy-assisted nucleosome 

interaction capture crosslinking experiments in combination with mesoscale 

chromatin modelling (Grigoryev SA, et al., 2016) and small angle X-ray 

diffraction (Maeshima K. et al., 2014). In vitro assays have also observed 

formation of small clusters of nucleosome arrays primarily containing tetra-

nucleosomes in force-stretched nucleosome arrays (Li W, et al., 2016). 

Recent Cryo-EM studies from Dimitrov’s group shows an intact 197bp 

nucleosome with full length H1 indicating a more compact conformation with 

reduced linker arm flexibility and that CTD which associates with only single 

linker is indispensable for this conformation (Bednar J, et.al., 2017) (Figure 1.4.2 

C and D).  This model suggests that the factors affecting the exit/entry angle of 

linker DNA could modulate the stability of H1 binding. The most recent crystal 

structure of a hexanucleosome with full length H1 reveals a two-start helix 

characterized by a flat zigzag arrangement of nucleosomes with uniform type II 

nucleosome stacking interfaces and a nucleosome packing density nearly half of 

that reported for 30-nm chromatin fibers, and a core-proximal linker DNA 

conformation resembling that of an H1-bound mononucleosome (Garcia-Saez et 

al., 2018). This study shows that how a flat chromatin fiber can switch 

conformation upon change in the ionic environment which reflect conformational 

fluctuations occurring in vivo during different regulatory process to allow 

chromatin to switch between different states of compaction in response to a 

change in the local environment. Studies in D. melanogaster shows that H1 

depletion in larvae failed to develop into adults due to massively altered 

chromosome structure with loss of chromosome banding, lower levels of 

H3K9me2 and several Heterochromatin protein1(HP1) foci (Lu X et al., 2009). 

Triple H1 knockout in embryonic stem cells (ESCs) underlie the role of H1 in 

structural maintenance of heterochromatin (Cao K et al., 2013).  
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These structural studies do suggest one important aspect that nucleosome array 

structures are prone to environmental perturbations, employing non-invasive 

experimental methods such as NMR and cryo-EM in the absence of chemical 

crosslinking would be give us a better picture of the formation of higher order 

structures. 

 

            

 

                                    

Figure 1.4.2: Role of linker histone H1 in chromatin folding. (A)Schematic 

model of the cryo-electron microscopy structure of the nucleosome array 

A B 

C D 
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condensed by human linker histone H1.4 showing the twisted double helix with 

tetra-nucleosomes as the structural unit. The globular domain of the linker histone 

in each nucleosome is mainly associated with one linker DNA interacting 

between neighbouring tetra-nucleosome units forming a dimer. (B) The 3D cryo-

EM map of the 30-nm chromatin fibers reconstituted on 12 × 187 bp DNA with 

the three tetranucleosomal structural units highlighted by different colors (Figure 

adapted from Song et al., 2014). (C) Cartoon image illustrating the binding of 

linker histone H1 inducing the nucleosome to adopt a more compact and rigid 

conformation (D) Cryo-EM and crystal structure from Dimitrov’s group showing 

that H1 globular domain interacts with core DNA on the dyad interacting with 

both DNA linkers whereas the C-terminal domain associates primarily with a 

single DNA linker (Figure modified from Bednar J et al., 2017). 

Involvement of linker H1 in genome stability by regulating chromatin 

structure 

Linker histone H1 binding to linker DNA pose an inhibition to DNA-binding 

proteins, including histone modifiers and transcription factors (Laybourn PJ, 

Kadonaga JT, 1991) whereas H1 bound nucleosome may block the translocation 

of processive, DNA-tracking enzymes, RNA and DNA polymerases and 

chromatin remodeling factors (Maier VK et al., 2008). 

Chromatin structure defects observed upon elimination or reduction of linker 

histone affecting genome stability. Studies have shown that the non-essential S. 

cerevisiae homologue of H1, HHO1, is important for the suppression of DNA 

repair by homologous recombination (HR) and telomere maintenance through the 

recombination pathway (Downs JA et al., 2003). Studies in Drosophila have 

shown that H1 depletion derepresses transposable elements (Lu X, et al. 2013 and 

Vujatovic O, et al., 2012) thus accounting for the genomic instability observed in 

H1-depleted flies. Accumulation of extrachromosomal circular DNA originating 

from the rDNA gene cluster in larval imaginal disc and salivary gland cells 
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accumulate results due to enhanced recombination events and genomic 

rearrangements upon H1 knockdown (Vujatovic O, et al., 2012). Involvement of 

linker histone H1 in genome stability has also been shown in mouse ES cells 

where H1 depletion have led to increased number of telomeric sister chromatid 

exchange events and increase in telomere length (Murga M, et al., 2007). Upon 

DNA damage signaling, global chromatin fibre compaction occurs that protects 

the genome from additional lesions and this is further stabilized by the chromatin 

protein linker H1 (Hamilton C et al., 2011). 

It is conceivable that these alternative mechanisms of H1 mediated chromatin 

functions and interactions are often subtype specific which shows tissue specific 

abundance.  

Linker Histone variants 

Different variants of linker histone variants may bind to the nucleosome in 

different modes associated with distinct structures of condensed nucleosome 

arrays or more condensed chromatin architecture which in turn regulates 

chromatin function.  Linker histone H1 family contains 11 variants in humans 

and including seven somatic subtypes (H1.0, H1.1 to H1.5, and H1x), three testis-

specific subtypes (H1t, H1T2 and HILS1) and one oocyte-specific subtype 

(H1oo) (Hergeth SP, Schneider R., 2015). H1.1 to H1.5 are expressed in a 

replication-dependent manner, whereas H1.0 and H1x are replication-

independent and expressing in non-proliferating cells. H1.1 to H1.5, and H1x, are 

ubiquitously expressed whereas H1.0 accumulates in terminally differentiated 

cells. H1.0 (known as H5 in birds) leads to formation of highly condensed 

inactive chromatin, a characteristic feature of terminally differentiated cells like 

nucleated erythrocytes, comprising the majority of the H1 pool (Bates DL, 

Thomas JO., 1981).  Below is the table (Table 1.4) showing the characteristics of 

human linker histone H1 variants. 
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Variant Expression 

pattern 

Genomic distribution 

pattern (Izzo A. et al, 

2013) 

Function Knockout Phenotype 

H1.1 Somatic enriched in intergenic 

regions and at active 

chromosome 19; present 

at promoters 

Functions apart from chromatin 

compaction through linker DNA 

binding not known 

Not known 

H1.2 Somatic depleted in TSS of active 

genes, intergenic regions 

and CpG islands; 

enriched at LADs, 

enriched at chromosome 

X; 

Maintenance of active gene 

transcription, recruitment of Cul4A 

ubiquitin ligase/PAF1 

(Kim K. et al., 2013) H1.2S173p: active 

transcription (Zheng Y. et al., 2010). 

Repressor of p53-mediated 

transcription (Kim K. et al., 2008) 

Cell cycle arrest in G1 

(Sancho M et al.,2008), 

reduction in 

nucleosome spacing 

(Sancho M et al., 2008) 

H1.3 Somatic depleted in TSS of active 

genes,intergenic regions 

and CpG islands; 

enriched at LADs. 

Inhibition of h19 noncoding RNA 

transcription (Medrzycki M. et al., 

2014) 

No significant 

difference (Sancho M 

et al., 2008) 

H1.4 Somatic  depleted in TSS of active 

genes,intergenic regions 

and CpG islands; 

enriched at LADs. 

H1.4K26me: heterochromatin 

formation via binding to HP1 and 

L3MBTL1 (Daujat S. et al.,2005, 

Trojer P. et al., 2007) H1.4K34ac: 

recruitment of TAF, active 

transcription (Kamieniarz K. et al., 

2012) H1.4S172p, H1.4S187p: active 

transcription (Zheng Y. et al., 2010) 

Deleterious effect with 

an increase in the 

subG1 peak (Sancho M 

et al., 2008) 

H1.5 Somatic depleted in TSS of active 

genes,intergenic regions 

and CpG islands; 

enriched at LADs. 

Interacts with Msx1, repression of 

muscle cell differentiation, compaction 

(Lee H, Habas R, Abate-Shen C., 2004) 

slight decrease of S 

phase (Sancho M et al., 

2008) 

SIRT1 down-

regulation and lower 

H3K9me2 level (Li JY 

et al.,2012 

H1.6 Testis  forms less compacted chromatin 

compared to other H1 histone subtypes. 

Formation of more relaxed chromatin 

to promote chromatin architecture 

during meiosis, such as homologous 

recombination (Machida S. et al., 

2016). 

Not known 

H1.7 Testis  normal spermatogenesis and male 

fertility. Required for proper cell 

restructuring and DNA condensation 

during the elongation phase of 

spermiogenesis (Tanaka H. et al., 2006) 

Not known 

H1.8 Oocyte  Expression of pluripotency genes in 

early embryos, Essential for meiotic 

maturation of germinal vesicle-stage 

oocytes. (Tanaka M. et al., 2001 and 

Hayakawa K. et al., 2014) 

Impaired 

differentiation (Terme 

JM. et al.,2011) 

(IMR90) No 

significant difference 

(Sancho M et al., 2008) 

H1.9 Testis   Not known 

H1.10 Somatic enriched in active 

chromatin 

Mitotic progression (Takata H. et al., 

2007) 

Not known 

H1.0 Somatic enriched at the nucleolus Replacement subtype in differentiated 

cells (Zlatanova J, Doenecke D., 1994) 

Impaired 

differentiation of 

hESCs (Terme JM. et 

al.,2011), (IMR90) No 

significant difference 

(Sancho M et al., 2008) 

        Table 1.4: Characteristic of different Linker histone variants in humans. 
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The histone variants in mouse also have specific functions similar to humans. 

Triple knock out of H1.2, H1.3 and H1.4 have been shown to be embryonic lethal 

in mouse (Fan Y et al., 2003) and H1.5 regulates muscle differentiation (Lee H, 

Habas R, Abate-Shen C., 2004). A special histone variant H1.c is involved in 

heterochromatin formation in photoreceptors that has a reverse arrangement with 

heterochromatin being at the center of the nuclei and euchromatin at the periphery 

(Popova EY. et al., 2013). H1.7 and H1.8 being germ cell specific expression 

regulate sperm cell differentiation and embryogenesis respectively (Martianov I. 

et al., 2005 and Tanaka M. et al., 2001). The linker histone variants often show 

redundancy in terms of their chromatin compaction functions compensating for 

the knock-out of any of the variants. Despite that they have a context specific 

function where variations in their individual binding affinity to linker DNA and 

differences in their globular domains does account for their individual ability to 

carry out that specific function. 

1.4.1.2 Heterochromatin Protein 1 (HP1) family 

The Heterochromatin Protein 1 (HP1) is an yet another family of non-histone 

chromosomal protein involved in the establishment and maintenance of higher-

order chromatin structures. It binds to methylated K9 of histone H3 (H3K9me) 

which is a mark for transcriptionally repressed chromatin. HP1 family consist of 

three distinct groups, HP1α encoded by CBX5, HP1β and HP1γ by CBX1 and 

CBX3 respectively. The conserved synteny among the HP1 proteins exhibit that 

their functions have been selected under stringent evolutionary pressures with 

each protein having distinct localization patterns. The functional diversity of HP1 

is achieved by interacting with several different factors. H3K9 trimethylation by 

Suv39H1 acts as the docking site for HP1 recruitment whereas H3Serine10 

phosphorylation by Aurora B Kinase influence the binding of HP1 during mitosis 

(Hirota, T. et al., 2005).  Although H3K9me3 is necessary for HP1α recruitment 

but studies made it apparent that it is not sufficient to mediated heterochromatin 
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formation alone. Linker histone H1.4 impedes the binding of HP1α and this 

inhibition is partially relieved upon incorporation of both H2A.Z and H3K9me3 

into the nucleosomal array (Ryan D.P. and Tremethick D.J., 2018). Studies 

suggest that there could be two modes by which HP1α may interact with 

nucleosomes; one mediated by linker DNA interactions and other through direct 

binding with nucleosome core that is facilitated in the presence of H2A.Z and 

H3K9me3 as secondary mode when linker DNA has been occluded by linker 

histone (Ryan D.P. and Tremethick D.J., 2018). HP1α binds to condensed higher 

order chromatin structure and alters chromatin fiber without crosslinking to them 

facilitated by nucleosomal surface created by H2AZ (Fan, J. Y. et al., 2004). HP1 

proteins contain chromodomain binding to di- and trimethylated lysine 9 of 

histone H3 and C-terminal chromoshadow domain involved in 

homo/heterodimerisation and interaction with other proteins being separated by 

a variable linker region containing nuclear localisation sequence (Cao R et al., 

2005 and Cao R et al., 2002). Knockout studies have shown that HP1β is 

associated with genome instability whereas depletion of HP1γ led to mitotic 

defects (Aucott R. et al, 2008 and Serrano A 2009). Studies in drosophila have 

shown that three isoforms exhibit differential binding to H3K9me with HP1 

showing the strongest binding to the methylated H3K9 peptides, whereas HP1c 

presenting the weakest binding to the methylated peptides (Lee D.H. et al., 2019). 

HP1b and HP1c are localized to both the nucleus and cytoplasm whereas HP1a 

is only present in the nucleus (Lee D.H. et al., 2019). 

Recent cryo-EM studies show the structural basis of heterochromatin formation 

by HP1 proteins which includes two H3K9me3 nucleosomes bridged by a 

symmetric HP1 dimer (Machida S. et al., 2018). The model depicts no direct 

interaction between linker DNA and HP1 thus allowing nucleosome remodeling 

by ATP-utilizing chromatin assembly and remodeling factor (ACF) (Machida S. 

et al., 2018). The chromoshadow domain dimer of HP1 is present in an accessible 
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location in the complex where the linker DNA between nucleosomes does not 

directly interact with HP1 (Machida S. et al., 2018). HP1 protein members are 

also involved in centromere stability and transcriptional regulation therefore 

deregulation of these proteins has often been prognostic signatures in several 

cancers.  

HP1 members also exhibit functional interactions with other non-chromosomal 

proteins. HP1α interacts with Positive coactivator 4 to recruit REST-CoREST 

complex to repress neuronal gene expression in non-neuronal cells (Das C et al., 

2010).  Linker H1 acetylated at lysine 85 recruits HP1 facilitating chromatin 

compaction and dynamic mobilization of HP1 upon DNA damage (Li Y. et al., 

2018). HP1 can promote transcriptional repression or activation depending on the 

chromatin context and its interacting partners. HP1 associate with transcription 

Initiation Factors (TIF) at the promoters to activate transcription through 

recruitment of coactivators and also play a role in stabilization of mRNAs. HP1 

is recruited to the promoters of Cyclin E genes in association with Rb promoting 

histone methylation leading to gene repression. HP1 also interacts with 

corepressors like TIFß. 

HP1β interacts with the histone methyltransferase (HMTase) Suv(3-9)h1 and is a 

component of both pericentric and telomeric heterochromatin (Aagaard L. et al., 

2000, Wreggett K.A. et al., 1994 and Sharma G.G. et al., 2003). HP1β is involved 

in modulating chromatin silencing at the pericentric heterochromatin in a dosage-

dependent manner (Festenstein R. et al., 1999) which is mediated by a dynamic 

association of the HP1β chromodomain with the tri-methylated Histone 

H3K9me3. 
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Figure 1.4.1.2.1: (A) Domain organisation of three isoforms of HP1 family. (B) 

HP1 mediated heterochromatin formation. Cryo-EM structure showing HP1 

dimer bound nucleosome at 10A° resolution (Cryo-EM figure adapted from 

Machida S. et al.,2018) for each of the isoforms. 

HP1 family mediating heterochromatinization through phase separation 

Another very interesting aspect of heterochromatin mediated gene repression by 

HP1 family shown by single-molecule DNA curtain assay occurs through 

sequestration of compacted chromatin in phase-separated HP1 droplets, which 

are dissolved or formed by specific ligands on the basis of nuclear context 

(Narlikar G, 2017).  HP1 mediates chromatin compaction through 

oligomerization between two phase-separated condensates (Figure1.4.2.2) 

A 

B 
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(Canzio D. et al., 2011, Canzio D. et al., 2013, Larson A. G. et al, 2017 and Strom, 

A. R. et al., 2017). Studies in Schizosaccharomyces pombe shows that 

compaction by its HP1 protein homolog Swi6 results in phase-separated liquid 

condensates increasing the accessibility and dynamics of buried histone residues 

within a nucleosome. Swi6 oligomers reshapes the nucleosome core by 

dynamically exposing buried nucleosomal regions facilitating multivalent 

interactions between nucleosomes, thus promoting phase separation (Sanulli S. et 

al., 2019). A very recent study in mouse fibroblasts reveals interesting and 

relevant features of pericentric heterochromatin with HP1 forming liquid droplets 

in living cells weakly and HP1 doesn’t determine the size, global accessibility, 

and compaction of heterochromatin foci which lack a separated liquid HP1 pool. 

HP1 promotes formation of phase separated liquid droplets which are not stable 

inside the nucleoplasm. Thus, compaction of chromocenters is dependent on the 

presence of a strong activator that induces a switch-like transition, leading to 

decompaction of chromocenters abruptly (Erdel F. et al., 2020). 

Figure 1.4.1.2.2. Model showing formation and regulation of phase separated 

heterochromatinization mediated by HP1α oligomers. 
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1.4.1.3 High Mobility Group (HMG) proteins  

The High mobility group protein containing three families of proteins: HMGA, 

HMGB and HMGN each with their distinct binding to the chromatin, unique 

DNA-binding motifs, preferred binding substrates, changes induced in their 

substrates and subsequently different subsets of cellular processes they influence 

and functions. “High Mobility Group” or HMG proteins were termed so as they 

had unusual solubility properties, small size and rapid mobility upon 

electrophoresis compare to other chromatin proteins (Bustin M, Reeves R.,1996). 

HMG proteins are characterized by the presence of a long, negatively charged 

carboxy terminal tail regulating their functions (Bustin M, Reeves R.,1996, 

Gerlitz G. et al., 2009). This family is involved in embryonic development, 

transcriptional regulation and DNA repair modulation. 

HMGA 

The HMGA family has a canonical DNA-binding domain which is a palindromic 

amino motif called the ‘AT-hook’ binding preferentially to minor groove of short 

AT-rich stretches B-form DNA via recognition of structures (Reeves R et al., 

1990).  HMGA family exhibits a unique feature of intrinsic flexibility with 

disordered random coils to ordered secondary structure after binding to DNA 

(Huth JR et al.,1997) enabling formation of multi-subunit, stereospecific protein-

DNA complexes of enhanceosomes (Merika M. et al., 2001) on AT-rich regions 

of the promoter regulating transcriptional activation (Fashena SJ, 1992 and 

Thanos D, 1995) (Figure 1.4.1.3.1). This class of HMG proteins possess the 

ability to bend, straighten, unwind and supercoil DNA substrates contributing to 

their ability to form enhanceosomes (Reeves R, 2001). Besides recognizing the 

structure of the narrow minor groove of A/T-rich DNA, HMGA proteins can bind 

to non-B-form DNAs with unusual structural features including : synthetic four-

way and three-way junctions (Hill DA, Pedulla ML, Reeves R, 1999 and Hill DA, 

Reeves R, 1997), bent and supercoiled DNAs (Nissen MS, Reeves R,1995) base-
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unpaired regions of A/T-rich DNA (Nissen MS, Reeves R,1995) and distorted or 

flexible regions of DNA on isolated nucleosome core particles (Pruss D. et al., 

1994, Reeves R, Nissen MS, 1993 and Reeves R, Wolffe AP, 1996) (Figure 

1.4.1.3.1). HMGA binding to nucleosomes induces localised rotational settings 

on surface of core particles not driven by ATP hydrolysis (Reeves R, Wolffe AP, 

1996). HMGA1 being a key player in coordinating enhanceosome 

assembly/disassembly with transcriptional activation process by binding and 

straightening stretch A/T-residues located between two well-positioned 

nucleosomes on the IFN-β promoter (Reeves R., 2010) assisting recruitment of a 

number of transcription factors (IRF-1, p50, p65 and ATF-2/c-Jun) to an array of 

binding site on the naked DNA mediating enhanceosome formation (Yie J. et al., 

1999). GCN5 histone acetyltransferase (HAT) is then recruited on enhanceosome 

surface acetylating histones on both of the adjacent nucleosomes and acetylating 

a specific residue (K71) of HMGA1 protein enhancing protein-protein 

interactions crucial for maintaining its stability during transcription (Merika M, 

Thanos D., 2001, Merika M. et al., 1998). HMGA proteins is associated with 

localized changes in chromatin/nucleosome structure altering cellular phenotype 

during transcriptional activation of both the IL-2 (Reeves R., 2010) and IL-2α 

(John S. et al., 1995 and John S, Robbins CM, Leonard WJ,1996) genes in 

activated lymphoid cells. HMGA1 has been implicated to play a role in 

‘remodeling’ or removal of inhibitory nucleosomes in unstimulated T cells 

positioned on the recognition sites of regulatory key transcription factors. In vitro 

experiments showed HMGA1 to bind the A/T-stretch on the surface of the 

nucleosome as two different HMGA1 protein molecules bound to the two 

separate A/T-rich stretches in a direction-specific, “tail-to-tail” manner (Reeves 

R, Leonard WJ, Nissen MS. 2000). Several experimental evidences suggest that 

the function of the HMGA1 protein is to facilitate and assist remodeling of the 

inhibitory nucleosome by the BRG-1/SWI/SNF complex (Scaffidi P, Misteli T, 

Bianchi ME.2002). One of the hall marks of the positioned nucleosomes include 
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frequent overlapping of the binding sites for HMGA1 and the transcription factor 

involved and extending into the adjacent linker region.  

 

 

Figure1.4.1.3.1: Domain structure of HMGA and factors determining HMGA–

chromatin interactions shown is a schematic diagram where AT hooks appear as 

deep blue rectangles. The factors indicated by green arrow promote HMGA 

interaction with chromatin, while those indicated by the red arrow promotes 

HMGA dissociation from chromatin. 

HMGB 

The second family of HMG proteins, HMGB plays roles in several nuclear 

processes like transcription, V(D)J recombination, DNA repair apart from being 

chromatin architectural proteins. HMGB proteins characterized by two tandem 

DNA binding regions called HMG box domains followed by a 30 amino acid 

long acidic tail (Thomas JO, 2001) binding to minor groove of B-form DNA 

introducing a 90° bend into the backbone and also to distorted DNA structures 
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like four-way junctions, bulges, kinks and modified DNA containing cisplatin 

adducts (Pil M., Lippard SJ.,1992). 80 amino acid long HMG box domains 

consist of three α-helices folded into an L-shaped configuration binding into the 

minor groove of DNA on its concave surface with limited or no sequence 

specificity (Thomas JO, Travers AA., 2001) (Figure 1.4.1.3.2). DNA bending 

induced by HMGB binding produces an allosteric transition structure facilitating 

the recognition and binding by other proteins during the formation of functional 

multiprotein-DNA complexes (Figure 1.4.1.3.2). Whereas HMGB binding to 

distorted DNA structures is analogous to enzymes which recognizes these 

molecular structures resembling transition states between reagents and products 

influencing the rate of formation of multiprotein-DNA complexes (Agresti A, 

2003) (Figure 1.4.1.3.2). The ability of HMGB proteins to bind to nucleosome at 

the DNA entry/exit site (Bustin M, 2005) creating a more flexible structure as 

opposed to H1 bound nucleosomes facilitate recruitment of remodeling proteins 

(e.g., ACF/CHRAC) that induce nucleosome sliding, thus exposing previously 

blocked regions of DNA represents one of the mechanisms HMBG mediate 

transcriptional regulation (Bonaldi T et al., 2002) (Figure 1.4.1.3.2).  

Several mechanisms attribute to HMGB participation in different cellular 

processes as transcription, replication, V(D)J recombination, DNA repair 

(Agresti A, Bianchi ME., 2003, Bianchi ME, Agresti A., 2005). EMSA studies 

also shows that HMGB is also involved in forming transcriptional repressor 

complex binding to TATA-binding protein (TBP) to form a stable HMG-

1/TBP/TATA complex inhibiting assembly of preinitiation complex on gene 

promoters (Das D, 2001). Additional experimental evidences demonstrate that 

the accessory transcription factor TFIIA binding to TBP and displacing HMGB1 

from the inhibitory HMGB1/TBP/TATA complex mediates formation of a stable 

preinitiation complex to form and promote the early stages of transcriptional 

initiation (Dasgupta A, Scovell WM., 2003). It also organizes and maintains 
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heterochromatin formation by binding to heterochromatic DZ4Z tandem repeat 

sequences in the subtelomeric region of human 4q35 in complex with nucleolin 

and YY1 (Gabellini D. et al., 2002). One of the very well characterized 

mechanism executed by HMGB is termed as ‘hit-and-run’ mode of action where 

HMGB proteins facilitate the stable binding of other transcription factors to their 

DNA recognition sites followed by dissociation from any ternary complex that is 

formed thus stably recruiting the protein onto its DNA substrate (Agresti A, 

Bianchi ME., 2003). Thus, HMGB functions transiently as a protein chaperone 

in such scenario. However, in certain cases, for example for BHLF-genes, HMGB 

mediates formation of an enhanceosome on its promoter and remains a stable part 

of the complex following transcriptional activation (Ellwood KB. et al., 2000). 

Other remarkable examples of HMGB1 chromatin bound complex formation is 

in apoptosis during which the dynamic movement of HMGB1 is completely 

arrested followed by chromatin condensation and fragmentation on a global scale 

(Scaffidi P, Misteli T, Bianchi ME., 2002). The plausible explanation for this has 

been suggested as either HMGB recognition and binding to hypoacetylated N-

terminal histone tails found in heterochromatin or due to structural alterations 

resulting from histone deacetylation during heterochromatin formation (Agresti 

A, Bianchi ME., 2003). The implication for the HMGB tight binding to chromatin 

in apoptotic cells lies in the prevention of protein leakage out of dying cells that 

can trigger an inflammatory response (Bianchi ME, Manfredi A., 2004). Thus, 

HMGB proteins can impact both local as well global chromatin structure. 
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Figure1.4.1.3.2: Domain structure of HMGB and factors determining HMGB–

chromatin interactions shown is a schematic diagram where 3 structural domains 

of HMG box A and HMG box B are indicated in pink and purple. The factors 

indicated by green arrow promote HMGB interaction with chromatin, while those 

indicated by the red arrow promotes HMGB dissociation from chromatin. 

HMGN 

HMGN family consisting primarily of five members (HMGN1, HMGN2, 

HMGN3a, HMGN3b and HMGN4) (Bustin M, 2001). The domain of HMGN 

proteins comprises three important functional regions: a bipartite nuclear 

localization signal (NLS), a 30 amino acid-long nucleosomal binding domain 

(NBD) and an acidic chromatin-unfolding domain (CHUD) (Bustin M., 2004) 

(Figure1.4.1.3.3). The levels of expression HMGN proteins are tightly linked to 

cellular differentiation exhibiting an inverse correlation between the level of 

HMGN proteins and the differentiation state of cell (Furusawa T et al., 2006 and 

Korner U et al., 2003). Such changes in HMGN observed during mouse 
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embryogenesis but not in continuously renewing cell types such as the basal 

kidney epithelium (Furusawa T. et al., 2006, Lehtonen S, Lehtonen E., 2001). 

Studies have shown that differentiation is inhibited upon HMGNs overexpression 

in cells (Furusawa T. et al.,2006, Pash JM, Alfonso PJ, Bustin M., 1993). HMGN 

proteins majorly function through the unfolding of higher-order-chromatin 

structure, thus, enhancing transcription, replication and DNA repair from 

chromatin templates (Bustin M., 2004). They facilitate chromatin unfolding by 

out-competing H1 for chromatin binding site and are highly mobile within the 

chromatin with residence-times ranging from 4 to 25 seconds (Catez F, 2002 and 

Phair RD, 2004). HMGN induces structural changes in chromatin by affecting 

the levels of post-translational modification in the tails of histone proteins 

(Reeves R., 2010) (Figure1.4.1.3.3). HMGN proteins exhibit tightly binding 

exclusively with nucleosome core particles, stabilizing their structure (Bustin M, 

Reeves R., 1996) (Figure1.4.1.3.3) and are the only non-histone proteins which 

bind specifically inside the nucleosome between the DNA gyres and the histone 

octamer core along with histone H3 and H2B tail being involved in the interaction 

(Bustin M., 2004). The mode of binding of HMGNs to chromatin is cell cycle 

dependent as HMGN1 and HMGN2 are distributed in distinct foci in interphase 

nuclei (Cherukuri S. et al., 2008). They enhance transcription acting as a genome-

wide coactivator (Ding HF. et al, 1994 and Trieschmann L et al.,1995). Studies 

done in embryonic fibroblasts shows depletion of HMGN1 leads to both up and 

down-regulation of gene expression (Briger Y., et al., 2006), suggesting that 

specific subsets of genes may be differentially regulated by different HMGN 

proteins. Recent studies show that HMBN1 has role in enhancing DNA repair 

where Cockayne syndrome A and B proteins (CSA and CSB) cooperate to recruit 

HMGN1 and certain transcription factors to nucleotide excision repair (NER) 

complex to facilitate lesion removal and the re-initiation of transcription (Fouster 

M et al., 2006). Studies on embryonic fibroblasts from Hmgn1+/+ and Hmgn1−/− 

mice demonstrated that increase in the rate of heat shock-induced H3K14 
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acetylation in the Hsp70 promoter is mediated by HMGN1, assisting chromatin 

remodeling and thereby transcriptional activation induced by Hsp70 in the initial 

rounds (Belova GI. et al., 2008). HMGN1 is involved in chromatin decompaction 

facilitating Nucleotide excision repair (NER) proteins to access the damaged site 

thus repairing UV-induced lesions (Birger Y. et al.,2003 and West KL., 2004). 

HMGN proteins functions are influenced by extensive post-translational 

modifications that determines their mode of binding to chromatin. 

Phosphorylation of HMGN1 exhibits transient weakening of its chromatin 

binding ability facilitating kinases to subsequently access and phosphorylate the 

N-terminal tail of histone H3 thus contributing to ‘histone code’ modulation (Lim 

JH. et al., 2004). 

Thus, collectively different studies highlight some distinct features of HMG 

family; one being that the proteins of each of HMG family member weakened the 

H1 binding to nucleosomes through dynamic competition for chromatin binding, 

second being that different HMG families do not compete with each other for 

chromatin binding instead functions synergistically competing with H1 binding 

for unique sites creating distinct protein complexes around different nucleosome 

linker DNAs. 
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Figure1.4.1.3.3: Domain structure of HMGB and factors determining HMGB–

chromatin interactions shown is a schematic diagram where the R-S-RL motif 

shown above the nucleosomal binding domain (NBD) denotes amino acid 

residues specifying HMGN interaction with nucleosome core particles. NLS 

denotes nuclear localization signal and CHUD denotes chromatin-unfolding 

domain. The factors indicated by green arrow promote HMGN interaction with 

chromatin, while those indicated by the red arrow promotes HMGN dissociation 

from chromatin. 

1.4.1.4 Methyl CpG Binding protein 2 (MeCP2) 

Methyl CpG binding protein 2 (MeCP2) is a member of a complex family of 

proteins, the methyl-CpG-binding domain (MBD) protein family binding to 

methylated cytosines, highly abundant in the adult brain establishing a link 

between DNA methylation and higher-order chromatin structure through 

interactions with chromatin modifiers (Nan, X., et al., 1998). MeCP2 located on 
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X chromosome is highly conserved in humans and has two isoforms; MeCP2 e1 

(exon 1) and MeCP2 e2 (exon 2) that are differentially expressed in developing 

and post-natal mouse brains. The two isoforms have different amino termini as a 

result of alternative splicing and having different translational start sites. MeCP2 

e1, the predominant isoform, expressing earlier than MeCP2 e2 in brain (Olson, 

C.O.  et al., 2014) plays a role in neuronal maturation (Li, Y. et al., 2013) and 

responsible for Rett Syndrome (Fichou, Y et al., 2009, Saunders, C.J. et al., 2009 

and Sheikh, T.I. et al., 2017). MeCP2 has two functionally characterized domains: 

the methyl-CpG binding domain (MBD) which specifically recognizes and binds 

5-methylcytosine (5mC) and the transcriptional repression domain (TRD) which 

binds multiple transcriptional repressors mediating gene silencing as well as 

(Nan, X. et al., 1998, Lunyak, V.V et al., 2002, Kokura, K. et al., 2001, Suzuki, 

M. et al., 2003, Forlani, G. et al., 2010) multiple transcriptional activators 

activating gene expression (Schmidt A., Zhang H., Cardoso M C.,2020) 

(Fig.14.1.4.1).  TRD has been narrowed down to the N-CoR/SMRT interacting 

domain in recent studies (NID) (Lyst, M.J. et al., 2013) (Figure 1.4.1.4.1) 

 

 

Figure 1.4.1.4.1: Domain organization of MeCP2 protein. 

MeCP2 exhibits both methylation-specific and non-specific DNA binding that 

contribute to transcriptional repression and chromatin organization (Figure 

1.4.1.4.2). 
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MeCP2 and chromatin fibers 

MeCP2-mediated chromatin organization is responsible for MeCP2 mode of gene 

silencing (Georgel PT, Horowitz-Scherer RA, Adkins N, et al. 2003). Mutants of 

MeCP2 with a truncation in the AT hook 2 domain failed to induce high-order 

chromatin structures (Baker SA. et al., 2013) (Figure 1.4.1.4.2 A). Nikitina et al. 

showed that human MeCP2-e2 induces compaction of nucleosomal arrays 

containing 208bp long tandem repeats with 12 CpG units assembled with histones 

in a methylation independent manner with each MeCP2 molecule simultaneously 

binding to two different nucleosomes (Nikitina T. et al., 2007) (Figure 1.4.1.4.2 

E). Mutant studies have shown that C-terminal portion of MeCP2 (from amino 

acids 295 to 486) is essential for its interaction with the chromatin. The 

methylation of CpGs increases the MeCP2-binding affinity for nucleosomes. 

MeCP2 forms similar architectural motif like linker histone H1 upon compacting 

tetra-nucleosomes. FRAP and fluorescence anisotropy assays studies shows that 

MeCP2 compete for nucleosome binding with H1 by strongly displacing them as 

they share common binding sites (Ghosh RP. et al., 2010). Abundance of MeCP2 

in purified neuronal nuclei from mature brains is similar to that of histone 

octamers (Skene, PJ. et al., 2010) suggesting a compensatory role of neuronal 

MeCP2 for reduced amounts of H1 (Skene, PJ. et al., 2010 and Ghosh RP. et al., 

2010). MeCP2 mediated gene silencing mechanism through higher order 

chromatin structure was identified for the imprinted Dlx5-Dlx6 (distal-less 

homeo box 5/6) locus in mouse brain (Horike S. et al., 2005).  

MeCP2 and pericentric heterochromatin organization 

Pericentric heterochromatin (PCH) characterized by specific epigenetic markers; 

DNA methylation, histone variants, hypoacetylation and methylation of H3-

Lys9, HP1 protein recruitment aggregates forming chromocenters. MeCP2 is 

involved in PCH organization (Brero A. et al., 2005) (Figure 1.4.1.4.2 F) with 

increased MeCP2 expression and methylation of CpGs correlating in PCH during 
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myogenic differentiation. Overexpression studies using MeCP2-YFP revealed a 

negative correlation between MeCP2-YFP amount and chromocenter number. 

Later studies shown role of MeCP2 in the re-organisation of nucleoli in neurons 

showing higher number of small sized nucleoli in MeCP2-deficient mice (Brero 

A. et al., 2005). MeCP2 is involved in activity-dependent chromatin re-

organization during postnatal neuronal maturation, which possibly acts through 

induction of chromocenter clustering (Singleton, MK. et al., 2011). Increased 

MeCP2 levels during neural differentiation leads to remarkable chromocenter 

clustering, whereas this PCH compaction was strongly impaired in MeCP2-null 

cells (Bertulat, B. et al. 2012). The missense RTT mutations of MeCP2 affects 

PCH binding and not the aggregation of heterochromatin organization (Agarwal, 

N. et al., 2011). Recent techniques of quantitative high-resolution imaging 

compared the differences in chromatin architecture in the brain from WT and 

Mecp2-null female mice (Linhoff MW. et al., 2015). Array tomography (AT) 

imaging shows increased heterochromatin compaction and a redistribution of 

trimethylated H4-Lys20 into PCH in MeCP2-null hippocampal neurons. The 

truncated MeCP2 protein coded for by the Mecp2tm1.1Jae (Chen, RZ. et al., 

2001) lacking most of the MBD exhibits diffused distribution in brain nuclei 

contrary to the accumulated WT MeCP2 on PCH, suggesting a role of MBD 

domain in the binding with the chromocenters. Studies in both myoblasts 

differentiating into myotubes, and myoblasts ectopically expressing MeCP2 

showed that the chromocenter clustering was associated with increased MeCP2 

expression (Agarwal N. et al., 2007, Brero A. et al., 2005).  
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Figure 1.4.1.4.2: Different MeCP2 complexes with several molecular 

partners: (A) MeCP2 mediated transcriptional silencing through methylated 

CpGs binding and the recruitment of a HDAC-containing complex. (B) MeCP2 

mediated transcriptional activation. (C) MeCP2 and CoREST mediated 

heterochromatinization leading to neuronal gene repression. (D) MeCP2 recruits 

the NCoR-SMRT co-repressor complex to chromatin by NID domain. (E) 

MeCP2, ATRX and cohesin bind the maternal allele of H19 ICR, and promote 

CTCF binding and formation of higher-order chromatin loops. (F) MeCP2 

facilitates binding of HP1 on pericentric heterochromatin during myogenic 

differentiation. 

1.4.1.5 DEK 

DEK is an evolutionarily conserved protein implicated in the regulation of 

multiple chromatin-related processes (Sandén C., Gullberg U., 2015). DEK 
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which is discovered as chromosomal translocation in a subset of patients with 

myeloid leukemia (von Lindern et al., 1990; Soekarman et al., 1992); is a bona 

fide oncoprotein (Wise-Draper et al., 2009) and is associated with a number of 

different types of tumors (Riveiro-Falkenbach and Soengas, 2010). DEK is 

involved in determining the fate of stem and progenitor cells (Broxmeyer et al., 

2012). DEK possess the property of DNA, chromatin, and histone binding as well 

as DNA-folding activities thus behaving as an architectural chromatin protein 

(Alexiadis et al., 2000; Waldmann et al., 2002, 2003; Kappes et al., 2004a, 2004b, 

2008, 2011; Tabbert et al., 2006; Gamble and Fisher, 2007; Sawatsubashi et al., 

2010). DEK, a nuclear phospho-protein, that remain associated with chromatin 

throughout all the stages of cell cycle (Kappes, F. et al., 2001) and present in both 

active and repressed chromatin foci. It undergoes oligomerization thus altering 

the chromatin structure in phosphorylation dependent manner. DEK can alter the 

DNA topology only in the chromatin and not with naked DNA and in presence 

of H2A-H2B dimer (Alexiadis, V. et al., 2000). In vitro DNA binding studies 

reveal DEK displays preferential binding to supercoiled and cruciform DNA 

(Waldmann et al., 2003). There are studies which indicate sequence-specific 

binding of human DEK (Hs-DEK) to DNA (Waidmann S. et al., 2014), and 

Drosophila melanogaster DEK (Dm-DEK) with the nuclear ecdysone receptor 

locus (Sawatsubashi et al., 2010). DEK regulates integrity of heterochromatin 

regions and can be attributed to its histone chaperone activity, although shown in 

vitro (Sawatsubashi et al., 2010; Kappes et al., 2011). DEK binds to supercoiled 

DNA and several DEK molecules cooperate to link separate DNA sites on the 

same or different DNA strand. 

DEK’s role as a chromatin protein regulates several important cellular processes 

such as DNA replication (Alexiadis et al., 2000), DNA double-strand break repair 

(Kappes et al., 2008; Kavanaugh et al., 2011), mRNA splicing (Le Hir et al., 2000, 
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2001; McGarvey et al., 2000; Soares et al., 2006), and transcriptional regulation 

(Sandén C., Gullberg U., 2015). 

DEK as proto-oncogene 

Due to DNA binding ability of DEK, it emerged as a novel class of DNA topology 

modulators making it a plausible target as well as effectors of pro-tumorigenic 

events. The DEK locus at chromosome 6p22.3 is amplified or reorganized in 

multiple cancer types. DEK’s involvement in tumor is both at the transcriptional 

level and attributed to its post-translational modifications favoring cell 

transformation, by inhibiting cell differentiation and premature senescence. 

Recent reports suggest that DEK contributes to the resistance of malignant cells 

to apoptotic inducers (Kappes, F. et al., 2008) and upon knocking down DEK 

results in enhanced apoptosis and chemosensitivity of canine transitional cell 

carcinoma cells (Yamazaki H., et al., 2015). DEK also possess RNA binding 

ability and affect alternative splicing hinting at pleiotropic roles that this protein 

may exert in cancer cells (McGarvey, T. et al., 2000, Soares, LM. et al., 2006). 

Thus, the DNA binding ability that regulates its chromatin functions also 

establishes its role as a proto-oncogene. 

1.4.1.6 Poly(ADP-ribose) polymerase 1(PARP1) 

PARP1 is a nucleosome-binding architectural protein like the linker histone H1, 

promoting structural alterations in chromatin and modulating transcriptional 

responses (Krishnakumar R., Kraus WL., 2010). PARP-1 can alter nucleosome 

spacing and promote the compaction of nucleosomal arrays (Happel and 

Doenecke, 2009; Kim et al., 2004; Wacker et al., 2007) and elicits grossly similar 

alterations in chromatin structure in vitro like linker histone H1 (Kim et al., 2004; 

Wacker et al.,2007), but their effects on chromatin structure may vary in vivo 

(Kraus, 2008). PARP-1 competes with H1 compete for binding to nucleosomes 

(Kim et al., 2004) and exhibit a reciprocal pattern of binding at actively 
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transcribed promoters (Krishnakumar et al., 2008). PARP1 is a highly conserved 

chromatin protein and it consists of three main domains: an amino‑terminal DNA-

binding domain (DBD) that consists of zinc finger motifs, a BRCT domain-

containing central auto-modification domain and a highly conserved 

carboxy‑terminal catalytic domain (Ciccarone F., Zampieri M., Caiafa P.,2017) 

(Figure 1.4.1.6.1 A).  

PARP-1 mediated PARylation and DNA Repair 

PARP-1 is also a unique chromatin architectural protein possessing an intrinsic 

enzymatic activity that catalyses the polymerization of ADP-ribose units from 

donor NAD+ molecules on target proteins (D’Amours et al., 1999) (Figure 

1.4.1.6.1 B). PARP-1 itself is the major substrate for PARylation in vivo through 

auto-modification besides, core histones, linker H1, and a variety of nuclear 

proteins involved in gene regulation, are also PARylated by PARP1 (D’Amours 

et al., 1999; Krishnakumar and Kraus, 2010) altering their function in an 

inhibitory manner (Kraus, 2008; Krishnakumar and Kraus,2010). PARylation of 

PARP-1 can inhibit its ability to bind nucleosomes (Kim et al., 2004; Wacker et 

al., 2007), while PARylation of components of the TLE1 corepressor complex 

can promote its dissociation from target gene promoters (Ju et al., 2004). PARP1 

possess very low catalytic activity with PAR having an estimated half-life of up 

to several hours. Upon inducing DNA strand-break, PARP1 dimerizes at the site 

of break, activating its enzymatic function (Beneke S., 2012). PARylation 

metabolism increases as one of the early cellular responses upon exposure to 

genotoxic stress (Haince et al.,2007,2008) (Figure 1.4.1.6.1 B).  

