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LIST OF ABBREVIATIONS 

 

 
Abbreviation Full form 

53BP1 p53 binding protein 1 

ATM Ataxia Telangiectasia Mutated 

ATR Ataxia Telangiectasia and Rad3 related 

AURKB Aurora Kinase B 

bp Base Pair 

BRCA1 Breast Cancer type 1 susceptibility protein 

Brd4 Bromodomain-containing 4 

CAF1 Chromatin Assembly Factor 1 

CDK Cyclin Dependent Kinase 

CDK1 Cyclin Dependent Kinase 1 

CEN-H3 CENtromere specific histone H3 

ChIP Chromatin Immuno-Precipitation 

CHK1/2 Checkpoint Kinase 1/2 

CHX Cycloheximide 

CRB CREB Binding Protein 

CtIP C-terminal binding protein Interacting Protein 

DDR DNA Damage Response 

DMEM Dulbecco’s Modified Eagle Medium 

DNA Deoxyribonucleic acid 

DNA-PK DNA-dependent Protein Kinase 

DNA-PKcs DNA-dependent Protein Kinase Catalytic Subunit 

DSBs Double Strand Breaks 

EGF Epidermal Growth Factor 

EYA Eyes Absent Homolog 

FBS Fetal Bovine Serum 

GCN5 General Control Non-Derepressible 5 

GFP Green Fluorescent Protein 
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HAT Histone Acetyltransferase 

HDAC Histone Deacetylase 

hMOF Human Males-absent-on-the First 

HR Homologus Recombination 

IR Ionizing Radiation 

IRIF Ionizing Radiation Induced Foci 

Kb Kilo-base 

kDa kilo Dalton 

KDM lysine (K) Demethylase 

Mb Mega-base 

MDC1 Mediator DNA damage Checkpoint 1 

MKP-1 MAP Kinase Phosphatase-1 

MNase Micrococcal Nuclease 

MNU N-Methyl-N-Nitroso-Urea 

MRE11 Meiotic Recombination 11 

MSK1 Mitogen Stimulated Kinase-1 

NBS1 Nijmegen Breakage Syndrome 1 

NCP Nucleosome Core Particle 

NHEJ Non-Homologus End Joining 

PARP Poly-ADP Ribose Polymerase 

PBS Phosphate Buffered Saline 

PCA Principle Component Analysis 

PCR Polymerase Chain Reaction 

PHD Plant Homeo-Domain 

PKCδ Protein Kinase C δ 

PP1α Protein Phosphatase 1α 

pre-RC pre-Replication Complex 

PTMs Post-Translational Modifications 

RNA Ribonucleic Acid 

RPM Rotations Per Minute 

RPMI Roswell Park Memorial Institute medium 



 3 

SAGA Spt-Ada-Gcn5 Acetyltransferase 

STK6 Serine/Threonine Kinase 6 ( 

TRIM66 (Tripartite motif containing 66) 

TSA Trichostatin A 

UDR Ubiquitin-Dependent Recruitment 

Vel Velcade 

VPA Valproic Acid 

ZMYND8 
[Zinc Finger and MYND (Myeloid, Nervy and DEAF-1) 

domain containing 8] 
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Chromatin essentially acts as a barrier for all DNA related processes like replication, 

transcription and repair. Thus for all these processes to commence or cease, the 

modulation of chromatin architecture is inevitable. In response to DNA damage, 

many changes occur in the chromatin that allows access to DNA repair proteins at the 

site of damage. A major contributor of such changes is histone PTMs. Since histone 

PTMs are strong determinants of the DDR, this study explores the effect of DDR 

associated histone PTM alterations in a cell cycle phase specific manner. A 

noteworthy point is that as cell cycle phases differ in their intrinsic radio-resistance, 

the pattern of histone PTM alteration during DDR could specific for a particular cell 

cycle phase.  

It is essential to understand the concept of radio-resistance in depth because of its 

clinical implications in the field of radiotherapy. Unfortunately, tumor recurrence may 

occur even after successful treatment regime. Radio-resistance is an enigmatic 

phenomenon and whether radio-resistant cells have different epigenetic profile 

compared to non-resistant cells is an important question that needs to be addressed. 

An understanding of the epigenetic alterations in radio-resistant tumors, could be 

useful to target radio-resistant cells or to decrease the incidence of radio-resistance 

altogether by using drugs against epigenetic modifiers (epi-drugs).  

In this study, we explored the epigenetic determinants of the intrinsically 

radiosensitive mitotic cells and also that of acquired radio-resistant breast cancer cells.  

Interestingly in both the scenario, interplay between H3S10ph and histone acetylation 

was found to be associated with radio sensitivity of mitotic cells as well as radio 

resistance, as summarized in model 2.   
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Model 2- Diagrammatic representation depicting the role of histone H3 PTMs in 

DNA damage and radio-resistance.  
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DNA damage in M-phase of the cell cycle induces a state of cells in which they have 

de-condensed nuclei with 4N DNA content because of incomplete cell division 

process. These cells have absence of both cyclin B as well as cyclin D, indicating exit 

from mitosis but in an intermediate state before G1. There is co-existence of H3 

phospho-acetyl marks on same nucleosome as ϒH2AX in mitosis but not after cells 

have started cycling. Increase of H3K9ac takes place on those nucleosomes on which 

there is no ϒH2AX but presence of H3S10P. Post DNA damage in M-phase of the 

cell cycle, there is no recovery of H3S10P/28P. This can be attributed to decreased 

levels as