Upon DNA damage, PARP1 is rapidly recruited to sites of damage through its 

DNA-binding ability stimulating the covalent attachment of ADP-ribose units to 

Glu, Asp or Lys residues of acceptor proteins by a transesterification reaction 

(Ray Chaudhuri A., Nussenzweig A., 2017). Repeating units of ADP-ribose are 

attached through 2ʹ,1ʹʹ‑O‑glycosidic ribose–ribose bonds forming long polymers 
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chains of PAR containing branches every 20–50 ADP ribose units (Ray 

Chaudhuri A., Nussenzweig A., 2017) (Figure 1.4.1.6.1 B). Proteins involved in 

the DNA damage repair and in DNA metabolism interact with PARP proteins via 

binding to PAR through non-covalent interactions, recruiting it to DNA damage 

sites (Krietsch, J. et al., 2013) (Figure 1.4.1.6.1 C). Target protein exhibit non-

covalent interactions with PARP-1 contain PAR-binding modules, such as 

PAR‑binding consensus motifs (PBMs), PAR-binding zinc finger motifs (PBZs), 

macrodomain folds, WWE domains and many other modules (Krietsch, J. et al., 

2013, Teloni, F. & Altmeyer, M., 2016). The prompt turnover of PAR is critical 

for mediating efficient DNA repair (Ray Chaudhuri A., Nussenzweig A., 2017) 

(Figure 1.4.1.6.1).and defective PAR catabolism aften results in increased DNA 

damage that are deleterious for cells (Ray Chaudhuri, A. et al., 2015, Ray 

Chaudhuri A., Nussenzweig A., 2017). Studies have revealed that recruitment of 

X-ray repair cross-complementing protein 1 (XRCC1), a core factor for single 

strand break repair is PARP1 dependent (Hanzlikova, H. et al., 2017, Ray 

Chaudhuri A., Nussenzweig A., 2017). Recent studies have shown that PARP1 is 

involved in the initial steps of damage recognition in global genome nucleotide 

excision repair (GG‑NER), a dominant sub-pathway of nucleotide excision repair 

(NER). DDB2‑stimulated PARylation of histones by PARP1 results in the 

recruitment of the chromatin-remodelling helicase amplified in liver cancer 

protein 1 (CHD1L) through its PAR-binding domains that is required for the 

repair of UV lesions (Pines, A. et al., 2012). 

PARP1 also acts as a sensor of DNA double-strand breaks (DSB) facilitating 

DSB repair (Ray Chaudhuri A., Nussenzweig A., 2017). Studies of PARP1 

deficiency or inhibition have shown repair proteins such as phosphorylated 

histone H2AX, p53 and structural maintenance of chromosomes protein 1 

(SMC1), which are targeted to DSBs by the apical DDR kinase ataxia 

telangiectasia mutated (ATM) (Haince, J. F. et al., 2007). PARP1 recruits the 

DNA damage sensors meiotic recombination 11 (MRE11) and Nijmegen 
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breakage syndrome protein 1 (NBS1) to sites of DSBs (Haince, J. F. et al., 2008) 

and early recruitment of MRE11 in homologous recombination (HR) by PARP1 

leads to DNA-end processing and helps in DNA repair-pathway choice by 

channelling the repair of DSBs towards HR (Hochegger, H. et al., 2006). 

 

 

Figure 1.4.1.6.1: The biochemical functions of PARP1 in DNA damage 

repair. (A) The domains of PARP1are shown. (B)PARP1 detects DNA damage 

through its DNA binding domain (DBD), activating synthesis of poly (ADP-

ribose) (PAR) chains mainly on itself but also on some of its target proteins. 

NAD+, used as substrate for PARylation is replenished in the cells from 

nicotinamide, using ATP. PAR chains are rapidly catabolized by PAR 

glycohydrolase (PARG), ADP-ribosylhydrolase 3 (ARH3) and O-acyl-ADP-
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ribose deacylase 1 (OARD1) to release mono (ADP-ribose). (C) PARylation of 

PARP1 and other target proteins, both covalently and non-covalently, results in 

the recruitment of multiple proteins that have roles in different aspects of DNA 

damage repair.  

 

PARP1 as chromatin modulator during DNA Damage Repair 

PARP1 mediated DNA repair response necessitates involvement of PARP1 in the 

modulation of chromatin structure to facilitate the repair process. PARP1 can 

facilitate nucleosome disassembly by PARylating histones, resulting in 

chromatin relaxation (Figure 1.4.1.6.2) (Messner, S. et al., 2010, Poirier, G. G. et 

al., 1982) required for the recruitment of multiple chromatin remodeller to ensure 

chromatin accessibility for repair (Figure 1.4.1.6.2). Recruitment of remodellers 

like ALC1 by PARP-1 at DNA damage sites results in nucleosome repositioning 

and increased accessibility of DNA repair factors (Ahel, D. et al., 2009, 

Gottschalk, A. J. et al., 2009). Loss of PARP1 or ALC1 sensitises cells to DNA-

damaging agents due to delayed repair (Pines, A. et al., 2012, Ahel, D. et al., 2009 

(Figure 1.4.1.6.2). Another remodelling complex component SWI/SNF-related 

matrix-associated actin-dependent regulator of chromatin subfamily A member 5 

(SMARCA5), is also recruited to DSBs in a PARP1‑dependent manner (Smeenk, 

G. et al., 2013) and it interacts with the PARylated E3 ubiquitin ligase RING 

finger protein 168 (RNF168) thus playing role in NHEJ repair pathway (Figure 

1.4.1.6.2). CHD2 is another example of a chromatin remodeler that is recruited 

by PARP-1 to DSBs which triggers the deposition of the histone variant H3.3 at 

these sites resulting in chromatin relaxation, thus promotes efficient repair by 

NHEJ (Luijsterburg, M. S. et al., 2016) (Figure 1.4.1.6.2). Besides chromatin 

remodelers, translocation of transcription factors like NR4A (a member of the 

nuclear orphan receptors) to DSBs occurs after PARP1 relaxes the chromatin 

relaxation (Figure 1.4.1.6.2) inducing its phosphorylation by DNA protein kinase 

Cs and facilitates DNA repair (Malewicz, M. et al., 2011). Following DNA 
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damage, transcription repression complexes are recruited to damage sites by 

PARP-1 like the nucleosome remodeling and deacetylase (NuRD) complex 

proteins CHD4 and metastasis-associated protein1 (MTA1) (Ray Chaudhuri A., 

Nussenzweig A., 2017) and members of Polycomb repressive complex 1 (PRC1) 

(Chou, D. M. et al., 2010) leading to gene silencing (Figure 1.4.1.6.2). Thus, 

PRAP-1 modulates local chromatin structure at DNA damage sites both through 

opening of the chromatin by evicting the nucleosomes and recruiting chromatin 

remodelers as well as by repressing the transcriptional activity at the DNA 

damage sites to prevent clashes between DNA repair and transcription 

machineries (Figure 1.4.1.6.2). 

 

Figure 1.4.1.6.2: PARP-1 induced Chromatin changes mediating DNA repair. 
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1.4.1.7 Myeloid and erythroid nuclear stage specific protein 

(MENT) 

Myeloid and erythroid nuclear stage specific protein (MENT) is another abundant 

nuclear protein that is developmentally regulated and found in terminally 

differentiated avian blood cells belonging to the serine protease inhibitor family. 

The protein has a Reactive Centre Loop (RCL) that helps in its oligomerisation 

(Springhetti, E. M. et al., 2003) required for its role in chromatin condensation. It 

binds to the chromatin through an AT-hook domain within the M-loop region 

(Springhetti, E. M. et al., 2003). MENT forms a zipper like structure bridging the 

DNA molecules similar to histone H1 by bringing together the nucleosomal 

linkers in close proximity (Fig. 1.4.1.7 B).  MENT is capable of inhibiting the 

papain-like cysteine proteases, cathepsins V and L (Ong PC. Et al., 2009).  

MENT as a potent chromatin remodelling protein is responsible for 

heterochromatin spreading and controlling terminal cell differentiation in avian 

erythrocytes (Grigoryev SA et al., 1992) with an interhelical extension termed the 

M-loop region primarily responsible for its interaction with nucleosomal DNA, 

an area centred on the D- and E-helices (McGowan S. et al., 2006).  Several 

studies suggest a relationship between the inhibitory activity of MENT and its 

role in condensing chromatin: (Silverman GA et al., 2001) protease inhibition by 

MENT attributes to chromatin rearrangements in vivo (Ong PC. Et al., 2009); (2) 

cathepsin V, a nuclear protease regulating transcription factor CDP/CUX, has 

been rendered susceptible to MENT inhibition in the presence of DNA (Ong PC. 

et al., 2009); and (3) MENT is able to form protein-protein bridges, mediated by 

the RCL, that may be important for chromatin remodelling function (McGowan 

S. et al., 2006). Studies have shown that the distribution of MENT protein was 

opposite to that of acetylated core histones but correlated with that of histone H3 

di-methylated at lysine 9 (H3K9me2) and ectopic MENT expression in NIH 3T3 

cells caused a large-scale and specific remodelling of chromatin marked by 
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H3K9me2 with MENT colocalizing with H3me2K9 both in chicken erythrocytes 

and NIH 3T3 cells (Istomina, N.E. et al., 2003) (Fig. 1.4.1.7 A). Thus, such 

studies suggest that histone H3 modification at lysine 9 directly regulates 

chromatin condensation by recruiting MENT to chromatin in a spatially 

constrained manner separating active genes by gene boundary elements and 

histone hyperacetylation (Istomina, N.E. et al., 2003) (Fig. 1.4.1.7 A). 

MENT initiates a bipartite mechanism leading to chromatin repression in 

granulocyte binding to linker DNA entry–exit segments bringing them to close 

apposition in a linker region (Grigoryev 2001) followed by interactions mediated 

by the RCL β-strand between adjoining molecules (McGowan et al. 2006) 

facilitating the protein oligomerization thus bridging laterally self-associated 

chromatin fibers and forming strongly compacted chromatin states (Fig. 1.4.1.7 

B). MENT mediated chromatin condensation might be locally enhanced by other 

proteins, such as linker and core histones (Fig. 1.4.1.7 B). Studies validate the 

fact that heterochromatin spreading depends on the changing levels of the MENT 

(Grigoryev and Woodcock 1998) or the linker histone composition (Koutzamani 

et al. 2002) in distinct chromatin regions.  
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Figure 1.4.1.7: (A). A model representing MENT mediated chromatin 

condensation regulated by histone modifications, and gene boundary elements. 

MENT (yellow) binding simultaneously to constitutive heterochromatin (black) 

and silenced euchromatin (red) marked by H3K9me2. MENT exhibits 

cooperative binding to chromatin bridging between chromatin fibers bringing 

euchromatin containing methylated H3 close to constitutive heterochromatin, 

thus causing chromatin condensation. A hyperacetylated chromosomal domain 

(green) is insulated from MENT spreading by boundary elements (blue disks) 

creating hyperacetylated regions blocking MENT spreading from the domain 

flanks. (Right structure) Histone deacetylase (HDAC) inhibitors increase the 

acetylation level of non-centromeric chromatin, interfering with MENT-histone 

A 

B 
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interactions, and promoting MENT binding to constitutive heterochromatin. (Left 

structure) Mutations in RCL domain of MENT disrupt its interaction with 

H3K9me2 bound chromatin and promotes MENT binding to constitutive 

heterochromatin. (B) Model showing the two-step formation of compacted 

chromatin fibers initiated by binding of MENT-monomers to DNA followed by 

folding of the nucleosome arrays finally self-association of the chromatin fibers 

by MENT-oligomers. 

 

1.4.2 Cross talk among CAPs and their functional consequence 

Chromatin compaction is a multifaceted event which requires a coordinated 

functional interaction among the chromatin associated proteins. Along with the 

linker histone H1, several other proteins are known to bind to the DNA entry and 

exit site within a nucleosome forming a chromatosome like particle called CLiP.  

The strength of binding of the chromatin proteins at the DNA entry/exit site in a 

CLiP determines the accessibility of nucleosomal DNA to regulatory factors. The 

chromatin protein undergoes post-translational modifications which mediates 

functional interaction between these proteins.  A very important example of such 

functional interaction is between the two key components of heterochromatin 

linker histone H1 and HP1-α. H1 upon phosphorylation by CDK2 doesn’t interact 

with HP1-α leading to disassembly of higher order chromatin structure during 

interphase (Figure 1.4.2.1 B). H1 regulates HP1-α binding and heterochromatin 

formation (Hale, T. K., et al., 2006). Studies in D. melanogaster shows that H1 

depletion in larvae failed to develop into adults due to massively altered 

chromosome structure with loss of chromosome banding, lower levels of 

H3K9me2 and several Heterochromatin protein1(HP1) foci (Lu X et al., 2009) 

(Figure 1.4.2.1 A). Depletion of H1 caused de-repression of more than 50% of 

transposable elements (TEs) located in the heterochromatin by interacting with 

histone methyltransferase Su(var)39 facilitating H3K9 methylation (LU X et al., 

2013) and tethering it to heterochromatin providing a binding platform for HP1 
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(LU X et al., 2013 and Lu X, 2009). H1 and the HP1 protein interaction in 

mammals is thought to be subtype specific and dependent on a specific 

methylation of H1 (Nielsen AL ,2001, Daujat S, 2005, Trojer P ,2009) (Figure 

1.4.2.1 A). HP1 members also exhibit functional interactions with other non-

chromosomal proteins to mediate chromatin state. HP1α interacts with Positive 

coactivator 4 to recruit REST-CoREST repressor complex to silence neuronal 

gene expression in non-neuronal cells (Figure 1.4.2.1 B) (Das C et al., 2010).   

There is a competition among the chromatin associated proteins for the binding 

to the chromatin and bring about dynamic changes in the chromatin organisation. 

PARP1 excludes H1 from the promoters of some PARP-1 regulated genes 

possibly by competing with H1 for binding to nucleosomes or by PARylating it 

(Krishnakumar, R. et al., 2008). During estrogen-induced transcription of TFF1, 

a PARP-1 target gene, PARP-1 promotes removal of H1 from its promoters as 

well as increases the levels of a chromosomal architectural protein HMGB1 to 

enhance transcription (Ju, B. G. et al., 2006). PARP-1- dependent PARylation of 

another abundant and ubiquitous non-histone protein DEK leads to its 

dissociation from the chromatin inducing transcription (Gamble MJ, Fisher 

RP.,2007).  PARP-1 and SIRT-1 share an intriguing connection at the molecular 

level (Zhang, J., 2003) as increased levels of PARP-1 activity leads to depletion 

of NAD+ levels leading to reduction in HDAC activity of SIRT1 (Pillai, J. et al., 

2005) on the other hand SIRT1 activation leads to loss of PARP-1 activity. 

PARP1’s contribution in maintaining a transcriptional amenable landscape at the 

gene promoters by preventing demethylation at H3K4me3 and also facilitating 

exclusion of linker histone H1 (Krishnakumar and Kraus 2010). Other chromatin 

proteins like SATB1 (matrix attachment region (MAR)-binding protein, special 

AT-rich sequence binding protein 1) are involved in establishing higher order 

chromatin loop structures at the MHCI locus by directly interacting with PML 

(Pavan Kumar et al. 2007).  
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Several studies suggest that post-translational modifications of the chromatin 

proteins as well as the chromatin becomes a mediator of interactions between 

chromatin proteins like; linker histone H1 acetylated at lysine 85 recruits HP1 

facilitating chromatin compaction and dynamic mobilization of HP1 upon DNA 

damage (Yinglu Li et al., 2018) (Figure 1.4.2.1 A iii). 

The chromatin fluidity is a result of combinatorial action brought about by the 

histone chaperones and the ATP-dependent chromatin remodelers (Wright et al. 

2016) resulting in the assembly and disassembly of the nucleosomes, to allow the 

course of RNA Pol II along the DNA template regulating gene expression. 

Histone chaperones mediating deposition or eviction of either canonical histone 

subunits or non-canonical histone variants also comprise chromatin proteins 

having functions besides their nucleosomal activity. Histone chaperones regulate 

histone metabolism, DNA replication, transcription, repair and maintenance of 

genome integrity (Venkatesh and Workman 2015). Similarly remodeling factors 

comprises chromatin binding proteins interacting to facilitate transcription, by 

attributing to changes in nucleosome architecture in order to facilitate the 

recruitment of RNA Pol II at the promoters of active genes. The A-T rich 

sequence present at the upstream of the transcribed region maintains a 

nucleosome-depleted region (NDR) with the help of chromatin remodelers like 

the RSC complex (Erkina et al. 2010; Talbert and Henikoff 2017) and SWR-

dependent incorporation of the H2A.Z variant into the nucleosomes flanking the 

NDR takes place promotes transcription initiation. 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 sequence underlying the DNA 

template in the NDRs often exhibit binding sites for different chromatin factors 

to interact that ensures the binding of other factors/proteins to mediate the 

transcription of the gene. 

Crosstalk among CAPs occurs at various levels and reflects a very perplexed 

relationship among them that is yet to be explored.  
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Figure 1.4.2: Implications of crosstalk between chromatin proteins (A) 

Interaction between two chromatin protein linker histone H1 and HP1 mediated 

by post-translational modifications in a subtype specific manner regulating 

different chromatin template-dependent functions in varying physiological 
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contexts. (B) PC4 interacts with HP1α to recruit REST-CoREST repressor 

complex onto neuronal genes to silence their expression in non-neuronal cells 

(Das, C. et al., 2010). 

 

1.4.3. Regulation of epigenetic state by CAPs 

The non-histone proteins often regulate the chromatin state by mediating the 

recruitment of different epigenetic modifiers: readers, writers and erasers onto the 

chromatin either by direct or via indirect interactions. Absence of some non-

histone proteins like PC4 leads to the opening of the genome resulting in global 

hyperacetylation (Sikder et al.,2019).  KAT3b or p300 specific histone 

acetylation signature seems to be upregulated in PC4 knockdown cells, which are 

involved in transcriptional regulation. PC4 interacts with histones which triggers 

chromatin modifications during Luteinizing hormone receptor (LHR) 

transcriptional activation. Treating breast cancer cells MCF-7 with Trichostatin 

A (TSA) reveals that PC4 interacts with acetylated H3.3 leading to LHR 

transcription. Knocking down of PC4 in MCF7 cells lead to decreased histone H3 

acetylation and reduced H3.3 occupancy at LHR promoter thereby lower LHR 

promoter activity despite of TSA treatment which increases H3 and H3.3 protein 

expression (Zhao P et al., 2018). Transcription factors like p53 or histone 

chaperones like NPM1 mediated autoacetylation of CBP and p300 mediate such 

hyperacetylations in pathophysiological conditions such as oral cancer (Kaypee 

S et al.,2018 and Kaypee S et al.,2018). Other cellular factor that can modulate 

enzymatic activity of p300 under different signalling cues like the Notch 

signalling coactivator, MAML1, which interacts with the autoinhibitory domain, 

CH3 of p300, to enhance p300 autoacetylation and Notch pathway gene 

expression (Hansson et al. 2009). Under apoptotic conditions the metabolic 

enzyme GAPDH is S-nitrosylated and translocated to the nucleus upon 

interacting with the E3 ubiquitin ligase, Siah1. GAPDH, an abundant nuclear 

protein, also induces p300 autoacetylation inducing apoptosis upon nitric oxide 
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signalling (Sen N et al. 2008). Apart from being inducers of p300 mediated 

autoacetylation, non-histone proteins have also been reported to inhibit p300 

autoacetylation such as Twist1 (Hamamori et al. 1999) and Polycomb protein of 

the PRC1 complex which binds to the un-acetylated autoinhibitory loop on CBP 

inhibiting CBP-mediated histone acetylation (Tie et al. 2016). Thus, direct 

modulation of p300 activity by these cellular factors can not only alter the 

epigenetic landscapes but can also shape the p300/CBP-mediated transcriptional 

network regulating important cellular functions and homeostasis. 

Non-histone proteins controlling the epigenetic state of the chromatin often 

determines the fate in cellular differentiation. Depletion of Linker H1, which is 

intrinsically required in the regulation of germline stem cells (GSCs) in 

Drosophila ovary, leads to premature differentiation of GSCs through activation 

of the key differentiation factor bam and augmentation of H4 lysine 16 

acetylation (H4K16ac). Further studies have revealed that overexpression of 

MOF reduces H1 association on chromatin thus H1 promotes GSC self-renewal 

by antagonizing MOF function (Sun J, 2015). H1 linker histone also plays a key 

role in regulating both DNA methylation and histone H3 methylation at the H19 

and Gtl2loci in mouse ES cells by interfering with binding of theSET7/9 histone 

methyltransferase to the imprinting control regions inhibiting chromatin 

activation by methylation mark on histoneH3 lysine 4 (Yang SM, 2013).  Linker 

H1 physically interacts with the histone methyltransferase Su(var)39 tethering it 

to heterochromatin, thus facilitating methylation of H3K9 (Lu X, 2013) and 

providing a binding platform for HP1 (Lu X, 2009). HP1 protein family which is 

known to be involved in gene silencing through heterochromatinization has also 

been shown to be required for gene expression. Recent report suggests that HP1α 

is specifically required for myogenic gene expression in myoblasts. Depletion of 

HP1α which binds to the genomic region of myogenic genes surprisingly 

increases H3K9me3 at these sites and binding of JHDM3A, a H3K9 demethylase 

to these genomic regions in myoblasts is dependent on its interaction with HP1α 
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(Sdek P.,2013). HP1 α interacts with another non-histone protein PC4 

maintaining a repressed state of the chromatin and recruiting REST-CoREST 

repressor complex to repress neural gene expression in non-neuronal cells (Das 

C et al.,2010). H1 and the HP1 protein interaction in mammals is thought to be 

subtype specific and dependent on a specific methylation of H1 (Nielsen AL 

,2001, Daujat S, 2005, Trojer P ,2009). Triple H1 knockout in embryonic stem 

cells (ESCs) underlie the role of H1 in structural maintenance of heterochromatin 

(Cao K et al., 2013). 

HMG family of proteins also exhibits example of regulating the epigenetic 

modifications of histones like HMGN1 modulates the phosphorylation of histone 

H3 by binding to nucleosome and preventing the kinases from phosphorylating 

H3 either by steric hindrance or through conformational changes in histone tail 

thus Hmgn1−/− cells have elevated levels of H3S10p (Lim JH, 2004). HMGN1 

also enhances H3K14ac by stimulating HAT activity optimising cellular response 

to heat shock (Lim JH et al, 2005). It also affects H3K9me and H3K9ac affecting 

transcription (Jenuwein T, Allis CD,2001 and Jim JH, 2004). PARP1 itself acts 

as an epigenetic modulator of chromatin by carrying out Poly (ADP-ribosyl) ation 

of histones that is associated with an extended and open chromatin conformation 

to drive the access of DNA repair factors to the damaged chromatin (Caiafa 

2013). PARP-1 participates regulates DNA methylation in unmethylated regions 

of chromatin by controlling the DNA methylation pattern and protecting genomic 

DNA from full methylation (Guastafierro T. et al., 2013). It also regulates DNA 

methylation acting as pro-inflammatory enzyme deregulating the pattern of DNA 

methylation and histone deacetylase SIRT1 thus helping in ageing process (Cantó 

et al. 2013). We present a model depicting how different non-histone proteins 

regulates the epigenetic modifications of the chromatin regulating different 

chromatin functions. 

One of the ways by which DNA methylation-mediated transcriptional repression 

occurs is through the binding of methylated DNA at CpG islands by proteins like 
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MeCP2 through their methyl binding domain (MBD) (Hendrich B, Bird A 1998).  

These proteins regulate gene repression by inducing a repressed chromatin state 

by facilitating chromatin modifiers like HDACs, methyltransferases chromatin-

silencing factors, which increase chromatin condensation (Ballestar E Pile 2001 

and Fujita N 2003) (Fig.1.4.3). During neuronal differentiation MeCP2 levels 

increases and is critical for maturation and maintenance of neurons (Cohen DR, 

2003, Jung BP 2003 and Kishi N, 2004). It contains a transcriptional repression 

domain (TRD) that mediates its links with the histone modifications and co-

repressors (Della Ragione, 2012) (Fig.1.4.3), a nuclear localization signal (NLS) 

that imports part of the total protein into the nucleus and a C-terminal domain that 

is involved in the interactions with DNA and its protein partners (Bienvenu T 

2006). 

 

 

Figure 1.4.3: Different modes of regulation of the chromatin modification 

state by non-histone chromatin proteins. (A) MeCP2 mediated recruitment of 
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activator complex leading to histone acetylation facilitating transcription. 

Inhibition of ubH2A leads to phosphorylation of linker histone H1 which favours 

enhanced chromatin dissociation of this histone thus affecting transcription. (B) 

Non-histone chromatin proteins: MeCP2 and HP1 mediated repressive histone 

marks leading to a heterochromatin state. 

 

1.4.4. Implication of CAPS in pathophysiological conditions: 

Cancer 

The chromatin proteins are often deregulated in terms of their expression, 

function, post-translational modifications in various types of cancer. There are 

also several reports suggesting mutations in these proteins thereby disrupting the 

normal functions of the cell and promoting tumorigenesis. In this review we shall 

highlight the involvement of some of them in cancer. 

Studies in breast cancer T47D cells shows that H1 could be a player in 

establishing lamina associated domains in normal cells thus regulating LAD 

rearrangement in cancer cells due to different prevalence of H1 variants within 

these domains. The relative abundance of H1.0, H1X variants at promoters 

suggests that promoter occupancy by H1 variants other than H1.2 is more 

permissive for transcription regulation in breast cancer cells (Millán-Ariño L. et 

al, 2014). H1.5 exhibits low expression level in benign prostate epithelial cells 

and low-grade cancer cells whereas in higher grade or even the expression level 

of H1.5 greatly increased (Khachaturov V, 2014). The same is observed for H1.5 

in pulmonary neuroendocrine tumors (Hechtman JF, 2013). On the other hand, 

H1.0 level is anti-correlated with the presence of the proliferating cell marker 

Ki67, particularly in high grade cancer cells (Kostova NN, 2005). H1 expression 

profiling in ovarian cancer shows that H1°, H1.1, H1.4 and H1x are significantly 

reduced in expression, whereas H1.3 has drastically increased expression in 

ovarian adenocarcinomas compared with adenomas (Medrzycki M, 2014). 
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Studies in glioma samples also shows that lower levels of H1.0 in grade III-IV 

gliomas compared to grade II cancers and thus H1.0 downregulation plays a role 

in improving patient survival rate (Gabrovsky et al., 2013) quite similar to what 

is seen in case of less aggressive breast tumors expressing high levels of H1.0 

(Kostova et al., 2005). Different histone variants exhibit different expression 

pattern that are signatures for specific cancer types and has distinct mechanism 

of actions contributing to tumorigenesis. For instance, in ovarian cancer cell line 

OVCAR-3, H1.3 represses the oncogenic non-coding RNA H19 mRNA by 

binding to its imprinting control region, increasing DNA methylation and 

preventing the insulator protein CTCF from binding to its cognate sites thus 

controlling cell growth and proliferation (Medrzycki et al., 2014). Other histone 

variants like H1.4 and H1.2 have a strong impact on cell survival of T47D cells 

as depletion of H1.2 causes G1 arrest and slows down proliferation and exhibit 

specific binding pattern across the genome (Sancho et al., 2008 and Sancho et al., 

2008). 

Heterochromatin protein1 is another important family of proteins that play role 

in cancer through their regulation of the centromere, telomere stability, and gene 

regulation. Decreased levels of HP1 often correlates with poor prognosis and 

increased levels with a reduction in metastasis as seen in case colon cancer where 

increased levels of HP1α reduces metastasis. Colon cancer cells expressing 

express gastrin-releasing peptide (GRP) and its receptor (GRPR) upregulate 

HP1α promoting a differentiated state while limiting proliferation and spread 

(Ruginis T, 2006). HP1ϒ appears to play a role in ovarian cancer progression 

through inhibition a heat shock protein 90 (HSP90) inhibitor (Maloney A, 2007). 

HP1α plays a causal role in breast cancer regulating cell invasion. It is down-

regulated in highly invasive/metastatic cells relative to poorly invasive/non-

metastatic cells with 95%of metastatic cells showing decreased levels of HP1α 

compared to primary breast cancer tumors (Kirschmann DA,2000). HP1α 

mediated cancer cell invasion is regulated by its interaction ability with other 
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proteins (Norwood LE, 2006) and acts like a metastasis suppressor that regulate 

metastasis without altering tumor growth (Steeg PS,2003). Besides their role in 

inhibiting cancer progression, they proteins might have deleterious effects as 

well. HP1 proteins are normally not detected in neutrophil granulocytes and very 

rarely detected in eosinophil granulocytes but in acute phase of acute myeloid 

leukaemia patients and chronic myeloid leukaemia (CML) patients elevated 

levels of all three HP1 proteins and H3K9me were detected in the granulocytes 

(Lukasova E,2005 and Popova EY, 2006). H3K9 demethylation by JMJD2A 

JMJD2B and JMJD2C results in decreased chromatin association of all three HP1 

isoforms and this demethylase activity might be targeted to specific foci in 

esophageal and prostate cancers (Cloos PA ,2009). HP1 protein are also regulated 

by microRNAs and this has implications in cancer progression for instance miR-

30a, a tumor-suppressive microRNA that targets HP1γ, specifically suppress the 

growth of colorectal cancer in mouse xenograft models (Liu M. et al, 2015). 

Data available from different studies reveal that loss of any HMG leads to 

detectable phenotypic changes that are not compensated even by members of the 

same HMG family.  The members of the HMG superfamily affect developmental 

processes making its role in cancer quite plausible. HMGA expression is 

developmentally regulated and Hmga1-/- mice suffer from cardiac hypertrophy 

and haematological malignancies due to an HMGA-dependent downregulation of 

the insulin receptor (Fusco A., Fedele M, 2007). HMGA overexpression is a 

hallmark of several malignant and benign tumors that are listed in the table. 

HMGA1’s role in EMT helps in its function in tumor progression and metastasis 

(Reeves R, 2001) and HMGA2 controls epithelial differentiation, tumor 

invasiveness and metastasis being a mediator of TGF- β signalling (Fusco A., 

Fedele M., 2007). HMGA2 gene undergo rearrangements involving 12q13-15 

chromosomal translocations which is most common in benign tumors of 

mesenchymal origin (Fusco A., Fedele M., 2007) leading to overexpression of 

HMGA2 which is sufficient to induce benign tumors in mice (Fusco A., Fedele 
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M., 2007). HMGAs interact with nuclear factors like (NF)-κB (Merika M,2001) 

and the tumor suppressors p53 (Fusco A., Fedele M., 2007) or pRB (Fusco A., 

Fedele M., 2007) regulating gene expressions in cancer and inhibits nucleotide 

excision repair increasing genome instability (Reeves R, and Adair JE,2005). 

HMGA proteins also exhibited antiproliferative effect in case of 

lymphoproliferative disorders (Fusco A., Fedele M., 2007). Like HMGA, HMGB 

proteins are upregulated in colon, breast, gastric and gastrointestinal cancer cells 

(Muller S,2004 and Kuniyasu H,2003). Extracellular HMGB binds to RAGE 

(receptor for advanced glycation end products) and other membrane receptors 

enhancing cell migration, tumor growth and metastasis (Taguchi A,2000). 

Studies show that incidence of tumors in Hmgn1-/- mice is almost twice that of 

wild-type mice which could be due to faulty DNA repair in these cells making 

them hypersensitive to UV and ionizing radiation (Birger Y 2003 and Birger Y, 

2005). The hypersensitivity of Hmgn1-/- mice to ionizing radiation could be 

attributed to impaired ability to activate the G2-M checkpoint (Birger Y, 2005), 

leading to increased genomic instability and cancer. With the help of an unbiased 

genome wide screening for unmutated genes that drive tumorigenesis has 

identified MeCP2 as novel oncogene and X-chromosome region where MeCP2 

resides is significantly amplified in 18% of cancers overexpressing MeCP2 

(Neupane M,2016). KRASG12C-addicted cell line after KRAS downregulation 

shows growth rescue by MeCP2 and activated KRAS rescues growth of MECP2-

addicted cell line after MECP2 downregulation (Neupane M,2016). MeCP2 

interaction with epigenetically modified 5-hydroxymethylcytosine has been 

shown to be required for tumorigenic transformation (Neupane M,2016). Like 

other chromatin proteins MeCP2 is also regulated by micro-RNAs having 

implications in cancer growth. miR-638 targets MeCP2 facilitating gastric cancer 

cell proliferation and inducing cell-cycle progression through activation of the 

MEK1/2–ERK1/2 signalling pathway by upregulating CpG islands of G-protein-

coupled receptor kinase-interacting protein 1 (GIT1) (Zhao LY et al.,2017). 
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Involvement of other chromatin proteins in different cancer has been enlisted in 

the table 1.4.4 below: 

Cancer Type Protein Mutation Altered level Tissue/cell type/cell 

line 

Reference 

Ovarian H1.3  Increased Malignant 

adenocarcinoma 

Medrzycki 

M,2012 

Ovarian H1.0, 

H1.1, 

H1.4 

and H1x 

 Decreased Malignant 

adenocarcinoma 

Medrzycki 

M,2012 

 H1.0  Decreased transformation of 

mouse NIH 3T3 

fibroblasts cells by 

c- Ha-rasVal12 

Laitinen, 

J.,1995 

Melanoma H1.0  Decreased Patient samples Torres 

CM.,2016 

Liver H1.0  Decreased Patient samples Torres 

CM.,2016 

Kidney H1.0  Decreased Patient samples Torres 

CM.,2016 

Follicular 

lymphoma 

H1.2, 

H1.3, 

H1.4, 

H1.5 

 

Recurrent 

Mutation 

 Patient samples Hongxiu 

Li,2014 and 

Okosun, 2014 

chronic 

lymphocytic 

leukemia (CLL) 

H1.5 Recurrent 

Mutation 

 Pheripheral blood 

primary CLL 

patients 

Landau and Wu, 

2013 

diffuse large B-

cell lymphoma 

(DLBCL)  

 

H1.2, 

H1.4, 

H1.8 

Recurrent 

Mutation 

 Patients with 

primary tumor 

Lohr et al., 2012 

Colorectal 

cancer 

H1.5 Recurrent 

Mutation 

 Patient Sjoblom et al., 

2006 

Invasive breast 

cancer 

H1.10  Increased Patient sample 

database 

Paolo Scaffidi, 

2016 

Invasive breast 

cancer 

H1.2  Decreased Patient sample 

database 

Paolo Scaffidi, 

2016 

Prostate 

adenocarcinoma 

H1.1  Increased LNCaP cells Kendra A. 

Williams,2018 

Breast cancer H1.0, 

H1.6  

 Increased Patient sample 

database  

Wang T, 2019 

Lung cancer H1.0, 

H1.6 

 Increased Patient sample 

database 

Wang T, 2019 

Glioma H1.5  Not changed but 

its 

Phosphorylation 

level decreased 

RasG12V/Y40C 

transfected A172 

cells  

Sang B, 2019 
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Breast 
 

HP1α  Decreased MDA-MB-231 and 

MCF7 breast cancer 

cell lines 

Kirschmann 

DA,2000 

Brain HP1α  Decreased Multiple types of 

embryonal brain 

tumors 

Pomeroy 

SL,2002 

Colon HP1α  Decreased HCT116 colon 

cancer cell line 

Caco-2 and Ht-29 

colon cancer cell 

lines 

Ruginis T,2006 

and Espada J, 

2004 

Leukemia HP1α, β, 

ϒ 

 Decreased Peripheral blood 

leukocytes 

Lukasova E, 

2005 and 

Popova 

EY,2006 

Ovarian Hp1ϒ  Decreased A2780 ovarian 

cancer cell line 

Maloney A 

,2007 

Papillary thyroid 

carcinoma 

HP1α  Decreased Papillary thyroid 

carcinoma tissue 

Wasenius 

VM,2003 

Breast  HP1β  Increased Poorly 

differentiated breast 

tumors and MCF-7 

cells 

Lee YH, 2015 

Colon  HP1β  Decreased DLD‑1, HCT-15, 

LoVo colon cancer 

cell  

Yi SA , 2014 

Osteosarcoma HP1ϒ  Increased MG63 

osteosarcoma cells 

Ma C., 2019 

NSLC HP1ϒ  Increased Patient samples Chang SC., 

2018 

Myelo-

lymphoid  

HMGA

1 

 Hmga1+/- and 

knockout 

Mouse Fedele M,2006 

hormone- or 

prolactin-

secreting 

pituitary 

adenomas 

HMGA

1 

 Increased Mouse Fedele M.2005 

natural killer 

lymphomas; 

lymphoid 

HMGA

1 

 Increased Mouse Xu Y, 2004 

Pituitary HMGA

2 

 Increased Mouse Fedele M., 2006 

benign 
mesenchymal 

HMGA
2 

 Increased Mouse Zaidi MR, 2006 

Lymphoma Truncat

ed 

HMGA

2 

 Increased Mouse Baldassarre G, 

2001 

Lipoma and 

Lipomatosis 

Truncat

ed 

HMGA

2 

 Increased Mouse Fedele M, 2001 
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Breast HMGA

1 

 Increased Human patient 

samples 

Adair JE,2005 

and Reeves R., 

2001 

Thyroid  HMGA

1 

 Increased TPC-1 and BC-

PAP) and anaplastic 

(ARO) cancer cells 

Frasca F, 2006 

and 

Pierantoni GM, 

2016 

Breast HMGB1  Increased Mouse Muller S., 2004 

Colon HMGB1  Increased Colo320 and WiDr 

carcinoma cells 

Kuniyasu H, 

2003 

Lung Extracel

lular 

HMGB1  

  Lewis lung 

carcinoma cells and 

mouse 

Taguchi A, 2000 

Uterine 

leiomyoma 

HMGN

2 

 Knock out Patient samples Polito P,1999 

Malignant tumor HMGN

1 

 Knock out ϒ irradiated mouse 

and SV40-

transformed MEF 

cells 

Birger Y, 2009 

Colon HMGN

2 

 Decreased Human colon cancer 

cells 

Okamura S, 

1999 

TNBC, lung 

adenocarcinoma

, lung squamous, 

haed and beck, 

cervical, liver, 

stomach, uterine 

MeCP2 amplified Increased TCGA database,   

KRASG12C-addicted 

cell line and MeCP2 

addicted cell line  

Neupane M., 

2016 

Gastric cancer MeCP2  Increased Patient samples, 

BGC-823, AGS, 

MKN-45, SGC-

7901 and GES-1 

cells, mouse 

Zhao LY., 2017 

Pancreatic 

ductal 

carcinoma  

DEK  Increased Patient samples and 

Panc-1, CFPAC-1, 

AsPC-1, SW1990, 

BxPC-3, MIAPaCa-

2, 

Zhao T, 2019 

Colorectal DEK  Increased Patient samples Lin L., 2013 

Keratinocytes  DEK  Increased WT and Knock out 

MEFs and near-

diploid human 

keratinocyte cell 

line (NIKS) 

Matrka MC., 

2015 

        Table 1.4.4: Role of Non-histone chromatin proteins in different cancers 
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1.5. Human positive co-activator 4(PC4): a multifunctional 

protein 

Human PC4 (positive cofactor 4) initially described as a factor required to 

stimulate reconstituted basal transcription in vitro (Ge and Roeder 1994) is an 

evolutionarily conserved DNA binding protein of 127 amino acids. The human 

positive coactivator 4 (PC4), purified from the upstream stimulatory activity 

(USA) fraction, is a highly abundant in nucleus playing diverse roles in the 

cellular context. 

1.5.1. Structural organisation of PC4 

PC4 has an unstructured N-terminal domain (1-62 residues) and a highly 

structured C-terminal domain (62-127 residues). There are two Serine rich Acidic 

domains (SEAC, separated by Lysine rich domains (LYS) from residues (Wertern 

S, 1998) having the double stranded DNA binding ability which overlaps with its 

coactivation domain. The C-terminal domain possess the single stranded DNA 

binding ability and the dimerization domain. The crystal structure of PC4 C-

terminal domain (at 2.8Å resolution) reveals that the biological unit is a dimer 

with two ssDNA binding channels running in opposite direction to each other 

(Brandsen J, 1997). Each of the monomers consist of a curved four stranded anti-

parallel ß sheet followed by a 45⁰ kink α helix (Brandsen J, 1997). The residues 

22-87 have the double stranded DNA binding ability which overlaps with its 

coactivation domain. The residues 63-127 possess the single stranded DNA 

binding ability and the dimerization domain. The N-terminal domain is on the 

other hand is unstructured and is subjected to different posttranslational 

modifications in the SEAC as wells as lysine rich domain. 
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Figure 1.5.1.: (A) Schematic Representation of the different domains of Human 

Positive coactivator 4 PC4 indicating each of their function. (B) Crystal structure 

of the DNA-binding domain of a PC4 dimer with the monomers colored in red 

and blue. The DNA-binding sites and the -ridge are labelled (PDB code 1PCF 

(Figure adapted from Brandsen, J., Werten, S. et al., 1997). 

 

1.5.2. Role of PC4 in transcription 

PC4 facilitates activator dependent transcription by RNA pol II through direct 

interactions with the general transcription factors as well as other transcriptional 

activators like p53, Tat, BRCA1, AP2 (Banerjee S. et al., 2004, Haile D. et 

al.,1999, Kannan P et al., 1999 and Holloway., 2000). PC4 can interact with free 

or DNA bound TFIIA and TBP component of the basal transcription machinery 

A 

B 
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(Kaiser K., 1995) but not with TBP-TFIIB or free TFIIB or TBP alone in the 

absence of TFIIA (Ge and Roeder 1994). PC4 associates with TFIID and TFIIA 

and binds to the promoter to initiate activator dependent transcription (Malik 

S.,1998). Besides its role as an activator PC4 have also been reported to repress 

basal transcription initiation in the absence of TBP associated factors (TBP) and 

TFIIH. Studies have shown that yeast homolog SUB1 is a functional component 

of the Preinitiation complex (PIC) (Sikorski TW. et al., 2011) and mediates 

selection of the transcription start site (TSS) (Braberg H. et al., 2013). Sub1’s 

recruitment to promoters by TFIIB and Rpb4/7 occurs during pre-initiation, 

where it supports CDK8-Mediator complex (Akoulitchev et al., 2000; Garcia et 

al. 2010), to maintain the PIC in a stable but inactive conformation (open), in 

association with TFIIE and TFIIH (Garcia et al. 2010; Sikorski et al., 2011) like 

the human homolog PC4. PC4 is shown to interact with TFIIE during the 

initiation–elongation transition to stabilize the melted promoter (Akimoto et al. 

2014).  

Initial studies have shown association of Sub1 predominantly with gene 

promoters (Sikorski TW. et al., 2011, Calvo O, Manley JL., 2005) but recent 

evidences also indicate its involvement in transcription elongation (Garcia A, 

Collin A, Calvo O., 2012, Garcia A. et al.,2010) as SUB1 can be localized within 

coding regions in a transcription-dependent manner affecting RNAPII levels 

associated to genes during the entire transcription cycle. SUB1 has been co-

purified from the same fraction as the elongation factor Spt5, which regulates the 

elongation rate and promotes splicing (Garcia A, Collin A, Calvo O., 2012).  

During the transition to elongation, Sub1, most likely via its C-terminal domain 

remain attached to RNAPII through Rpb7(Garavis M. et al., 2017) thus joining 

the elongation complex by stabilizing Spt5-Rpb1 association with DNA, because 

in the absence of Sub1, Spt5-Rpb1 interaction decreases (Garcia A, Collin A, 

Calvo O., 2012). 
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PC4 interaction with CstF64 indicates its role in polyadenylation and 

transcription termination (Calvo O.,2001). PC4 also possess DNA bending ability 

suggesting probable mechanism for activation of p53 mediated transcription by 

providing a better substrate besides direct interaction with p53 itself (Batta K., 

2007). Sub1 interacts with Rna15, evolutionary conserved in human cells 

suggesting displaying anti-terminator function by inhibiting Rna15 function thus 

preventing premature termination of prem-RNAs (Calvo O, Manley JL.,2001). 

SUB1 influence pre-mRNA processing, while interacting with the stalk of 

RNAPII (Chen CY. et al., 2009, Ujvari A, Luse DS., 2006) and depleting Sub1 

renders an unstable Spt5-RNAPII complex which in turn could alter the 

recruitment and function of the component of the cleavage factor I (CFI)complex. 

 

 

Figure1.5.2.1: A model showing involvement of Sub1 role during the whole 

transcription cycle. Phosphorylation states of RNAPII along the cycle are 

represented with different colors, along with SUB1 phosphorylation. 
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PC4 regulating CTD phosphorylation of RNAPII 

Recent studies provide evidence for direct interaction of SUB1 with RNAPII stalk 

domain formed by the Rpb4 thus being involved in the modulation of C-terminal 

domain (CTD) phosphorylation levels (Allepuz Fuster et al. 2014; Garcia et al. 

2010; Hanes 2014). Studies suggest that a functional Rpb4/7 heterodimer is 

required for Sub1 recruitment to gene promoters and maintained stably associated 

with RNAPII along with additional factors like Fcp1 and a full-length Rpb1-CTD 

(Garavis et al. 2017). Absence of SUB1 leads to an increase in the recruitment 

and activity of the CTD-Ser2 kinase Ctk1 during elongation (Garcia et al. 2010) 

thus, supporting role of SUB1 in modulating CTD-Ser2P levels. Thus, 

Sub1exhibiting functional interactions with factors like Rpb4/7, Fcp1, and the 

CTD gives a clue about how Sub1 can participate in the entire transcription cycle 

and regulate at least CTD-Ser2 phosphorylation (Figure1.5.2.2). Sub1 negatively 

regulates Kin28 recruitment and kinase activity, favouring Srb10 kinase activity 

and negatively influencing CTDSer5 phosphorylation by Kin28 (Garcia et al. 

2010). Consistently, human PC4 also the ability to inhibit RNAPII 

phosphorylation in vitro by Cdk-1, Cdk-2, and Cdk-7 (mammalian Kin28 

orthologue) (Schang et al. 2000) which is regulated by phosphorylation, as 

unphosphorylated PC4 displayed the kinase inhibitory activity, whereas 

phosphorylated PC4 was devoid of it (Jonker et al. 2006; Malik et al. 1998). 

Evidence suggesting Sub1 has genetical and functional interaction with Mediator 

Head and Cdk modules (Dettmann et al. 2010; Garcia et al. 2010) and it might 

influence CTD kinase recruitment via effects on the Mediator-CDK8 (Srb10) 

complex, while interacting with Rpb4/7 as well (Akoulitchev et al. 2000; Garcia 

et al. 2010; Ohkuni and Yamashita, 2000). Thus, different mechanisms could 

mediate Sub1’s role in regulating Ser5 and Ser2 phosphorylation levels, but likely 

with a common interaction target, Rpb4/7(Calvo and Manley 2005; Garavis et al. 

2017; Garcia et al., 2010) (Figure1.5.2.2). 
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Figure 1.5.2.2: Schematic model depicting hypothetical localization of Sub1 

bound to the promoter at the junction between single- and double-stranded DNA 

through its DNA Binding Domain. This model supports the reported interaction 

of Sub1 with TFIIB, TFIIE, TFIIH and Rpb4/7 contacting with the nascent RNA. 

(Figure adapted from Calvo O, 2017). 

Role of PC4 in RNA pol III transcription 

Besides its role during the entire transcription cycle of RNA polII, evidence from 

genome wide studies showed that Sub1, binds to all Pol III-transcribed genes and 

the rDNA gene locus (Tavenet et al.,2009). Interesting studies have shown that 

Sub1 localized in all the genes related to the protein synthesis machinery 

(ribosomal RNAs, tRNAs and ribosomal protein genes), in growing cells. These 

genes are in transcriptionally repressed state in the stationary phase. SUB1 

behave as an effector of RNA polymerase III because it is required for an optimal 

reactivation of transcription upon recovery from starvation (Acker et al. 2014). 

Deletion studies showed correlation with a decrease in RNAPIII transcription 

efficiency without affecting the cell growth rate in the exponential phase (Tavenet 
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et al. 2009). Sub1 stimulates both transcription initiation and re-initiation in vitro 

and interacts with RNAPIII transcription factors (Tavenet et al. 2009) same as the 

human homolog PC4 playing a role in RNAPIII transcription termination and re-

initiation (Wang and Roeder 1998). 

1.5.3 PC4 as a chromatin organizer 

Despite extensive studies on the role of PC4 in transcription, PC4 is also a bona 

fide component of the chromatin, highly abundant in the nucleus playing critical 

role in chromatin condensation. PC4 is associated with the chromatin throughout 

the cell cycle stages and broadly distributed on metaphase chromosome in 

punctuate manner except at the centromeric region. PC4 interacts with the core 

histones that might be crucial for PC4 mediated chromatin condensation (Das. C. 

et al., 2006) (Figure1.5.3C). PC4’s direct interaction with histones, with a distinct 

preference for histone H3 and H2B could be essential for PC4 mediated 

chromatin condensation (Das. C. et al., 2006). Studies have shown that 

knockdown of PC4 dramatically alters heterochromatin organization of the 

genome, with increased H3K9 (histone H3 at lysine residue 9)/14 acetylation, 

H3K4 trimethylation and reduced H3K9 di-methylation (Das C, et al., 2010). PC4 

has been shown to mediate a repressive chromatin state and heterochromatin gene 

silencing through its interaction with HP1α, REST/NRSF (RE1-silencing 

transcription factor/neuron-restrictive silencer factor) and Co-REST at the 

promoters of neural genes in nonneuronal cells (Das C, et al., 2010).  PC4 may 

maintain the fidelity of segregation during the mitotic and cytokinesis events that 

occur during cell division as knockdown of PC4 exhibits numerous spindle pole 

organization defects (monopolar or multipolar) and delayed, unequal, retained or 

multilobed errors (Dhanasekaran K, et al., 2016) (Figure 1.5.3A and B). A recent 

report suggests that PC4 orchestrates chromatin structure and gene expression in 

mature B cells (Ochiai K et al., 2020) which comply with the findings that show 

knockdown of PC4 expression causes a drastic decompaction leading to open 
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conformation of the chromatin, altered nuclear architecture, defects in 

chromosome segregation and changed epigenetic landscape (Sikder S. et al., 

2019) (Figure1.5.3 A and B). 

 

 

 

                          

 

Figure 1.5.3: PC4 as chromatin organizer: (A)The essentiality of PC4 in 

maintaining chromatin architecture is implicated by the severity of the defects 

observed upon knocking down PC4 . These defects include abnormal nuclear 

morphology , cytokinetic and mitotic defects.(B) Studies led by Dhanasekaran et 

al., shows defects in spindle organization and cytokinesis after indirect 

immunostaining with a-tubulin and lamin B (Figure adapted from Dhanasekaran 

K., et al., 2016).(C) AFM imaging shows 106-kbp reconstituted chromatin: when 

A 

C 

B 
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incubated with histone H1 forms fiber like structures and upon incubation with 

PC4 forms distinct globular domains (Figure adapted from Das C. et al., 2006). 

 

1.5.4 Role of PC4 in DNA Replication and repair 

PC4 has been reported to influence SV40 origin of replication by forming a 

complex with Human single stranded DNA binding (HSSB) protein on ssDNA 

and corroborates T-antigen mediated unwinding of DNA (Pan, Z. et al., 1996). 

PC4 prevents mutagenesis and oxidative DNA damage through its involvement 

in transcription coupled repair by binding to multifunctional DNA repair protein 

XPG (Pan, Z. et al., 1996). There are evidences showing PC4 as an activator of 

Non-homologous end joining (NHEJ) and double stranded DNA repair activity 

(Batta, K., et al., 2009). PC4 has been shown to accumulate rapidly at the DNA 

damage sites in the mammalian cells and enhances joining of the non-

complementary DNA ends stimulating double strand break rejoining in vivo. PC4 

might play similar roles in DNA repair like that of replication protein A (RPA) 

(Mortusewicz, O. et al., 2008). Studies provide evidence for PC4 recruitment to 

hydroxyurea (HU)-stalled replication forks, and its ssDNA binding thus suppress 

spontaneous DNA damage. PC4 depletion shows significant reduction in 

homologous recombination repair efficiency. PC4’s accumulation sites co-

localize with RPA at stalled forks and it increases upon RPA depletion, 

suggesting compensatory mechanisms in binding ssDNA to promote genome 

stability, especially at sites of replication-transcription collisions (Mortusewicz 

O., Evers B., Helleday T., 2016). Studies have demonstrated PARylation 

independent recruitment of PC4 to laser-induced DNA damage sites along with 

γH2AX. PC4 exhibits high turnover at DNA damages sites compared to other 

repair factors such as RPA and proliferating cell nuclear antigen (PCNA) 

indicating involvement of PC4 in the early response to DNA damage initiating or 

facilitating the subsequent steps of DNA repair (Mortusewicz, O. et al., 2008). 
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Studies further validate the implications of PC4 in NHEJ repair as depletion of 

PC4 increases radiosensitivity of non‐small cell lung cancer (NSCLC) by 

downregulating the expression of XLF transcriptionally (Zhang T., et al. 2018). 

PC4 also plays a role in choice of DNA repair pathway as shown in DT40 chicken 

B cell model where clustered DNA lesions are formed at Ig loci via the action of 

activation-induced deaminase and ablation of PC4 results in significant 

disruption of gene conversion (GC) in gene conversion (GC)-active cells and 

reducing the overall mutation rate while simultaneously increasing the 

transversion mutation ratio in GC inactive cells (Caldwell RB. et al., 2016). 

 

1.5.5 PC4 in the maintenance of genome stability 

PC4 has emerged as an important protein that is required for the maintenance of 

the nuclear shape and integrity. Besides role of Sub1 and PC4 in protecting DNA 

from oxidative damage (Wang et al. 2004; Yu et al. 2016) and participate in DNA 

repair (Batta et al. 2009; Mortusewicz et al. 2008, 2016; Yu and Volkert 2013) 

PC4 attributes to genome integrity by regulating several other processes such as 

autophagy (Sikder S. et al., 2019) and chromosome segregation during mitosis, 

spindle assembly (Dhanasekaran K. et al., 2016) as well as suppressing G4 DNA 

mediated structures (Lopez C R.  et al., 2017). Deletion of Sub1 resulted in 

elevated mutagenesis caused by cytosine deamination, particularly at gene 

promoters, suggesting that Sub1 protects ssDNA from mutations during 

transcription initiation when dsDNA is partially melted (Lada et al. 2015). Thus, 

PC4 helps in the maintenance of the open transcription bubble when binding to 

the non-template strand (Sikorski et al. 2011). PC4’s involvement in the 

activation of p53 makes it a conceivable suppressor of tumour activity (Banerjee 

et al. 2004; Batta and Kundu 2007; Batta et al. 2009; Kishore et al. 2007).  

G-quadruplex or G4 DNA, a non-B secondary DNA structure comprising of a 

stacked array of guanine-quartets formed during various genotoxic insults 

disrupting important process such as transcription, replication amplifying the 
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potential for genome instability (Lopez C R. et al., 2017). Evidence suggests that 

upon Sub1-disruption, genome instability linked to co-transcriptionally formed 

G4 DNA in Top1-deficient cells is significantly augmented and the human 

homolog PC4 is also sufficient to suppress G4-associated genome instability. 

SUB1/PC4 binding to G4DNA could be mediated by the physical and genetic 

interaction with the G4-resolving helicase Pif1 (Lopez C R. et al., 2017). Pif1 had 

been previously involved in the suppression of genome instability caused by G4-

forming sequence (Paeschke et al. 2013; Ribeyre et al. 2009). Subsequent studies 

showed that PC4 alone is not able to unfold G4 and that PC4 regions responsible 

of ssDNA-binding are the same as those involved in G4 binding (Griffn et al. 

2017) (Figure 1.5.4B). Further biochemical and docking results suggest a model 

where a PC4 homodimer could interact with a partly unpaired duplex, 

accommodating the G4-folded G-rich strand in one binding site and its 

complementary C-rich ssDNA strand in the other that can impart higher stability 

to the G4 and ssDNA structures bound to PC4 (Griffn et al. 2017) (Figure 1.5.4B). 

This novel function of PC4 in rendering stability of G4 DNA along with recent 

studies showing knockdown of PC4 causing a drastic de-compaction, altered 

nuclear architecture (Figure 1.5.4A), defects in chromosome segregation and 

changed epigenetic landscape (Sikder S. et al., 2019) reveal multiple facets of this 

protein and multiple questions about their involvement in different regulatory 

process involving DNA, RNA secondary structures and chromatin. 
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Figure 1.5.5: Implications of PC4 in maintaining genome stability. (A) 

Electron micrographs from control versus PC4 knockdown cells showing that 

PC4 knockdown cells have lost the integrity of the nucleus and displayed 

distorted nuclear shape (Figure adapted from Sikder S. et al., 2019). (B) Multiplex 

model depicting DNA recognition by PC4 and thereby stabilizing ssDNA and 

G4DNA within the context of melted dsDNA.  

 

 

A 

B 
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1.5.6 PC4 in differentiation and Pluripotency 

PC4 is absolutely critical for life, because its absence leads to embryonic lethality 

and it imparts regulation in the differentiation process and pluripotency. 

1.5.6.1 Neurogenesis 

A novel role of PC4 has been shown through conditional brain knock-out 

(PC4f/fNestin-Cre) studies in mice which were smaller in size with decreased 

nocturnal activity (Swaminathan A et al., 2016). Interestingly knocking out PC4 

exhibited a severe deficit in spatial memory extinction, with unaltered acquisition 

and long-term retention (Swaminathan A et al., 2016). This defect corresponds to 

the dysregulated expression of several neural function-associated genes, on the 

promoters of which PC4 was consistently found to localize. These observations 

indicate that PC4 could also contribute neuronal plasticity. It would be interesting 

to see what other differentiation pathways could be regulated by this chromatin 

protein in brain as well as in other organs. 

1.5.6.2 Stem cell  

An integrated transcriptomic analysis of mouse spermatogonial stem cells (SSCs) 

which can spontaneously dedifferentiate into embryonic stem cell (ESC)-like 

cells without ectopic expression of reprogramming factors, have identified 53 

genes as putative pluripotency regulatory factors (Jo J., et al., 2016). This study 

further showed that one of the candidate genes among these 53 is PC4 which can 

enhance the efficiency of somatic cell reprogramming by promoting pluripotency 

marker gene expression like Oct4, Sox2, Nanog and Klf4 and repressing somatic 

cell marker expression (Jo J., et al., 2016). Further investigating the effect of Pc4 

overexpression on genome-wide transcriptional regulation in mESCs by 

performing RNA sequencing (RNA-seq) analysis showed that upon PC4 

overexpression they detected 88 up-regulated genes and 253 down-regulated 

genes with at least 4-fold differences from those and out of 88 up-regulated genes, 

55 genes and out of 253 down-regulated genes, 70 genes encoded miRNAs (Jo 
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J., et al., 2016). These results suggest that PC4 could be a major transcriptional 

regulator of miRNAs. RNA-seq data showed that PC4 stimulates bone 

morphogenic protein 4 (Bmp4) expression and BMP signalling, which has an 

important role in the initiation stage of mouse iPSC reprogramming (Samavarchi-

Tehrani P, et al., 2010). PC4 might also regulate the late or stabilization phase of 

reprogramming through the expression of Gbx2 (Tai CI, Ying QL, 2013) and Lifr 

in LIF/STAT3 signalling, which is required for the maturation phase of 

reprogramming (Tang Y, Tian XC,2013) and several genes associated with the 

late or stabilization phase such as Lefty2 (Golipour A, et al.,2012), Dppa2, Dppa4 

and Gdf3 (Buganim Y, Faddah DA, Jaenisch R., 2013). 

The majority of down-regulated genes upon PC4 overexpression are involved in 

the suppression of MEF marker genes such as Thy1, Postn (Buganim Y., Faddah 

D.A., Jaenisch R., 2013), Cd44, Snail1/2, Zeb2 (David L., Polo J.M., 2014), Nfix, 

Prrx1 and Tgfb3 (Yang C.S., Lopez C.G., Rana T.M., 2011). PC4 enhances 

OSKM-mediated reprogramming efficiency and can induce spontaneous somatic 

cell reprogramming via up-regulation of key pluripotency genes. 

 

1.5.7 Role of PC4 in autophagy 

A Recent finding has revealed another novel function of this multifunctional 

abundant chromatin protein PC4 which further validates its role in maintaining 

genome stability and cell survival. PC4 being important for nuclear integrity and 

chromosome compaction, knocking down of this protein harboured a range of 

nuclear and chromosomal defect, but strangely this study shows how these 

defects do not induce cellular death but results in enhanced cellular proliferation 

and one of the possible mechanisms that was found is through enhanced 

autophagic activity (Sikder S. et al., 2019). Another interesting observation made 

in this study shows that PC4 depletion confers significant resistance to gamma 

irradiation which further induced autophagy in these cells. Chromatin 

accessibility studies along with gene expression and ChIP confirmed that indeed 
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autophagy is the key mechanism behind this radiation resistance in the absence 

of PC4 (Sikder S. et al., 2019). This study thus revealed an unexplored role of 

chromatin architecture in mediating a cell survival process as autophagy during 

stress conditions such as radiation (Sikder S. et al., 2019). 

 

 

 

Figure 1.5.7: Model depicting PC4 as a negative regulator of autophagic 

process. Knocking down of PC4 enhances autophagy gene expression and 

thereby inducing autophagosome formation as well as autophagic flux. 

 

1.6. Post-translational modifications of PC4 

PC4 undergoes extensive posttranslational modifications which might lead to 

different functional consequences. Most of the posttranslational modifications 

occur at the N-terminal domain of PC4. The two well studied modifications that 

will be discussed here is acetylation and phosphorylation which forms the 

foundation of the study carried out in this thesis and how these modifications can 

act as a regulatory switch for different functions of PC4. 
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1.6.1 Phosphorylation 

PC4 contains large number of phosphorylating serine residues within the two 

serine rich acid tracts and is a substrate for both casein kinase II, CKII and Protein 

kinase C (PKC) as shown in vitro but in vivo hyperphosphorylation is mostly 

mediated by CKII (Ge, H., Zhao, Y., Chait, B. T., and Roeder, R. G.,1994). There 

are seven predicted phosphorylation sites by CKII at the SEAC domain of PC4 

(Ge, H., Zhao, Y., Chait, B. T., and Roeder, R. G.,1994). TFIIH and TAFII250 

subunit of TFIID can also phosphorylate PC4 in the PIC and this can stimulate 

promoter escape as shown in response to GAL4-VP16 (Fukuda A. et al., 2004). 

Phosphorylation negatively regulates its transcriptional coactivation function 

(Ge, H., Zhao, Y., Chait, B. T., and Roeder, R. G.,1994) and inhibits binding of 

PC4 to VP16 as shown in an in vitro transcription assay. Subsequent studies by 

Jonker et al., has revealed that the phosphorylation status of unstructured N-

terminal domain of the transcriptional cofactor PC4 differentially influences the 

various biochemical functions performed by the structured core of PC4. The 

ability to bind ssDNA is slightly enhanced by phosphorylation of one serine 

residue, which is not augmented by further phosphorylation and presence of at 

least two phosphoserines decreases DNA-unwinding activity and binding to the 

transcriptional activator VP16 (Jonker H R A, et al., 2006). It also reveals that 

phosphorylation gradually decreases the binding affinity for dsDNA. MS and 

NMR further validated the fact that up to eight serine residues are progressively 

phosphorylated towards the N-terminus, which gradually changes the 

environmental in the C-terminal direction of the following lysine rich region and 

within the structured core (Jonker H R A, et al., 2006). Later studies have shown 

that CKII mediated phosphorylation of PC4 inhibits p300 mediated acetylation 

of PC4 and it inhibits its double stranded DNA binding ability as well as abolishes 

its ability to activate p53function (Kumar B. R., Swaminathan V., Banerjee S., 

and Kundu T. K.,2001 and Batta K and Kundu T.K., 2007). 
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A recent finding by Dhanasekaran K. et al., PC4 to be hyperphosphorylated 

during mitosis and Aurora A and B to be responsible behind this that might impart 

a function of PC4 outside the nucleus upon nuclear envelope breakdown. PC4 

associates with Aurora A and Aurora B and undergoes phosphorylation and in 

turn activates both Aurora A and B to sustain optimal kinase activity to maintain 

the phosphorylation gradient for the proper functioning of the mitotic machinery 

(Dhanasekaran K. et al., 2016). These observations are further strengthened when 

the mitotic defects observed upon PC4 depletion are rescued only by the 

catalytically active Aurora kinases, but not the kinase-dead mutants or by the 

phosphodeficient mutant of PC4 (Dhanasekaran K. et al., 2016). 

Since phosphorylation imparts negative regulation to its cofactor function and 

gradual phosphorylation alters the environment masking its coactivator and DNA 

binding domain, it would be interesting to further investigate the structural 

alterations caused upon phosphorylation that could probably regulate its 

chromatin association and transcription regulation function. 
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Figure 1.6.1: (A) Gradual phosphorylation changes the biochemical properties  

of PC4 through gradual masking of the functional lysine-rich region by the 

phosphoserines. (B) Schematic representation of PC4 binding to dsDNA, ssDNA 

A 

B 
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and VP16 activation domain (ad) influenced by phosphorylation depicting how 

the interaction is repressed gradual serine phosphorylation (phosphoserines are 

represented as grey lines with a dot) (Figure adapted from Jonker H.R.A et al., 

2006). 

 

1.6.2 Acetylation 

Over the last decade proteomic analysis has shown non-histone proteins to 

constitute a major part of the acetylome in mammalian cells. Acetylation has 

often been associated with factor activation. PC4 being an important example of 

this as it interacts with TFs like p53 enhancing p53 mediated transcription upon 

acetylation by p300 (Banerjee S, 2004 and Batta K. and Kundu T.K., 2007). 

Acetylation of PC4 enhances its DNA-binding ability whereas phosphorylation 

of PC4 negatively regulates the acetylation (Batta K and Kundu T.K., 2007), thus 

showing an intriguing case for phosphorylation-mediated inhibition of 

acetylation, since in most scenario phosphorylation exerts positive effects on 

acetylation of the same proteins (Warnock LJ, 2005). Acetylation of PC4 induces 

the expression of p53-responsive genes and thereby enhances p53-dependent 

apoptosis (Batta K et al., 2007). 

The intrinsic DNA-bending property of PC4 which contributes to one of the 

important functional components in its enhancement of p53 function is enhanced 

upon acetylation as shown by ligation-mediated circularization assays unlike the 

Phosphorylated PC4 which fails to bend DNA. Thus, acetylation of PC4 could be  

an inducing factor for its coactivator function and activating TFs as p53 (Batta K. 

and Kundu T.K., 2007).  
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Figure 1.6.2: Model depicting PC4 mediated DNA bending enhancing the 

binding of p53 to its cognate site and thereby activating p53 function (Figure 

modified from Batta K and Kundu T.K., 2007). 

 

1.6.3. Cross-talk between two modifications 

Evidence till date have shown quite clearly that PC4 abolishes double stranded 

DNA binding ability, its coactivator function as well as its ability to activate other 

TFs like p53 whereas PC4 upon acetylation induces DNA bending and enhanced 

double stranded DNA binding ability which in turn enhances its ability to mediate 

p53 activation. These observations are quite indicative of the opposite functions 

being mediated by these two modifications and the observation that 

phosphorylation of PC4 also inhibits its acetylation by p300 further adds to the 

reciprocal nature of these two modifications in regulating PC4. The gradual 

masking model (Figure1.6.1) displays a picture of a plausible cross talk between 

phosphorylation of serine rich residues and the lysine rich domain. Gradual 

phosphorylation of serine residues within the first serine rich acidic tract changes 
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the charge environment on the following lysine rich region masking its interaction 

with DNA binding and coactivation domain at the C-terminus. 

 

1.7 Phosphorylation and Chromatin Compaction 

Phosphorylation of histones has been a nodal regulator of chromatin compaction 

during important cellular processes as mitosis, meiosis and apoptosis. Histone H3 

phosphorylation is involved in chromatin relaxation and regulation of gene 

expression, as well as associated with chromosome compaction during mitosis 

and meiosis. H3 phosphorylation at T3, S10, T11 and S28 within the N-terminal 

tail of H3 are associated with chromosome condensation and segregation. The 

patterns of H3S10 and H3S28 phosphorylation in early mitosis, occurs at the 

onset of chromosome condensation during prophase (Goto H et al., 1999). 

Histone H3 is also phosphorylated on threonine 3 during mitosis by Haspin, a 

mitotic chromatin-associated kinase (Dai J, Higgins JM, 2005, Rossetto D., 

Avvakumov N., Côté J., 2012) and becomes highly enriched at inner centromeric 

regions on prometaphase and metaphase chromosomes, while its level decreases 

during anaphase, disappearing completely from decondensed chromosomes (Dai 

J, Higgins JM, 2005). Haspin plays a role in sister chromatin cohesion during 

mitosis, and its function appears to be mediated, at least in part, by 

phosphorylated H3T3. 

H4S1phosphorylation has been observed during fruit fly and mouse 

spermatogenesis (Rossetto D., Avvakumov N., Côté J., 2012). S10 residues of 

both H2B and H3 are phosphorylated during meiotic chromosome condensation 

and disappear during meiotic divisions (Ahn SH, Henderson KA, Keeney S, Allis 

CD, 2005) whereas H4S1 phosphorylation appears later in meiosis and increases 

in post-meiotic cells (Rossetto D., Avvakumov N., Côté J., 2012) and might have 

role in chromatin compaction during later stages of meiosis (Rossetto D., 

Avvakumov N., Côté J., 2012). Linker histone H1 phosphorylation is also 
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regulated in a cell cycle-dependent manner (Rossetto D., Avvakumov N., Côté J., 

2012) mediated by CDC2/CDK2 kinases (Rossetto D., Avvakumov N., Côté J., 

2012). H1 phosphorylation appears to be associated with chromatin 

decondensation rather that chromatin condensation (Roth SY, Allis CD, 1992). 

H1 phosphorylation by CDK2 disrupt its binding with HP1, resulting in 

chromatin destabilization and efficient cell-cycle progression (Hale TK, 

Contreras A, Morrison AJ, Herrera RE, 2006).   

Earlier studies demonstrated that phosphorylation of the N-terminal tail of histone 

H2B was essential for apoptosis-induced chromatin condensation (Rossetto D., 

Avvakumov N., Côté J., 2012) S14 of H2B was identified as the phosphorylated 

residue in apoptotic mammalian cells (Rossetto D., Avvakumov N., Côté J., 

2012). Phosphorylation of H2AXS139 in mammals have been found to function 

in apoptosis (Rossetto D., Avvakumov N., Côté J., 2012). H2AX phosphorylation 

increases upon DNA fragmentation and apoptosis (Rossetto D., Avvakumov N., 

Côté J., 2012) and Mst1 has been identified as the kinase responsible for apoptotic 

H2AX phosphorylation (Rossetto D., Avvakumov N., Côté J., 2012). H2BS14 

phosphorylation colocalises with γH2AX at the nuclear periphery following 

induction of apoptosis by death receptor agonists such as TRAIL or Fas-Ligand, 

or by treatment with staurosporine (Solier S et al., 2009). Another histone 

phosphorylation mark H3T45 phosphorylation was observed to occur during 

apoptosis as the target of the PKCδ kinase in normally cycling human cells (Hurd 

PJ et al., 2009) which increased in apoptotic cells. This phosphorylation event 

occurs concomitantly with or shortly after DNA nicking, and the kinetics of its 

appearance closely resembles those of caspase-3 activation probably influencing 

chromatin condensation during apoptosis. 
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1.8 Chromatin and Cancer 

There has been extensive research concerning epigenetic changes that occur 

during carcinogenesis mainly devoted to understanding two important epigenetic 

processes: regional DNA hypermethylation and alterations in the chromatin 

components of DNA packaging which are linked to one another to dynamically 

alter epigenetic regulation of gene transcription from the earliest to the latest steps 

of tumor progression (Feinberg AP, Ohlsson R, Henikoff S, 2006, Herman JG, 

Baylin SB., 2003 and Jones PA, Laird PW.,1999). 

The emerging picture of the role of chromatin in cancer is multifaceted and 

involves a complex interplay of chromatin-modifying enzymes and chromatin 

proteins. There are diverse mutations in genes involved in histone lysine 

methylation pathways associated with human cancer (Van Rechem C, Whetstine 

JR. 2014). There are reports of alterations in chromatin itself, such as histone 

H3.3 Lys27-to-methionine mutations that are highly specific to a single cancer 

type and occurs only in paediatric glioma (Morgan MA., Shilatifard A., 2015). 

Whereas there are mutations of related pathway component genes such as MLL3, 

MLL4, and UTX within the COMPASS (complex of proteins associated with 

Set1) family associated with a range of cancers, implying a broader tumor 

suppressor role (Morgan MA., Shilatifard A., 2015). Cancer genomic studies 

suggest co-occurrence as well as mutual exclusivity of mutations between related 

cancer types.  

 

1.8.1 Chromatin structural changes in cancer 

A large body of evidence implicates enhancer malfunction in cancer, and the 

molecular mechanisms of this process is yet to be elucidated (Herz et al. 2014). 

An interesting example of mis-regulation of enhancer chromatin is the classical 

chromosomal translocation in Burkitt’s lymphoma that places the c-Myc gene 

under the regulation of the immunoglobulin heavy chain enhancer, thus boosting 
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its expression in B cells, resulting in lymphomagenesis. Acute myeloid leukaemia 

also exhibits chromosomal translocation near the GATA2 and EVI1 genes 

revealing that this inversion enables GATA2 enhancer to inappropriately activate 

EVI1 expression (Morgan M.A. and Shilatifard A., 2015). 

Besides methylation abnormalities that are detected earlier, there are chromatin 

events, such as altered posttranslational histone modifications, chromatin 

remodelling, and nuclear positioning of genes, that precedes the DNA 

methylation process in cancers (Brock et al., 2007). The CpG islands are 

unmethylated and constitute actively transcribed chromatin where the 

nucleosome is less tightly wrapped, and the nucleosomes are arranged by 

remodelling factors into a linear array providing for an open configuration 

allowing access to the transcriptional machinery (Bird A.,2002 and Bird AP, 

Wolffe AP., 1999) whereas the chromatin structure is reversed in DNA associated 

with densely methylated CpG islands in gene promoter regions (Bird A.,2002 and 

Bird AP, Wolffe AP., 1999) where DNA is tightly wrapped in the nucleosome, 

and multiple nucleosomes are compacted into a higher order structure, forming 

closed, repressive local chromatin configuration (Bird A.,2002 and Bird AP, 

Wolffe AP., 1999). Thus, the nucleosome structure is a result of the states of 

chromatin balance involving differing ratios of active and repressive histone 

modifications (Briggs SD, Xiao T, Sun ZW, et al.,2002, Fischle W, Wang Y, 

Allis CD., 2003 and Jenuwein T, Allis CD., 2001) (Figure 1.8.1A). 

Treatment of cancer cells with select type I and II inhibitors of HDACs has not 

been successful in stimulating re-expression of tumor suppressor genes in tumor 

cells with densely methylated promoter regions (Brock et al., 2007). Reports 

suggest that DNA demethylation agents could cause the loss of certain 

transcriptional-silencing marks, such as H3K9me2, and restores back 

transcriptional-activation marks, such as acetylation of K9 and K14 of H3 and 

H3K4me (Brock et al., 2007). Therefore, when administered in low dose 
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following treatment with HDAC inhibitors, there is synergistic effect promoting 

gene re-expression (Brock et al., 2007).  

 

 

 

 

 

Figure 1.8.1: (A) Chromatin rearrangement in the cancer nuclei. In normal 

differentiated cells, heterochromatin is organized in the nuclear periphery by 

binding to the nuclear lamina proteins (in blue) and is organized into LADs (light 

red) whereas the active domains are tagged by euchromatin histone marks 

(magenta circles). Cancer cells display nuclear chromatin rearrangement with 

decreased lamin expression in the lamina, increased euchromatinization, and 

significant loss of LADs and LOCKs. (B) A proposed model for dynamic 3D 

chromatin architecture. a−c Constitutive estrogen stimulation in breast cancer 

A 

B 
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cells enhances stronger ERα activity recruiting its distal regulatory machinery 

and mobilizing highly dynamic gene looping. d. In acquired ER α resistant breast 

cancer cells, increased crosstalk between ERα and other signal transduction 

pathways results in altered chromatin reorganization (Figure adapted from Zhou 

Y. et al., 2019). 

 

1.8.2 Maintenance of genome stability through heterochromatin 

The heterochromatin state maintains genomic stability at multiple levels.  

Numerous examples like in mice doubly mutant for the H3K9 methyltransferases 

Suv39h1 and Suv39h2 lacking H3K9 methylation at pericentric heterochromatin, 

exhibit aneuploidy and male germline meiosis defects, and developing B-cell 

lymphoma (Peters et al. 2001). Mutations of heterochromatin HP1 protein disrupt 

genomic stability through both aberrant centromere and telomere function and 

Flies with HP1 mutations display defective chromosome segregation as well as 

telomere fusions (Morgan M.A. and Shilatifard A., 2015). Amplification of 

SETDB1 may play a role in development of human cancer (Morgan M.A. and 

Shilatifard A., 2015).  Maintenance of histone hypoacetylation is also important 

for heterochromatin function which is reflected in the study showing that the 

treatment of cells with the class I and II histone deacetylase inhibitor trichostatin 

A (TSA) results in loss of HP1 binding to pericentric regions and re-localization 

of these domains to the nuclear periphery (Morgan M.A. and Shilatifard A., 

2015). SIRT6 is frequently deleted in human cancer, and a conditional mutant 

mouse model revealed it to act as a tumor suppressor in an intestinal cancer model 

(Morgan M.A. and Shilatifard A., 2015). Studies have also showed how KDM4A 

amplification in human cancers results in focal copy number gains during DNA 

replication (Morgan M.A. and Shilatifard A., 2015).  
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1.9 PC4 and Cancer 

PC4 being a multifunctional protein involved in DNA repair, genome stability 

and interacting with several transcription factors like tumor suppressor p53, it is 

not surprising that PC4 has been reported to be deregulated in several cancers. 

PC4 binds to the promoters of many oncogenes like Myc, PLK1, BUB1 

regulating their expression and its effect can be mitigated by knocking down the 

oncogenes (Chakravarthi BV. et al., 2016). PC4 is regulated by microRNAs 

having implications in cancer like miR-101 suppresses PC4 which is often lost in 

prostate cancer leading to PC4 overexpression (Chakravarthi BV. et al., 2016).  

Besides regulating gene expression which contribute to cancer progression it is 

also involved in DNA damage repair pathways like nonhomologous end joining 

(NHEJ) by regulating expression of repair factors like XRCC4‐like factor (XLF) 

(Zhang T ,2018). Knockdown of PC4 downregulated the expression of XLF in 

esophageal squamous cell carcinoma and increased radiosensitivity of non‐small 

cell lung cancer (NSCLC) cells (Zhang T 2018 and Qian D, 2014). PC4 being a 

chromatin component modulates the chromatin epigenetic state which in turn 

regulates processes like autophagy contributing to radiation sensitivity of cells 

(Sikeder S et al., 2019) making it a potential therapeutic target for chemo-resistant 

patients. It interacts with other chromatin components like H3.3 inducing its 

acetylation regulating TSA-induced Lutenizing hormone receptor (LHR) gene 

transcription in breast cancer cells (Zhao P.,2018). PC4 knockdown reduces H3.3 

enrichment reducing LHR promoter activity in TSA treated MCF-7 cells (Zhao 

P.,2018). There are also reports of PC4 being upregulated in patient derived 

osteosarcoma tissues with poorer overall survival and advanced clinic 

pathological tumour staging (Hu X., Zhang C., et al., 2017). Depleting PC4 in the 

highly metastatic osteosarcoma inhibits the propensity for lung metastasis 

through transcriptional suppression of matrix metallo-proteinases (MMPs) (Hu 

X., Zhang C., et al., 2017). PC4 does interacts with epigenetic modifiers like 

SMYD3 histone methyltransferase potentiating a group of genes whose 
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expression is linked to cell proliferation and invasion and thus depletion of PC4 

leads to loss of SMYD3-mediated H3K4me3 regulating a distinct transcriptional 

program in cancer cells (Kim JM et al., 2015). Recent report suggests that PC4 

was significantly upregulated in breast cancer and high PC4 expression positively 

correlated with metastasis and poor prognosis of patients. The gene sets of cell 

proliferation and Epithelial-Mesenchymal Transition (EMT) positively correlated 

with elevated PC4 expression. Consistently, loss of PC4 markedly inhibited the 

growth and metastasis of breast cancer both in vitro and in vivo. Mechanistically, 

PC4 exerted its oncogenic functions by directly binding to c-Myc promoters and 

inducing Warburg effect (Luo P. et al., 2019). PC4 mediates metabolic changes 

in cells promoting glycolysis through transcriptional activation of MYC 

oncogene facilitating breast cancer proliferation and metastasis (Luo P. et al., 

2019). The same group also studied that loss of PC4 inhibits cell growth by 

suppressing c-Myc/P21 pathway and inducing cell cycle arrest at G1/S phase 

transition in androgen independent prostate cancer by promoting the expression 

of HIF-1α and activating β-catenin signalling (Luo P. et al., 2019).  Most of the 

studies have shown PC4 to be upregulated and positively regulating 

tumorigenesis in most cancers but a recent report also suggests an alternate 

possibility of downregulation of PC4 mediating disease progression mediated by 

miR-29a inducing migratory as well as invasive properties in significant 

proportion of breast cancer patient samples and as well as in orthotopic breast 

cancer models (Sikder S., et al., 2019). This report indicates the role of PC4 in 

tumour suppression (Sikder S., et al., 2019).  A recent study suggests that B-cell-

specific PC4-deficient mice showing impaired production of antibody upon 

antigen stimulation indicating PC4 as a chromatin regulator of B cells and a 

possible therapeutic target adjoining IKAROS in B cell malignancies. PC4 

overexpression was correlated with a poor outcome in pancreatic ductal 

adenocarcinoma patients. RNAi-mediated knockdown of PC4 expression in 

pancreatic ductal adenocarcinoma cell lines resulted in reduced cell proliferation 
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and tumor growth by inducing cell cycle arrest at the G1/S transition and 

suppressing the mTOR/p70s6k pathway (Su X et al., 2020). 

The role of PC4 in different cancers has been listed in the table 1.9. 

 

Cancer Type Protein Altered 

level 

Tissue/cell-type/cell- 

line 

Reference 

Prostate  PC4 Increased LnCap, VCaP, Du145, 

PC3 prostate cancer 

cells 

BVSK 

Chakravarthi,2016 and 

Luo P, 2019 

Breast PC4  Increased/ 

Decreased 

Primary breast cancer 

patient samples and 

MD-MB231 cells/ 

Patient samples, cell 

lines as well as 

orthotopic mouse 

model 

Luo P, 2019 

Sikder S. et al., 2019 

NSCLC PC4 Increased  Patient samples and  

A549, H1975, H460 and 

PC‐9 cells 

Zhang T., 2018 

ESCC PC4 Increased Patient sample and 

Kyse30, Kyse140, 

Kyse410, Kyse510 and 

TE-1 

Qian D, 2014 

Colon  PC4 Increased HCT116 colon cancer 

cell 

Kim J M., 2015 

Osteosarcoma PC4 Increased Patient derived 

osteosarcoma tissues 

Hu X., Zhang C. et al., 

2017 

Pancreatic Ductal 

Adenocarcinoma 

 PC4 Increased Patient sample and 

patient derived cell line 

Su X et al., 2020 

                       Table 1.9: Aberrant levels of PC4 in various cancers 

 

1.10 Aberrant lysine acetylation in cancer with special emphasis 

in oral cancer 

The extensive repertoire of post translational modifications (PTMs) on histone as 

well as non-histone proteins often dictate important cellular events such as gene 

expression, replication, cell cycle, DNA damage response, cell signaling 

pathways and metabolism. Particularly N-€-lysine acetylation has been identified 
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to play a pivotal role in various cellular processes and to be the key modification 

involved in the manifestation of pathophysiological conditions such as 

tumorigenesis. The dynamics of acetylation is regulated by lysine 

acetyltransferases (KATs) which are the ‘writers’ of this modification, 

bromodomain containing protein which are readers of this modification and 

lysine deacetylases (KDACs), the ‘erasers’ of acetylation. 

Many studies have correlated alterations in histone acetylation as potential 

diagnostic or prognostic biomarkers in human diseases such as cancer (Struhl, 

1998). In mouse ESCs, acetylation on H4K16 marks active enhancers and is 

involved in transcription regulation (Taylor et al., 2013). H4K16ac, along with 

H4K20me3, is often lost in cancers and is considered a universal hallmark for 

malignant transformation (Fraga et al., 2005). Alteration of histone acetylation 

patterns is also predictive of prognosis and recurrence, as in the case of prostate 

cancer, where hypoacetylation of histone H3 at K9, K18 and H4K16 strongly 

correlates with cancer recurrence (Seligson et al., 2005). Loss of H4K16ac serves 

as an early sign of breast cancer, and low levels of H3K9ac, H3K14ac and 

H4K12ac are prognostic of poor outcomes (Elsheikh et al., 2009). In non-small 

cell lung carcinoma (NSCLC), the reduction in H3K9ac is predictive of better 

survival while contrastingly, hypoacetylation at H2AK5 is correlated with poor 

prognosis (Barlesi et al., 2007). Hyperacetylation of H4K5, H4K8 and 

hypoacetylation of H4K12, H4K16 correlated with the progression of NSCLC 

(Van Den Broeck et al., 2008). Loss of H3K9 and K18 acetylation is predictive 

of better prognosis in glioma (Liu et al.,2010). The low levels of H3K18ac 

correlates with better survival in esophageal squamous cell carcinoma and poor 

survival in pancreatic adenocarcinoma patients (Manuyakorn et al., 2010; Tzao 

et al., 2009). The globular histone acetylation mark, H3K56ac, is often 

upregulated in cancers and undifferentiated cells (Das et al., 2009). 
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Hyperacetylation does seems to be an important property of tumorigenesis and 

similarly such observations are also reported in Oral cancer manifestation (Arif 

et al., 2010). Thus, hyperacetylation observed in cancers and justifies the 

necessity of epigenetic-based therapeutics as well as probing both its histone and 

non-histone substrates as prognostic marker for disease progression and exploring 

further therapeutic opportunities. 

Several studies in oral cancer have shown how KAT p300 plays a crucial role in 

driving oral cancer progression by acetylating both its histone and non-histone 

substrates that drive oral cancer gene expression (Shandilya J. et al., 2009, Arif 

et al., 2010, Kaypee S. et al., 2018 and Kaypee S. et al., 2018) and how inhibition 

of p300 with small molecule modulators can rescue the tumor growth in 

xenografted tumor model of head and neck squamous cell carcinoma (HNSCC) 

and xenografted oral tumor growth (Selvi B R. et al., 2015 and Arif et al., 2010). 

Acetylation of non-histone proteins: 

Non-histone protein acetylation often forms a major contributing factor in tumor 

disease manifestation and progression. Acetylation adds properties of enhanced 

DNA binding to TFs like p53, STAT3, E2F1 (Gu and Roeder, 1997; Martinez-

Balbas et al., 2000; Marzio et al., 2000; Yuan et al., 2005), this in turn could lead 

to increase in transactivation and gene expression by these proteins. 

Alternatively, acetylation could also decrease the DNA binding ability of certain 

proteins such as YY1, RelA, HMG proteins (Kiernan et al., 2003a; Lührs et al., 

2002; Munshi et al., 1998; Yao et al., 2001). Acetylation can increase the 

transactivation potential of proteins such as AR, GATA proteins, MyoD (Boyes 

et al., 1998; Fu et al., 2000; Gaughan et al., 2002; Hayakawa et al., 2004; 

Polesskaya et al., 2000; Sartorelli et al., 1999; Yamagata et al., 2000), but also 

exhibit reverse effect by decreasing transactivation potential of other proteins 

such as ERα, and HIF1α (Jeong et al., 2002; Wang et al., 2001). Acetylation also 
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controls an important property of protein stability which increase upon 

acetylation, by blocking ubiquitination of the same lysine residues, thus 

preventing its proteosomal degradation, this has been observed in p53, cMyc, 

Smad7 (Grönroos et al., 2002; Ito et al., 2002; Patel et al., 2004). Although 

contrasting reports of acetylation decreasing stability, like acetylated DNMT1 has 

reduced stability and gets proteosomally degraded (Du et al., 2010). Acetylation 

of lysine residues creates new surfaces for interaction with other proteins as well 

as disrupting protein-protein interactions, as seen in the case of proteins such as 

Ku70, Hsp90 (Cohen et al., 2004; Kovacs et al., 2005). Another interesting 

regulatory phenomenon mediated by acetylation is the sub-cellular localization 

of proteins for example; SRY protein gets localized to the nucleus upon 

acetylation and consequently interacts with Importin-β (Thevenet et al., 2004), c-

Abl acetylation leads to its nuclear to cytoplasmic delocalization (di Bari et al., 

2006) and membrane localization of β-catenin (Iaconelli et al., 2015).  

An important implication of this has been observed in oral cancer where 

acetylation of the non-histone substrate of p300, NPM1, makes it move from the 

nucleolus to the nucleoplasm leading to RNA Polymerase II-mediated 

transcription co-activation and gene expression promoting oral carcinogenesis 

(Shandilya et al., 2009). 

Another interesting aspect is the contribution of acetylation of certain enzymes 

can alter their enzymatic activity; acetylation of ATM kinase by Tip60 increases 

its kinase activity (Sun et al., 2005) on the other hand, KDAC1 acetylation can 

lead to dampening of its deacetylase activity (Qiu et al., 2006), similarly, 

acetylation of PTEN reduces its phosphatase activity (Okumura et al., 2006).  

Often non-histone protein acetylation can fine tune this function as been observed 

for p300. p300 autoacetylation enhances its acetyltransferase activity (Thompson 

et al., 2004). p53 being a substate of p300 activates the acetyltransferase activity 

of p300 through the enhancement of p300 autoacetylation which then 
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accumulates near the transcription start sites. Abrogation of this interaction 

abolishes p300-mediated histone acetylation, suggesting a crucial role played by 

the activation in p53-mediated gene regulation. The Gain-of function mutant p53, 

known to impart aggressive proliferative properties in tumor cells, also activates 

p300 autoacetylation (Kaypee S. et al., 2018). Thus, reversal of gain-of-function 

properties of mutant p53 suggests that molecules targeting the p53-p300 interface 

may be good candidates for anti-tumor drugs specifically in oral cancer where 

such gain of function mutants are often reported along with p300 overexpression. 

The histone chaperone NPM1 which gets acetylated by p300 is hyperacetylated 

in oral cancer patients, also seems to be a specific inducer of p300 autoacetylation 

through a reversible binding between NPM1 and p300 which can modulate p300 

acetyltransferase activity and this induction of p300 autoacetylation could be the 

cause of NPM1-mediated tumorigenicity (Kaypee S et al., 2018).  

Thus, we see that aberrant acetylation to be an important feature of tumors, and 

oral cancer presents an intriguing model to explore the possibilities of the 

regulation mediation by KAT p300 through acetylation of its non-histone 

substrates (Table 1.10). 
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Protein 

 

Lysine Residues 

acetylated 

Enzymes 

Involved 

Consequence/ 

Function 

References 

RelA 

 

K218, K221, 

K310 

p300/CBP, 

SIRT1 

 

Increased DNA 

binding and 

recruitment of 

coactivators. 

 

(Chen et al., 

2002; Huang et 

al., 2009) 

 

RelA K122, K123 p300/CBP Decreased DNA 

binding, Increased 

IκB 

binding 

(Kiernan et al., 

2003) 

p50  K431, K440, 

K441 

p300/CBP Enhanced 

transcriptional 

activation. 

(Deng and Wu, 

2003) 

STAT3  K685 p300/CBP Increased DNA 

binding, 

transcriptional 

activation. 

(Wang et al., 

2005; Yuan et 

al., 2005; 

Zhuang, 2013) 

WNT/β-catenin  K354 p300, SIRT1 Transcriptional 

activation of 

WNT target 

genes. 

(García-Jiménez 

et al., 2014; 

Levy et al., 

2004) 

c-MYC K143, K157, 

K275, K317, 

K323, and K371 

p300 Reduced 

transcriptional 

activity; Negative 

regulation of 

MYC induced 

transformation in 

cancer 

(Wasylishen et 

al., 2014; Zhang 

et al., 2005) 
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c-MYC  K149, K323, 

K417  

PCAF/GCN5, 

TIP60 

Increased 

stability. 

Patel et al., 

2004) 

c-MYC C-terminal 

domain  

CBP Increased 

stability. 

(Vervoorts et al., 

2003) 

p53 K120  Tip60 and 

hMOF 

Mediates 

expression of 

genes involved in 

DNA damage 

induced apoptosis. 

(Sykes et al., 

2006; Tang et 

al., 2006) 

p53 C-Terminal  

 

 

p300 Increased DNA 

binding and 

transcription  

(Gu and Roeder, 

1997) 

 

p53 K117, K161, 

K162  

K381 and K382 

p300 Essential for p53 

to mediate cell 

cycle arrest, 

apoptosis and 

senescence 

Interaction with 

PC4 coactivator 

(Li et al., 2012) 

(Debnath S., 

Chatterjee S., et 

al.,2010) 

p53 K382  CBP Increases p53 

affinity to CBP 

bromodomain and 

interaction with 

tandem 

bromodomains of 

TAF1. 

(Li et al., 2007; 

Mujtaba et al., 

2004) 

ERα  K229, K299, 

K302 and K303 

p300 Induces aberrant 

expression and 

proliferation of 

(Wang et al., 

2001) 



  Introduction 

109 
 

breast cancer 

cells. 

AR  K630, K632, 

K633 

p300, PCAF Enhanced 

transcriptional 

activation, 

promotes cancer 

cell growth 

(Fu et al., 2003; 

Fu et al., 2000) 

RFPL3  - CBP Upregulates 

hTERT activity 

and promotes 

cancer growth 

(Qin et al., 2015) 

Ku80 - CBP  Promotes COX-2 

expression and 

tumor growth. 

(Xiao et al., 

2015) 

PTEN K125, K128 PCAF, SIRT1 Control of growth 

factor signaling 

and gene 

expression.  

(Okumura et al., 

2006) 

PTEN K402  CBP, SIRT1 Modulates PTEN 

interaction with 

PDZ domain-

containing 

proteins 

(Ikenoue et al., 

2008) 

Notch-1 K2019,2039,2044, 

2068 

Tip60 Suppression of 

Notch-1 signaling.  

(Kim et al., 

2007) 

Smad2  K19, K20, K39 p300/CBP Modulates TGF-β 

and Activin 

responses. 

(Tu and Luo, 

2007) 

Smad3  K378 p300/CBP Positively 

regulates Smad3 

(Inoue et al., 

2007) 
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mediated 

transcription. 

E2F1  K117, K120, 

K125 

PCAF, 

HDAC1 

Increased DNA-

binding ability, 

activation 

potential and 

protein half-life. 

Leads to Increased 

cell proliferation. 

(Martinez-

Balbas et al., 

2000) (Marzio et 

al., 200 

p73a  K321,327,331 p300 Gets recruited to 

pro-apoptotic 

promoters and 

induces apoptosis. 

(Costanzo et al., 

2002) 

FoxO1  K242, K245, 

K262 

p300/CBP, 

PCAF, SIRT1 

Diminishes DNA 

binding, reduces 

activity. 

(Calnan and 

Brunet, 2008) 

RUNX1  K24, K43 p300 Increases DNA 

binding ability. 

(Wang et al., 

2009) 

NPM1  K212, K215, 

K229, K230, 

K257, K267 and 

K292 

p300, SIRT1 Delocalizes to 

nucleoplasm, 

activates NPM1 

mediated 

transcription.  

(Shandilya et al., 

2009) 

HMGA1  K65, K71 CBP, PCAF Modulates 

transcription of 

IFN-β upon viral 

infection. 

(Munshi et al., 

2001) (Munshi 

et al., 1998) 

HMGB1  K2, K11 CBP Acetylated upon 

LPS activation in 

monocytes and 

macrophages, 

(Pasheva et al., 

2004) (Sterner et 

al., 1979) 
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triggers 

inflammation. 

YY1  K261-233 HDAC1 Suppresses DNA 

binding. 

(Yao et al., 

2001) 

MATIIα  K81 p300, 

HDAC3 

Destabilizes 

protein, leads to 

repression of cell 

growth. 

(Yang et al., 

2015) 

DNMT-1  - Tip60, 

HDAC1 

Destabilization of 

DNMT1. 

(Du et al., 2010) 

MPP-8  K439 PCAF, SIRT1 Destabilizes MPP-

8, inhibits EMT. 

(Sun et al., 

2015a) 

Smad 7 K64, K70  p300 Increases protein 

stability. 

(Grönroos et al., 

2002) 

(Simonsson et 

al., 2005) 

HIF-1α K709  p300, 

HDAC1 

Stabilizes protein, 

sensitizes cells to 

hypoxiainduced 

growth arrest. 

(Geng et al., 

2012) 

E2F1 K117, K120, 

K125  

PCAF, 

HDAC1 

Increased DNA-

binding ability, 

activation 

potential and 

protein half-life. 

Leads to Increased 

cell proliferation. 

(Martinez-

Balbas et al., 

2000) (Marzio et 

al., 2000) 

RAS  K104  Negative 

regulation of RAS 

oncogenicity. 

(Yang et al., 

2012) 
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Table 1.10: Non-histone protein acetylation and its consequence in cancer 

destabilization of 

the interactions 

with guanine 

nucleotide 

exchange factors 

pRB  K873, K874 p300, PCAF Increased affinity 

to MDM2, hinders 

phosphorylation 

and cell cycle 

progression. 

(Chan et al., 

2001; Nguyen et 

al., 2004) 

HDAC1  K218, 220, 432, 

438, 439, and 441 

p300, SIRT1 shows reduced 

deacetylation 

function. Loses 

ability to 

deacetylate p53, 

stabilizing p53 

during heat stress. 

(Qiu et al., 2006; 

Yang et al., 

2015) 

Beclin-1  K430, K437 p300, SIRT1 Inhibits 

autophagosome 

maturation 

(Sun et al., 

2015) 

Snail  Snail K146, K187 

CBP Switches 

Snail from being a 

repressor to an 

activator. (Hsu et 

al., 2014) 

CBP Switches Snail 

from being a 

repressor to an 

activator 

(Hsu et al., 

2014) 

Tubulin  K40 HDAC6, 

SIRT2 

Modulates 

organization of 

microtubule 

network. 

Hubbert et al., 

2002) 

(Matsuyama et 

al., 2002) (North 

et al., 2003) 
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1.11 Aim and Scope of the Study 

The ordered three-dimensional organisation of the eukaryotic genome is designed 

and regulated such that it forms the foundation for various cellular process. The 

non-histone chromatin proteins form an integral part of the functional component 

of this genome and in regulating its dynamics. Human Positive Coactivator 4 

(PC4) is a highly abundant nuclear protein that is crucial for genome integrity and 

exhibits its gene regulatory effects spanning from DNA repair, cell cycle, 

hypoxia, differentiation to autophagy. The several reports that reveal the role of 

PC4 in cancer manifestation and disease progression makes it even more 

necessary to tweak with the functionality of this protein that may provide 

opportunities for exploring therapeutic or diagnostic targets. PC4 initially was 

discovered as a transcriptional coactivator protein and later studies showed its 

extensive involvement in the transcription cycle by interacting with RNA pol II 

associated TFs like TFIIB and Rbp4/7 during pre-initiation, TFIIA and TFIID 

stabilizing PIC, with TFIIE during the initiation–elongation transition to stabilize 

the melted promoter as well as with elongation factor Spt5 and termination factor 

Cstf46 controlling elongation and termination steps as well (Garavís M., Calvo 

O., 2017 and Calvo O., 2018). PC4 regulates an intrinsic step during transcription 

by regulating RNA pol II CTD phosphorylation through genetical and functional 

interaction with Mediator Head and Cdk modules during preinitiation via Rpb4/7 

and forms the nodal point of regulating processes involved in mRNA biogenesis 

(Garavís M., Calvo O., 2017 and Calvo O., 2018). This gives an intricate picture 

of how PC4 could be fine tuning the whole transcription process; given that it 

acts as a coactivator for a number of TFs like p53, NFκB that are involved in 

different signaling pathways implies how PC4 could be integrating 

environmental signals into appropriate cellular responses. 

On the other hand, studies from our group have shown that knocking down PC4 

disrupts the integrity of the nucleus, disrupts the chromosome segregation and 
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spindly assembly, inducing vesicular bodies to form and makes certain chromatin 

regions accessible indicating PC4 is also important in maintaining the genome, 

which is beyond its association with the transcriptional machinery. It does act as 

an important chromatin architect. The discovery of PC4 to be a chromatin protein 

inducing chromatin condensation forms one of the pillars of PC4’s role a genome 

organizer. 

As stated earlier, PC4 has a transcription regulation function as well as functions 

beyond transcription. So, there must be some regulatory switch within the cell 

that controls different aspects of PC4 under different cellular conditions. Post-

translational modification often forms a major component leading to 

multifunctionality of single protein under different cellular contexts. It was thus 

quite compelling for us to explore the implications of different modifications of 

PC4 in cells. Soon after discovery of PC4, it was found to be enriched in the 

phosphorylated form in cellular extract and it was surprising to see that 

phosphorylated form of the protein negatively regulated its coactivator function. 

Mass spectrometric analysis combined with mutational analysis showed that 

majority of the sites getting phosphorylated in vivo where within the first serine 

rich acidic tract and Casein Kinase II, CKII was the kinase responsible for its 

phosphorylation. Subsequent studies proposed a model how phosphorylation 

could hinder the environment in the following lysine rich region and C-terminal 

domain involved in DNA biding and activation. Our group has also shown how 

phosphorylation abolishes PC4’s dsDNA binding ability, DNA bending property 

as wells as p53 activation by PC4. These observations intrigued us that despite 

negatively regulating its coactivator function, there is such abundance of 

phosphorylated form of PC4 in the nucleus. Since PC4 is also a chromatin protein 

and crucial for maintenance of the genome, it is thus imperative for us to explore 

whether phosphorylation is important for this aspect of PC4. The discovery of 

PC4 as chromatin protein has stated that it could be mediated via its interaction 



  Introduction 

115 
 

with core histones, specifically H3 and H2B and no interaction was reported with 

linker H1. We wanted to explore whether the phosphorylated form so abundantly 

present in the nucleus interacts with linker histone H1 and it was interesting to 

see H1 interacted only with phosphor form of the protein. This observation 

encouraged us further to study the chromatin condensation function of the 

phosphor-protein. A lot of observations stated PC4 being involved in different 

process like autophagy, neurogenesis by regulating gene expression, but exact 

mechanism of this regulation is not clear. Thus, it becomes imperative to study 

the implications of PTMs of a protein which can help us explain the observations 

seen upon its knockdown. Investigating the role of PC4 phosphorylation by CKII 

helps us to mechanistically explain the phenomenon of global chromatin 

decompaction and altered epigenetic landscape that is observed upon depleting 

PC4 that leads to alteration in specific gene expression. Our study unveils that 

hyperphosphorylation of the serine rich N-termini of PC4 is critical for its 

chromatin functions and the epigenetic state of the cell which translates into its 

gene expression regulatory effects, justifying the abundance of this form of PC4 

that is present within cells and providing an additional axis to modulate its 

functions. 

PC4’s N terminus is interesting as it forms a hub for different modifications to 

occur to regulate its function. As stated above one such modification was 

phosphorylation occurring in its serine rich acidic tracts, but following first serine 

rich acidic tract is a lysine rich domain that undergoes acetylation. Studies from 

our group has shown p300 to be a prominent KAT that not only acetylates the 

protein but adds distinct properties to the acetylated PC4. The observation of 

acetylated PC4 to be a better dsDNA binding protein, a better DNA bending 

protein explains the enhanced p53 activation by acetylated PC4. These 

observations hint at the possibility of PC4 acetylation being a mediator for its co-

activator function. We know that p300 is an important coactivator mediating 
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transcription through acetylating the chromatin including both histones and non-

histone substrates. One of the well-studied, factor of p300 being p53 both 

Wildtype as well as mutants found in different cancers. p300 regulates p53 

transcription as well its stability and interestingly acetylation of lysine 381 and 

382 of p53 by p300 mediates its interaction with PC4. PC4 on the other hand is a 

global regulator of p53 mediating its gene expression. Putting together each of 

these dots, creates a possible picture of p300, PC4 and p53 to be part of one 

complex mediating transcription. Identification of several lysine residues of PC4 

to be acetylated in vivo through mass spectrometric studies done earlier in our lab 

gave us leads to explore the implications of acetylated form of the protein by 

mutating those lysine residues. Several lysine mutants were generated and tested 

by Histone acetyl transferase (HAT) assay by p300 to see the sites critical for 

p300 mediated acetylation. In order to probe into the implications of p300 

mediated acetylation of PC4 in transcription, raising a site-specific acetylation 

antibody is imperative. In this study we show that we succeed in raising a site-

specific acetylation antibody against PC4 and has been validated through several 

assays for these sites being specific for p300 mediated acetylation. An interesting 

observation was to see that metaphase chromosome is devoid of acetylated PC4 

and acetylated-PC4 was observed in interphase nucleus corresponding to its 

possible association with transcriptionally active regions present in the open 

chromatin. PC4 has been reported to be upregulated in several cancers and 

involved in regulating tumor genes such as Myc, MMPs, Bub1, p53, Lutenizing 

hormone receptor, XLF which contribute to cancer manifestation through several 

ways. On the other hand, aberrant acetylation is an important feature of several 

cancers including oral cancer, where p300 has been reported to be mediate 

hyperacetylation of both histones as well as non-histones as NPM1 which in turn 

regulate gene expression to promote tumorigenesis. Therefore, it is imperative to 

explore the various other non-histone substrates of p300 that could have 

implications in oral cancer manifestation. One of the prominent substrates is PC4 
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which has been implied to drive gene expression contributing to invasion, 

migration, proliferation, radiation resistance properties of several cancers. Thus, 

exploring p300 mediated acetylation of PC4 in oral cancer manifestation may 

provide new insights to various gene pathways being regulated to drive tumour 

progression as well as provide opportunities to develop new drug targets 

disrupting this acetylation process. 

 

1.12 Thesis Objectives and Objective-Specific Relevance 

Considering the above stated background knowledge, we laid down the objectives 

of the present thesis as follows: 

 

1.12.1 Implications of CKII mediated phosphorylation of PC4 on 

its genome organizing function and thereby gene expression 

In cells PC4 largely exists as a phosphor- protein. Casein Kinase II (CKII) is the 

dominant kinase responsible for its hyperphosphorylation at the N-terminal 

serine-rich region. Phosphorylation negatively regulates its double strand DNA 

binding and unwinding ability, co-activator function and its acetylation by p300. 

Despite the inhibitory effects of phosphorylation, the abundance of 

phosphorylated PC4 in cells intrigued us to investigate the functional implications 

of the phosphorylation. negatively regulate the coactivator function (Ge and 

Roeder.,1994 and Jonker H.R.A et.al., 2006). Till now, the functional 

consequence of phosphorylation of PC4 has been shown in the light of its cofactor 

binding properties where the positive charge of its lysine-rich region gets 

progressively masked by phosphoserines (Jonker H.R.A et.al., 2006). This study 

shows the physiological relevance of this protein modification in mediating 

PC4’s chromatin functions. We started with series of serine mutants and 
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identified the serine residues critical for CKII mediated phosphorylation and 

interestingly, we found that CKII mediated phosphorylation of PC4 is critical for 

its interaction with linker histone H1. We explored the chromatin condensation 

ability of phospho-PC4 in an in vitro reconstituted nucleosomal array, which not 

only indicated phosphomimic PC4 to be a better chromatin condenser by itself 

but also complemented linker histone H1 in mediating further chromatin 

compaction. Cellular studies with ectopic overexpression of Flag tagged wild 

type, phospho-mimic and phospho-defective PC4 mutants in an endogenous PC4 

knockdown background showed that phosphorylation is critical for its chromatin 

compaction ability. We further probed the implications of phosphorylation on the 

expression of neuronal genes repressed in non-neuronal cells via PC4 mediated 

heterochromatinization and some core autophagy genes and observed that the 

repression of neuronal and autophagy gene expression is indeed phosphorylation 

dependent. Collectively, our study unveiled that hyperphosphorylation of the 

serine rich N-termini of PC4 is critical for its chromatin condensation functions 

and thereby the underlying gene expression. Till date studies have shown PC4 to 

regulate gene expression by directly binding to the promoter of the genes (Sikder 

S. et al., 2019; Chakravarthi BVSK. et al., 2013; Luo P. et al., 2019) and 

interacting with transcription machinery throughout the transcription cycle 

(Calvo O, 2018) but this study shows for the first time that phosphorylated PC4 

regulates gene expression by modulating chromatin state. It would be further 

interesting to look into structural mechanisms of PC4 mediated chromatin 

compaction by solving the cryo-EM structure of PC4 bound nucleosome and PC4 

bound-chromatosome. This study is an important example of a post-translational 

modification like serine phosphorylation, switching the function of a 

transcriptional co-activator to a regulator of functional genome organisation that 

control the chromatin state and gene expression. 
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1.12.2 Implications of p300 mediated acetylation of PC4 regulating 

its coactivator function and probable role in cancer manifestation 

Eukaryotic genome is organized as a highly dynamic nucleoprotein structure: 

which not only comprises of histones and DNA but also large number of non-

histone chromatin associated proteins and RNA. As we discussed earlier the 

diverse functions of PC4 is reasonably brought about by its different post 

transcriptional modifications and interactions with several cellular proteins. We 

have shown that PC4 gets acetylated by lysine acetyltransferase p300 and 

identified the critical residues by conducting assays with different lysine 

defective mutants. Earlier studies have indicated that acetylation of PC4 by p300 

enhances its dsDNA binding ability, DNA bending ability as well as its ability to 

activate p53 function which compelled us to explore the possibility of acetylated 

PC4 in regulating its transcriptional functions. We have identified the lysine 

residues which are the probable targets of p300 enzyme and raised the acetylation 

site specific antibody that enabled us to assign the cellular function of acetylated 

PC4. However, our recent screening suggests that PC4 could be acetylated by 

other lysine acetyltransferases in a context dependent manner, for example by 

KAT5A/Tip60 and its implications are currently being studied. In this study we 

tried investigating the cellular localization of acetylated PC4 using acetylation 

specific antibody along with PC4 localization across different chromosome stages 

through immunofluorescence which indicated that acetylated PC4 is present 

mostly in the interphase nucleus and it re-appears at the telophase stage and is 

completely absent from the metaphase chromosome whereas PC4 is present 

through different stages. Thus, indicating acetylated form of PC4 is associated 

with relatively active open chromatin. PC4 has been the driver for several 

oncogenes like Myc, Bub1, and genes involved in metastasis like MMPs and 

proliferation. The reports of PC4 being upregulated in several cancers along with 

the evidence of p300 being upregulated in oral cancers, led us to study this protein 
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acetylation oral cancer cells as well as patient samples. In oral cancer it has been 

shown that catalytically active p300 creates a hyperacetylated environment by 

acetylating both its histone and non-histone substrates, one of them being 

acetylated NPM1 which drives gene expression in oral cancer manifestation. 

Since PC4 has been shown to be over expressed in oral cancer cells as well as in 

patient samples, and it compelled us to explore the implications of acetylated PC4 

in driving tumor gene expression. Thus, understanding PC4-p300 axis in 

mediating gene expression would provide us an additional opportunity to explore 

new drug targets or prognostic marker. 
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Chapter 2: Materials and Methods 
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2.1. General Methods  

2.2. Cloning  

2.3. Protein purification  

2.4. Protocol for different in vitro assays and analysis 

2.5. Protocol for different in vivo assays 

2.6. Cell Culture 

2.7. Generation of Polyclonal antisera 
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2.1 General Methods 

2.1.1 Bacterial Transformation 

Competent cells were thawed on ice for 10 mins. Approximately 100ng of 

plasmid DNA was added to it and was further incubated on ice for 30mins. A 

brief heat shock at 42⁰C was given for 90 seconds and cells were immediately 

kept on ice for 5mins. 1ml LB was added and cells were grown in 37⁰C shaker 

incubator for 45mins-1hour. Cells were pelleted down and plated on LB agar 

plates with suitable antibiotic for selection. Plated LB agar plates were kept in 

37⁰C incubator for 10-12 hours. 

 

2.1.2 Preparation of bacterial competent cells 

E. coli strains DH5α were inoculated overnight from respective frozen glycerol 

stocks in 5ml Luria Broth (LB; Himedia) media. The overnight culture was 

streaked on fresh LB agar plate and incubated at 37⁰C for 8-10 hours. Single 

colony from the plate was inoculated in 500ml of medium A (10mM MgSO4 and 

11mM glucose in LB) and was grown in 37⁰C shaker incubator till OD600 

reaches 0.3. Culture was cooled and pelleted at 4⁰C, 4000rpm for 10mins. Pellet 

resuspended in 5ml ice cold medium A and again centrifuged for 10mins. Finally, 

pellet was resuspended in 25ml of storage buffer B (36% glycerol, 12mM MgCl2, 

12% PEG-8000) and 100μl of cell suspension aliquots were frozen in liquid 

nitrogen and stored at -80⁰C. 

E. coli strains BL21 were streaked on a LB agar plate from thawed frozen stock, 

and cultured overnight at 37°C. About ten to twelve large (2-3 mm in diameter) 

colonies were isolated with a plastic loop, inoculated to 250 ml of SOB medium 

(2% Bacto tryptone/0.5% yeast extract/10 mM NaCl/2.5 mM KCI/10 mM 

MgCI2/10 mM MgSO4) in a 2-liter flask, and grown to an A6oo o of 0.6 at 18°C, 

with vigorous shaking (200-250 rpm). The flask was removed from the incubator 
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and placed on ice for 10 min. The culture was transferred to a 500ml centrifuge 

bottle and spun at 3000 rpm for 10 min at 4°C. The pellet was resuspended in 

80ml of ice-cold Transformation Buffer (TB) (10 mM Pipes/55 mM MnCI2/15 

mM CaC12/250mM KCI), incubated in an ice bath for 10 min, and spun down as 

above. The cell pellet was gently resuspended in 20 ml of TB, and DMSO was 

added with gentle swirling to a final concentration of 7%. After incubating in an 

ice bath for 10 min, the cell suspension was dispensed by 1-2 ml into tissue-

culture cell-freezing tubes and immediately chilled by immersion in liquid 

nitrogen. The frozen competent cells were stored in -80⁰C for without a detectable 

loss of competence. 

 

2.1.3 Whole cell extract preparation 

Cells were harvested by scraping following 1XPBS wash. Cells were collected 

and pellet down by centrifugation at 1000rpm for 3mins at 4⁰C. Pellet was 

resuspended in 1X SDS dye and boiled at 90⁰C for 15minutes and given a short 

spin before loading. Laemmli buffer: Cells were harvested and centrifuged at 

2000rpm for 3minutes at 4⁰C. Cell pellet was washed with cold 1X PBS and 

resuspended in 10 times packed volumes of cell pellet in laemmli buffer 

(0.125mM Tris-Cl, pH 6.8, 4% SDS, 20% Glycerol).5X SDS loading dye was 

added to samples and were boiled for 5minutes at 90⁰C and later used for western 

blotting. For making RIPA lysate cells were harvested and lysed in RIPA buffer 

(20 mM Tris-HCl (pH 7.5) 150 mM NaCl, 1 mM Na2EDTA 1 mM EGTA 1% 

NP-40 1% sodium deoxycholate 2.5 mM sodium pyrophosphate 1 mM β-

glycerophosphate 1 mM Na3VO4 1 µg/ml leupeptin) for 3hrs at 4⁰C in end to 

end rotor and then spun at 13000rpm at 4⁰C for 15mins to collect the supernatant 

as RIPA lysate. 
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2.1.4 DNA Isolation 

Plasmid DNA extraction was done using Sigma mini and maxi prep kits 

according to the manufacturer’s protocol. Briefly, overnight grown culture was 

pelleted and 

resuspended till homogeneity in resuspension buffer. Alkaline lysis buffer was 

utilized to lyse the cells and followed by neutralizing the solution. Supernatant 

obtained was allowed to bind to the column through centrifugation. Following 

two washes of the column, bound DNA was eluted using TE buffer or water. 

 

2.1.5 RNA isolation 

2.1.5.1 RNA extraction from mammalian cells 

Cells were rinsed with PBs and the lysed directly in 1ml of TRIZOL (Ambion) 

from 60mm dishes using cell scraper. 0.2 ml of chloroform per 1 ml of TRIZOL 

Reagent was added and the samples were vortexed vigorously for 15 seconds and 

incubate them at room temperature for 2 to 3 minutes. The samples were 

centrifuged at 12,000 x g for 15 minutes at 2 to 80°C. Following centrifugation, 

the RNA containing aqueous phase was collected from mixture containing 

phenol-chloroform phase, an interphase. The RNA was precipitated from the 

aqueous phase by mixing with isopropyl alcohol. 0.5 ml of isopropyl alcohol per 

1 ml of TRIZOL Reagent was used. The samples were incubated for 10 minutes 

and centrifuged at 12,000 x g for 10 minutes at 4°C. The RNA forms an invisible 

gel-like pellet on the side and bottom of the tube after ethanol precipitation. The 

supernatant is completely removed and the RNA pellet is washed twice with 1ml 

of 75% ethanol. The RNA pellet is air-dried for 5-10 minutes dissolved in 

autoclaved milliQ water before measuring the concentration by Nanodrop. RNase 

free DNase I (NEB) treatment of the extracted RNA was carried out using 1μLof 

the enzyme for 10μg of RNA in presence of DNaseI buffer (NEB) at 37°C for 

10mins followed by addition of 1ul of 0.5M EDTA and heat inactivation at 75°C 
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for 10 minutes. The DNaseI digested RNA was then subjected to ethanol 

precipitation before measuring the concentration at 260nm. The quality of the 

RNA was roughly assessed by A260/A280ratio. Further, the RNA was 

electrophoresed on a 1.2% agarose gel to check the quality of the RNA (Figure 

2.1). 

 

Figure 2.1: Lanes 1-5 represent the profile of 1μg of total RNA extracted from 5 

different cells, resolved on a 1% agarose gel and visualized by EtBr staining. 

 

2.1.5.2 RNA extraction from patient samples 

RNA from patient samples were either obtained from paraffin-embedded tissues 

or from solid tumors stored in RNA Later solution at -80 degrees. For paraffin-

embedded tissues first, deparaffinization was carried out by xylene method 

followed by Proteinase K digestion. For solid samples, it was crushed using a 

sterile mortar and pestle using liquid nitrogen. RNA Later was quickly blotted 

away using a solution with an absorbent lab wipe or paper towel, and then 

submerged the sample in RNA isolation lysis solution i.e. TRIZOL. The tissue 

was promptly homogenized after placing it in lysis/denaturation solution. The 

tissue samples were homogenized in 1 ml of TRIZOL reagent per 50 to 100 mg 

of tissue using KIMBLE dounce homogenizer (Sigma). The sample volume was 

not more than 10% of the volume of TRIZOL Reagent used for the 
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homogenization. To ensure efficient precipitation of the RNA the isopropanol 

step was done overnight. This was followed by ethanol wash and the pellet was 

dried similarly and dissolved in water. All the RNA extracted was analyzed 

through spectrophotometric analysis for absorbance at 260nm, 280 nm and 

230nm. Pure RNA samples having A260/280 between 1.9-2.0 and A260/230 >1.7 

were used for further gene expression analysis. The integrity of the RNA and its 

purity was measured by the absorbance 260/280nm, since the ratio was more than 

1.5, presumably the RNA was substantially intact. 

 

2.1.6 Nucleic Acid estimation 

Nucleic acid concentration estimation was done using Nanodrop-1000 

spectrophotometer (Thermo scientific) by measuring the absorbance of 1μL of 

DNA/RNA at 260nm wavelength where A260 of 1 corresponds to 50ng/μL. The 

purity of the sample was verified by A260/A280 ratios. 

 

2.1.7 Estimation of Protein Concentration 

Biorad protein estimation reagent was used to estimate protein concentration 

using manufacture’s protocol. Known concentrations of BSA were used for 

plotting standard curve. A linear curve generated y absorbance values of known 

BSA concentrations was employed to assign concentration of the unknown 

protein samples. Recombinant protein concentration was estimated by running 

increasing concentrations of BSA along with protein of interest on SDS-PAGE 

gel. 

2.1.8 Agarose Gel Electrophoresis  

Electrophoresis was performed for detection, analysis and purification of 

DNA/RNA by using 0.8-1% agarose (Sigma) gel in 1X TBE (0.09 M Tris borate 

and 0.002 M EDTA) electrolyte. Samples were mixed with 6X loading buffer to 

make final concentration as 1X (for 1X- 0.25% Bromophenol Blue, 0.25% 
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Xylene cyanol in 40% Sucrose), loaded on the gel, electrophoresed at 150V in 

1X TBE and stained in ethidium bromide solution (10μg/100 ml water) for 20 

min. The stained nucleic acids were then visualized in the long wavelength UV 

lamp (Biorad), after destaining them with distilled water. 

 

2.1.9 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)  

Purified Proteins and lysates were resolved according to their molecular weights 

in an SDS-PAGE. The resolving gels were made with either, 12 or 15% of 

acrylamide based on the resolution required in 0.375 M Tris-Cl (pH8.8), 0.1% 

SDS, 0.1% APS and 8% TEMED. The stacking gel composed of 5% acrylamide 

0.375 M Tris-Cl (pH6.8), 0.1% SDS, 0.1% APS and 8% TEMED was layered on 

top of the resolving gel. Protein samples were prepared with 5X SDS sample 

buffer (for 1X- 50 mM Tris-HCl pH 6.8, 100 mM DTT, 0.1% Bromophenol blue, 

10% Glycerol), and electrophoresed in Tris-glycine- electrophoresis buffer (25 

mM Tris, 250 mM Glycine pH8.3, 0.1% SDS) after heating at 90°C for 5mins. 

To visualize the protein gel was stained with Coomassie Brilliant Blue (CBB) 

(45% MeOH, 10% glacial CH3COOH, 0.25% CBB), followed by destaining in 

Destaining solution (30% MeOH, 10% glacial CH3COOH). 

 

2.1.10 Western blot analysis 

The purified proteins or whole cell lysates were resolved by SDS-PAGE 

(denaturing PAGE) and equilibrated for 5mins in transfer buffer (25mM tris, 

192mM glycine, 0.038% SDS and 20% MeOH) along with the methanol 

activated PVDF membrane (Millipore). Using a semidry western transfer 

apparatus (Biorad) the resolved proteins were transferred on to the PVDF 

membrane at 25 V, for 20-40 mins depending upon the molecular weight of the 

protein. After blocking the PVDF blots with either 5% skimmed milk solution or 

2% BSA in PBS overnight at 4°C or at room temperature for 1 hr the blots were 
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probed with primary antibody diluted in 2.5% milk solution or 3% BSA according 

to the dilutions standardized for each protein in cell lysates, for a period of 8-12 

hrs at 4°C depending on the affinity of the antibody. Further, after subjecting to 

washing with 1X PBS or PBST (PBS with 0.1% Tween 20), appropriate HRP 

conjugated secondary antibody solution was added and incubated for 1hr at room 

temperature, after which the blots were washed once again as mentioned earlier. 

The signal from expected protein of interest was developed using the Biorad 

Clarity chemiluminescence kit, as per the manufacturer’s protocol. The blots 

were exposed in TMS (Kodak X-Ray films), for different time points and 

developed using GBX-Developer-Fixer Kit (Premiere Kodak reagents) or by 

using Biorad Chemidoc system. 

 

2.1.11 Real time quantitative RT-PCR  

Control or variously treated cells were harvested and lysed using TRIzol™ and 

total RNA was isolated and resolved on a 1% agarose gel to check for the integrity 

of the RNA to be subsequently used as template for complimentary DNA (cDNA) 

synthesis. The cDNA strand was prepared using oligo-dT23 (Sigma #O4387), M-

MLV Reverse Transcriptase (Sigma #M1302) and RNaseOUT™ Recombinant 

Ribonuclease Inhibitor (Invitrogen™ Reagent #10777019) as per manufacturer’s 

recommendations. This cDNA was used for real time PCR (RT-PCR) analysis 

using SYBR-Premix Ex Taq™ II (Tli RNaseH Plus) (Takara # RR820A) with 

10pmol of specific primers (mentioned below) and different dilutions of the 

respective cDNAs. RT-PCR reactions were carried out in Step One Plus™ Real-

Time PCR (Applied Biosystems) machine and amplification protocols were 

followed as indicated in the manufacturer’s protocol. PCR conditions were 

standardized for each set of primers used. Fold expression change was calculated 

using ΔΔCt method using actin gene primers as internal control. Specificity and 

sensitivity of the primers was ascertained by melt curve analysis. The sequence 

for the different primers used for RT-PCR been shown in table 2.1. 
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Sl. 

No. 

Gene Name Forward Primer (5’-3’) Reverse Primer (5’-3’) 

1 β-Actin AGATGTGGATCAGCAAGC

AGGAGT 

TCCTCGGCCACATTGTGAACTT

TG 

2 SCN2 GCTTTCTGATGTCATGATC

TTGACTGTG 

CGTGTAGCCATAGTTGGGGTTT

CTACC 

3 GAD1 GCGCCCCACAACGTACGA

TACC 

CACCACTTCCAGGAGGAATTG

C 

4 M4 GGCCTCATGATTGCTGCT

GCC 

GGCTCTTGAGGAAGGCCAG 

5 AMPKalpha1 GTCAAAGCCGACCCAATG

ATA 

CGTACACGCAAATAATAGGGG

TT 

6 AMPKalpha2 CAGGCCATAAAGTGGCAG

TTA 

AAAAGTCTGTCGGAGTGCTGA 

7 ULK1 GTCACACGCCACATAACA

GA 

CCATCAAGGTGATGAGGAAGA

A 

8 ULK2 CCCTCCCAAGTCTCATGTT

TAG 

TCTGATGTGGTTTCCTCTGATG 

9 DRAM1 GTCAGCCGCCTTCATTATC

T 

CACTCTCTGGAGGTGTTGTTC 

10 PC4 AGGTGAGACTTCGAGAGC

CCTGT 

TTCAGCTGGCTCCATTGTTCTG

G 

 

Table 2.1: Sequences for different qRT-PCR primers used for the genes 

mentioned 
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2.2 Cloning 

2.2.1 Sub-cloning 

For sub-cloning into bacterial and mammalian expression vectors, specific 

primers were used to amplify the various ORFs from the validated E. coli 

expression clones. Amplicons were purified by agarose gel extraction procedure 

and then the extracted DNA (2μg) was digested with the appropriate restriction 

enzymes (NEB) in their recommended compatible buffers. Similarly, the vector 

(2μg) was also digested under same conditions as the amplicons. The digested 

products were gel purified by agarose gel electrophoresis. Subsequently 1:3 or 

1:5 molar ratio of vector to insert and maintaining 100-200ng total digested vector 

DNA was ligated at room temperature for 10-12 hrs using T4 DNA ligase (NEB). 

After ligation the total reaction mixture was transformed into E. coli (DH5α) and 

plated onto LB-agar containing the prescribed amount of the suitable antibiotic 

based on the selection marker gene present in the cloned vector. Individual 

colonies were amplified in LB broth and plasmid was isolated. Prior to expression 

these clones were verified by restriction digestion (Figure 2.2.1) to release the 

inserts of expected length and further corroborated by sequencing these clones 

individually. 

 

 

A B 
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Figure 2.2.1: Clone confirmation of Flag-PC4. A. Vector map of p3XFlag-

CMV10 used for cloning of Flag- PC4 mammalian expression construct. B. 

Confirmation of the respective clone of Flag-PC4 by double digestion of the 

clones with the restriction endonucleases HindIII and XbaI. The cloned insert has 

been represented by the blue arrow.  

 

2.2.2 Site directed mutagenesis 

To create various point mutants, primers were designed spanning the nucleotide 

coding for the desired residue to be mutated using the QuikChange Primer Design 

tool (Agilent), as per manufacturer’s instructions. Briefly, the chosen expression 

plasmid containing the ORF was taken as template (50ng) and amplified using 

Pfu polymerase supplied with QuickChange II XL site directed mutagenesis kit 

(Agilent). The PCR product was incubated with Dpn1 for 2hrs at 37°C to digest 

the methylated template DNA and the digested product was then transformed into 

E. coli (XL10 Gold). Screening of the desired mutation was confirmed by 

sequencing (Figure 2.2.2). 

The list of the different primers used for the present study has been enlisted in 

Table 2.2.2. 
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Sl.

No

. 

Mutant generated 

 

Forward Primer 

(5’-3’) 

 

Reverse primer 

(5’-3’) 

1 Untagged PC4S13D-

S15D 

ACCTCACTGTCAGAAT

CATCGCCATCAGAGCT

TGAAGAAACAAGTTC

CTTTGATTTAGG 

CCTAAATCAAAGGAACTTGTT

TCTTCAAGCTCTGATGGCGAT

GATTCTGACAGTGAGGT 

2 Untagged PC4S13D-

S15D- S17D S19D 

CTTGTTTCTTCAAGCT

CTGATGGCGATGATG

ATGACGATGAGGTTG

ACAAAAAGTTAAAGA

GG 

CCTCTTTAACTTTTTGTCAACC

TCATCGTCATCATCATCGCCA

TCAGAGCTTGAAGAAACAAG 

3 3X Flag tagged 

PC4S13D -S15D 

ACCTCACTGTCAGAAT

CATCGCCATCAGAGCT

TGAAGAAACAAGTTC

CTTTGATTTAGG 

CCTAAATCAAAGGAACTTGTT

TCTTCAAGCTCTGATGGCGAT

GATTCTGACAGTGAGGT 

4 3X Flag tagged 

PC4S13D S15D- 

S17D S19D 

CTTGTTTCTTCAAGCT

CTGATGGCGATGATG

ATGACGATGAGGTTG

ACAAAAAGTTAAAGA

GG 

CCTCTTTAACTTTTTGTCAACC

TCATCGTCATCATCATCGCCA

TCAGAGCTTGAAGAAACAAG 

5 3X Flag tagged PC4 

K26R K28R 

CTGGAGCAACTTGCTT

TCTCCTCCTTAACTTT

TTGTCAACCTCACT 

AGTGAGGTTGACAAAAAGTT

AAGGAGGAGAAAGCAAGTTG

CTCCAG 

6 3X Flag tagged PC4 

K26Q K28Q 

TTTTTCTGGAGCAACT

TGCTTCTGCCTCTGTA

ACTTTTTGTCAACCTC

ACTGTCAG 

CTGACAGTGAGGTTGACAAA

AAGTTACAGAGGCAGAAGCA

AGTTGCTCCAGAAAAA 

 

Table 2.2.2: List of primer sequences used for site-directed mutagenesis. 
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Figure 2.2.2.1: Chromatogram highlighting the different point mutants generated 

for- A. Untagged PC4 S13D-S15D B. Untagged PC4 S13D-S15D-S17D-S19D; 

C. 3XFlag sequence of Flag tagged PC4 S13D-S15D-S17D-S19D; D. Flag 

tagged PC4 S13D-S15D-S17D-S19D. The mutated residues are circled in red. 

 

                  

Figure 2.2.2.2: Chromatogram highlighting the different point mutants generated 

for- (A). Flag tagged PC4 K26R-K28R and (B). Flag tagged PC4 K26Q-K28Q. 

The mutated residues are circled in red. 

2.3 Protein Purification 

2.3.1. C-terminal His-tagged PC4 purification 

E. coli BL21 cells were transformed with His6-PC4 expression vector. 100ml of 

LB medium containing 50μg/ml Kanamycin was inoculated from the transformed 

colony and grown overnight at 37ºC. This overnight culture was further 

inoculated into 900ml of Luria Bertani broth containing 50μg/ml Kanamycin and 

grown at 37ºC until the O.D. reaches 0.4 (O.D. 600). The culture was then 

induced with 0.4mM IPTG for 3hrs at 37ºC. The culture was then harvested and 

then homogenized in homogenization buffer (20mM Tris-HCl, 20% Glycerol, 

A B 
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2mM PMSF, 20mM EDTA,20mM Imidazole, 300mMKCl, 2mM βMe, 0.1% 

NP40) and then sonicated. Cleared lysate is obtained by centrifuging at 16,000 

rpm at 4ºC for 30mins. The cleared lysate is then incubated with pre-equilibrated 

Ni-nitrilotriacetic acid beads (Novagen) at 4ºC for 3hrs. The beads are then 

washed with 10ml of wash buffer (20mM Tris- HCl, 20% Glycerol, 2mM PMSF, 

20mM EDTA, 40mM Imidazole, 600mM KCl, 2mM βMe, 0.1% NP40) for 9 

times. The beads are then loaded into a column and the protein was eluted out 

with elution buffer (20mM Tris-HCl, 20% Glycerol, 2mM PMSF, 20mM EDTA, 

250mM Imidazole, 100mMKCl, 2mM βMe, 0.1% NP40). Elutions were 

collected in aliquots. The eluted proteins were further dialyzed against BC100 

buffer (20mM Tris-HCl, 20% Glycerol, 2mM PMSF, 20mM EDTA, 20mM 

Imidazole,100mMKCl, 2mM βMe, 0.1% NP40) and snap frozen in liquid 

nitrogen and stored at -80ºC. The purification profile for His6-PC4 checked on a 

12% SDS-PAGE (Figure 2.3.1) 

 

Figure 2.3.1: Purification of bacterially expressed recombinant His6-PC4 from 

E. coli BL21 cells. Representative purification profiles of His6-PC4 resolved on 

a 12% SDS-PAGE and stained with CBB. 

2.3.2 Purification of acetylation defective PC4 mutants 
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Therefore, using wild type PC4-His6 as the DNA template, lysine (K) residues 

26 and 28 were mutated in combination to arginine (R), lysine residues 53 and 68 

were mutated in combination to arginine (R) and lysine residue(K) at position 5 

mutated to arginine (R) generating PC4K26R-K28R, PC4K53R-K68R double 

mutant clones and PC4K5R single point mutant clone respectively by site 

directed mutagenesis technique (QuickChange II XL site directed mutagenesis 

kit, Stratagene). The clones, PC4K53R-K68R and PC4K2628R obtained in lab 

were screened for the desired mutations and confirmed by sequencing. 

Acetylation site PC4 mutants were purified till homogeneity using Ni-NTA 

agarose column as described in the previous section. All proteins were dialyzed 

against BC100 buffer and snap frozen in liquid nitrogen and stored at-80ºC. The 

purification profile for different His6-PC4-acetylation defective mutants checked 

on a 12% SDS-PAGE (Figure 2.3.2) 
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Figure 2.3.2: Purification profiles for different acetylation defective mutants; 

His6- PC4K26R-K28R (A), His6- PC4K53R-K68R (B) and His6- PC4K5R 

(right panel) (C). 

2.3.3 Purification of bacterial expressed untagged PC4 

Untagged PC4 purification: A two-column purification protocol was employed 

to purify untagged recombinant PC4 (Ge and Roeder, 1994) using heparin 

Sepharose followed by phosphor-cellulose P11 columns. E. coli BL21 cells were 

transformed with native PC4 expression vector in presence of 100μg/ml 

ampicillin. 100ml of LB medium containing 100μg/ml ampicillin was inoculated 

from the transformed colony and grown overnight at 37ºC. This overnight culture 

was further inoculated into 900ml of Luria Bertani (LB) broth containing 

100μg/ml ampicillin and grown at 37ºC until the O.D. reaches 0.6 (O.D. 600). 

The culture was then induced with 0.5mM IPTG for 3hrs at 37ºC. The cells were 

harvested and resuspended in homogenization buffer BC300 (20mM Tris-HCl 

pH7.4, 20% glycerol, 0.2mM EDTA, 300mM KCl, 0.1% NP40, 2mM PMSF and 

2mM ß Mercaptoethanol) and sonicated with 2 cycles of 5minutes each with burst 

of 5seconds. The cleared supernatant was obtained by centrifugation at 16000rpm 

for 30mins at 4ºC. The supernatant was passed through BC300 pre-equilibrated 

heparin sepharose column. The column was washed 2-3 times column volume by 

A

 

B

     

C
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BC300 and eluted with BC500 (20mM Tris-HCl pH7.4, 20%glycerol, 0.2mM 

EDTA, 500mM KCl, 0.1% NP40, 2mM PMSF and 2mM ß-Mercaptoethanol). 

The eluted fractions were analysed by 12% SDS-PAGE (Figure9A). Fractions 

majorly containing PC4 protein were pooled and was loaded onto a BC500 pre-

equilibrated phosphocellulose P11 (Whatman) column. The column was washed 

with 25ml of BC500 and eluted with BC850 (20mM Tris-HCl pH7.4, 

20%glycerol, 0.2mM EDTA, 850mM KCl, 0.1% NP40, 2mM PMSF and 2mM ß 

Mercaptoethanol). The PC4 protein containing fractions were pooled (Figure 

2.3.3 A) and dialysed in BC100 (20mM Tris-HCl pH7.4, 20% glycerol, 0.2mM 

EDTA, 100mM KCl, 0.1% NP40, 2mM PMSF and 2mM ß Mercaptoethanol), 

aliquoted and snap frozen in liquid nitrogen and stored at -80ºC. The purification 

profile for untagged PC4 after dialysis was checked on a 15% SDS-PAGE (Figure 

2.3.3 B). 

 

Figure 2.3.3: Purification profile of untagged PC4 after passing through two 

columns namely heparin Sepharose followed by phosphocellulose (A). The 

fractions from lane 1-9 (shown within red box) had been pooled together for 

dialysis. The purification profile of untagged PC4 after dialysis (B). 

 

A

 

B
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2.3.4 Purification of bacterial expressed untagged Phospho-

defective PC4 mutants and phosphomimic PC4 

Untagged phosphor-defective PC4 mutant MTP5 (PC4S13A-S15G-S17A-S19G) 

and MTP6 (PC4S13A-S15G-S17A) where serine residues (S) were mutated to 

alanine (A) and glycine (G) at four and three sites respectively and untagged 

phosphomimic purification (PM-PC4) where serine residues (S) at 13,15,17 and 

19 position were mutated to aspartic acid (D) were generated by by site directed 

mutagenesis technique (QuickChange II XL site directed mutagenesis kit, 

Stratagene). The clones were confirmed by sanger sequencing. The untagged 

MTP5, MTP6 and PM-PC4 were purified in the same way as untagged PC4 by 

two-column purification protocol (Ge and Roeder, 1994) using heparin Sepharose 

followed by phosphor-cellulose P11 columns with only changes in the induction 

conditions. The secondary culture was induced with 0.5mM IPTG for 4 hrs at 

37ºC after the O.D. reaches within the range of 0.6-0.7 (O.D. 600). The 

purification profile for untagged PC4 phospho-defective mutants and 

phosphomimic mutant after dialysis were checked on a 15% SDS-PAGE (Figure 

2.3.4). 
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Figure 2.3.4: Purification profile of untagged phosphor-defective mutant MTP5, 

phosphor-defective mutant MTP6 and untagged phosphomimic mutant PM-PC4 

checked on 15% SDS-PAGE and stained with CBB (from left to right 

respectively). 

2.3.5 Purification of His-tagged human somatic linker histone H1 

variants 

E. coli BL21 cells were transformed with different somatic linker H1 variants that 

are C-terminal six histidine tagged. 100ml of LB medium containing 50μg/ml 

Kanamycin was inoculated from the transformed colony and grown overnight at 

37ºC. This overnight culture was further inoculated into 900 ml of Luria Bertani 

broth containing 50μg/ml Kanamycin and grown at 37ºC until the O.D. reaches 

0.8 (O.D. 600). The culture was then induced with 0.5mM IPTG for 3hrs at 37ºC. 

Cells were harvested by centrifugation at 6000rpm at 4ºC for 10mins. After lysis, 

the cell lysates were precipitated with 5%perchloric acid to remove bacterial 

proteins. The protein was then purified from the resulting supernatant by 

precipitation with 15% trichloroacetic acid, washed once with acidified acidified 

acetone (0.5ml of concentrated HCl/100ml) and twice with chilled acetone, and 

air dried, dissolved in BC100 (20mM Tris-HCl pH7.4, 20% glycerol, 0.2mM 

EDTA, 100mM KCl, 0.1% NP40, 2mM PMSF and 2mM ß-Mercaptoethanol). 

The protein fractions were analysed on 12% SDS-PAGE (Figure 2.3.5), aliquoted 

and snap frozen in liquid nitrogen and stored at -80ºC. 
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Figure 2.3.5: Purification of bacterially expressed recombinant His6-H1 variants 

from E. coli BL21 cells. Representative purification profiles of five different 

somatic H1 variants His6-H1.1, H1.2, H1.3, H1.4 and H1.5 (lane 1-5) resolved 

on a 12% SDS-PAGE and stained with CBB. 

2.3.6 Purification of His-tagged human somatic linker histone H1 

domains 

Different deletion constructs of H1 domains were cloned into pET28b vector 

generating His6-tagged ΔC (C-terminal domain deleted), ΔN (N-terminal domain 

deleted), and ΔNC (N-terminal and C-terminal domains deleted), expressed them 

in bacteria, and was purified from E.coli BL21 cells in the same way under same 

induction conditions as was carried out for linker H1 variants. The schematic of 

different deletion constructs of linker H1 variant H1.2 has been shown indicating 

the residues being deleted in each of the construct (Fig.2.3.6 A). The protein 

fractions for each deletion construct were analysed on 12% SDS-PAGE (Figure 

2.3.6 B), aliquoted and snap frozen in liquid nitrogen and stored at -80ºC. 
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Figure 2.3.6: (A) Schematic representation of the linker H1.2 domain 

organisation indicating the different deletion constructs, ΔC, ΔN and ΔNC and 

the stretch of residues present in each construct. (B)Purification profile of 

bacterially expressed recombinant His6- ΔC, His6- ΔN and His6- ΔNC (from left 

to right respectively) resolved on a 12% SDS-PAGE and stained with CBB.  

2.3.7 Purification of recombinant proteins from baculovirus-

infected Sf21 cells 

KAT3b or p300 enzyme was expressed as C-terminal His6-tagged proteins and 

purified using Ni-NTA (Novagen) affinity purification from the respective, 

recombinant baculovirus infected Sf21 cells. Briefly, Sf21 cells were cultured in 
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five 150mm dishes till 100% confluent after which fresh complete TC100 media 

(Himedia) with 10% FBS was added and then scrapped to detach the monolayer 

following which the cells were counted and 9 million cells transferred to fresh 

culture dishes, just before infection. The cells were kept in suspension during 

infection, and 200 μl of the viral particles containing culture supernatant were 

added drop wise over the surface of the culture dishes at room temperature. 

Following infection, they were further incubated at 27˚C. The infected cells are 

checked for the viral expression based on the change in morphology [cubical, 

spindle, or capsule shaped etc]. 70hrs post infection (prior to rupture and release 

of the viral particles into the culture supernatant cells were harvested by scrapping 

and pelleting at 1000 rpm for 10 min. Cell pellet was washed once with 1X PBS 

and then lysed in cold lysis buffer (homogenization buffer) containing 10mM tris-

HCl pH 7.5, 10% Glycerol, 0.1% NP0, 2mM β Mercaptoethanol, 0.2mM PMSF, 

500mM NaCl, 15mM Imidazole and 1X protease inhibitory cocktail (Sigma) 

using a Dounce homogenizer (5 strokes- 4 times with 3 min interval). After lysis, 

the lysate was centrifuged at 16,000rpm for 30 min and the supernatant was 

collected and 200μl of Ni-NTA beads, pre-washed and equilibrated with the 

homogenization buffer, were added and allowed to bind for 3hrs at 4°C on an 

end-to-end rotor. The beads were washed 7-8 times in wash buffer containing 

10mM tris-HCl pH 7.5, 10% Glycerol, 0.2%NP40, 2mM β-Mercaptoethanol, 

2mM PMSF, 300mM NaCl and 15mM Imidazole for poly-His tag proteins. After 

binding, the proteins were eluted using elution buffer containing 10mM tris-HCl, 

pH-7.5, 10% Glycerol, 0.1% NP0, 2mM β- Mercaptoethanol, 0.2mM PMSF, 

200mM NaCl, 250mM Imidazole and 1X protease inhibitory cocktail. The 

protein was checked in 8% SDS-PAGE (Figure 2.3.7) and then stored at - 80°C 

after snap freezing them in small aliquots. 
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Figure 2.3.7: Purification of His6-p300 expressed in Sf21 insect cells 

 

2.3.8 Purification of bacterially expressed Xenopus core histones 

pLyS cells were transfected with the pET-histone expression plasmid and plated 

in LB plates containing Ampicillin (50μg/ml) and chloramphenicol 25μg/ml 

incubated at 37°C overnight. 5 ml of LB medium containing ampicillin and 

chloramphenicol was inoculated with single colonies, at 37°C overnight. About 

5 different colonies were tested for induction. Next morning 5 ml of LB medium 

containing ampicillin and chloramphenicol was inoculated with 50μl of the 

overnight culture and shaken until the OD600 reaches 0.5~0.7, and then induced 

with 0.2mM IPTG for 4 h. The induction was checked on an 18% SDS PAGE 

and the best induced colony was selected to further inoculate 1lt of LB medium 

containing ampicillin and chloramphenicol with 1ml of the overnight culture and 

grown till OD600 reaches 0.5~0.7 and induced with 0.2mM IPTG for 4 h. The 

cells were harvested by centrifugation at room temperature, resuspended to 

homogeneity in 100ml wash buffer (50mMTris-HCl, pH 7.5, 100mMNaCl, 

1mMNa-EDTA, 1mMbenzamidine), and flash-frozen in liquid nitrogen and 

stored at -80℃. The cell suspension was thawed in a warm water bath. The cell 
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suspension becomes extremely viscous as lysis occurs. The viscosity is reduced 

by shearing with an Ultraurrx homogeniser and centrifuged for 20min at 4℃ and 

23000g. The pellet obtained contains the inclusion bodies of the corresponding 

histone protein. The pellet is washed by completely resuspending in 100ml. wash 

buffer plus 1% Triton-X-100 and centrifuged for 10min at 4℃ and 12000rpm. 

This step was repeated once with wash buffer plus Triton and twice with wash 

buffer. After the last wash, the drained pellet was stored at -80℃. The purification 

profile for bacterially expressed Xenopus core histones (H2A, H2B, H3 and H4) 

were checked on 15% SDS-PGAE. 

 

Figure 2.3.8: The pellet containing the histones resuspended in 30ml unfolding 

buffer (7M guanidinium HCl, 20mM Tris-HCl, pH7.5, 10mM DTT) loaded on a 

15% SDS-PAGE and stained with CBB showing the profile for individual 

Xenopus core histones before histone octamer refolding. 

2.3.9 Purification of linker histone H1 from HeLa cells 

Histone H1 was purified from HeLa cells according to the method developed by 

Mirzabekov et al. with slight modifications (Mirzabekov AD. et al., 1990). The 

cells were harvested, washed with PBS, and then lysed in 140 mM NaCl, 10 mM 

Tris-HCl (pH 7.5), and 0.5% Triton X-100, followed by three washes with the 

same buffer without detergent. The nuclei were collected, washed with 0.35 M 

NaCl, and 10 mM Tris-HCl (pH 7.5), and then resuspended in 5% trichloro acetic 
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acid (CCl3COOH) and rotated at 4 °C for 80 min. After centrifugation at 4000g 

for 15 min, the soluble histone H1 supernatant was dialyzed against 10 mM HCl 

and 2 mM β-mercaptoethanol. The dialyzed sample was lyophilized and stored at 

-80 °C. For chromatin reconstitution, the lyophilized protein was resuspended in 

10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 500 mM NaCl, 0.05% NP-40, and 20% 

glycerol. The purification profile of linker H1 extracted from Hela cells was 

checked on 12% SDS-PAGE after lyophilized protein has been resuspended to 

be used for nucleosome folding experiments (Figure 2.3.9). 

 

Figure 2.3.9: Purification profile of linker histone H1 extracted from HeLa cells  

2.4. Protocols for different in vitro assays and analysis 

2.4.1 In vitro Acetylation Assay 

2.4.1.1 Filter Binding Assay 

The activity of p300 was assayed by Filter binding assay. 1μg of Histone H4 or 

Histone H3 was incubated with 1μl of p300 enzyme (1:10 diluted) at 30ºC for 30 

mins in 2X HAT buffer (1X composition: 50mM Tris-HCl pH 8.0, 10% glycerol, 

1mM DTT, 1mM PMSF, 0.1mM EDTA), 10mM Na-butyrate and 1μl of 2.1 

Ci/mmol of [3H]-acetyl CoA. The reaction mixture was then spotted on a 
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Phosphocellulose P-81 filter paper. The radioactive counts were recorded on a 

Wallac 1409 Liquid scintillation counter.  

2.4.1.2. Histone Acetyltransferase (HAT) gel assay 

HAT assays were performed using 500ng/1μg of recombinant PC4 500ng/1μg of 

recombinant mutants of PC4 incubated in HAT assay buffer at 30ºC for 30mins 

with or without 1μl of 3.3 Ci/mmol of [3H]- acetyl CoA, baculovirus expressed 

recombinant p300, and 10mM Na-butyrate. To visualize the radiolabelled 

acetylated protein, the reaction products were resolved electrophoretically on 

12% SDS-polyacrylamide gel and subjected to fluorography. The gel was stained 

by CBB to ascertain the presence of protein in equal amounts in each of the 

reaction and was later equilibrated in DMSO for 1 hr. Later the gel was incubated 

in scintillation fluid (22.5% w/v PPO solution in DMSO) for 30 mins and then 

rehydrated in water for 2hrs. The gel was dried using a gel drier and exposed in 

an X-ray cassette using a film for 7days in -80°C. The film was later developed 

to get intensity profiles for each of the reactions as shown in figure 2.4.1.2. 

The HAT assay was also carried out to check the acetylation levels by western 

blotting using either 1μg of His-PC4 or 1ug of His-PC4K26R-K28R acetylation 

defective mutant, 1μl of p300 (~ 20,000 Counts/μl), 2X HAT buffer, 10mM Na-

Butyrate and 40 μM of cold (non-radioactive) acetyl-CoA was incubated at 30ºC 

for 30 mins. Mock acetylation reaction was also set up without acetyl-CoA. The 

reaction mixture after 30 mins of incubation was stopped and 1X SDS-dye was 

added and loaded on to 15% SDS-PAGE followed by immunoblotting to be 

probed with PC4K26-28ac antibody. 
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Figure 2.4.1.2: Dose dependent acetylation of PC4 by p300 enzyme: In vitro 

acetylation assay using C-terminal His tagged bacterially expressed recombinant 

PC4 (500ng) was carried out with increasing counts of baculovirus expressed 

recombinant full length p300 enzyme (5000,10,000 and 20,000 counts) (lane 3,4 

and 5 respectively) for 30mins at 30⁰C showed a gradual increase in the 

acetylation levels of PC4 from the intensity profiles (lane 3,4and 5). Acetylation 

was not observed either in the absence of [3H]- acetyl CoA (lane 1) or in the 

absence of enzyme p300 (lane 2). Coomassie shows equal protein loading. 

 

2.4.2 In vitro Kinase assay 

Approximately 1μg of protein substrate (PC4 or phosphorylation defective 

mutants; MTPs) was incubated with the enzyme 1μl Casein Kinase II (20mU) at 

30ºC for 30 mins in 2X Phospho buffer (1X composition:50mM Hepes-KOH, 

pH7.6, 125mM NaCl, 10mM MgCl2, 6% Glycerol, 5mM DTT, 0.5mM PMSF), 

5mM cold ATP and [γP32] ATP. To check phosphorylation the reaction mixture 

was then loaded onto a 12% SDS-PAGE, dried and exposed in an X-ray cassette 

using a film for 3days in -80°C cooler. The film was later developed to get 

intensity profile for the reaction as shown in figure 2.4.2. 
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Figure 2.4.2 In vitro kinase assay: The intensity profile of PC4 subjected to In 

vitro kinase assay by CKII using 5mM cold ATP and [γ-P32] ATP. Lane 2 

indicating phosphorylation of PC4 by CKII (indicated by the blue arrow) vs lane 

1 containing no enzyme control. 

 

2.4.3 In vitro mass phosphorylation of PC4 

For mass phosphorylation of PC4, approximately 600ng untagged PC4 or 

phosphorylation defective mutants MTP5 and MTP6 were incubated with 1μl 

Casein Kinase II enzyme (20mU) in 2X Phospho buffer, 10 mM cold ATP at 

30ºC for 30 mins, followed by four replenishment with the enzyme CKII (20mU) 

and ATP (5mM) at 30mins interval. After last replenishment, final incubation 

was done overnight to ascertain completion of the reaction. Mock 

phosphorylation reaction was set with the same components except the enzyme 

CKII, and similar protocol was followed. Approximately 250ng of the protein 

from the reaction mix was loaded on to a 15%SDS-PAGE and stained with CBB 

to observe a mobility shift of phosphorylated PC4 (Figure 2.4.3). The same 

reaction mix was used for in vitro interaction assays. 
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Figure 2.4.3: CBB stained gel representation of mass phosphorylated PC4 (lane 

2), resolved on a 15% SDS PAGE. 

 

2.4.4 In vitro interaction assays 

Ni-NTA pull down assays were carried out where one of the interacting proteins 

is His-tagged. The linker histone interaction ability of PC4 was characterized by 

incubating 10μl of Ni-NTA beads with 1μg of C-terminal six histidine tagged 

histone variant H1.1 and 250ng of different modified forms of PC4, phosphor-

defective PC4 along with phosphomimic PC4 in a final reaction volume of 300μl 

in BC buffer containing 150mM KCl supplemented with 30mM imidazole at 4ºC 

for 3hours. The beads were washed three times (1ml each time) with the 

incubation buffer containing 200mM KCl. The Ni-NTA pull down complex was 

analyzed by western blotting using anti-PC4 and anti-His antibody. Control 

experiments were performed with 10μl of Ni-NTA incubated with 250ng of 

different modified forms of PC4, phosphor-defective PC4 along with 

phosphomimic PC4 without His-H1 in the same buffer. 30 ul of each of the 

reaction mix was kept aside before adding Ni-NTA beads to be used as input. 
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2.4.5 In vitro Reconstitution of nucleosomal array 

To study the nucleosomal compaction by PC4 upon phosphorylation a 

nucleosome array was reconstituted involving the following steps: 

2.4.5.1 Refolding of histone octamer 

The histones proteins are mixed in equimolar ratio and dialyzed at 4℃ against a 

2L refolding buffer (2M NaCl, 10mM Tris-HCl, PH 7.5, 1 mM Na-EDTA, 5mM 

2-mercaptoehanol) with at least three changes. The second or third dialysis step 

should be performed overnight. The proteins are then centrifuged and if 

precipitation occurs the sample is concentrated according to the volume necessary 

for the size column. The histone octamers are then purified from aggregates and 

dimers/tetramers on a sizing column (HiLoad Superdex 200, Pharmacia) and 

analysed the column fractions eluted in the refolding buffer by running it 

on18%SDS-PAGE (Figure 2.4.5.1). After which the fractions containing the 

octamer are pooled together to determine the concentration 

spectrophotometrically (A276=0.45 for a solution of 1mg/ml) and stored at 4℃. 

 

Figure 2.4.5.1: Each of the core histones purified from the pellet fraction of pLys 

cells subjected to dialysis in refolding buffer followed by purification. The CBB 
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stained 15% SDS-PAGE showing the different fractions loaded after purification 

of the histone octamer through a sizing column and only the fractions containing 

pure histone octamer (lane 5-8) indicated within the red box were pooled together 

for nucleosomal reconstitution. 

2.4.5.2 Purification of DNA template 12×177bp fragment 

The DNA used for the assembly is 177×12bp tandem repeat of the 601sequence 

is cloned in pWM530-177-12. The pWM530 vector map is shown in Figure 

2.4.5.2A. A Single colony of DH5α transformed with this vector is inoculated in 

50ml LB for overnight culture from a freshly transformed plate. 50ml of the 

primary culture is then transferred into the 750ml of 675ml of SOB (108g of 

tryptone, 216g yeast extract and 36ml of glycerol for 9lts of SOB), 75ml of 

phosphate buffer (20.79g of KH2PO4 147.8g of and K2HPO4.3H20 (1:10), amp 

concentration 100ug/ml, incubated at 37℃ for 4-5h, and then incubated the 

culture at 42 ℃, for about 12-13h. The bacterial culture is pelleted in falcons by 

centrifugation at 4000 rpm for 30mins at 4°C. The pellet was resuspended in 30ml 

of cold S1 (25mM Tris pH 8.0, 50mM Glucose and 10mM EDTA pH 8.0) added 

to each bottle and transferred to large bottles and vortexed to form a uniform 

suspension. 120ml of fresh S2 (0.2M NaOH and 1% SDS) is then added, mixed 

gently at room temperature for 5-10mins, to obtain the clarified transparent highly 

viscous the solution. 210ml of cold S3 (potassium acetate solution pH 5.2) is then 

added and mixed to make a homogeneous suspension, and incubated on ice for 

10mins. The suspension is then centrifuged at 4℃ at 4000rpm for 30min. The 

supernatant is carefully discarded following 4 layers of gauze filtration to remove 

suspended impurities and then transferred to 4L Beaker (about 2.4L). The 

Plasmid DNA is then recovered by adding 0.52 times the volume of isopropyl 

alcohol (about 1.2L), mixed evenly, and kept at room temperature for 15min. For 

precipitating the DNA, it is then centrifuged at 15000gx15min followed by 70% 

ethanol wash at 15000gx10min at 4 ℃. The DNA is then subjected to overnight 
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restriction enzyme digestion by EcoRV in 100ml of TE (10mM/50mM of TE with 

100ug/ml of RNase) at 37°C followed by PEG precipitation (added 1/5 volume 

of 4M NaCl,2/5 volume of 40% PEG 6000) to remove RNA at 37 ℃ for 5min, 

and then kept on ice for 30min. It is then centrifuged at 4℃ at 20000gx15min, 

the supernatant (containing RNA) is discarded followed by 70% ethanol wash 

and dissolving the precipitate in the 50ml TE.  The protein contamination and peg 

were removed by phenol: Chloroform (1/5 volume) (1:1) extraction at 20℃ at 

20000gx10min twice collecting the aqueous phase. DNA extraction was carried 

out by Chloroform: isoamyl alcohol (1/5 volume) at 20 ℃ at 20000gx10min, 

collecting the upper aqueous phase. The DNA was obtained after overnight 

precipitation by 1/10 volumes of 3M NaAc pH5.2 and 2.5 times volume of 

ethanol followed by 70% ethanol wash and dissolved in TE. The EcoRV digested 

plasmid DNA was then checked on 1% agarose gel showing several fragments 

(Figure 2.4.5.2C). The 177-12 fragment can be easily purified from digested 

vector through different percentages of PEG (5.5%, 6%, 6.5%, 7% and 7.5% of 

PEG were used) solutions containing 100mM NaCl were used for precipitation 

or gel extraction. The samples were mixed at 37°C for 5mins and then for 30mins 

on ice and spun at 4°C at 20000g for 25mins, following which the PEG 

contamination was removed and DNA was collected by ethanol precipitation. The 

quality of the DNA for each of the PEG% was checked in 1% agarose gel and the 

% of PEG which contains only the larger fragment of 177×12bp was then used to 

precipitate DNA from a larger culture volume (Figure 2.4.5.2D). The sequence 

of the larger fragment containing the 177×12bp is shown in Figure 2.4.5.2B. 
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Figure 2.4.5.2: (A) The vector map of pWM530 plasmid. (B) The sequence of 

177×12bp array used for nucleosome reconstitution. (c) EcoRV digested 

pWM530 plasmid where the large fragment corresponding to 177×12bp array has 

been indicated by the blue arrow. (D) The profile of EcoRV digested pWM530 

plasmid after precipitation in the desired % of PEG containing only the purified 

large fragment of 177×12bp DNA array (indicated by the blue arrow). 

2.4.5.3Nucleosome assembly 

The Nucleosome array reconstitution is achieved by mixing histone octamers and 

array DNA in the ratio of 1:2 (which can be modified depending on the volume 

A

 

B

 

C

 

D
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of the assembly being set up) in high salt buffer (2M NaCl) and slowly lowering 

the concentration of NaCl to 0.6M by pump dialysis (Figure 2.4.5.3A). The 

histone octamers are mixed with the DNA in TE buffer with final salt 

concentration of 2M NaCl which is then added into dialysis tube (Novagen, D-

TubeTM-MWCO 6-8KDa) and the dialysed the mix in 1xTE with 2M NaCl 

buffer at 4℃. Then add the TE buffer using peristaltic pump into the dialysis 

buffer to decrease the salt concentration to 0.6M NaCl for 17hours. Following 

this, the dialysis tubes containing the nucleosome is kept in HEPES EDTA (HE) 

buffer pH 8.0 for 3hours at 4℃. Following this, the concentration of the 

nucleosome is measured at A260nm in the nanodrop and A260/280 ratio should 

be ˜ 1.8. The nucleosome is stored at 4℃ for further processing by EM imaging 

or compaction experiments. The schematic for nucleosome array reconstitution 

has been shown in the figure 2.4.5.3B. The nucleosome array is visualized by EM 

after reconstitution (Fig.2.4.5.3 C). 
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Figure 2.4.5.3: (A)The setup for the nucleosome assembly showing the gradual 

dialysis of the DNA-octamer mix inside the dialysis tubes from the 2M NaCl salt 

to 0.6M NaCl in 1X TE with the help of the peristaltic pump for 17hours. (B) The 

schematic showing in vitro reconstitution of nucleosomal array. (C) The EM 

image of nucleosomal array after metal shadowing of nucleosomal DNA. Scale 

bar represents 200nm. 

 

2.4.6 Compaction of in vitro reconstituted nucleosome by protein 

The in vitro reconstituted nucleosome was incubated with different concentration 

of PC4 and Phosphomimic PC4 on ice after dialysis in HE buffer, pH 8.0 but for 

H1 mediated compaction, linker H1 was added in 0.6M NaCl in 1XTE buffer for 

3hrs (since H1 could not compact efficiently in HE buffer) then followed by 

dialysis in HE buffer. The sub optimal stoichiometric ratios of linker H1 to 

nucleosome core particle (NCP) was chosen for complementation experiments 

with PC4 and Phosphomimic-PC4.  The schematic showing Compaction of in 

vitro reconstituted nucleosome by protein which is then subjected to 

sedimentation velocity analysis and EM imaging. 
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Figure 2.4.6: The schematic showing Compaction of in vitro reconstituted 

nucleosome by protein. 

2.4.6.1 Sedimentation velocity analysis by Analytical 

ultracentrifugation  

To study the compaction of the nucleosome by proteins the most accurate way to 

calculate the sedimentation coefficient values of the samples in an analytical 

ultracentrifuge where the sample being spun was monitored in real time through 

an optical detection system, using ultraviolet light absorption and/or interference 

optical refractive index sensitive system. This allowed us to observe the evolution 
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of the sample concentration versus the axis of rotation profile as a result of the 

applied centrifugal field. To study and compare the compaction ability of wild 

type and phosphomimic PC4, the nucleosome (20ug of DNA for each sample) 

was incubated with equal amount (in uM) of each of the protein keeping the salt 

concentration same with BC100 and making up the volume up to 400ul by adding 

HE buffer for the AUC for 3-4hours. Before the AUC the absorbance of the 

samples was checked in the nanodrop; the absorbance of the samples should 

optimally be in the range of 0.3-0.9 OD measured against the HE buffer being 

used as blank which is also used in AUC for each sample so that the absorbance 

of detector is not "wasted" on background absorbance from the buffer or do not 

contribute to the absorbance at the wavelength selected for measurement. 

Because of the imprecision of the monochromator, the wavelength cannot be 

changed during the experiment in the XLA/XLI instruments and if several 

samples are to be measured at different concentrations, they still must be 

measured at the same wavelength. This may require that samples to be sorted by 

absorbance and to be run separately, each set at a different wavelength. The 

samples are added into the left cabinet of the cell and the volume is always taken 

little lesser than the buffer which is added in the right cabinet of the cell. The cells 

are tightly sealed using copper screws and place in the rotor along with a balance 

that determines the radius r of the rotor. Initially a wavelength scan was run on 

the sample and buffer from 220-300 nm at 3000rpm to ensure that the absorbance 

is appropriate for all the samples and there is no leakage to assure optimal data 

collection.  Sedimentation experiments were performed on a Beckman Coulter 

Proteome Lab XL-I using a 4-hole An-60Ti rotor. Samples with an initial 

absorbance at 260 nm of approximately 0.3-0.9 were equilibrated for 2 h at 20ºC 

under a vacuum in a centrifuge prior to sedimentation. The absorbance at 260 nm 

was measured using a continuous scan mode during sedimentation at 32,000×g 

in 12 mm double-sector cells. The data was analysed using enhanced van Holde-

Weischet analysis and Ultrascan II 9.9 revision 1504. The Sw20 values 
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(sedimentation coefficient corrected for water at 20ºC) were calculated with a 

partial specific volume of 0.622 ml/g for chromatin, and the buffer density and 

viscosity were adjusted. The average sedimentation Save coefficients were 

determined at the boundary midpoint (S50).   

2.4.6.2 Electron Microscopy  

2.4.6.2.1  Metal shadowing 

For Electron microscopy (EM) imaging visualising nucleosomal array the 

nucleosomal array is prepared for metal shadowing for which the sample is fixed 

in 0.4% glutaraldehyde for 30 min on ice and 1x spermidine is added before 

loading the sample on to Copper grids and incubated for 2mins blotted and 

washed in water and alcohol gradient and dried. The copper grid is then placed 

on a glass slide for metal shadowing using a tungsten filament under a vacuum 

with 0.2×10-5 torr pressure at low voltage and 15-18amp current for 15mins in 

rotating condition. This allows spraying of a coat of a heavy metal (such as 

tungsten) at an oblique angle making the surface of a specimen visible. This 

technique creates a three-dimensional view of the nucleosomal DNA with the 

DNA itself appearing darker during EM imaging. The grids were transferred into 

a FEI Titan Krios electron microscope (FEI, Eindhoven). 

2.4.6.2.2 Negative staining 

The reconstituted chromatin samples were negatively stained for which they are 

chemically fixed in 0.2% glutaraldehyde for 30 min on ice. After fixation, the 

chromatin sample was absorbed onto the glow-discharged 300 mesh R2/1 

Quantifoil (Quantifoil Micro Tools GmbH, Jena, Germany) holey grids for 1 to 

1.5 min, blotted using 4 s blotting time at 100% humidity and stained with uranyl 

sulfate to stain the protein white against a black background for 45seconds, 

blotted and dried for 1minute before imaging. 
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2.4.7 Dot Blot assay 

The specificity of the PC4K26,28ac antibody was checked by dot blot where 

increasing doses of the unconjugated acetylated peptide was spotted at equally 

spaced circles on a nitrocelluose membrane along with the umodified protein at 

the highest concentration. The blot is allowed dry for 10mins on an aluminium 

foil after spotting of the peptides followed by blocking in 2.5% skimmed milk 

solution for 1hour and then incubated with PC4K26-28ac antibody for a period 

of 8-12 hrs at 4°C depending on the affinity of the antibody. Further, after 

subjecting to washing with 1X PBS or PBST (PBS with 0.1% Tween 20), 

appropriate HRP conjugated secondary antibody solution was added and 

incubated for 1hr at room temperature, after which the blots were washed once 

again as mentioned earlier. The signal from expected protein of interest was 

developed using the Biorad Clarity chemiluminescence kit, as per the 

manufacturer’s protocol. The blots were exposed in TMS (Kodak X-Ray films), 

for different time points and developed using GBX-Developer-Fixer Kit 

(Premiere Kodak reagents) or by using Biorad Chemidoc system. 

 

2.4.8 Isothermal calorimetry 

Isothermal titration calorimetry(ITC) measurements were taken using a MicroCal 

ITC200 instrument (MicroCal, Inc.). Aliquots (2 μL) of Linker H1.1 at a 

concentration of 21 μM were injected from the syringe into the cell of 240 μL 

filled with 2 μM of  phosphoPC4 or mock-phospho PC4. Titrations were 

conducted in 20 mM Tris-HCl (pH 7.5), 0.2 mM EDTA, and 100 mM KCl buffer. 

To minimize the contribution of dilution to binding heat, the protein solutions 

were dialyzed against the same buffer prior to the ITC experiments. Injections 

weremade at intervals of 120s, and the duration of each injection was 0.4 s. To 

ensure proper mixing after each injection, a constant stirring speed of 1000 

rpmwas maintained during the experiment. The control experiment was 
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performed via injection of buffer in the ITC cell containing H1.1. All molarity 

calculations of PC4 were conducted according to its reported molecular mass 

14.395 kDa while H1 was taken as a monomer. The heat change versus the molar 

ratio of the titrated products was plotted and analyzed using the origin7 software, 

which yielded the stoichiometry (n, in terms of the number of molecules of H1 

per phospho-PC4 or mock phospho-PC4) and the dissociation constant (Kd). 

2.5 Protocols for different in vivo assays 

2.5.1 Active chromatin and heterochromatin isolation 

40×106 Hela cells harvested washed in PBS collected by centrifugation at 400g 

for 5 min at 4°C. The cells were resuspended in Buffer A with 0.1% (v/v) NP-40, 

1mM DTT and PIC (proteinase inhibitor cocktail), and sit the tube on ice for 

10min. The nuclei are centrifuged at 500хg for 3min at 4℃. The supernatant is 

discarded and nuclei is washed by Buffer A with 1mM DTT at 1x10^7 nuclei/ml 

for once. The nuclei are resuspended at 1x10^7 nuclei/ml in Buffer A with 0.01 

U/ml MNase*, 1 mM DTT and PIC;). The digestion is stopped by 0.01M EDTA, 

and then NaCl is added to 0.2M.  50μg/ml RNase A is added and incubated at 

37℃ for 1 hr. 100μg/ml Proteinase K and 1%SDS is then added and incubated at 

55°C for 2 hrs. Extract twice with equal volume of 

phenol/chloroform/isoamylalcohol (25:24:1) and once with 

chloroform/isoamylalcohol (24:1). 50µg Glycogen or LPA (linear 

polyacrylamide, from 5 mg/ml stock), 10%V/V 3M Na-acetate (PH5.2) and 2.5V 

pre-cooled EtOH is added to precipitate the DNA, placed at -80℃ for 20min; 

Centrifuge tubes for 10min at maximum speed in a microcentrifuge to pellet the 

DNA. Decant the supernatant and resuspend the pellet in 1ml 75% Ethanol. 

Centrifuge tubes for 5 min at maximum speed in a microcentrifuge to pellet the 

DNA. Repeat the wash once. Decant supernatant and air-dry the DNA pellet for 

2min. Resuspend the DNA pellet in 50μl of TE. Place at 37℃ for 1 hr to dissolve 

the DNA completely. 1ug of each sample is run on a 1% Agarose. The remaining 
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nuclei resuspended in TEEP20 buffer (10 mM Tris-HCl [pH 8.0],1 mM EDTA, 

1 mM EGTA, 250 M PMSF, 20 mM NaCl), incubated at 4degrees overnight. 

Nuclear debris was removed by centrifugation leaving soluble chromatin in the 

supernatant. Soluble chromatin layered on 5-40% discontinuous sucrose gradient 

in 13.2ml ultracentrifuge tube and spin at 34000 rpm for 5hrs (the rotor could not 

reach 41000 rpm so set at lower rpm for longer time). 500ul fractions were 

collected from the gradient by upward displacement and the DNA was purified 

from part of those fractions by SDS/proteinase K digestion, phenol-chloroform 

extraction, and ethanol precipitation. The DNA from each of the fractions were 

loaded onto 1% agarose gel and the remaining part of the corresponding fractions 

were used for western. 

 

Figure 2.5.1: MNase digestion pattern of the chromatin from HEK293 cells using 

100mU of MNase enzyme before sucrose gradient fractionation. 

 

2.5.2 Nuclear fractionation  

293 cells were collected from two100-mm plates at two different stages mitotic 

phase (G2/M arrest) and in the interphase stage and washed with 2 ml of cold 1x 

PBS (plus PI). Mitotic block was performed by addition of 2mM thymidine for 
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24 hrs, followed by washing twice with 1X PBS and releasing in DMEM 

containing 10%FBS for 3hrs. 100ng/ml of nocodazole was finally added for 12 

hrs to block the cells in prometaphase following which they were harvested.  The 

cell pellet (0.4 ml) was resuspended in 1 ml buffer A (0.3 M sucrose, 60 mM KCl, 

60 mM Tris-HCl, pH 8.0, 2 mM EDTA, and 0.4% NP-40 plus PI) and incubated 

on ice for 5 min, followed by a five minutes spin at 2,000 rcf at 4°C. 0.8 ml of 

the cytosolic fraction was collected. After one wash with buffer A, the nuclei (0.2 

ml) were resuspended in 0.5 ml of 100 mM NaCl-containing mRIPA (6 strokes 

in a 7-ml Dounce homogenizer) and spun at 6,000 rcf for 5 min. The supernatant 

was designated as nuclear extract (100 mM). The pellet was similarly 

resuspended in 2x pellet volume of mRIPA with 1M NaCl concentrations and 

separated the pellet and supernatant fraction for Western blotting analysis. Both 

supernatant and the pellet fraction for mitotic and interphase stage were loaded 

along with cytosolic phase probing with cytosolic markers like tubulin, nuclear 

markers like histones. The acetylation levels of PC4 was studied by probing with 

PC4K26-28ac antibody. 

2.5.3 Micrococcal Nuclease (MNase) assay 

Respective Flag-PC4, Flag-PM-PC4 and Flag-MTP5 cells were grown in DMEM 

medium supplemented with 10% fetal Bovine serum (FBS). The nuclei were 

prepared from packed cells suspended in hypotonic buffer (10mM Tris HCL, 

10mM KCL and 15mM MgCl2) followed by 10 min incubation at 4C. The nuclei 

were digested with MNase (0.2U/µL) for different time points at room 

temperature in nuclei digestion buffer (10% glycerol, 10mM Tris-HCLpH-8, 

3mM CaCl2, 150mM NaCl, 0.2mM PMSF). MNase digestion was stopped by the 

addition of 10mM EDTA and proteinase K at 37degrees for 30mins followed by 

RNase A treatment for 1hr at 37degress. The DNA is then extracted by phenol 

chloroform extraction and ethanol precipitation. 1ug of each of the samples were 

loaded on 1% agarose gel and ran for 4-5 hours in an EtBr free agarose gel 
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electrophoresis system at 50volts for better resolution of the MNase bands.  

Figure 2.5.3 shows the standardisation of MNase assay at different time points of 

MNase digestion and using different concentrations of MNase enzyme for 

digestion (# M0247S, NEB). 

 

            

 

Figure 2.5.3: MNase digestion pattern of the chromatin from HEK293 cells using 

100mU of MNase enzyme for different time points (0,5,10 and 15mins; Lane 1-

4 respectively) in the left panel. MNase digestion pattern of chromatin from 

HEK293 cells upon digestion with different units of MNase enyme 

(50mU,100mU and 200mU from lane 1-3 respectively) for 10 mins in the right 

panel. 

2.5.4 Chromatin immunoprecipitation assay (ChIP) 

HeLaS3 cancer cells were grown in Dulbecco modified Eagle medium and 10% 

foetal bovine serum up to 90% confluency. Cells were cross-linked using 1% 

formaldehyde followed by cell lysis in SDS lysis buffer (1% SDS, 10mM EDTA, 

50mM Tris–HCl, pH 8.0). Chromatin was sonicated six times for 10 s at 91% 
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power setting. Following sonication, the pulldowns for ChIP assays were 

performed with anti-AcPC4 antibody (lab raised and purified) diluted in cold 

dilution buffer (0.01% SDS, 1.1% Triton X-100,1.2mMEDTA, 16.7mMTris–

HCl, pH 8.0, 167mM NaCl) at 4 °C overnight. Furthermore, pre-blocked protein 

G-Sepharose (Amersham Pharmacia) was added for binding for 2-3 hours at 4 

°C. Beads were washed thrice with low-salt buffer (0.1% SDS, 1% TritonX-100, 

2 mM EDTA, 20mM Tris–HCl, pH 8.0, 150mM NaCl) followed by three times 

high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20mM Tris–HCl, 

pH 8.0, 500mM NaCl), LiCl buffer (250mM LiCl, 1% NP40, 1% NaDOC, 1mM 

EDTA, 10 mM Tris–HCl, pH 8.0) and TE (10 mM Tris–HCl, pH 8.0, 1 mM 

EDTA) wash. Elution buffer (0.2%SDS, 100 mM NaHCO3) along with 200 mM 

NaCl was added to the washed beads, and the bead solution was kept for 6-8hours 

at 65 °C. Pulldowns were deproteinized using 0.1 mg/ml of proteinase K (Sigma) 

and 0.04 mg/ml of RNase A (Sigma) were added to the bead solution and the 

mixture was incubated for 2 h at 37°C. The immunoprecipitated samples were 

ethanol precipitated and used for ChIP-PCR analysis using primers for some the 

selected PC4 target gene promoters and non-specific region of the genome as 

negative controls to check for the AcPC4 binding to these genomic regions. 

The details of the ChIP primers used are stated in the table below: 
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Gene Name Primer 

Name 

Forward Primer (5’-3’) Reverse Primer (5’-3) 

PLK1 Site 1 GGAGAAACCCCGAAG

GAAT 

GGGAAAACCTGATTGAC

ACG 

PLK1 Site 2 GCCTTTGCGGTTCTAA

CAAG 
 

 

AAGCTCCTGCGGTTCAC

TT 
 

 
 

 

C-MYC Site 1 CCAACAAATGCAATG

GGAGT 

GGAGGAAAACGATGCCT

AGA 

C-MYC Site 2 CAGGAGGGGCGGTAT

CTG 

TGTATTATGCATTATGTA

TGCACAGC 
 

 

BUB1B Site 1 GCCATTGAATCCCAAA

AACT 

CTCCGTGCTCTCGCGTCT 

BUB1B Site 2 CCCAACACTCAAAAC

AGCAA 

AGCAGGCTTAGGCAAAA

CA 

NEGATIVE 

CONTROL 

Site 1 ACAGGAGTAGGCTAC

CTCAAA 

ACTCAGAGCAAGGAGAG

TACTAA 

NEGATIVE 

CONTROL 

Site 2 GGGAGTGGTATGATCT

CGATTT 

CAAATTGGTGATATATC

CACAGAGA 

 

               Table 2.5.24: List of primer sequences used for ChIP. 
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Figure 2.5.4: The sonication condition generated the ChIP DNA in the region of 

200-500bp which is a standard size of the DNA fragment required for the ChIP 

analysis. 

 

2.5.5 Indirect Immunocytochemistry 

Mammalian cells were cultured on 0.1% poly-L-lysine coated coverslips in 

sterilized culture dishes and transfected with the various mammalian expression 

constructs (as mentioned earlier) and allowed to grow further till the point of 

collection as per the experimental requirements. At the end point, cells on the 

coverslips were rinsed with 1X PBS and fixed in 2-4% paraformaldehyde for 15 

minutes. Subsequently the monolayer was washed thrice with 1X PBS and 

permeabilized with 0.1% Triton X-100 for 5 minutes. Once permeabilized, cells 

were blocked with 5% FBS at 37ºC for 30 mins, after which the cells were 

incubated with the primary antibody for 1hr under constant mixing conditions on 

a gel rocker. The cells were then washed thrice with 1X PBS and appropriate 

Alexa Fluor conjugated secondary antibodies were added in 1% FBS solution in 

1:500-1:1000 dilution and incubated for 30 min in dark. The cells were then 

washed thrice with 1X PBS and stained with Hoechst dye (4μg/ml in 1X PBS) 

for 20 minutes to visualize the DNA. The coverslips were then mounted over 

grease free glass slides using 70% glycerol. Confocal microscopic images of 

immuno-stained cells were captured using Zeiss LSM Meta 510. 

 

2.5.6 Fluorescence activated cell sorting (FACS) 

2.5.6.1 Cell cycle analysis by FACS 

HEK 293 cells were synchronized at different cell cycle stages (the details of 

treatment for cell synchronization are given later) which are given later and 

Propidium Iodide (PI) staining was done. Briefly, cells were harvested by mild 
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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 hours or more at -20°C, after which 

Ethanol was removed followed by two washes in cold PBS. RNase (100 μg/ml) 

treatment was subsequently given at 37°C for 30 mins to ensure only DNA 

staining. 50μg/ml propidium iodide was added for staining. For cell cycle analysis 

singlet population of cells were gated from the scatter plot and the peak intensity 

was measured depending on the DNA content and taking asynchronous cells as 

control the scatter plot was plotted for each cell cycle stage. 

2.5.6.2 Cell sorting by FACS 

For generation of PC4 knockdown stable cell line, HEK293 were transduced with 

pGIPZ vector containing the sh8 clone. The infected cells were sorted using 

FACS Aria III on the basis of GFP expression (Figure 2.6.3.3.1 A). For proper 

gating of the samples atleast 10000 events are needed. HEK293 without any GFP 

vector was taken as a control for proper gating (P1) of GFP+ve cells from the 

GFP-ve cells. Among the GFP+ve cells further gating was done to sort out only 

the high GFP+ve cells (P2 population in figure 2.6.3.3.1 A). 

2.5.7 Hematoxylin and Eosin (H&E) staining 

Paraffin blocks containing the samples were sectioned with each section 

measuring a thickness of 5µm. The sections were placed on hot water to stretch 

adequately and collected over clean glass slides coated with silane. They were 

fixed to the slide by incubating overnight at 40°C and for 2 hours at 60°C prior 

staining. The slides were serially processed in xylene, 100% ethanol and distilled 

water for two changes of five minutes each. They were stained with hematoxylin 

diluted in water at a ratio of 1:1 for seven minutes. Excess stain was washed off 

under running water and then stained with eosin for five minutes. Excess eosin 
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was removed by dipping the slides in water and serially treated with 70% ethanol, 

100% ethanol and Xylene for 1-2 minutes each. The slides were dried and 

mounted with cover slip. Images of normal and tumor regions were taken to mark 

the region containing cells. 

          

Figure 2.5.7: Hematoxylin and Eosin staining of a pair of tumor and adjacent 

normal tissue from an oral cancer patient. 

 

2.5.8 Immunohistochemistry  

The oral cancer patient samples used in the study were collected from Sri Devaraj 

Urs Academy of Higher Education and Research (SDUAHER) after obtaining 

Bioethics clearances from both institutes (SDUAHER and JNCASR). The 

samples were collected with prior consent from the patients. The tumor and 

adjacent normal tissue (2 cm away from the resected tumor margin) samples were 

fixed in 10% formalin for 24–48 h. The tissue samples were dehydrated and 

embedded in paraffin blocks. 5μm sections of the samples were made using a 

microtome (Leica, Germany). The tissue samples were stained with hematoxylin 

and counterstained with eosin. The regions with a higher density of cells were 

marked and those regions where punctured from the tissue blocks with a 1mm 

puncturing tool. The 1mm sections were placed onto a tissue microarray precast 

block. 5μm sections were placed on silane-coated slides. The paraffin was then 

removed in xylene, followed by dehydration of the samples in 100% alcohol and 

rehydration in water. Epitope retrieval was done in sodium citrate buffer by 

boiling for 10 min followed by incubation in 0.9% H2O2 in methanol for 15 min. 
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The samples were blocked in 5% skimmed milk for 45 min and probed with 

primary antibody of interest. The Strept-Avidin Biotin (biotinylated secondary 

antibodies (anti-rabbit+anti-mouse) and HRP-conjugated streptavidin) kit from 

Abcam, was used. The immuno-reactivity of the antigen was measured by the 

intensity of the brown precipitate formed in the presence of the chromogen 

diaminobenzidine tetrahydrochloride (Sigma Aldrich, USA) followed by 

counterstaining with hematoxylin. The staining was examined and imaged. Semi-

quantitative analysis of the staining (H-scoring) was performed by assigning 

values between 0 and 3 (0=no stain to 3=strong stain) per cell in a field (3 fields 

per sample) using the ImageJ add-on IHC profiler (Varghese F., et al., 2014). H-

score is calculated by the following formula: H-score= 0x% cells with no 

stain+1x% cells (low stain) +2x% cells (moderate stain) +3x% cells (strong 

stain), which can range from 0 to 300. Therefore, higher the H-score corresponds 

to higher levels of protein. Mann-Whitney Test was used for statistical analysis.  

2.5.9 Immuno-pulldown 

2.5.9.1 M2 agarose pull down to study interacting partners 

To study the association of Flag-PC4, Flag-Phosphomimic PC4 (Flag-PM-PC4) 

and Flag-phospho-defective mutant (Flag-MTP5) with chromatin protein linker 

H1 in HEK293 PC4 knockdown cells, or Flag-PC4K26-28R, Flag-PC4 and Flag-

PC4 acetylation mimic with RNA pol II or GTFs or p53, the individual Flag 

fusion constructs were stably transfected; cells were harvested and washed once 

with 1X PBS and lysed by adding 1ml of chilled lysis buffer (50 mM Tris-HCl, 

pH 7.4; 150 mM NaCl; 5 mM EDTA; 1% triton X-100; 1X-Complete protease 

inhibitor). Cells were incubated at 4ºC for 1hr with constant mixing. Lysate was 

clarified by centrifuging at 13,000 rpm at 4°C for 10 mins and incubated with 

30μl of anti-Flag M2 agarose beads (pre-washed and equilibrated in lysis buffer; 

Sigma # F2426) for 3hrs at 4ºC with uniform mixing. The beads were collected 

by centrifugation for 3mins at 2,000 rpm at 4ºC and the supernatants were 
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removed by aspiration. The pellets were washed once with 1 ml of cold lysis 

buffer, twice with tris buffered saline (TBS; 50 mM tris-HCl, pH 7.4; 150 mM 

NaCl) and eluted in 30μl of 500ng/μl of 3X-FLAG peptide (Sigma#F4799) in 

TBS buffer. The immunoprecipitated samples were then resolved in a 12% SDS-

PAGE and immunoblot analysis was done for verifying the pulldown protein and 

their interacting partners. 

2.5.9.2 M2 agarose pull down from chromatin fraction 

To study the association of Flag-PC4, Flag-Phosphomimic PC4 (Flag-PM-PC4) 

and Flag-phospho-defective mutant (Flag-MTP5) with core histones in HEK293 

PC4 knockdown cells. Cells were collected from two 100-mm plates and washed 

with 2 ml of cold 1x PBS (plus PI). The cell pellet (0.4 ml) was resuspended in 1 

ml buffer A (0.3 M sucrose, 60 mM KCl, 60 mM Tris-HCl, pH 8.0, 2 mM EDTA, 

and 0.5% NP-40 plus PI) and incubated on ice for 5 min, followed by a 5 minutes 

spin at 2,000 rcf at 4°C. 0.8 ml of the cytosolic fraction was collected. After one 

wash with buffer A, the nuclei (0.2 ml) were resuspended in 0.5 ml of 100 mM 

NaCl-containing mRIPA (6 strokes in a 7-ml Dounce homogenizer) and spun at 

6,000 rcf for 5 min. The supernatant was designated as nuclear extract (100 mM). 

The pellet was similarly resuspended in 2x pellet volume of mRIPA with 

sequentially increased NaCl concentrations (200, 300, 400 and 600 mM) and a 

ten-minute incubation on ice. The high salt fraction was incubated with 30μl of 

anti-Flag M2 agarose beads (pre-washed and equilibrated in lysis buffer; Sigma 

# F2426) for 3hrs at 4ºC with uniform mixing. The beads were collected by 

centrifugation for 3mins at 2,000 rpm at 4ºC and the supernatants were removed 

by aspiration. The pellets were washed once with 1 ml of cold lysis buffer, twice 

with tris buffered saline (TBS; 50 mM tris-HCl, pH 7.4; 150 mM NaCl) and 

eluted in 30μl of 500ng/μl of 3X-FLAG peptide (Sigma#F4799) in TBS buffer. 

The immunoprecipitated samples were then resolved in a 15% SDS-PAGE and 
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immunoblot analysis was done for verifying the pulldown protein and their 

interacting partners. 

2.5.9.3 Pull down using purified PC4K26-28ac and purified PC4 

antibody to study interacting partners 

Hela cells or oral cancer cells transfected with different constructs were seeded 

in three 100mm dishes were harvested and lysed in RIPA lysis buffer and the 

supernatant collected as RIPA lysate was then incubated with IgG purified 

PC4K26-28ac and PC4 antibody (5ug and 10ug of each antibody) and IgG 

purified from pre-immune sera for the control pulldown for few minutes before 

adding protein G sepharose that is pre-equilibrated in RIPA lysis buffer for 

pulldown in end to end rotor at 4° for 6hours before collecting the beads after 

washing in 500ul of lysis buffer 3times at 2000 rpm for 3mins and adding 1X 

SDS-Dye and denaturing at 90degrees before loading onto a SDS-PAGE gel for 

western blotting.  

2.5.10. Cell Synchronization for studying PC4 acetylation across 

cell cycle 

2.5.10.1 G0/G1 block 

HEK293 cells or oral cancer cells maintained in DMEM containing 10% FBS, 

were synchronized at the G0/G1 boundary by serum deprivation for 72hrs at a 

confluence of 60-70%. 

2.5.10.2 G1/S block 

Double thymidine block was carried out for synchronization of cells at the G1/S 

boundary. Briefly, 30-40% confluent HEK293 cells were treated with 2mM 

Thymidine for 18 hrs (first block). The cells were then released from the block 

by washing twice with warm 1X PBS and then by addition of DMEM containing 
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10% FBS. 9hrs post release in complete media, 2mM thymidine was again added 

to the cells and harvested 17hrs later. 

2.5.10.3 G2/M block 

Mitotic block was performed by addition of 2mM thymidine for 24 hrs, followed 

by washing twice with warm 1X PBS and releasing in DMEM containing 

10%FBS for 3hrs. 100ng/ml of nocodazole was finally added for 12 hrs to block 

the cells in prometaphase following which they were harvested. 

The cells at each stage were harvested and processed for either FACS analysis 

(mentioned before) or western blotting to study the levels of PC4 acetylation 

across different cell cycle stages. 

 

Figure 2.5.10: FACS analysis showing singlet population of cells gated from the 

scatter plot and the peak intensity measured depending on the DNA content. The 

peak value of each graph shows that the cells are synchronized   at different stages 

corresponds to the DNA content the respective stage 
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2.6 Cell Culture 

2.6.1 Mammalian cell culture 

All mammalian cell lines (Figure 2.6.1), mentioned in the subsequent chapters, 

were procured from ATCC collection and grown as per the recommendations 

provided by ATCC guidelines. Briefly, the adherent cells were rinsed once with 

Dulbecco’s phosphate buffered saline (Himedia) and then trypsinized with the 

prescribed amount of trypsin (Himedia) until the cells detach from the monolayer. 

Harvested cells were then resuspended in fresh media containing foetal bovine 

serum (FBS) and then dispensed into the cell culture dishes. These cell lines were 

grown at 37◦C with 5% CO2 till appropriate confluency is reached. Cells were 

then treated with various small molecule modulators mentioned in the appropriate 

text according to the nature of experiment done before harvesting them for further 

analysis. The culture conditions for each of the cell lines is mentioned in Table 

2.6.1. 
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Serial 

Number 

Cell line  Media+ selection 

pressure + growth factor 

requirements 

1 HEK293 DMEM (High glucose) + 

10% FBS 

 

2 pGIPZ non silencing vector transduced HEK293 

(shNS) 

DMEM (High glucose) + 

10% FBS 

 

3 pGIPZ PC4 sh8 transduced HEK293 (PC4 KD) DMEM (High glucose) + 

10% FBS+0.02mg/ml 

Puromycin 

 

4 Flag-constructs transfected HEK293 PC4 KD 

cells 

DMEM (High glucose) + 

10% FBS+0.02mg/ml 

Puromycin + 1mg/ml 

neomycin 

 

5 HeLa S3 DMEM (High glucose) + 

10% FBS 

 

6 HeLa  DMEM (High glucose) + 

10% FBS 

 

7 AW13516 DMEM (High glucose) + 

10% FBS 

 

8 UMSCC DMEM (High glucose) + 

10% FBS 

 

9 NT8e DMEM (High glucose) + 

10% FBS 

 

10 AW8507 DMEM (High glucose) + 

10% FBS 

 

11 Het1a Bronchial Epithelial Cell 

Growth Medium 

 

Table 2.6.1: Base media with selection pressure and supplement requirements 

for various cell lines. 
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Figure 2.6.1: Morphological features of the mammalian cells, grown in a 

monolayer- A. shNS HEK293; B. PC4 KDHEK293; C. HelaS3; D. Hela; E. 

AW8507; F. AW13516; G. UMSCC; H. NT8e; Scale bar represents 50μm. 
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2.6.2 Insect Cell Culture 

The insect ovarian cell line Sf21 from Spodoptera frugiperda (Figure 2.3.2) was 

procured from Invitrogen. The frozen stock vial was thawed on 37ºC water bath 

and was diluted ten times with pre-warmed Grace’s insect medium (Gibco) 

supplemented with 0.1% Pluronic acid solution (Invitrogen # F-68), 0.1% 

yeastolate (Invitrogen), 10μg/ml gentamycin (Invitrogen), 10%FBS and 

antibiotic (penicillin, streptomycin and amphotericin B) mixture. The cells were 

seeded in a T25 flask and allowed to adhere to the flask for 45minutes, following 

which the media was changed to completely remove the DMSO from the cryo-

preservation media. The cell further allowed to grow at 27ºC BOD incubator till 

70-80% confluence. The spent media was then discarded and 5ml of fresh Grace’s 

complete media, with all the supplements, was added to the flask. The adhered 

cells were scraped and sub-cultured at 1:3 ratio. The cells were counted using a 

haemocytometer (Neubauer’s Chamber) and seeded in appropriate numbers for 

infection, as required. For cryopreservation, the cells were harvested after 

scraping, pelleted down upon centrifuging at 1000 rpm for 3mins, resuspended in 

freezing mixture (40% Grace’s medium, 50% FBS and 10% DMSO) and 

transferred to cryo-vials (Corning), which were finally frozen slowly inside a 

cryo-cooler containing isopropanol, at -80ºC for 24hrs, following which the vials 

were transferred to liquid nitrogen cylinders. 
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Figure 2.6.2: Morphological features of Sf21 cells, grown in a monolayer. Scale 

bar represents 100μm. 

 

2.6.3 Mammalian cell Transfection 

2.6.3.1 Transfection of Plasmid DNA 

Plasmid vectors, competent for expression of various Flag-tagged proteins in 

mammalian cells, were transfected by using lipofectamine 2000 Plus 

(Invitrogen). Briefly, the cells were seeded in culture dishes as per the 

manufacturer’s recommendations and allowed to grow till 50-60% confluence. 

Recommended amount of DNA and the prescribed volume of Lipofectamine 

2000 was added to individual microfuge tubes and incubated at room temperature 

in appropriate volume of the media without serum and antibiotic. After the end 

of the initial mixture, DNA and Lipofectamine containing media were mixed and 

allowed to form complexes at room temperature for 15 mins, following which the 

mixture was added over the monolayer and mixed uniformly by gentle shaking 

of the culture dishes. 6-8hrs post transfection, the transfected media was 

discarded and fresh complete media was supplemented to the cells. Cells were 

harvested at appropriate times post transfection and analysed for various assays 

by means of western blot analysis or indirect immunofluorescence. Standard 

amount of DNA for the corresponding cell culture dishes are mentioned in Table 
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2.6.3.1 and the transfection reagents used for the different cell lines are detailed 

in Table 2.6.3.2. 

Diameter of the 

Culture Dish  

 

Amount of DNA transfected 

 

35mm dish/ 6-well plate 2μg 

 

60mm dish 4ug 

100mm dish 10ug 

Table 2.6.3.1: Standard DNA amounts transfected for different culture dishes. 

 

The following conditions were maintained for transfection of different cell lines: 

Cell Line DNA: Transfection Reagent (μg: μl) 

HEK293 1:2 (DNA: Lipofectamine) 

HeLa 

 

1:3 (DNA: Lipofectamine) 

Table 2.6.3.2: Standard DNA: transfection reagents used for different cell lines. 

 

2.6.3.2. Transfection of siRNA  

MDA-MB-231 cells were transfected with either control siRNA (Silencer™ 

Negative Control No. 1 siRNA; Invitrogen # AM4611) or a heterogeneous 

mixture of siRNAs that all target the same mRNA sequence of human p300 

(EHU155151,  MISSION® esiRNA human EP300; esiRNA1, Sigma). 

Briefly, HEK293 cells were seeded in a 60mm dish format as per the 

manufacturer’s recommendations and allowed to grow till 30% confluence. 

10nM of either the control siRNA or the siRNA pool targeting p300 were added 

to individual microfuge tubes and incubated at room temperature in 250μl of 

DMEM without serum and antibiotic. 5μl of Lipofectamine RNAiMAX Reagent 

(Invitrogen) was incubated at room temperature in 250μl of DMEM without 
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serum and antibiotic. After the end of the initial mixture of 5mins, siRNAs and 

transfection reagent containing media were mixed and allowed to form 

complexes at room temperature for 20mins, following which the 500μl mixture 

was added over the monolayer and mixed uniformly by gentle shaking of the 

culture dishes. 1.5-2ml of DMEM containing 10%FBS was also added to each 

dish. 6hrs post transfection, the transfected media was discarded and fresh 

complete media was supplemented to the cells. Cells were harvested after 48hrs 

post transfection and analysed for various assays. 

 

2.6.3.3Generation of stable cell lines 

2.6.3.3.1 Stable knockdown of PC4 in HEK293 

10ug of pGIPZ-sh8 vector was transfected in HEK293T cells along with 

appropriate amounts of viral gene containing plasmids psPAX2 (5ug), pRS-Rev 

(1.5ug) and pCMV-VSV-G (3.5ug) to package the mammalian clone into the 

viral particles. 48hours post transfection, the viral particles in the culture 

supernatant are collected and used to infect HEK293 cells for 8hours with 

50ug/ml of DEAE-dextran. The infected cells were sorted using FACS Aria III 

on the basis of GFP expression and characterized on the basis of downregulation 

of endogenous PC4 expression. 
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Figure 2.6.3.3.1: Generation of PC4 stable knockdown cell line in HEK293 

cells. A. Vector map of pGIPZ vector obtained from Dharmacon. B. FACS 

analysis showing sorting of GFP+ve HEK293 (P1) cells from GFP-ve HEK293 

cells. C. Morphology of HEK293 PC4 knockdown cells (bright field panel on the 

left) expressing GFP (right panel) has been shown after sorting (bottom panel). 

D. FACS analysis showing sorting of high GFP+ve HEK293 cells from low 
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GFP+ve HEK293 cells (P2). Scale bar represents 100μm. E. Western blot 

representation for the characterization of PC4 stable knockdown HEK293 cells. 

 

2.6.3.3.2 Generation of Flag expressing cell lines 

Plasmid vectors, competent for expression of Flag-tagged proteins (pCMV10) in 

mammalian cells, were transfected by using lipofectamine 2000 Plus (Invitrogen) 

following which the cells were seeded in culture dishes as per the manufacturer’s 

recommendations and allowed to grow till 50-60% confluence. Recommended 

amount of DNA and the prescribed volume of Lipofectamine 2000 Transfection 

Reagent was added to individual microfuge tubes and incubated at room 

temperature in appropriate volume of the media without serum and antibiotic. 

After the end of the initial mixture, DNA and Lipofectamine containing media 

were mixed and allowed to form complexes at room temperature for 5-10mins, 

following which the mixture was added over the monolayer and mixed uniformly 

by gentle shaking of the culture dishes. 4-6hrs post transfection, the transfected 

media was discarded and fresh complete media was supplemented to the cells 

with neomycin selection. Cells were harvested at appropriate times post 

transfection and analyzed for various assays by means of western blot analysis or 

indirect immunofluorescence.  

 

        

 

 

A
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Figure 2.6.3.3.2: (A) Flag expression check by western blotting in PC4 

knockdown HEK293 cells expressing Flag-tagged PC4, phosphomimic PC4 

(PM-PC4) and phosphomutant PC4 (MTP5). (B) HEK 293 cells transfected with 

Flag-tagged PC4, phosphomimic PC4 (PM-PC4) and phosphomutant PC4 

(MTP5) in PC4 knockdown background was analysed for their subcellular 

localisation by fluorescent microscopy. 

2.6.3.3.3 Stable knockdown of PC4 in AW13516 and UMSCC 

10ug of pGIPZ-sh8 vector was transfected in HEK293T cells along with 

appropriate amounts of viral gene containing plasmids psPAX2 (5ug), pRS-Rev 

(1.5ug) and pCMV-VSV-G (3.5ug) to package the mammalian clone into the 

viral particles. 48hours post transfection, the viral particles in the culture 

supernatant are collected and used to infect AW13516 and UMSCC cells for 

12hours with 25ug/ml of DEAE-dextran. The infected cells were sorted using 

FACS Aria III on the basis of GFP expression and characterized on the basis of 

downregulation of endogenous PC4 expression. 

 

 

Figure 2.6.3.3.3.1: Generation of PC4 stable knockdown cell line in oral 

cancer cells. (A-B) FACS analysis showing sorting of high GFP+ve AW13516 
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(A) and UMSCC (B) (P1) cells from low GFP+ve AW13516 (A) and UMSCC 

(B) cells respectively. 

 

 

 

 

 

Figure 2.6.3.3.3.2: Generation of PC4 stable knockdown cell line in oral 

cancer cells. A. Morphology of AW13516 PC4 knockdown cells (bright field 

panel on the left) expressing GFP (right panel) has been shown after sorting. Scale 

bar represents 100μm. B. Western blot representation for the characterization of 

PC4 stable knockdown AW13516 cells. C. Morphology of UMSCC PC4 

knockdown cells (bright field panel on the left) expressing GFP (right panel) has 

been shown after sorting. Scale bar represents 100μm. D. Western blot 

representation for the characterization of PC4 stable knockdown UMSCC cells. 
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2.7 Generation of polyclonal antisera 

2.7.1 Generation of polyclonal antisera against K26-K28 acetylated 

peptide of PC4 in rabbit 

A peptide containing two acetylated lysine residues corresponding to acetylated 

lysines26 and 28 of PC4 protein was designed based on the best predicted 

antigenicity value (Immunomedicine Tools: online antigenicity prediction site) 

and hydrophobicity value (PEPTIDE 2.0/ ExPASy Bioinformatics Resource 

Portal site) and conjugated with Keyhole Limpet Hemocyanin (Genemed 

Synthesis Inc.). KLH-C-EVDKKLK(ac)RK(ac)KQVAPE (residues 20 to 34). 

Regular immunization schedules were followed as shown in Figure2.7.1 to raise 

the antibody against acetylated PC4 in rabbit. Briefly, 500μl of conjugated 

peptide was emulsified with equal volume of Freund’s Complete Adjuvant and 

injected subcutaneously into two rabbits. This was followed by first booster doses 

after 2 weeks when 250μl of conjugated peptide was emulsified with equal 

volume of Freund’s Incomplete Adjuvant and similarly injected subcutaneously. 

After 2weeks, the second booster was given same as the first. After 2 weeks of 

second booster major bleeding was done to obtain immunized blood from one 

rabbit and serum was extracted whereas a third booster was given to the other 

rabbit and 2 weeks later major bleed was collected. The specificity of this major 

bleed was confirmed by western blot analysis and used further characterizations.  
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Figure 2.7.1: Schematic for raising polyclonal antisera against PC4 K26-28 

acetylated (PC4K26-28ac) indicating the sequence of peptide antigen and the red 

box indicating the bleed that is used as PC4K26-28ac antibody for further 

experiments.  

2.7.2 Generation of polyclonal antisera against PC4 peptide in 

rabbit and mouse 

A peptide containing a region of PC4 protein which is conserved across human 

and mouse (Figure 2.7.2. left panel) was designed based on the best predicted 

antigenicity value (Immunomedicine Tools: online antigenicity prediction site) 

and hydrophobicity value (PEPTIDE 2.0/ ExPASy Bioinformatics Resource 

Portal site) and conjugated with Keyhole Limpet Hemocyanin (Genemed 

Synthesis Inc.). KLH-C- DNMFQIGKMRYVSVRDFKGK (residues 61 to 80). 

Regular immunization schedules were followed to raise the antibody against 

acetylated PC4 in rabbit as well as in mouse. Briefly, 500μl and 70ul of 

conjugated peptide was emulsified with equal volume of Freund’s Complete 

Adjuvant and injected subcutaneously into two rabbits and two mice respectively. 

This was followed by first booster doses after 2 weeks when 250μl of conjugated 

peptide was emulsified with equal volume of Freund’s Incomplete Adjuvant and 

similarly injected subcutaneously for rabbits and first booster for mouse was done 
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using 50ul of peptide was emulsified with equal volume of Freund’s Incomplete 

Adjuvant after 21days. After 2weeks, the second booster was given same as the 

first for rabbit and after 3weeks for mice followed by third booster in the same 

way and major bleed was collected after each booster both for rabbit and mice. 

The specificity of this major bleed was characterized by western blot analysis 

(Figure 2.7.2 right panel). 

    

 

Figure 2.7.2: The conserved region of PC4 protein sequence that was used to 

generate the polyclonal antisera against PC4 (both in human and in mouse) shown 

within the red box (left panel). Western blot representation of anti- 

DNMFQIGKMRYVSVRDFKGK peptide antibody against PC4 in cell lysates 

on the right panel. PC4 KD HEK293 cells (lane 2 of western blot image) been 

used to check the specificity of the peptide antibody for PC4 protein in cells. 

 

2.7.3 Generation of polyclonal antisera against PC4 protein in 

rabbit and mouse 

The same immunization schedule was followed as was done for generating 

antisera against PC4 peptide mentioned in 2.7.2 except for the fact that full length 

recombinant PC4 protein was purified bacterially expressed cells and was 

dialyzed in 1X PBS and lyophilized. The lyophilized protein was then dissolved 

in water and emulsified with Freund’s Complete Adjuvant upon priming and with 
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Freund’s Incomplete Adjuvant for booster doses respectively. The major bleed 

was collected after second and third boosters which was then characterized by 

Western blotting. 

 

 

Figure 2.7.3: Western blot representation of PC4 antibody raised against the full 

length PC4 protein injected for immunization in in cell lysates. PC4 KD HEK293 

cells (lane 2) been used to check the specificity of the antibody for PC4 protein 

in cells. 

2.7.4 IgG purification of Antibody  

Both the PC4K26-28acetylation specific antibody as well as PC4 antibody 

generated in lab was purified from 500ul of crude serum that was mixed with 20ul 

of Protein G-sepharose (Invitrogen) equilibrated with 1mM Tris pH8.0 and 

allowed to mix for 1hour in the end to end rotor at 4°C and then passed through 

a column after allowing the beads to settle for 15mins. The beads were washed 

with 100mM Tris pH 8.0 followed by washes with 10mMTris pH 8.0 and finally 

eluted in glycine pH 3.0. The eluted antibody is dialyzed in 50% glycerol in 

1XPBS before being stored at -20°C for use. IgG was also purified from pre-

immune sera to be used for control immuno-pull down. The integrity of IgG 

purified PC4K26-28ac and PC4 antibody was checked by loading the purified 

antibody onto a 12% SDS-PAGE with and without denaturation (Figure 2.7.4). 
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Figure 2.7.4: The integrity of the purified antibodies was checked by running the 

antibody with and without denaturation (without βme and heating) in a 12% SDS-

PAGE to check both the heavy and the light chains. The purification profile for 

the acetylation specific PC4 (PC4K26-28ac) antibody and for PC4 specific 

antibody is shown in Panel A and B respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 

B

 



  Results 

191 
 

Chapter 3: Results 

 

Chapter outline 

 

3.1. Understanding the implications of CKII-mediated 

phosphorylation of PC4 on its genome organisation function and 

thereby the regulation of gene expression 

3.2. Understanding the Implications of p300 mediated acetylation of 

PC4 on its coactivator function and probable role in cancer 

manifestation 
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3.1. Understanding the implications of CKII-mediated 

phosphorylation of PC4 on its genome organisation function and 

thereby the regulation of gene expression 

3.1.1 General Introduction 

Human Positive coactivator 4 (PC4) is a highly abundant nuclear protein, 

discovered as a bona fide non-histone chromatin associated protein (Das C., et 

al., 2006) involved in multiple cellular processes ranging from genomic 

organisation, transcription regulation (Garavís M and Calvo C,2017), 

neurogenesis (Swaminathan A., et al.,2016), regulation of autophagy (Sikder S., 

et al., 2019), DNA replication (Pan et al., 1996), to DNA damage repair 

(Mortusewicz O, Evers B, and Helleday T., 2015) (Figure 3.1.1.1). However, the 

molecular mechanism behind these roles of PC4 in these processes are yet to be 

elucidated. Post-translational modifications (PTMs) often contribute to 

multifunctionality of proteins. Post-translational modifications of chromatin 

proteins have been a major modulator of chromatin structure and thereby 

regulating chromatin template dependent functions.  

PC4 undergoes two major post-translational modifications phosphorylation and 

acetylation. PC4 Phosphorylation negatively regulates its double strand DNA 

binding and unwinding ability, co-activator function (Ge and Roeder.,1994, 

Kretzschmar et al., 1994 and Jonker H.R.A et.al., 2006).  CKII is a well-

characterized Ser/Thr-specific protein kinase that is responsible for 

hyperphosphorylation of PC4 N-terminus inside the cells (Ge and Roeder.,1994). 

Phosphorylation by CKII abolishes its interaction with an activation domain as 

well as its ability to mediate activator-dependent transcription (Ge and 

Roeder.,1994). PC4 phosphorylation is likely to alter the conformation of PC4 

and, in turn, its ability to interact with VP16 (Ge and Roeder.,1994 and Jonker 

H.R.A et.al., 2006).  PC4 has also recently been shown to be a substrate of mitotic 
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kinases Aurora A and Aurora B and has implications in cytokinesis and mitosis 

(Dhanasekaran et al., 2016).  

Knockdown of PC4 has shown drastic alteration in the nuclear architecture and 

chromosomal defects (Dhanasekaran K., et al., 2016 and Sikder S., et al., 2019) 

which indicates that PC4 is critical for maintaining genome integrity and has a 

role beyond its involvement in transcriptional activation. Majority of PC4 in cells 

is present in phosphorylated state and Casein Kinase II (CKII) is the dominant 

kinase responsible for its hyperphosphorylation at the N-terminal serine-rich 

region. Despite the inhibitory effects of phosphorylation, the abundance of 

phosphorylated PC4 in cells intrigued us to find the implications of this 

modification on its chromatin associated functions.  

 

Figure 3.1.1.1: Pictorial depiction of various molecular and cellular activities 

associated with Human Positive Co-activator 4. 
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Human Positive co-activator 4 is evolutionarily conserved and is present in other 

eukaryotes and in prokaryotes (Akimoto et al. 2014; Ge and Roeder 1994; Henry 

et al. 1996; Huang et al. 2012; Knaus et al. 1996; Steigemann et al. 2013; Werten 

et al. 2016). PC4 is a DNA-binding protein of 127 amino acids long. It possesses 

two serine and acidic residue-rich (SEAC) regions separated by a lysine-rich (K-

rich) region in the N-terminal half where the post-translational modifications 

occur (Figure 3.1.1.2A). Initial studies have indicated the CKII phosphorylation 

mainly occurs within the first serine-rich acidic tract (Ge and Roeder 1994). 

Therefore, we started with identification of serine residues that are critical for 

CKII phosphorylation. Prediction of phosphorylation sites using netphos 

3.1server indicated that a stretch of the first SEAC domain of PC4 containing 

Serine residues 13, 15, 17 and 19 predicted to be important for phosphorylation 

(Figure 3.1.1.2). These serine residues were also highly conserved across species 

(Figure .3.1.1.3). Several mutants were generated to assay their phosphorylation 

ability by CKII. The implication of CKII phosphorylation in terms of its 

chromatin compaction ability was thus further explored by mutating and 

mimicking these critical serine residues in an in vitro reconstituted nucleosomal 

array as well as in cellular studies with ectopic overexpression of Flag tagged 

wild type, phospho-mimic and phospho-defective PC4 mutants in an endogenous 

PC4 knockdown background. The following section elaborates how these 

approaches that were undertaken to address a possible implication of CKII 

mediated phosphorylation in determining the chromatin compaction and 

epigenetic state and thereby the transcriptional outcome of PC4 dependent target 

genes in cells.  
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Figure 3.1.1.2: (A) Prediction score of the serine residues in PC4 getting 

phosphorylated within the indicated stretch (B) The plot showing the 

phosphorylation potential plotted against the sequence position using Net Phos 

3.1. 
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Figure 3.1.1.3: Alignment of PC4 sequence (Homo sapiens) surrounding the four 

serine residues 13,15,17 and 19 in different species. 

 

3.1.2 CKII phosphorylates PC4 in vitro 

Full length recombinant untagged PC4 purified from E. coli was subjected to in 

vitro kinase assay with Casein Kinase II (CKII), commercially procured from 

NEB. The kinase assay was carried out at 30ºC for 30 mins, followed by three 

replenishments with the enzyme and ATP at 30mins interval. After last 

replenishment, final incubation was done overnight to ascertain completion of the 

reaction. The mock reaction was set up in the same way containing all the 

components except enzyme. The phosphorylation of PC4 was confirmed both by 

the shift in the mobility of the PC4 protein upon phosphorylation in 12% SDS-

PAGE gel and from the intensity profile on the X-ray film by radioactive assay 

(Figure 3.1.2A, lane 3 and 4; Figure 3.1.2B, lane 2). 
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Figure 3.1.2: (A) CKII phosphorylate Max. In vitro kinase assay of 600ng of 

recombinant His6-PC4 (lanes 1-4) was performed using 1ul of CKII (20mU) in 

2X Phospho-buffer, 5mM cold ATP and [γ32P] ATP was carried out 30ºC for 30 

mins. The phosphorylated PC4 migrates slower than the mock phosphorylated 

PC4 in a 12% SDSPAGE gel. (B) The phosphorylation of PC4 was also 

confirmed from the intensity profile on the X-ray film by radioactive assay. 

 

3.1.3 Determination and validation of CKII phosphorylation sites of PC4 

The two serine-rich acidic domains in the N-terminal region of PC4 contain 

several serine residues which are potential sites for phosphorylation. Since earlier 

mass spectrometric studies (Ge and Roeder 1994) as well as prediction of highly 

probable phosphorylation sites reveal a stretch within the first serine-rich acidic 

tract, several point mutations were generated. In vitro kinase assay with these 

point mutants, indicate that a combination of three serine residues 13,15 and 17 

(MTP6) and or four serine residues 13,15,17 and 19 (MTP5) completely lost their 

ability to get phosphorylated by CKII (Figure 3.1.3A). The phosphorylation 

ability of different mutants has been shown in the tabular form (Figure 3.1.3B) 

A B 
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Figure 3.1.3 (A)In vitro kinase assay performed using 600ng of wild type and 

different phospho-defective mutants using [ϒ32P] ATP and CKII enzyme. (B) 

Table illustrating the extent of phosphorylation ability of different serine mutants 

of PC4. 

3.1.4 Casein Kinase II mediated phosphorylation of PC4 is critical for its 

interaction with linker histone H1 

Although PC4 has been found to be predominantly phosphorylated in vivo, its 

physiological relevance has not been elucidated properly. The association of PC4 

with chromatin was speculated to be through its preferential interaction with 

different core histones except the centromeric variant of histone H3, CENPA 

(Das C. et al 2006). Interestingly, unmodified, bacterially expressed recombinant 

PC4 was found to be not interacting with linker histone H1 in vitro. The linker 

histone H1 being an important chromatin component has been reported to 

regulate functions of other nonhistone chromatin proteins like HP1α and HMG 

through direct interactions (Daujat S 2005; Yinglu Li, 2018 and Zlatanova J., 

1998), we tested whether PC4 interacts with linker H1 upon phosphorylation 

using bacterially expressed His-tagged linker H1.1 and untagged PC4. We 

observed that PC4 interacts with linker H1 only when it is phosphorylated as the 

phospho-defective mutants (MTP5 and MTP6) failed to do so (Figure 3.1.4A, 

lane 3 vs lanes 6 and 9). The higher migration of PC4 upon phosphorylation 

(Figure 3.1.4A, lane 1) is also seen in IP upon pulling down His-tagged H1(Figure 

3.1.4 B, lane 3). The mock phosphorylated PC4 without CKII doesn’t show any 

A B 
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change in the migration pattern (Figure 3.1.4A, lane 4) nor does it interact with 

linker H1 (Figure 3.1.4C, lane 3). 

 

                   

 

 

Figure 3.1.4: (A) In vitro kinase assay performed using 600ng of wild type and 

phospho-defective mutants (MTP5 and MTP6) using ATP and CKII enzyme 

(lanes 1-3) and only ATP for mock reactions (lanes 4-6). (B) An in vitro 

interaction assay with 250ng of each of the phosphorylated wild type PC4, 

phospho-mutant PC4; MTP5 and MTP6, with 1ug of His tagged linker histone 

H1.1 was carried out by Ni-NTA pulldown. (C) The in vitro interaction with his-

tagged linker H1.1 using the mock controls (no CKII) of wild type PC4 and 

phospho-defective serine mutants (MTP5 and MTP6). 
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3.1.5 Quantitative Estimation of interaction of Phosphorylated PC4 with 

linker H1 

Interaction of PC4 with linker H1 in phosphorylation dependent manner was 

quantified by isothermal titration calorimetry. The assay was carried out in the 

presence of phosphorylated and mock phosphorylated PC4 with linker H1.1 in 

the ratio of 6:1. Unlike, unmodified PC4 which did not show any significant 

enthalpy change in the presence of linker histone H1.1 (Figure 3.1.5A) 

phosphorylated PC4 showed a robust association leading to significant enthalpy 

change, with a dissociation constant of 5nM (Figure 3.1.5B) exhibiting a one-site 

binding model of the isotherm.  

 

                    

 

Figure 3.1.5: (A) Isothermal calorimetric titration of unmodified PC4 with linker 

H1.1 and (B) Isothermal calorimetric titration of phosphorylated PC4 with linker 

H1.1 were carried out to determine the enthalpy change and stoichiometry of 

interaction. 
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3.1.6 Phosphorylation of PC4 mediates its interaction with somatic linker H1 

variants 

Linker histone H1 is an important chromatin component and consist of total 11 

subtypes including five canonical, replication-dependent somatic histone H1 

subtypes (H1.1, H1.2, H1.3, H1.4, and H1.5) with general as well as specific 

functions besides 6 non-canonical histone variants. The genomic distribution and 

their role in chromatin processes determines both local chromatin state as well as 

the 3D genome architecture.   

In vitro interaction studies were carried out with other somatic linker H1 variants 

besides H1.1 that are majorly expressed during S phase in a replication dependent 

manner. These histone variants despite having some specific functions do share 

a considerable amount of functional redundancy. PC4 interacts with the H1 

variants; H1.2, H1.3, and H1.4 (Figure 3.1.6 A, B and C respectively) only upon 

phosphorylation since only phosphorylated PC4 is present in the IP upon pulling 

down His-tagged H1 variants but not mock phosphorylated PC4 (Figure 3.1.6., 

A, B and C, lane 2 vs lane 4 for IP panel). 

 

 

Figure 3.1.6: (A-C) In vitro interaction assay with phosphorylated WT-PC4 and 

mock phosphorylated WT PC4 (P-PC4) with different His tagged linker histone 
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H1 variants H1.2, H1.3, H1.4 respectively was carried out by Ni-NTA pulldown 

following an in vitro kinase assay by CKII (compare lane 2 vs lane 4 for IP panel). 

3.1.7. Interactions of Phosphomimic PC4 (PM-PC4) with linker histone H1 

in vitro 

As the in vitro biochemical data suggest that phosphorylation of PC4 is essential 

to interact with linker histone H1, in order to understand the significance of this 

interaction in the physiological context a phosphomimic clone was generated by 

two sequential site directed mutagenesis, where the four critical serine residues 

13,15,17 and 19 was replaced by aspartic acid (PC4S13DS15DS17DS19D). 

Concurring with previous studies these four serine residues which were predicted 

to be potential CKII sites by mass spectrometric analysis lies within the first 

serine rich tract and is highly conserved as shown by sequence alignment of 

PC4/Sub1 across different species (Figure 3.1.3). The mobility of the 

phosphomimic PC4 (PM-PC4) was found to be comparable to phosphorylated 

PC4 (P-PC4) as shown in 15% SDS-PAGE (Figure 3.1.7A, compare lane 3 vs 

lane 4). In contrast, the mobility of unmodified native PC4 (N-PC4) and mock 

phosphorylated PC4 (Mock P-PC4) was found to be faster as compared to P-PC4 

or PM-PC4 (Figure 3.1.7A, compare lane 1 and lane 2 vs lane 3 and lane 4) .  

In vitro interaction assay was set up to study the interaction of phosphomimic 

PC4 along with phosphorylated wild type PC4 and phospho-defective mutant 

MTP5 with His-tagged linker histone H1.1. We find that indeed the 

phosphomimic PC4(PM-PC4) interacts with linker histone H1.1 similar to the 

phosphorylated wild type PC4 upon Ni-NTA pull down (Figure 3.1.7B, lane 2 vs 

lane 3). The phospho-defective mutant and the mock controls for both wild type 

PC4 and phospho-defective mutant of PC4 did not interact with His-H1.1 upon 

Ni-NTA pull down (Figure 3.1.7B, lanes 4-6). There was no phosphomimic-PC4 

being pulled down in the bead control indicting no non-specific interaction of 

phosphomimic PC4 with Ni-NTA beads (Figure 3.1.7 B, lane 1). 
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Figure 3.1.7: (A) The mobility pattern of PM-PC4 as compared to 

phosphorylated PC4 and unmodified PC4 in 15% SDS-PAGE stained with 

coomassie (B) In vitro interaction was performed using 250ng of phosphorylated 

wild type PC4 and PM-PC4 and phospho-defective mutant (MTP5) with 1ug of 

His tagged linker histone H1.1 was carried out by Ni-NTA pulldown. 

3.1.8 Phosphomimic PC4 and Phosphorylation of PC4 interacts with C-

terminal domain of linker histone H1 

To further understand which domain of linker H1 could be critical for this 

interaction, an in vitro interaction assay was carried out using His-tagged N-

terminal-globular domain (ΔC) of linker H1.2, C-terminal-globular domain (ΔN) 

constructs of linker histone H1.2, and full length H1.2 (Figure 3.1.8A) with 

phosphomimic-PC4 (PM-PC4), phospho-PC4 (P-PC4) and mockphospho-PC4 

(Mock P-PC4) by Ni-NTA pull down. The results indicate that PM-PC4 exhibits 

more potent interaction with linker histone H1 harbouring globular domain along 

with the C-terminal domain (ΔN) instead of the N-terminal (ΔC) (Figure 3.1.8B, 

lane 7 vs lanes 4 and 10). The strength of interaction between PM-PC4 with full 

length linker histone H1 (FL) was found to be lesser when compared to the C-

terminal globular domain ΔN (Figure 3.18B, lane 9 vs lanes 5 and 11). These 

A B 
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results indicate the C-terminal domain of linker H1 could be responsible for 

mediating interaction with PC4. 

 

           

Figure 3.1.8: (A) A diagrammatic representation of the different domains of 

linker histone H1.2 used for the interaction studies. (B) In vitro interactions were 

carried out with different domains of His tagged H1: N-terminal globular domain 

(ΔC), C-terminal globular domain (ΔN) and full length (FL) with PM-PC4, P-

PC4 and MockP-PC4 by similar Ni-NTA pull down and probed with anti-His and 

anti-PC4 antibody. 

3.1.9 Phosphorylation of PC4 mediates its interaction with linker histone H1 

in cells 

Whether phosphorylation of PC4 mediates its interaction with liker histone H1 in 

cells as well we created 3X-flag tagged mammalian constructs of wild type PC4 

(PC4), phosphomimic PC4 (PM-PC4) and phospho-defective PC4 (MTP5) 

expressing constructs in PC4 knockdown stable cell line background under 

neomycin selection (PC4 KD). Upon flag immuno-pull down, it was observed 
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that both wild type Flag tagged PC4 and Flag-PM-PC4 could efficiently interact 

with linker histone H1 as shown in the IP upon probing both with H1.2 variant 

specific as well as with pan H1 antibody (Figure 3.1.9 A and B respectively). The 

phospho-defective mutant MTP5 however could not pull down H1 in IP (Figure 

3.1.9 A-B). Thus, phosphorylation of PC4 is critical for its interaction with linker 

H1 in cells as well. 

 

                  

 

Figure 3.1.9: (A and B) Immuno-pulldown using Flag antibody carried out in 

Flag-PC4, Flag-PM-PC4 and Flag-MTP5 expressing 293cells in PC4 knockdown 

background and probed with both H1.2 specific (A) as well as pan H1 (B) 

antibody to detect H1 in the IP. 

3.1.10 Phosphomimic PC4 promotes condensation of a reconstituted 

nucleosomal array 

3.1.10.1 Determining concentration of Phosphomimic-PC4 (PM-PC4) 

mediating nucleosomal compaction 

Upon establishing that phosphorylation of PC4 is essential for its interactions 

with the linker histone H1, both in vitro and in vivo, we wanted to address the 

implications of PC4 phosphorylation in terms of its chromatin compaction 
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functions; for which we reconstituted a nucleosomal array using 12×177bp of 601 

DNA and recombinant Xenopus core histones. In order to study the effect of PC4 

vs PM-PC4 protein upon nucleosomal compaction, the recombinant PC4 and 

Phosphomimic PC4 (PM-PC4) was mixed with the nucleosomal array and 

subjected to sedimentation velocity analysis by analytical ultra-centrifugation and 

EM imaging to visualise the incubated array. A range of concentration of PM-

PC4 was tested for nucleosomal compaction (Figure 3.1.10.1) and we observed 

that PM-PC4 begins to induce compaction at as low as 1uM concentration and 

mediates significant compaction from 1.65uM unlike the unmodified PC4 (Table 

3.1.10.1.C) 
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Figure 3.1.10.1: Phosphomimic PC4 promotes chromatin condensation in a 

reconstituted nucleosomal system: (A-B) Sedimentation velocity analysis by 

analytical ultracentrifugation of PM-PC4 containing nucleosome array across a 

wide concentration range. (C) The sedimentation coefficient value at 50% 

boundary fraction (Sw,20) for different concentrations of PM-PC4 and PC4 

shown in tabular form. 
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3.1.10.2 PM-PC4 begins to induce compaction at a lower concentration than 

unmodified PC4 

After titrating a range of concentration of Phosphomimic PC4 upon incubating 

with nucleosome array and assessing the compaction from S50%(S) value , we 

observe that PM-PC4 begins to induce compaction at 1uM (Figure  3.1.10.2 A vs 

B ; C vs D). This is reflected in the diameter of the PM-PC4 bound array vs 

unmodified PC4 bound array (Figure  3.1.10.2E). 
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Figure  3.1.10.2: (A-B) EM images of PM-PC4 and PC4 incubated nucleosome 

array respectively at 1uM. (C-D) EM images of a single PM-PC4 and PC4 

incubated nucleosome array respectively at 1uM. Models of representative array  
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shown alognside. (E) Distributions of diameters of PM-PC4 and PC4 bound 

compacted array particles with diameter measured in um. No. of particles 

measured = 102. The diameter of particles was statistically analyzed by Student’s 

unpaired t-test (*p<0.05,**p<0.01,***p<0.001,ns-non-significant). Data 

represent the means ± SD.  

3.1.10.3 Phosphomimic PC4 bound nucleosomal array achieves higher 

sedimentation coefficient value indicating greater compaction 

The compaction of the nucleosomal array analysed by sedimentation velocity 

analytical ultracentrifugation showed that the PM-PC4 incubated nucleosomal 

array reaches higher sedimentation coefficient value as compared to the array 

incubated with unmodified wild type PC4 (by ~7S) (Figure 3.1.10.3A). The 

sedimentation coefficient value at a 50% boundary fraction is plotted against the 

stoichiometric ratio of PC4 and PM-PC4 used with respect to nucleosome core 

particle (NCP) indicated in X axis in Figure 3.1.10.3B. The data clearly indicates 

that PM-PC4 significantly increases the compaction of nucleosomal array in vitro 

than the unmodified PC4. Upon visualizing the PM-PC4 and PC4 incubated 

nucleosome array by EM imaging, we observed that in agreement with the 

sedimentation velocity analysis, the EM images also shows highly condensed 

nucleosome array formation in vitro by PM-PC4 as compared to wild type 

unmodified PC4 (Figure 3.1.10.3C vs D). To quantify the effects of PM-PC4 

compaction on chromatin, we measured one more parameter of the arrays: the 

diameter of the smallest circle completely encompassing the array. The diameter 

distribution of the PM-PC4 bound arrays is much lower than unmodified PC4 

bound array with diameter ranging from 0.06-0.16um indicating that more 

compacted arrays were formed by PM-PC4 (Figure 3.1.10.3E). Models of 

representative 12×177 oligo-nucleosomes at 0.6M monovalent salt with PM-PC4 

and PC4 has been depicted alongside their respective EM images (Figure 

3.1.10.3C-D). One of the condensed nucleosome arrays has been zoomed in 
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showing the highly compacted ordered arrays formed by PM-PC4 versus those 

by unmodified PC4 (Figure 3.1.10.3A). 

 

 

 

Figure 3.1.10.3: (A)Sedimentation velocity analysis by analytical 

ultracentrifugation of PM-PC4 and wild type PC4 containing chromatin samples. 

A nucleosome array without any protein is used as a control. (B) Sedimentation 
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coefficient values from (A) represented for the nucleosome core particle (NCP) 

containing increasing concentrations of PM-PC4 and WT PC4 at a 50% boundary 

fraction(n=3). Data represent the means ± SEM. The S50%(S) were statistically 

analyzed by Student’s paired t-test (*p<0.05,**p<0.01,***p<0.001,ns-non-

significant). (C-D) EM images of PM-PC4 and PC4 incubated nucleosome array 

respectively. Models of the representative condensed arrays shown in dotted 

circles below. (E) Distribution of diameters (in um) of PM-PC4 and PC4 bound 

compacted array particles. No. of particles measured = 142. Data represent the 

means ± SD. The S50%(S) were statistically analyzed by Student’s unpaired t-

test (*p<0.05,**p<0.01,***p<0.001,ns-non-significant). 

 

3.1.10.4  Phosphomimic PC4 bound nucleosome array forms ordered 

structures at higher concentration 

PM-PC4 reaches optimal compaction at 1.65uM concentration even though it 

starts compacting at 1uM (Figure 3.1.10.4 F) showing formation of PM-PC4 

bound array of smaller diameter range than unmodified PC4 bound array which 

continues till 2.5uM concentration (Figure 3.1.10.4A-C). Upon increasing the 

concentration to 2.5uM PC4 starts forming disordered aggregates whereas PM-

PC4 bound array still forms ordered compacted structures (Figure 3.1.10.4 B vs 

A). Upon adding protein at 3.3uM concentration, PM-PC4 starts forming 

aggregated structures (Figure 3.1.10.4D and E).  Thus, these data collectively 

show that PM-PC4 has a better compaction ability forming highly compacted 

arrays as compared to WT unmodified PC4. 
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Figure  3.1.10.5: (A-B) EM images of PM-PC4 and PC4 incubated nucleosome 

array respectively at 2.5uM with models of representative array shown alognside. 

(C) Distributions of diameters (in um) of PM-PC4 and PC4 bound compacted 

array particles. No. of particles measured = 60. Data represent the means ± SD. 

The S50%(S) were statistically analysed by Student’s unpaired t-test 

(*p<0.05,**p<0.01,***p<0.001,ns-non-significant).(D-E) EM images of PM-

PC4 and PC4 incubated nucleosome array respectively at 3.3uM. Models of 

representative array structure showing aggregation.(F) The diameter distribution 

of PM-PC4 bound condensed array across different concentration of PM-PC4. 
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3.1.11 Phosphorylation enhances PC4 mediated condensation of H1 bound 

array forming higher order structures 

Linker H1 is an important component of the chromatin that stabilises the 

nucleosomal structure and spacing (Woodcock L., 2006 and Robinson PJ., 2006) 

but it also functions through intercation with other proteins which in turn brings 

about chromatin modification and regulates heterchromatin formation. Since we 

observed that linker histone H1 interacts with PC4 only when it is 

phosphorylated, we wanted to study whether phosphomimic PC4 and PC4 could 

complement linker H1 in mediating compaction of array into highly compacted 

fibers. Previous studies have already shown that H1 could condense nucleosome 

array into compact fibers when ratio of H1 to nucleosomal core particle 

(H1:NCP) is 1 (Song F et al., 2014). Therefore we selected H1 bound to 

nucleosome array at a sub-optimal ratio where it doesnot show complete 

compaction (Figure  3.1.11.1 A and B). Using this H1 bound nucleosome array 

we incubated PM-PC4 and PC4 at concentration lower than that used for earlier 

compaction studies to avoid precipitation of the nulceosomal DNA. The 

sedimentation velocity analysis shows that PM-PC4 complements H1 acquiring 

higher sedimentation coefficient value as compared to wild type(by ~6S) (Figure 

3.1.11.2A and C). Thus, PM-PC4 could condense H1 containing array to form 

highly compacted chromatin fibers unlike the wild type unmodified PC4 at the 

concentration used (Figure 3.1.11.2A-C). EM imaging suggest that at the 

indicated concentrations the proteins H1 (Figure 3.1.11.1A), PM-PC4 and 

unmodified PC4 (Figure 3.1.11.1C and D respectively) could not form compacted 

fibers alone but in presence of PM-PC4, H1 is able to form highly compacted 

fibers (Figure 3.1.11.3A and C) unlike with wild type unmodified PC4 (Figure 

3.1.11.3B and D). PM-PC4 further compacts the H1-bound array into highly 

compacted ordered strcutures (Figure 3.1.11.3A and C) resembling chromatin 

fibers indicating that PM-PC4 might be involved in higher order chromatin 
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organisation (as depicted in the models of representative array alongside in Figure 

3.1.11.3A and C). On the otherhand PC4 is unable to further compact H1-bound 

array which still exhibits unfolded nucleosome array (Figure 3.1.11.3B and D). 

The diameter of PM-PC4 bound H1-array are significantly smaller than the 

unmodified PC4 bound H1-array (Figure 3.1.11.3E). PM-PC4  starts precipitating 

H1-bound chromatin at a concentration where WT PC4 starts compacting H1-

bound array (Figure 3.1.11.2D). These results thus indicate that the ability of PM-

PC4 to further compact and assist linker H1 to form higher order structures 

suggesting that phosphorylation could assist PC4-mediated compaction function 

and thereby complementing another chromatin protein as linker H1 to form 

higher order nucleosomal structures. 

 

 

                                                                            

 

Figure 3.1.11.1: Phosphorylation enhances PC4 mediated condensation of 

H1 bound array forming higher order structures. (A-B) EM images of H1-

array in the ratio of H1: NCP of 0.5 and 0.75 respectively, (C-D) WT PC4 and 

PM-PC4 containing array at 1uM respectively. 
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Figure 3.1.11.2: Phosphorylation enhances PC4 mediated condensation of 

H1 bound array forming higher order structures. (A)Sedimentation velocity 

analysis by analytical ultracentrifugation of H1 bound nucleosome array with 

PM-PC4 and WT-PC4. A nucleosome array without any protein is used as a 

control. (B) Sedimentation velocity analysis by analytical ultracentrifugation of 

H1 containing chromatin with PM-PC4 and WT-PC4. H1 containing nucleosome 

array is used as a control. (C) Sedimentation coefficient values from (A) at a 

boundary fraction of 50% (n=3). Data represent the means ± SD. The S50%(S) 

were statistically analysed by ordinary one-way ANOVA, Sidak's multiple 

comparisons test as well as Student’s paired t-test 

(*p<0.05,**p<0.01,***p<0.001,ns-non-significant. (D) Sedimentation velocity 

analysis of H1 containing chromatin with 1.65uM of PM-PC4 and WT PC4 

A B C 

D 



  Results 

217 
 

showing PM-PC4 starts aggregating the H1 chromatin sample. A nucleosome 

array without any protein is used as a control indicating that PM-PC4 bound array 

at 1.65uM starts precipitating the DNA. 

 

 

 

 

 

Figure 3.1.11.3: Phosphorylation enhances PC4 mediated condensation of 

H1 bound array forming higher order structures. (A-B) EM images of PM-

PC4 and PC4 bound H1 containing array respectively showing the structure 

formed upon PM-PC4 and PC4 mediated compaction of H1-array respectively. 
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(C-D) EM image of a single PM-PC4 and PC4 bound H1 containing array 

respectively showing the compaction induced upon adding PM-PC4 and PC4 to 

H1-array respectively. Models of a representative condensed array shown in a 

dotted circle alongside. (E) Distributions of diameters (in um) of PM-PC4 and 

PC4 bound compacted array particles. No. of particles measured = 132. Data 

represent the means ± SD. The S50%(S) were statistically analysed by Student’s 

unpaired t-test (*p<0.05,**p<0.01,***p<0.001,ns-non-significant). 

3.1.12 Phosphorylation modulates interaction of PC4 with core histones  

Earlier studies suggested that PC4 interacting preferentially with histone H3 and 

H2B and this interaction might contribute to PC4 mediated chromatin 

condensation (Das C. et al., 2006).  Since PC4 being a highly abundant nuclear 

protein that is present majorly in the phosphorylated state, we wanted to 

investigate whether phosphorylation alters the strength of interaction of PC4 that 

is bound to the chromatin. To study this, we carried out Flag immuno-pull down 

from the chromatin fraction after sequential salt extraction from the nuclear 

extract, that is enriched in histones. The results upon probing the IP and input by 

western blotting, indicates that Flag tagged PC4 (PC4) and phosphomimic PC4 

(PM-PC4) exhibits greater interaction with histone H3 and H2B (Figure 3.1.12A 

and B, lane 1 and lane 2) whereas Flag-phospho-mutant shows weaker interaction 

with H3 (Figure 3.1.12 A and B, lane 3) and no interaction with H2B is observed 

upon pull down (Figure 3.1.12 A and B, lane 3). Thus, phosphorylation 

modulating interaction of PC4 with H3 and H2B in the chromatin fraction inside 

cells (Figure 3.1.12) might account for the phosphorylation mediated chromatin 

compaction observed along with its interaction with linker histone H1. 
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Figure 3.1.12: Phosphorylation modulates interaction of PC4 with core 

histones: (A and B) Immuno-pulldown using Flag antibody carried out in Flag-

PC4, Flag-PM-PC4 and Flag-MTP5 expressing 293cells in PC4 knockdown 

background from the chromatin fraction and probed with H3 and H2B antibody 

in IP in two independent biological replicates shown in A and B. 

3.1.13 Phosphorylation of PC4 regulates PC4 mediated chromatin 

compaction in cells 

In order to understand how phosphorylation of PC4 mediates chromatin 

condensation in vivo, we studied chromatin compaction in cells by stably 

transfecting 3X-flag tagged mammalian constructs Flag-PC4 (F-PC4), Flag-

Phosphomimic PC4 (F-PM-PC4) and Flag-phospho-defective mutant (F-MTP5) 

in PC4 knockdown HEK293 (as mentioned earlier) and analysing the sensitivity 

of the cellular chromatin towards Micrococcal nuclease (MNase) (Figure 

3.1.13B). In agreement to previous results showing that knocking down of PC4 

results in chromatin decompaction (Sikder S. et al., 2019 and Das C. et al., 2006), 

indeed we observe that in PC4 KD lane the chromatin is more accessible to 
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MNase digestion as reflected in higher intensity of mono-nucleosome and relative 

lane intensity being lower than vector control (shNS) (Figure 3.1.13B, lane 1 vs 

lane 3 and lane 2 vs lane 4 and Figure 3.1.13 C-D) indicating more open 

chromatin. F-PC4 and F-PM-PC4 transfection in PC4 knockdown cells 

significantly rescued the highly de-compacted chromatin state in PC4 

Knockdown cells almost to the level of vector control cells as revealed by higher 

relative lane intensity and lower mono-nucleosome intensity (Figure 3.1.13C and 

D), which is indicative of a more condensed chromatin state. However, F-MTP5 

expressing knockdown cells were still susceptible to MNase digestion like PC4 

KD showing greater mono-nucleosome accumulation as compared to vector 

control cells (Figure 3.1.13B) reflected both in lesser lane intensity and higher 

mono-nucleosome intensity (Figure 3.1.13C and D). F-MTP5 transfected cells 

could be more susceptible to MNase digestion than knockdown cells as they show 

even greater mono-nucleosome accumulation than knockdown cells upon MNase 

digestion at 3min time point (Figure 3.1.13B). These results thus indicate that 

phosphorylation of PC4 induces chromatin compaction and could be involved in 

maintaining higher order chromatin structure in vivo. 
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Figure 3.1.13: Phosphorylation of PC4 regulates PC4 mediated chromatin 

compaction in cells. (A) The undigested chromatin from all the cell lines (B) 

PC4 knockdown 293 cells were transfected with the indicated plasmids and 

chromatin fractions were extracted and analyzed by micrococcal nuclease 

(MNase) sensitivity assay. (C) Quantifications of lane signal intensities in (B) 

(n=2). Data represent the means ± SD. (D) Quantifications of band signal 

intensities corresponding to mono-nucleosome in every lane in (B) (n=2). Data 

represent the means ± SD. The data is statistically analysed by two-way ANOVA, 

Dunnett's multiple comparisons test (*p<0.05,**p<0.01,***p<0.001,ns-non-

significant). 
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3.1.14 Phosphorylation of PC4 regulates epigenetic state of the cell 

Since, analytical ultracentrifugation, electron microscopy and MNase sensitivity 

assays showed that phosphorylation of PC4 is critical for maintaining the 

condensed state of chromatin both in vitro and in cells, we were interested to find 

out whether phospho-PC4, is also needed in maintaining the epigenetic state of 

the cell. Knocking down of PC4 exhibited alteration in the epigenetic state of the 

cell showing enhanced levels of activation marks like histone H3 lysine9 

acetylation (H3K9ac) (Figure 3.1.14 A and B), histone H3 lysine 4 trimethylation 

(H3K4me3) (Figure 3.1.14 A and C) and concurring with greater chromatin 

decompaction observed in PC4 knockdown cells, they also exhibited significant 

reduction in heterochromatin mark, histone H3 lysine di-methylation (H3K9me2) 

(Figure 3.1.14 A and D). Since H3K9ac and H3K4me3 are the active marks 

present at the gene promoters, we were also intrigued to see the status of some 

enhancer marker like histone H2B lysine 5,12,15 and 20 tetra-acetylation 

(H2Btetraacetylation) which however decreases significantly upon PC4 

knockdown (Figure 3.1.14 A and E).  However, transfecting F-PC4 and F-PM-

PC4 in PC4 KD cells, significantly restored the histone modification state of 

shNS cells (Figure 3.1.14A-E) whereas F-MTP5 cells still showed significant 

change (Figure 3.1.14A-E). The activation marks H3K9ac and H3K4me3 

remarkably reduced upon transfection of F-PC4 and F-PM-PC4 as compared to 

PC4 KD cells (Figure 3.1.14 A-C) but not upon F-MTP5 transfection (Figure 

3.1.14 A-C). The heterochromatin mark H3K9me2 significantly increases in the 

F-PC4 and F-PM-PC4 transfected cells compared to PC4 knockdown cells but 

not in F-MTP5 transfected cells which is indicative of more condensed chromatin 

state (Figure 3.1.14 A and D). The enhancer mark H2Btetracetylation seems to 

increase upon F-PM-PC4 transfected cells compared to PC4 knockdown cells 

(Figure 3.1.14 A and E). Thus, these results clearly indicate the role of PC4 
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phosphorylation in maintaining chromatin compaction and thereby mediating an 

epigenetically repressive chromatin state inside the cells. 

 

                                                    

 

 

 

Figure 3.1.14 Phosphorylation of PC4 regulates epigenetic state of the cell: 

(A) Levels of different epigenetic marks checked by western blotting after 

transfecting F-PC4, F-PM-PC4 and F-MTP5 plasmids in PC4 knockdown cells. 

(B), (C), (D) and (E) Quantification of levels of epigenetic marks (n=3). Data 

represent the means ± SD.The data is statistically analysed by ordinary one-way 

ANOVA, Sidak's multiple comparisons test (*p<0.05,**p<0.01,***p<0.001,ns-

non-significant).  
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3.1.15: Phosphorylation of PC4 represses genes that are transcriptionally 

induced upon PC4 knockdown 

Earlier studies have shown the involvement of PC4 in REST–CoREST-mediated 

repression of neuronal gene expression in non-neuronal cells. Silencing of PC4 

has been shown to induce histone acetylation at the promoter of neural gene 

sodium channel 2 (SCN2) and has shown reduced REST-CoREST occupancy at 

the SCN2 promoter (Das C et al.,2006). A recent study has attributed the role of 

PC4 in negatively regulating autophagy and maintaining genome integrity 

(Sikder S. et al., 2019). Earlier results have shown that phosphorylation of PC4 

is involved in chromatin compaction thereby maintaining a repressive chromatin 

state and knocking down of this protein induces histone H3 acetylation at lysine 

residue 9 (H3K9ac) (Figure 3.1.14A and B). Thus, we investigated whether 

phosphorylation of PC4 regulates the expression of the core autophagy genes 

which have H3K9ac enriched at their promoters upon PC4 knockdown. Thus, we 

investigated whether phosphorylation of PC4 regulates the expression these core 

autophagy genes. We also tested the expression of three neural genes SCN2, 

glutamic acid decarboxylase 1 (GAD1), and muscarinic acid receptor 4 (M4) that 

has been shown to be downregulated upon PC4 silencing (Das C et al.,2006). 

SCN2, M4 gene expression that is upregulated upon stably knocking down PC4 

in 293 cells is repressed back upon transfecting back Flag-PC4 (F-PC4), Flag-

Phosphomimic PC4 (F-PM-PC4) but not in Flag-phosphomutant PC4 (F-MTP5) 

expressing cells (Figure 3.1.15.1A and B). However, such significant differences 

were not observed for GAD1 expression (Figure 3.1.15.1C). SCN2 and M4 is 

significantly downregulated in F-PC4 and F-PM-PC4 expressing knockdown 

cells as compared to PC4 knockdown cells but shows non-significant difference 

with that of the vector control (shNS) cells whereas in F-MTP5 expressing PC4 

knockdown cells SCN2 and M4 expression is significantly upregulated than 

vector control cells and is similar to PC4 knockdown cells indicating that the 
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rescue of gene expression is phosphorylation dependent (Figure 3.1.15.1A-B). 

The core autophagy genes; DRAM1, AMPKα1, AMPKα2, ULK1, and ULK2 

were significantly upregulated upon knocking down of PC4 (Figure 3.1.15.2) 

corroborating to the global hyperacetylation at H3 lysine residue 9 seen upon PC4 

knockdown. The expression of these pro-autophagy genes; DRAM1, AMPKα1, 

AMPKα2, ULK1, and ULK2 seemed to be regulated by phosphorylated PC4 

since their expression were significantly decreased comparable to the levels of 

vector control cells (shNS) upon transfecting back Flag-PC4 (F-PC4), Flag-

Phosphomimic PC4 (F-PM-PC4) but not by Flag-phosphomutant PC4 (F-MTP5) 

(Figure 3.1.15.2 A-E). 

 

 

                        

 

                              

Figure  3.1.15.1: Phosphorylation of PC4 represses neuronal genes that are 

transcriptionally induced upon PC4 knockdown. Relative expression of 

(A)SCN2, (B) M4, (C)GAD1 and (D)PC4 in PC4 knockdown cells stably-

transfected with WT Flag-PC4 (F-PC4), Flag-phosphomimic PC4 (F-PM-PC4) 

or Flag-phospho-mutant PC4 (F-MTP5) along with vector control cells (shNS) 

A 
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determined by real-time PCR. All data represent the means ± SD for n=3. The 

data is statistically analysed by ordinary one-way ANOVA, Sidak's multiple 

comparisons test (*p<0.05,**p<0.01,***p<0.001,ns-non-significant). 

 

                       

 

                                

 

      

Figure 3.1.15.2: Phosphorylation of PC4 represses autophagy genes that are 

transcriptionally induced upon PC4 knockdown. Relative expression of 

(A)AMPKα1, (B)AMPKα2, (C)ULK1, (D)ULK2 and (E)DRAM1 in PC4 

knockdown cells stably-transfected with WT Flag-PC4 (F-PC4), Flag-

phosphomimic PC4 (F-PM-PC4) or Flag-phospho-mutant PC4 (F-MTP5) along 

with vector control cells (shNS) determined by real-time PCR. All data represent 
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the means ± SD for n=3. The data is statistically analysed by ordinary one-way 

ANOVA, Sidak's multiple comparisons test (*p<0.05,**p<0.01,***p<0.001,ns-

non-significant). 

3.1.16 Phosphorylation of PC4 negatively regulating the autophagic process 

Since we observed that PC4 represses some of the autophagy regulating genes in 

a phosphorylation dependent manner and to establish the functional link of these 

gene expression results with cellular autophagy status, we looked into the 

Microtubule-associated proteins 1A/1B light chain 3B (LC3) and Sequestosome-

1 (p62) levels both at basal conditions as well as upon treatment with Bafilomycin 

A (Baf), a known small molecule inhibitor autophagy (Figure 3.1.16).  

LC3 exist in two forms LC3I and LC3II, LC3I gets cleaved and lipidated to 

generate LC3II, which goes and binds to inner and autophagosomal membrane 

and migrates faster on the SDS-PAGE. The conversion of LC3I to lipidated LC3II 

form reflects the induction of autophagy process, which is upregulated in PC4 

knockdown cells but decreases upon expressing Flag-PC4 (PC4), Flag-

Phosphomimic PC4 (PM-PC4) (Figure 3.1.16.1, lane 2 vs lane 3and lane 4) but 

not by Flag-phospho-mutant PC4 (MTP5) which shows higher LC3II levels 

(Figure 3.1.16.1, lane 2 vs lane 5). On the other hand, degradation of p62 which 

is an autophagosomal cargo indicates completion of autophagy process. p62 

levels are significantly higher in Flag-PC4 (PC4), Flag-Phosphomimic PC4 (PM-

PC4) expressing PC4 knockdown cells comparable to vector control cells but not 

in Flag-phosphomutant PC4 (MTP5) expressing cells which shows lower levels 

of p62 similar to PC4 knockdown 293 cells (Figure 3.1.16.1, lane 2 vs lanes 3 

and  4). PC4 expression in the mutants was similar to that of vector control cells 

but was significantly higher as compared to PC4 knockdown cells thus 

accounting for the rescue effects that we observe (Figure 3.1.16.1). 
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Figure 3.1.16.1: Phosphorylation of PC4 negatively regulating the 

autophagic process: Studying the levels of autophagy upon transfecting Flag-

PC4 (F-PC4), Flag-Phosphomimic PC4 (F-PM-PC4) and Flag-phospho-defective 

mutant PC4 (F-MTP5) in PC4 knockdown HEK293 by probing with LC3 and 

p62 antibody while actin was used as loading control. 

To fortify the role of PC4 phosphorylation in regulating autophagy we pre-treated 

the cells with a known small molecule autophagy inhibitor, Bafilomycin A (Baf) 

which is known to inhibit autophagy by disrupting the autophagic flux by 

inhibiting the lysosomal proton pump V-ATPase, resulting in a defect in 

autophagosome-lysosome fusion (Gozuacik D & Kimchi A, 2004). Treatment 

with Bafilomycin A delineates that both autophagic induction, revealed by the 

increase in LC3II levels (Figure 3.1.16.2, LC3II panel, lanes 3 and 4 vs lanes 1 

and 2), and autophagic flux, indicated by the degradation of p62 (Figure 3.1.16.2, 

p62 panel, lanes 3 and 4 vs lanes 1 and 2), are induced in PC4 KD cells as 

compared to shNS. 

Wild type PC4 and phosphomimic-PC4 expressing PC4 knockdown cells have 

reduced LCII levels in untreated conditions compared to the PC4 knockdown 

cells (Figure 3.1.16.2 lane 3 vs lanes 5 and 7) and is induced upon Baf treatment 
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(Figure 3.1.16.2 lane 5 vs lane 6 and lane 7 vs lane 8). On the other hand, 

phospho-mutant PC4 (MTP5) expressing knockdown cells have higher levels of 

LC3II in untreated conditions as the PC4 knockdown cells (Figure 3.1.16.2 lane 

3 vs lane 9) which is induced further upon Baf treatment indicating higher levels 

of autophagy in cells (Figure 3.1.16.2 lane 9 vs lane 10). Degradation of p62 was 

observed in PC4 knockdown and MTP5 cells in untreated conditions (Figure 

3.1.16.2 lane 3 and lane 9 vs lane 1, p62 panel) and it accumulates upon Baf 

treatment (Figure 3.1.16.2 lane 3 vs lane 4 and lane 9 vs lane 10, p62 panel) 

whereas p62 levels are higher in PC4 and PM-PC4 expressing knockdown cells 

compared to the PC4 knockdown cells in untreated conditions indicating 

autophagic levels being reduced (Figure 3.1.16.2 lane 3 vs lanes 5 and 7, p62 

panel). Interestingly we also observed LC3I levels to be reduced in PC4 and PM-

PC4 expressing knockdown cells that could reflect the transcriptional repression 

effect mediated by Phospho-PC4 on MAP1LC3B gene (Figure 3.1.16.2 lane 5 

and lane 7, LC3I panel). Thus, these results indicate that both induction of 

autophagy (LC3II) as well as autophagic flux (p62) is enhanced upon PC4 

knockdown and the levels are reduced back in a PC4 phosphorylation dependent 

manner. 
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Figure 3.1.16.2: Phosphorylation of PC4 negatively regulating the 

autophagic process: Studying the levels of autophagy upon transfecting Flag-

PC4 (F-PC4), Flag-Phosphomimic PC4 (F-PM-PC4) and Flag-phospho-defective 

mutant PC4 (F-MTP5) in PC4 knockdown HEK293 followed by Bafilomycin A 

(Baf) treatment at 100nM for 2 hours by probing with LC3 and p62 antibody 

while actin was used as loading control. 

3.1.17 Summary 

Earlier studies have shown PC4 to be a component of the chromatin (Das C et 

al.,2006) but the exact mechanism of PC4 mediated chromatin compaction was 

not known. This study however reveals a more physiological relevance of this 

protein modification on PC4 chromatin functions. It was therefore quite 

interestingly obvious for us to look deeper into significance of this modification 

in cells where it is abundantly present. We initially identified the critical serine 

residues important for CKII mediated phosphorylation by generating several 

mutants and conducting in vitro kinase assay using them. To address the 

relevance of phsophorylation on PC4 function, we generated both phosphomimic 

as well phospho-defective mutants after identifying the critical serine residues. A 
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novel finding in this study is the ability of PC4 to interact with chromatin protein 

linker H1 only upon phosphorylation. This finding provides a hint as to why PC4 

is majorly present in the phosphorylation state inside cells since this post-

translational modification determines the interaction of PC4 with chromatin 

components; linker H1, histone H3 and H2B.  

The phosphorylation dependent interaction of PC4 with the H1, encouraged us to 

investigate the role of PC4 phosphorylation in chromatin organization in a linker 

histone H1 containing nucleosomal system which showed that phosphomimic 

PC4 enhances the compaction of H1 bound array. This indicates the possibility 

that phospho-PC4 interaction with linker H1, might be involved in maintaining 

higher order chromatin structure.  Nucleosomal compaction studies show that 

Phosphomimic PC4 which mimicked the negative charge of a phosphorylated 

PC4 achieved higher sedimentation coefficient value (S50) compare to 

unmodified PC4. Thus, phosphorylation enhances the efficiency of PC4’s 

chromatin condensation ability. Our study shows that phosphorylation not only 

regulates PC4 mediated chromatin compaction in a nucleosomal system but also 

in vivo. PC4 being a chromatin protein; upon knockdown of PC4, cells exhibit 

chromatin decompaction that is rescued by expressing back wild type PC4 which 

gets phosphorylated inside cells and phosphomimic PC4 but not by phospho-

defective mutants as indicated by MNase assay. This study also addresses the 

effect of PC4 phosphorylation onto the epigenetic state of the cell. PC4 has been 

shown to be critical for genome integrity and knocking down of PC4 leads to 

alteration in the epigenetic state (Sikder S. et al., 2019). Interestingly we found 

that this alteration in the epigenetic state that is observed upon PC4 knockdown 

is rescued upon transfecting F-PM-PC4 and F-PC4 but not upon transfecting F-

MTP5 which clearly tells that phosphorylation of PC4 regulates the epigenetic 

state of the cell. PC4 phosphorylation mediated chromatin condensation may lead 

to a repressed epigenetic state as indicated by the levels of activation marks like 
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H3K9ac and H3K4me3 and the level of heterochromatin mark H3K9me2. The 

repressed epigenetic state mediated by PC4 phosphorylation may lead to gene 

repression in cells. Therefore, we next addressed the effect of PC4 

phosphorylation on gene expression. The repression of the neural genes; SCN2 

and M4, that has been shown earlier to be repressed in non-neuronal cells by PC4 

mediated repressor complex indicate that phosphorylated PC4 and phosphomimic 

PC4 could repress back these gene expression levels to that of the vector control 

cells but phospho-defective mutant failed to do so. Some of the autophagy 

regulating genes that earlier has been shown to upregulated upon PC4 silencing 

due to induction of H3K9ac levels at their promoters (Sikder S. et al., 2019) have 

also been shown to be repressed in a PC4 phosphorylation dependent manner. 

Here we see that indeed the negative regulation of autophagy genes mediated by 

PC4 phosphorylation has also been reflected at the level of autophagic process.  

These Flag-expressing PC4 knockdown cells however expressed PC4 at the same 

level. Neither the expression of wild type PC4, phosphomimic PC4 and phospho-

defective mutants were different nor did they alter PC4 localization which 

indicates that PC4 mediated chromatin condensation leading to gene repression 

is a phosphorylation dependent phenomenon.   
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3.2. Understanding the Implications of p300 mediated acetylation of 

PC4 on its coactivator function and probable role in cancer 

manifestation 

3.2.1 General Introduction 

PC4 was initially discovered to be a transcriptional co-activator and PC4 

facilitates activator dependent transcription by RNA pol II through direct 

interactions with the general transcription factors as well as other transcriptional 

activators like p53, Tat, BRCA1, AP2 (Banerjee S, 2004, Haile D1999, Kannan 

P, 1999 and Holloway., 2000). PC4 being majorly present in the phosphorylated 

state inside the nucleus and phosphorylation of PC4 being inhibitory to its co-

activator function suggest that a different form of PC4 being involved in 

transcriptional activation. Since earlier evidence suggested the induction of its 

double strand DNA binding ability, which is required for its co-activation 

function (Kaiser K., Steizer G., and Meisterernst M., 1995), upon acetylation by 

p300 (Batta K and Kundu T.K.,2007); we hypothesized whether acetylation of 

PC4 mediates its co-activator function. Acetylation mediated by KAT3B or p300 

imparts enhanced dsDNA binding ability, a unique DNA bending property, 

enhanced interaction with activator p53 which in turn enhances DNA binding and 

transactivation function of p53 (Batta K. and Kundu T.K., 2007) are indicative of 

involvement of acetylated PC4 with transcription. In order to study the 

physiological relevance of acetylated PC4, we need to first detect the presence of 

acetylated form of PC4. Therefore, we generated an acetylation-specific 

antibody. We first characterised the specificity of the antibody both in in vitro by 

HAT assays using acetylation defective mutants as well in cellular assays by 

targeting p300 using both siRNA and small molecule approach.  

For further understanding of the physiological role of acetylated PC4 and its 

implications, we employed oral cancer model system because it provides a p300 
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mediated hyperacetylated environment as shown in earlier reports (Arif M. et al., 

2010 and Shandilya J., et al., 2009). An important implication of non-histone 

protein acetylation has been observed in oral cancer where upon acetylation of 

NPM1, a non-histone substrate of p300, the localisation of the protein changes 

from the nucleolus to the nucleoplasm leading to RNA Polymerase II-mediated 

transcription co-activation and gene expression promoting oral carcinogenesis 

(Shandilya et al., 2009). Often non-histone protein acetylation like p53 can fine 

tune the enzymatic activity of p300 through the enhancement of p300 

autoacetylation which then accumulates near the transcription start sites. The 

Gain-of function mutant p53, known to impart aggressive proliferative properties 

in tumor cells, also activates p300 autoacetylation (Kaypee S. et al., 2018).  The 

histone chaperone NPM1 which gets acetylated by p300 is hyperacetylated in oral 

cancer patients, also seems to be a specific inducer of p300 autoacetylation 

through a reversible binding between NPM1 and p300 which can modulate p300 

acetyltransferase activity and this induction of p300 autoacetylation could be the 

cause of NPM1-mediated tumorigenicity (Kaypee S et al., 2018). PC4 being a 

substrate of p300 and a global regulator of p53 (Banerjee S et al., 2004, Batta K 

and Kundu T.K.,2007 and Mondal P. et al., 2019), oral cancer provides a 

physiological context of understanding the implications of acetylated PC4 in 

transcriptional activation. 
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Figure 3.2.1: (A) In vitro HAT assay with recombinant PC4 with full length 

enzymes from different KAT families indicating PC4 being acetylated by 

KAT3B or p300 (Figure adapted from Kumari S, and Kundu TK unpublished). 

(B) PC4 protein sequence indicating the high scoring acetylation sites in green. 

Flag tagged PC4 transfected in Hela cells were immuno-pulled down for mass 

spectrometric analysis. 

3.2.2 Identification of residues critical for p300 mediated acetylation in vitro 

To assess the existence of PC4 acetylation in vivo, it is essential to find out the 

lysine residues getting acetylated in the cell. Therefore, FLAG tagged PC4 

mammalian construct was transfected transiently into Hela cells and FLAG-PC4 

was pulled down using M2-agarose beads. Bead bound proteins were resolved in 

SDS-PAGE and the band corresponding to PC4 (Batta K and Kundu TK, 

unpublished) was subjected to in gel tryptic digestion followed by MALDI-TOF 

analysis. Peptide mass fingerprinting data suggested that at least four lysine 

residues (K26, K28, K53, K68) (Figure 3.2.1B) in PC4 gets acetylated (Batta K 

and Kundu TK, unpublished). C-terminal six histidine tagged PC4 acetylation 
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defective mutant clones were transformed and expressed in E. coli BL21 to purify 

the acetylation defective proteins.  

Since these four lysine residues (K26, K28, K53, K68) were high scoring sites to 

get acetylated in PC4 (Figure 3.2.1B), we wanted to study whether these sites 

were important for p300 mediated acetylation of PC4. Therefore, an in vitro 

acetylation assay was carried out using wild type PC4-His6 along with other 

acetylation defective mutants PC4K26 28R, PC4K53 68R and PC4K5R (another 

mutant where lysine at 5th residue is mutated to arginine, this site was not a high 

scoring acetylation site according to mass spec analysis was also checked for its 

effect on p300 mediated acetylation). 500ng of each of the protein substrate was 

incubated with 20,000 counts of baculovirus expressed recombinant full length 

p300 enzyme (enzyme activity determined by filter binding assay) and [3H]-

acetyl CoA at 30⁰C for 30mins in 1X HAT buffer for the HAT reaction to occur 

followed by gel assay to finally get the intensity profiles for the levels of 

acetylation on X-ray films. Acetylation of PC4 K53 68R and PC4K26 28R are 

highly compromised as compared to PC4 wild type indicating that Lysine 53 ,68, 

26 and 28 might be critical for p300 mediated acetylation of PC4 (Figure 3.2.2 

A, compare lane  5 vs lane  8 and lane  5 vs lane  7) with PC4 K53 68R showing 

the least acetylation (Figure 3.2.2A, compare lane  6 vs lane  8 and lane  7 vs lane  

8) among the other mutants and PC4K5R did not show much change in the 

acetylation levels compared to wild type (Figure 3.2.2A, compare lane  5 vs lane  

6).  The fold change in the acetylation level compared to wild type PC4 is plotted 

(Figure 3.2.2B). 
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Figure 3.2.2: Identification of residues critical for p300 mediated acetylation 

in vitro: (A) In vitro acetylation assay using C-terminal his tagged bacterial 

expressed recombinant PC4 (wild type) and acetylation defective PC4 mutants 

was carried out with baculovirus expressed recombinant full length p300 enzyme 

for 30mins at 30⁰C. (B) The fold change in the acetylation level compared to wild 

type PC4 is plotted showing that lysine residues 53, 68, 26 and 28 might be 

critical for p300 mediated acetylation of PC4. Coomassie shows equal protein 

loading. 

3.2.3 Characterisation of PC4 acetylation specific antibody 

As stated earlier in order to understand the physiological relevance of acetylated 

PC4 we generated a polyclonal antibody against two acetylated lysine residues 

corresponding to acetylated lysines26 and 28 of PC4 protein. The PC4K26 28ac 

antibody was then studied for its specificity for acetylated PC4 and whether these 

sited were indeed specific for p300 mediated acetylation.  

3.2.3.1 Acetylated Lysine 26 and 28 residues selected for antibody generation 

We observed by in vitro HAT assay that when lysine 26, 28 and lysine 53, 68 

were mutated in combination, p300 mediated acetylation of PC4 was highly 

compromised. A peptide containing two acetylated lysine residues corresponding 

to acetylated lysines26 and 28 of PC4 protein was designed based on the best 

predicted antigenicity value (Immunomedicine Tools: online antigenicity 
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prediction site) and hydrophobicity value (PEPTIDE 2.0/ ExPASy 

Bioinformatics Resource Portal site). The antigenicity index of the peptide 

against acetylated lysines26 and 28 of PC4 were higher than that of the peptides 

generated against acetylated lysines53 and 68 of PC4 (Figure 3.2.3.1A) since the 

two lysine 26 and 28 residues were closer to each other than the lysine residues 

53 and 68. Therefore we generated acetylation specific antibody using the former 

peptide against acetylated lysine 26 and 28, the two highly conserved residues 

across species (Figure 3.2.3.1B). 

 

 

 

A 

B 



  Results 

239 
 

Figure 3.2.3.1: (A) Antigenicity index calculated for peptides against acetylated 

lysine 26 ,28 and acetylated lysine 53, 68 of PC4 with the highest ones being 

marked within red box (B)Alignment of PC4 sequence (Homo sapiens) 

surrounding the two lysine residues 26 and 28 in different species. 

3.2.3.2 PC4 K26 28ac antibody specifically probes the acetylated PC4 in vitro 

An in vitro acetylation assay was carried out using wild type PC4-His6 along with 

the acetylation defective mutant PC4K26 28R with 20,000 counts of baculovirus 

expressed recombinant full length p300 enzyme (enzyme activity determined by 

filter binding assay) and cold-acetyl CoA at 30⁰C for 30mins followed by western 

blotting and probed with PC4K26 28ac antibody. The PC4K26 28 ac antibody 

specifically probed with wild type PC4 which undergoes acetylation and not the 

acetylation defective mutant (Figure 3.2.3.2, compare lane 5 vs lane 8 and lane 5 

vs lane 7). 

 

Figure 3.2.3.2 PC4 K26 28ac antibody specifically probes the acetylated PC4 

in vitro: Polyclonal antibodies were generated in rabbit using this peptide and 

were checked for their affinity and specificity for acetylated PC4 in vitro. Wilde 

type PC4 and acetylation defective mutant were acetylated by p300 in an in vitro 

acetylation assay along with no acetyl CoA controls. The blot is re-probed with 

PC4 antibody to show equal protein loading. 
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3.2.3.2 PC4 K26 28ac antibody specifically probes the acetylated PC4 in cells 

PC4K26 28ac antibody doesn’t shown any non-specific antigenicity as it 

specifically probes PC4 in HEK293 cells and does not show any band in HEK293 

PC4 knockdown cells (Figure 3.2.3.2A). HEK293 cells were treated with 

deacetylase inhibitor, sodium butyrate (NaBu),1mM for 24 hours. The cells were 

then processed for both western blotting and immunofluorescence and tested with 

PC4K2628ac antibody. The PC4 K26 28ac antibody specifically probed 

acetylated form of PC4 in cells which is enriched upon NaBu treatment (Figure 

3.2.3.2.1B, lane 2 vs lane 1 and Figure 3.2.3.2.2A) along with the acetylated 

recombinant PC4 protein in western blotting (Figure 3.2.3.2.1B, lane 3). A 

histone acetylation mark was also checked to verify that the NaBu treatment has 

worked both for western (Figure 3.2.2.1C, lane 2 vs lane 1) and IF (Figure 

3.2.3.2.2 C). PC4 levels however remains unchanged upon NaBu treatment as 

shown by IF which further validates the specificity of the antibody for the 

acetylated form of PC4 (Figure 3.2.3.2.2B). 

 

 

 

Figure 3.2.3.2.1: PC4 K26 28ac antibody specifically probes the acetylated 

PC4 in cells. (A) HEK293 and HEK293 PC4 knockdown cells immuno-blotted 

with AcPC4 and PC4 antibody (B) Immunoblotting of HEK293 cells upon NaBu 

treatment for 24hours with AcPC4 antibody. PC4 antibody used as loading 
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control (C) Immunoblotting of HEK293 cells upon NaBu treatment to check 

H3K9 acetylation levels. H3 were used for protein loading. 
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Figure 3.2.3.2.2: PC4 K26 28ac antibody specifically probes the acetylated 

PC4 in cells. HEK 293 cells treated with NaBu was analysed for the subcellular 

localisation and levels of (A) AcPC4, (B) PC4 and (C) H3K9acetylation by 

fluorescent microscopy. 

3.2.4 Acetylation of PC4 across cell cycle 

3.2.4.1 Localisation of acetylated PC4 during cell cycle 

PC4 is a nuclear protein that has been shown to be associated with the chromatin 

throughout different stages of cell cycle (Das C et al., 2006) . We wanted to study 

the localisation of acetylated PC4  across cell cycle stages for which cells were 

grown to 50-60% confluency on polyl-lysine coated coverslips and processed for 

immunofluorescence by staining with both PC4 and acetylated PC4 antibody. The 

cells were then visualised by LSM880 microscope from Zeiss under 

63xmagnification. Acetylated PC4 is highly present in the interpahse stage  of 

cell cycle and it reduces upon mitosis since the levels gradually decreases during 

prometaphase and is completely absent from the metaphase cells (Figure 

C 
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3.2.4.1A). Acetylation of PC4 again reappears during telophase stage (Figure 

3.2.4.1A). PC4 levels however doesnot change during different stages of cell 

cycle (Figure 3.2.4.1 B).  

 

 

 

 

Figure 3.2.4.1: Localisation of acetylated PC4 during cell cycle: 

Asynchronous HEK293 cells grown on coated coverslips and immuno stained 

with (A) AcPC4 and (B) PC4 antibody and visualised at 63X magnification. 

3.2.4.2 Acetylation of PC4 reduces upon mitosis 

The acetylation levels of PC4 were further studied by western blotting by 

arresting cells at different stages of the cell cycle. For arresting the cells at 

different stages of the cell cycle the cell synchronization was done as mentioned 

before (Materials and Methods) and for the FACS analysis singlet population of 

cells were gated from the scatter plot and the peak intensity was measured 

depending on the DNA content and taking asynchronous cells as control the 

scatter plot was plotted for each stage. The cell synchronization at different stages 

was also verified by specific cell cycle stage markers (Figure 3.2.4.2.1C-D). 
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Acetylated PC4 level is significantly decreased in G2/M stage (Figure 3.2.4.2.1A-

B) as shown by western blotting of lysates prepared from cells arrested at 

different cell cycle stages. 

Co-immunofluorescence studies in Flag-PC4 cells were carried out using anti-

Flag and anti-AcPC4 antibody which indicates compact metaphase chromosomes 

are devoid of acetylated PC4 whereas it is present with interphase chromatin 

(Figure 3.2.4.2.2). This observation along with western blotting results suggest 

that acetylation may not be present in the compact and transcriptionally inactive 

chromatin present in the metaphase cells but is associated with open and 

transcriptionally active chromatin in the interphase stage. 

 

                  

 

Figure 3.2.4.2.1: Acetylation of PC4 reduces upon mitosis. (A)Western 

blotting showing Acetylation levels of PC4 in HEK293 arrested at different stages 

of the cell cycle. (B) Quantification of levels of AcPC4 (n=3). Data represent the 
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means ± SD.The data is statistically analysed by ordinary one-way ANOVA, 

Sidak's multiple comparisons test (*p<0.05,**p<0.01,***p<0.001,ns-non-

significant). (C) Western blotting of H3S10phosphorylation (H3S10ph) levels as 

a mitotic marker across different stages of cell cycle. (D) Western blotting of 

cyclin E levels, a G1/S marker, across different stages of cell cycle. 

 

 

Figure 3.2.4.2.2: Acetylation of PC4 reduces upon mitosis. Co-

immunofluorescence of asynchronous HEK293 cells grown on coated coverslips 

and immuno stained with both AcPC4 and Flag antibody (to probe PC4) and 

visualised at 63X magnification. 

3.2.4.3  Acetylated PC4 is not associated with chromatin upon mitotic arrest  

293 cells were collected from two100-mm plates and washed with cold  PBS. The 

cell pellet (0.4 ml) was resuspended in 1 ml buffer A (0.3 M sucrose, 60 mM KCl, 

60mM Tris-HCl, pH 8.0, 2 mM EDTA, and 0.4% NP-40 plus PI) and incubated 

on ice for 5 min, followed by a 5 minutes spin at 2,000 rcf at 4°C. 0.8 ml of the 

cytosolic fraction was collected. After one wash with buffer A, the nuclei (0.2 

ml) was resuspended in 0.5 ml of 100 mM NaClcontaining mRIPA (6 strokes in 
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a 7-ml Dounce homogenizer) and spun at 6,000 rcf for 5 min. The supernatant 

was designated as nuclear extract (100 mM). The pellet was similarly 

resuspended in 2x pellet volume of mRIPA with 1M NaCl concentrations and 

separated the pellet and supernatant fraction for Western blotting analysis. The 

chromatin fraction of the interphase stage shows higher levels of acetylated PC4 

without a change in the PC4 levels across the two stages but is not present in the 

chromatin fraction of mitotic cells (Figure 3.2.4.3A, lane 2 vs lane 1). Histone H3 

is present in the chromatin fraction of both mitotic and interphase cells which is 

taken as the positive control. On the other hand, tubulin is taken as a control for 

cytosolic fraction and is not present in the nuclear fraction indicating the 

fractionation process has occurred properly without any cross contamination from 

other fractions (Figure 3.2.4.3B, lanes 1-2 vs lanes 3-4). Thus, further reiterating 

the observation that mitotic chromatin which is highly compacted is devoid of the 

acetylated form of PC4.  

 

 

3.2.4.3 Acetylated PC4 is not associated with chromatin upon mitotic arrest: 

(A) Nuclear extraction followed by high salt extraction to isolate the chromatin 

fraction was carried out from HEK293 cells that has been arrested at mitotic stage 

and interphase stage probed with histone H3 as positive control, PC4 and AcPC4. 

A

C 

B 
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(B) The nuclear and cytosolic fraction from both mitotic and interphase cells were 

probed with tubulin as control to check the fractionation. 

3.2.5 Lysine 26 and 28 residues in PC4 gets acetylated by p300 in vivo 

3.2.5.1 Acetylation of PC4 reduces upon treatment with p300 specific 

inhibitor 

 HEK293 cells were seeded and treated with different doses of the inhibitors for 

24 hours before harvesting for making cell lysates in RIPA lysis buffer and loaded 

onto 12% SDS-PAGE and probed with PC4 acetylation antibody and with PC4 

to check for loading. The cells were seeded in a 6well plate and treated with 25μM 

and 50μM of embelin which is a known PCAF-specific inhibitor (Modak R. et al, 

2013), 50μM and 100μM of LTK-14(Arif M. et al, 2009), a p300-specific 

inhibitor and 10μM and 20μM of C646 (Cole PA et al, 2010) at around 70% 

confluency and treated for 24 hours before harvesting. Histone acetylation marks 

like H2AK5 acetylation and H3K9acetylation were also checked as further 

validation that treatment is specific for the KATs tested (Figure 3.2.5.1C).  A 

decrease in acetylation levels of PC4 upon treating with increasing dose of LTK-

14 and C646 was observed as compared to DMSO control (Figure 3.2.5.1, lanes 

4-6 vs lane 1) but no decrease is seen upon treatment with Embelin, which is a 

PCAF inhibitor (Figure 3.2.5.1, lane 2-3 vs lane 1). The reduction in the levels of 

acetylation of PC4 upon different inhibitor has been plotted showing statistically 

significant decrease in AcPC4 levels upon LTK-14 and C646 treatment (Figure 

3.2.5.1B) 
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3.2.5.1 Acetylation of PC4 reduces upon treatment with p300 specific 

inhibitor: (A) Western blotting showing levels of PC4 acetylation upon probing 

with PC4 K26 28ac antibody and with PC4 antibody for equal protein loading 

upon treatment with different doses of Embelin (25µM and 50 µM), LTK-

14(25µM and 50 µM), and a single dose of C646 (10 µM) in HEK293 cells. (B) 

Quantification of levels of PC4 acetylation upon inhibitor treatment (n=3). Data 

represent the means ± SD.The data is statistically analysed by ordinary one-way 

ANOVA, Sidak's multiple comparisons test (*p<0.05,**p<0.01,***p<0.001,ns-

non-significant).  (C) Western blotting showing levels of H2AK5 acetylation and 

H3K9 acetylation along with H3 antibody for equal protein loading upon the 

same treatment. 

A B 

C 



  Results 

249 
 

3.2.5.2 Acetylation of PC4 reduces upon silencing p300  

Cells were seeded in a 6 well plate and transfected at 50-60% confluency with 

two selected concentrations of p300 siRNA (10 and 20nM from sigma) in 

complete media followed by media change at 24 hours and seeding in a 60mm 

dish and grown for another 24hours before harvesting for western blotting. The 

levels of p300 was studied followed by p300 specific histone acetylation marks 

and acetylation of PC4 with the specific antibody was analysed. There is gradual 

decrease in the p300 levels upon treatment with increasing doses of the specific 

siRNA targeting p300 (Figure 3.2.5.2C, lane 2 vs 4) which also corresponds to 

the decrease in the levels of p300 specific histone acetylation mark H3K18ac 

from 10-20nM as compared to control siRNA in lane  1 and 2 (Figure 3.2.5.2D, 

lane 2 vs lane  4). There is decrease in the acetylation levels of PC4 upon p300 

siRNA treatment as compared to the control siRNA (Figure 3.2.5.2A, lane  2 vs 

lane  4) which has also been represented quantitatively for two biological repeats 

in the graph in Figure 3.2.5.2B indicating a statistically significant decrease in the 

PC4 acetylation levels upon treatment with p300 specific siRNA at 20nM.  
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3.2.5.2 Acetylation of PC4 reduces upon silencing p300: (A) Western blotting 

showing levels of PC4 acetylation upon probing with PC4 K26 28ac antibody and 

with PC4 antibody for equal protein loading upon treatment with different doses 

of siRNA against p300. (B) Quantification of levels of PC4 acetylation upon 

inhibitor treatment (n=2). Data represent the means ± SD.The data is statistically 

analysed by students unpaired t-test (*p<0.05,**p<0.01,***p<0.001,ns-non-

significant).(C) Western blotting showing levels of p300 along with tubulin 

antibody for equal protein loading upon p300 silencing with siRNA.(D) Western 

blotting showing levels of H3K18 acetylation along with H3 antibody for equal 

protein loading upon p300 silencing with siRNA. 

A B 

C 
D 
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3.2.5.3 Acetylation of PC4 increases upon treatment with a p300 specific 

activator 

HeLaS3 cells were treated with two doses of CSP-TTK21 50 and 100ug/ml along 

with 100ug/ml of CSP as control in 60mm dishes for 24hours before harvesting 

the cells for western blot analyisis. The activator treatment was initially verified 

for the levels of p300 specific histone acetylation mark H3K14ac which shows 

that there is gradual increase in the H3K14ac levels upon treatment with 

increasing doses of CSP-TTK21 as compared to CSP control (Figure 3.2.5.3D, 

compare lane 3 vs lane 1 and lane 2 vs lane 1). The levels of acetylated p300, the 

catalytically active form of the enzyme, was also checked since CSP-TTK21 

specifically targets the enzymatic activity of p300, which is seen to gradually 

increase upon treatment with increasing dosed of CSP-TTK21 as compared to 

CSP control (Figure 3.2.5.3C, compare lane 3 vs lane 1 and lane 2 vs lane 1). The 

acetylation levels of PC4 seems to follow the same trend thus indicating a 

specificity for p300 mediated acetylation at these two lysine residues (Figure 

3.2.5.3A, compare lane 3 vs lane 1 and lane 2 vs lane 1 and Figure 3.2.5.3B). 

Another histone acetylation mark, H4K16ac , which is not a p300 specific mark, 

remains unchanged upon CSP-TTK21 treatment (Figure 3.2.5.3E, lane  2 and 3 

vs lane 1). 
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3.2.5.3 Acetylation of PC4 increases upon treatment with a p300 speific 

activator: (A) Western blotting showing levels of PC4 acetylation upon probing 

with PC4 K26 28ac antibody and with PC4 antibody for equal protein loading 

upon treatment with different doses of p300 activator CSP-TTK21. (B) 

Quantification of levels of PC4 acetylation upon CSP-TTK21 treatment (n=3). 

Data represent the means ± SD.The data is statistically analysed by students 

unpaired t-test (*p<0.05,**p<0.01,***p<0.001,ns-non-significant).  (C) Western 

blotting showing levels of acetylatedp300 along with p300 antibody for equal 

protein loading upon CSP-TTK21 treatment. (D) Western blotting showing levels 

of H3K14 acetylation along with H3 antibody for equal protein loading upon 

CSP-TTK21 treatment. (E) Western blotting showing levels of H4K16 

acetylation along with H3 antibody for equal protein loading upon CSP-TTK21 

treatment. 

A B 

C D E 
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3.2.6 PC4K26,28ac antibody specifically pulls down PC4 from cells 

The affinity purified PC4K26 28 acetylation specific antibody against PC4 was 

characterised for its specificity for PC4 in cells. The acetylation antibody is 

detected in the whole cell lysates of different cell lines but not in the PC4 

Knockdown HEK293 (PC4 KD) cells validating the specifity of the antibody in 

the cells as well (Figure 3.2.6A, lane 1 and lane 2 vs lane 3). The specificity of 

the AcPC4 antibody was initially investigated by dot blot where the increaseing 

doses of the unconjugated acetylated peptide was spotted at equally spaced circles 

on a nitrocelluose membrane along with the umodified protein at the highest 

concentration. Affinity purified PC4K26,28ac antibody is specifically detected 

by acetylated peptide at as low as 20ng of the peptide showing increase in dose 

dependent manner till 250ng of the peptide and it does not bind to recombinant 

PC4 protein even at 250ng concentration as shown by dot blot (Figure 3.2.6B, 

lane 3-6 vs lane 1). The antibody was then used for pulling down the endogenous 

acetylated PC4 using two different concentrations, 5ug and 10ug. 10ug of 

acetylation specific PC4 antibody could immunoprecipitate PC4 but not the IgG 

which is taken as the negative control indicating that affinity purified PC4K26 

28ac antibody specifically immunoprecipitates PC4 and does not pull down any 

non-specific protein (Figure 3.2.6C, lane 5 vs lane  4). 

 

 

 

 

 

 

 



  Results 

254 
 

 

                    

 

        

Figure 3.2.6:PC4K26,28ac antibody specifically pulls down PC4 from cells: 

(A) Western blotting in whole cell lysates probed with AcPC4 antibody along 

with PC4 and tubulin antibody for protein loading. (B) Dot blot assay with 

increasing amounts of PC4K26 28ac peptide and 250ng of recombinant PC4 

protein probed with AcPC4 antibody. (C) Immunoprecipitation with AcPC4 

antibody from HelaS3 cells probed with PC4 antibody. 

3.2.7 Studying the occupancy of Acetylated PC4 at PC4 target gene 

promoters 

Since we wanted to study the implications of acetylation of PC4 in its 

transcriptional coactivation function. Therefor a preliminary attempt was made to 

study the oocupancy of acetylated PC4 onto the promoters of some of the PC4 

target genes inside the cells. For this, we carried out chromatin 

immunoprecipitaion (ChIP) in HeLaS3 cell line to see the enrichment of 
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acetylated PC4 at the basal level without any stimulation. 10ug of AcPC4 

antibody was used for ChIP using 20million cells of HeLaS3. All the ChIP 

primers of the target as well as control non-specific regions were checked before 

the ChIP for the melt curve to see if any non-specific amplification occurs or not. 

The sonication condition was standardized and checked by running the ChIP 

DNA sample in 1% agarose gel (Figure 2.5.4).  The ChIP analysis was performed 

on promoters having PC4 binding sites and the acetylated PC4 occupancy was 

studied by pulling down the complex using the site specific anti Ac-PC4 

antibodies from HeLaS3 cells which shows that at the basal level there is 1.5-1.8 

fold more enrichment of the acetylation specific PC4 antibody as compared to 

upon IgG pull down at two different sites on the c-Myc promoter (Myc site 1 and 

site 2) and on one site of PLK1 promoter (PLK1 site 2) , and not much change in 

the enrichment is observed for the negative control which is a non-specific region 

taken from the c-Myc gene (Figure 3.2.7). 

 

Figure 3.2.7 Studying the occupancy of Acetylated PC4 at PC4 target gene 

promoters: ChIP-qPCR to determine the occupancy of Acetylated PC4 (AcPC4) 

at PC4-responsive gene promoters. 
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3.2.8 Acetylation of PC4 in oral cancer cells 

The PC4K26 28acetylation specific (AcPC4) antibody generated was studied for 

its specificity for acetylated PC4 and was used to investigate the p300 mediated 

acetylation of PC4. The results indicate that lysine residues 26 and 28 are specific 

for p300 mediated acetylation and therefore to further characterise the 

implications of acetylated PC4 we wanted to explore a model system where PC4 

acetylation could be highly enriched. This would help us to both probe for the 

acetylated form of PC4 and then further investigate its functions in cells. Since 

we stated earlier that oral cancer provides a hyperacetylated environment 

showing both hyper levels of acetylate p300 and p300 specific histone acetylation 

(Aeif et al., 2010), we investogated the levels of acetylated PC4 in oral cancer 

cells. Four oral cancer cell line AW13516 , derived from poorly differentiated 

squamous cell carcinoma, AW8507, epidermoid carcinoma of the tongue, NT8e, 

derived from upper aero-digestive tract , UMSCC, a unique head and neck 

squamous carcinoma cell line isolated from the tumor located on the floor of the 

mouth of a male patient , alog with Het1a, esophagus epithelial normal cells were 

harvested for western blotting and probed for both PC4 and acetylated PC4 levels. 

PC4 levels are higher in oral cancer cells (AW13516, AW8507,NT8e,UMSCC) 

as compared to Het1a, normal epithelial cells (Figure 3.2.8A and B). Therefore 

the acetylation levels of PC4 is also higher thus providing a physiological 

scenario to study the implications of acetylated PC4 (Figure 3.2.8A and C). 
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3.2.8 Acetylation of PC4 in oral cancer cells: (A) PC4 and AcPC4 levels in oral 

cancer cells shown by western along with actin as loading control. (B-C) 

Quantitation of PC4 and AcPC4 levels respectively in oral cancer cells as 

compared to Het1a normal esophageal epithelial cells from two independent 

biological replicates. 

3.2.9 Acetylated PC4 interacts with elongating RNA polymerase II 

In order to investigate that acetylated PC4 is involved in the transcription 

regulation, we attempted to carry out immunoprecipitation of acetylated PC4 

from cells and probed for some of its interacting partners. The largest subunit of 

RNA polymerase II contains a unique C-terminal domain important for coupling 

of transcription and mRNA processing. This domain consists of a repeated 

heptameric sequence (YSPTSPS) that is phosphorylated at serines 2 and 5. Serine 

2 is phosphorylated during elongation by the Ctk1 kinase (Ahn S A, Kim M, 

Buratowski S, 2004). Interestingly we observed that upon pulling down 

acetylated PC4 from AW13516 cells (Figure 3.2.9A, lane 2 vs lane 1)as well as 

from UMSCC cells (Figure 3.2.9B, lane 2 vs lane 1, we oberved serine 2 

phosphorylated RNA pol II (polIIS2-P) which is the actively transcribing 

polymerase, interacting with acetylated PC4 but not with IgG 

immunoprecipitated samples (Figure 3.2.9A and B, lane 2 vs lane 1). We also 

oberved acetylated PC4 interacting with mutant p53 in AW13516 (p53 R273H) 

A B

 

C
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(Figure 3.2.9A, lane 2 vs lane 1). We also studied its interaction with a 

heterochromatin partner linker histone H1 and acetylated PC4 did not show any 

interaction with linker H1 (Figure 3.2.9A). These results suggest that acetylated 

PC4 interacts with active trancription machinery and is not associated with 

heterochromatin.           

 

Figure 3.2.9.Acetylated PC4 interacts with elongating RNA polymerase II: 

Immuno-pulldown using AcPC4 antibody along with  IgG from pre-immune sera 

was carried out in (A) Aw13516 and (B) UMSCC cells and probed with serine 2 

phosphorylated RNA pol II (polIIS2-P), linker H1,p53 and AcPC4 antibody in 

(A) and  with serine 2 phosphorylated RNA pol II (polIIS2-P), linker H1, and 

AcPC4 antibodies in (B). 

3.2.10 Studying the levels of PC4 acetylation in oral cancer patient samples 

Since earlier studies have shown a hyperacetylated environment in oral cancer 

patient samples correlating with higher histone acetylation levels and 

hyperacetylated p300 (Arif et al., 2010), PC4 being a non-hsitone substrate of 

p300, we were curious to study the acetylation status of PC4 in oral cancer patient 
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samples. We did a preliminary analysis of the TCGA datasets from cBioportal 

that PC4 expression across 30 cancer types which indicates PC4 to have a 

moderate to high expression at the mRNA level in head and neck cancer which 

falls under oral cancer (Figure 3.2.10.1 denoted with black bordered box). In this 

plot each dot represents a patient data and the dots are colored differently 

denoting the kind of perturbations that occurs for SUB1 gene that encodes for 

PC4 in these pateints. We see that most patients falling under the category of head 

and neck cancer possess amplification of the PC4 gene (Figure 3.2.10.1, red 

colored dots within head and neck cancer ) which might indicate a possibility of 

perturbed expression level of PC4 in this cancer.  

As mentioned earlier we wanted to study the status of PC4 acetylation in oral 

cancer patient samples for which we conducted immunohistochemistry with PC4 

and acetylated PC4 (AcPC4) antibodies in 21 pair of  tumor and adjacent normal 

tissues from oral cancer patient samples which were collected from Sri Devaraj 

Urs Academy of Higher Education and Research, Kolar. We have currently 

analysed data from 21 patients for PC4 and AcPC4 staining (Figure 3.2.10.2 A 

and C respectively) which have been quantified by plotting the H-score for tumor 

and normal tissues for each patient sample (Figure 3.2.10.2 B and D respectively). 

The data indicates significantly higher levels of PC4 and acetylated PC4 in tumor 

compared to normal tissues. We have also studied levels of acetylated p300 

(Acp300) for 5 pairs of tumor and adjacent normal tissues(Figure 3.2.10.2E-F) 

and we are currently looking studying the levels of acp300 in more patient 

samples. The IHC data from oral cancer patients suggest hyperacetylation of PC4 

in the tumor region (Figure 3.2.10.2C-D) that might provide us a window to 

explore its effect on gene expression thereby contributing to tumor manifestation. 

This data is a first report of the transcription co-activator PC4 to be highly 

acetylated in tumor and therefore we would further like to delve into the 

implications of this modified PC4 being altred in a pathophysiological conditions. 
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Figure 3.2.10.1.Studying the levels of PC4 acetylation in oral cancer patient 

samples: PC4 mRNA expression expressed as Z-scores from RNA sequencing 

data of patient data from TCGA database shown for 30 cancer types. 
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Figure 3.2.10.2. Studying the levels of PC4 acetylation in oral cancer patient 

samples: (A, C and E) Immunostaining of tissues from oral cancer patient 

samples from the site of tumor and adjacent norml region with PC4, AcPC4 and 

Acp300 antibodies respectively to study its expression levels. (B and D) 

Quantification of PC4 and AcPC4 levels respectively by plotting the H-scores of 

A B 

C D 
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the immunostined tissue samples in tumor and in adjacent normal tissue for n=21 

(number of patients). Data represent the means ± SD.The data is statistically 

analysed by students unpaired t-test (*p<0.05,**p<0.01,***p<0.001,ns-non-

significant).(F) Quantification of Acp300 levels respectively by plotting the H-

scores of the immunostined tissue samples in tumor and in adjacent normal tissue 

for n=5 (number of patients). 

3.2.11 Summary 

In this part of the study we attempt to understand the role of acetylated PC4 in 

cells. We initially identified the lysine residues that are important for p300 

mediated acetylation by in vitro HAT assay using acetylation defective mutants. 

In order to study the role of acetylated PC4 it was imperative to be able to identify 

the acetylated form of the protein in cells and for that we generated an acetylation 

specific antibody using a peptide was designed against the specific sites in rabbit. 

The antibody was characterised to be specific for acetylated PC4 and PC4 is 

acetylated at lysine residues 26 and 28 specifically by KAT p300 in cells. 

Compact metaphase chromosomes were found to be devoid of acetylated PC4 

and there was no association of acetylated PC4 with mitotic chromatin that 

suggests that acetylation of PC4 is asscoicated with interphase chromatin which 

is more open and trancriptionally active and not with transcriptionally silent 

compact metaphase chromosome. These observation correlated with reduction in 

PC4 acetylation levels observed upon mitosis both by western and 

immunofluorescence studies unlike the PC4 levels that remains unchanged during 

cell cycle. The acetylation specific antiboy has also been shown to specifically 

immunoprecipitates PC4 from cells and has also been shwon to occupy the 

promoters  of some of the PC4 responsive genes a shown by ChIP in HelaS3 cells.  

Studies have shown that p300 mediated acetylation of non-histone substrates like 

NPM1 and p53 play a role in tumour manifestation (Shandilya J., et al., 2009 and 

Kaypee S., et al., 2018). PC4 being a substrate of p300, we therefore studied the 
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levels of acetylated PC4 along with acetylated p300 which is the catalytically 

active form of the enzyme in oral cancer patient samples. PC4 expression was 

higher in oral cancer cells thus enriching the acetylated levels of PC4 making oral 

cancer an ideal system to study the implications of Acetylated PC4. We indeed 

observe Acetylated PC4 levels to be highly enriched in tumor tissues compared 

to normal in oral cancer patient samples. Thus PC4 acetylation seem to be 

triggered in tumors like the other substrates of p300 shown in earlier studies. This 

study thus shows for the first time that the acetylated form of the transcription 

coactivator PC4 is elevated in tumor, providing another important example of 

aberrant acetylation of non-histone proteins in cancer. Thus to explore further the 

implications of the acetylated PC4 , we carried out immuno-precipitation studies 

with acetylated PC4 antibody from oral cancer cells, AW13516 and UMSCC and 

we interestingly observe that acetylated PC4 interacts with elongating RNA polII. 

This association of acetylated PC4 with actively transcribing polymerase thus 

validates our hypothesis that acetylation of PC4 might be regulating its co-

activator function. We also observe PC4 to interact with mutant p53 expressed in 

AW13516 cells but it does not exhibit interaction with heterchromatin protein 

linker H1. These observations thus hint at the association of acetylated PC4 with 

transcription , therefore to further validate the role of acetylated PC4 in regulating 

the co-activator function, we plan to generate Flag tagged wild type PC4, Flag 

tagged PC4 acetylation defective mutant and Flag tagged PC4 acetylation mimic 

transfected in PC4 KD cells to investigate the effect of acetylation on the 

expression of  PC4 target genes. 

Thus in this study we attempted to understand the role of acetylated PC4 in cells. 

Since eralier reports hinted at p300 mediated acetylated PC4 to have better 

dsDNA binding ability, we began our study with the identification of the lysine 

residues that are critical for p300 mediated acetylation. We generated a 

polyclonal acetylation specific antibody against a combination of critical lysine 
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residues 26 and 28. We found that indeed this antibody is specific for probing the 

acetylation form of PC4 and these two lysine rediues are important for p300 

mediated acetylation in cells. Using this antibdy as tool we find that acetylated 

PC4 is associated with actively transcribing polII and is associated with 

interphase chromatin and is not present in the compact mitotic chromatin. 

Acetylated PC4 is also present at some of the known PC4 target genes at basal 

level in Hela S3 cells. Since PC4 is involved in activator -dependent transcription, 

to probe the PC4 that is involved in transcriptional activation , we explored the 

role of acetylated PC4 in oral cancer system. Earlier studies have shown oral 

cancer to have hyperacetylated environment where p300 is hyperacetylated and 

p300 specific histone acetylation marks are elevated ( Shandilya J et al., 2009, 

Kaypee S. et al., 2018).  Our observation  also corroborates with this finding since 

we observe acetylated PC4 to be enriched in oral cancer cells and tumor tissues 

from oral cancer patients collected from Sri Devaraj Urs Academy of Higher 

Education and Research, Kolar.  We are currently carrying out further studies on 

understanding the effect of hyperacetylated PC4 upon its transcriptional co-

activation function and how this might affect the gene expression contributing to 

tumourigenesis. 
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Chapter 4: DISCUSSION AND FUTURE PERSPECTIVE 

 

Chapter outline 

4.1. Discussion 

4.2. Implications of the role of PC4 phosphorylation in maintaining 

chromatin compaction in DNA damage repair and maintenance of 

genome integrity 

4.3 Implications of p300 mediated acetylation of PC4 on its 

coactivator function and probable role in cancer manifestation 

4.4 Role of post-translational modifications as a functional switch for 

a multifunctional nuclear protein, PC4. 
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4.1 Discussion 

Non-histone chromatin proteins are an integral part of the regulation process of 

the highly dynamic eukaryotic genome possessing a hierarchical order of 

chromatin organisation. Human positive co-activator 4 is one such crucial 

nonhistone chromatin protein. PC4 is bona fide component of the chromatin that 

is abundantly present in the nucleus.  PC4 as the name suggest is also an important 

transcriptional co-activator that interacts both with the general transcription 

factors as well as with transcription factors. 

Post-translational modifications of chromatin proteins have been a major 

modulator of chromatin structure and thereby of chromatin template dependent 

functions. PC4 is highly enriched in the phosphorylated form inside the nucleus 

despite its inhibitory effects on its DNA binding ability and co-activator function 

whereas KAT3B mediated acetylation enhances these functions. 

This study therefore sets to decipher the implications of two major modifications 

of PC4 on its two distinct functions. Our results suggest that phosphorylated PC4 

mediates its chromatin compaction function and acetylated PC4 might be 

important for its co-activator functions. These findings not only show the 

importance of post-translational modifications of a single protein that might be 

regulating its two distinct chromatin-associated distinct functions but also the 

different gene regulatory pathways that might be controlled by a single protein. 

Understanding the relevance of a modification provides a target to tweak with the 

specific functions of a multifunctional protein like PC4 and also providing scope 

for designing strategies to target specifically the modifications of a protein that 

could be the functional form helping in regulation of certain pathways. 
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nuclear protein, discovered as a bona fide non-histone chromatin associated 

protein (Das C., et al., 2006) involved in multiple cellular processes ranging from 

genomic organisation, transcription regulation (Garavís M and Calvo C,2017), 

neurogenesis (Swaminathan A., et al.,2016), regulation of autophagy (Sikder S., 

et al., 2019), DNA replication (Pan et al., 1996), to DNA damage repair 

(Mortusewicz O, Evers B, and Helleday T., 2015). However, the molecular 

mechanism behind these roles of PC4 in these processes are yet to be elucidated. 

Post-translational modifications (PTMs) often contribute to multifunctionality of 

proteins. Post-translational modifications of chromatin proteins have been a 

major modulator of chromatin structure and thereby regulating chromatin 

template dependent functions. PC4 undergoes two major post-translational 

modifications phosphorylation and acetylation. Phosphorylation negatively 

regulates its double strand DNA binding and unwinding ability, co-activator 

function (Ge and Roeder.,1994 and Jonker H.R.A et.al., 2006) and its acetylation 

by KAT3B/p300 (Kumar, B. R., V. Swaminathan, S. Banerjee, and T. K. Kundu. 

2001). On the contrary p300 mediated acetylation of PC4 has been reported to 

enhance its double strand DNA binding ability, DNA bending ability and also 

enhances DNA binding of transcription factors like p53 (Batta K and Kundu T.K., 

2007).   

Knockdown of PC4 has shown drastic alteration in the nuclear architecture and 

chromosomal defects (Dhanasekaran K., et al., 2016 and Sikder S., et al., 2019) 

which indicates that PC4 is critical for maintaining genome integrity and has a 

role beyond its involvement in transcriptional activation. The two modifications 

of PC4; phosphorylation mediated by CKII and acetylation mediated by KAT3B/ 

p300, exhibiting such opposing effects on PC4 might be a playing a role in 

switching its two distinct functions inside the cells. In this study we attempted to 

understand the role of these two important post-translational modifications and 

their implications on the cellular functions of PC4. 
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4.2. Implications of the role of PC4 phosphorylation in maintaining 

chromatin compaction in DNA damage repair and maintenance of genome 

integrity 

Earlier studies have shown PC4 to be a component of the chromatin (Das C et 

al.,2006) but the exact mechanism of PC4 mediated chromatin compaction was 

not known. Till now, the functional consequence of phosphorylation of PC4 has 

been shown in the light of its cofactor binding properties where the positive 

charge of its lysine-rich region gets progressively masked by phosphoserines 

(Jonker H.R.A et.al., 2006). The results discussed in this chapter however reveals 

a more physiological relevance of this protein modification on PC4 chromatin 

functions.  A novel finding in this study is the ability of PC4 to interact with 

chromatin protein linker H1 only upon phosphorylation. This finding provides a 

hint as to why PC4 is majorly present in the phosphorylation state inside cells. 

Phosphorylation might be mediating its genome organising function by 

modulating its interaction with chromatin partners linker H1 and core histone H3 

and H2B as indicated by the results discussed in this study. This study shows that 

phosphorylation enhances the efficiency of PC4’s chromatin condensation ability 

thus explaining the presence of phosphor-PC4 in the nucleus. Compaction studies 

using H1-bound array shows how two non-histone chromatin proteins, PC4 and 

linker H1, might be involved in maintain higher order chromatin structure. This 

probably answers the question why PC4 needs to be present mostly in the 

phosphorylated state cells so that, it remains tightly associated with the chromatin 

to maintain chromatin architecture in cells. We also observe the effect of PC4 

phosphorylation onto the epigenetic state of the cell maintaining a repressed 

chromatin state leading to gene repression in cells.  

Till date studies have shown PC4 to regulate gene expression by directly binding 

to the promoter of the genes (Sikder S. et al., 2019; Chakravarthi BVSK. et al., 

2013; Luo P. et al., 2019) and interacting with transcription machinery throughout 
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the transcription cycle (Calvo O, 2017) but this study shows for the first time that 

phosphorylated PC4 regulates gene expression by modulating chromatin state. 

This study shows an alternate mechanism of PC4 mediated gene expression, not 

as a transcriptional co-activator but as a chromatin condenser. The chromatin 

state has been shown to determine the accessibility of different epigenetic 

modifiers on to the chromatin thus regulating the epigenetic state of the cell. 

Studies have shown earlier how chromatin architectural proteins could regulated 

epigenetic modifications of both histone as well as non-histone proteins (Lin JH, 

et al.,2005, Lu X, et al., 2013, Yang SM, et al., 2013). Our results led us to 

propose a model that phosphorylation of PC4 is crucial for its chromatin 

condensation function that leads to an epigenetically repressed chromatin and 

thereby controlling gene expression (Figure 4.2). 

 

 

Figure 4.2: Model depicting PC4 mediated chromatin organisation upon 

phosphorylation. (A) Nucleosome array bound by linker H1 folds into highly 

compacted chromatin in the presence of Phosphomimic-PC4 (PM-PC4) (B) 

Nucleosome array bound by H1 forms partially folded array in the presence of 

unmodified PC4. (C) Silencing of PC4 leads to opening of the chromatin and 

subsequent gene activation in cells. This phenomenon is rescued upon expressing 
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PC4, that is phosphorylated inside cells, and PM-PC4, as they mediate chromatin 

compaction and reinstate the repressed chromatin state. On the other hand, 

expression of Phospho-mutant PC4 (MTP5) fails to compact the chromatin and 

repress the genome, activated upon PC4 knockdown. 

Studying post-translational modification of chromatin proteins such as PC4, often 

gives a lot of scope to our understanding of how modulation of chromatin 

structure might occur in different biological contexts like disease or 

differentiation.  Phosphorylation of histones has been a nodal regulator of 

chromatin compaction during important cellular processes as mitosis, meiosis and 

apoptosis. Implications of phosphorylation of non-histone chromatin proteins 

adds another layer of regulation to the complex chromatin dynamics. 

However, there are some unresolved questions that arises and could be explored 

further. The detailed structural mechanism of Phospho-PC4 interacting with 

linker H1 or Phospho-PC4 binding to nucleosome contributes to its chromatin 

compaction functions needs to be answered. In vitro studies show that 

phosphorylated PC4 interacts with all linker H1 variants and Phosphomimic PC4 

interacts strongly with C-terminus compared to N-terminus and full length. 

Studying the effect of phospho-PC4 mediated chromatin compaction and thereby 

gene expression upon disruption of PC4-H1 interaction could give us further 

mechanistic insights into the interplay of these two architectural proteins in 

maintaining higher order chromatin structure. One of the possible ways to study 

the detailed structural mechanism of PC4 mediated chromatin compaction would 

be solving the Cryo-EM structure of PC4 with nucleosome and PC4 with 

chromatosome. Since phosphorylation of PC4 has been shown to rescue the 

drastic chromatin de-compaction observed upon PC4 knockdown, analysing the 

changes in chromatin accessibility in Flag wild type, phosphomimic and 

phospho-mutant expressing cells by assays like ATAC-seq would show us the 

specific chromatin regions that are compacted by phospho-PC4. Chromatin wide 
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occupancy of linker H1 by ChIP sequencing along with chromatin accessibility 

changes could show us which chromatin regions are modulated by these two 

chromatin proteins. The neural genes that were repressed by PC4 in 

phosphorylation dependent manner have been shown to have REST-CoREST and 

HP1α containing repressor complex recruited to their promoters (Das C et al., 

2010) and on the other hand important autophagy regulating genes which have 

enriched H3K9ac levels at their promoters are also repressed by phosphor-PC4.  

Thus, there could be different modes of regulating chromatin condensation by 

phosphor-PC4 at different genes in different contexts. Thus, it would be 

interesting to study what determines the specificity of gene repression by 

phosphor-PC4 in different physiological conditions.  

This study shows that phosphorylation of PC4 is critical for its chromatin 

compaction function and maintenance of epigenetic state its effect could be 

explored in the area of DNA damage regulated by PC4. The role of PC4 has been 

studied in various aspects of DNA damage starting from preventing mutagenesis 

and oxidative DNA damage through its involvement in transcription coupled 

repair by binding to multifunctional DNA repair protein XPG (Pan, Z. et al., 

1996) or being an activator of Non-homologous end joining (NHEJ) and double 

stranded DNA repair activity (Batta, K., et al., 2009). Since PC4 has been shown 

to accumulate rapidly at the DNA damage sites in the mammalian cells enhancing 

joining of the noncomplementary DNA ends stimulating double strand break 

rejoining in vivo, whether modulating its phosphorylation status have any effect 

on this would be interesting. This would open up more arena of how signalling 

pathways regulating DNA repair might cross talk with kinases that 

phosphorylated proteins like PC4. 

PC4 has emerged as an important protein that is required for the maintenance of 

the nuclear shape and integrity and PC4 phosphorylation by mitotic kinase Aurora 

B has been a contributing factor to it (Dhanasekaran et al., 2016). PC4 attributes 
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to genome integrity by regulating several processes such as autophagy (Sikder S. 

et al., 2019) and chromosome segregation during mitosis, spindle assembly 

(Dhanasekaran K. et al., 2016) as well as suppressing G4 DNA mediated 

structures (Lopez C R. et al., 2017).  Therefore, delineating different signalling 

cues mediating PC4 phosphorylation and identifying the specific residues getting 

phosphorylated and identifying different interacting partners in different contexts 

would further enhance our knowledge about how phosphorylation of PC4 

contributes to various processes regulated by PC4 in maintaining the genome 

integrity. 

 

4.3 Implications of p300 mediated acetylation of PC4 on its coactivator 

function and probable role in cancer manifestation 

In our attempt to understand that why PC4 is enriched in phosphor form inside 

the nucleus despite negatively regulating its co-activator function, we delved into 

investigating another important modification that occurs in PC4, acetylation 

mediated by KAT3B or p300. Our findings in this study shows that acetylated 

PC4 might regulating its co-activator function and is associated with active 

chromatin quite opposite to the phosphorylated form. One probable explanation 

could be that post-translational modifications often act as fine tuner of protein 

functions restricting their localization, interaction and stability. Since PC4 is a 

transcriptional co-activator that has been involved in activating transcription of 

several transcription factors like p53, NFκB, VP16, there could signal dependent 

cues that might acetylate a certain population of PC4 that is not associated with 

chromatin compaction. Therefore, studying the implication of acetylated PC4 in 

such scenario would be more relevant. Thus, oral cancer provides a perfect 

system since acetylated PC4 has been shown to be enriched in oral cancer cells. 

To address this mechanistically we are currently generating wild type, acetylation 

defective and acetylation mimic mutants of PC4 in PC4 knockdown background 
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in oral cancer cells and look into the PC4 target gene expression levels as well as 

probing for some of the tumorigenic properties that would indicate that indeed 

the acetylation of PC4 is important for regulating transcription co-activation 

function that also translates into carcinogenesis. This will also explain the 

hyperacetylation of PC4 that is observed in oral cancer cells and patient samples. 

Aberrant acetylation of a non-histone proteins like PC4 may provide 

understanding of the specific gene pathways getting perturbed in oral cancer and 

how these pathways facilitate tumorigenesis. Studying the functional 

implications of this modification would also provide scope for designing 

strategies to target specifically the modifications of a protein that could be the 

functional form helping in disease progression. Genome-wide distribution of 

acetylated PC4 will enlighten our understanding of what regulatory regions of the 

chromatin are occupied by acetylated PC4 and how that might contribute to its 

functionality. 

 

4.4 Role of post-translational modifications as a functional switch for a 

multifunctional nuclear protein, PC4 

The experiments conducted in an attempt to understand the two objectives laid 

down in this study has provided the foundation of a possible switch mechanism 

between the two major modifications of PC4 that could be mediated via the cross-

talk between the two different modified forms of PC4 or via cross-talk between 

upstream signaling pathways modulating the two modified forms of PC4. We 

already know from earlier evidences that Phosphorylated PC4 inhibits its ability 

to undergo acetylation. Given that CKII mediated phosphorylated form PC4 

being so enriched within the nucleus, questions the possibility of it being 

acetylated at the same time. Therefore, further understanding of the upstream 

players that are responsible for PC4 acetylation-deacetylation or PC4 

phosphorylation-dephosphorylation dynamics would help as to spatially dissect 

the two forms of PC4 within the nucleus. Further probing deeper into the 
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interacting partners of different modified forms of PC4 as well as studying the 

genome wide occupancy of the two modified forms would lead us in 

understanding the underlying molecular switch regulating the multifunctionality 

of PC4. Based on the results of our study we propose a model of how the two 

modifications of PC4 might be regulating its functions inside a cell (Figure 4.3).

 

 

Figure 4.3: Post-translational modifications of PC4 regulating its function as 

genome organizer and as transcriptional co-activator in cells. PC4 is enriched 

in the phosphorylated form mediated by CKII in cells and this mediates chromatin 

compaction thereby maintaining a condensed repressive chromatin state 

inhibiting gene expression. Upon signal dependent transcriptional activation PC4 

get acetylated by KAT3B/p300 and the acetylated PC4 acts as the transcriptional 

co-activator mediating gene expression. 
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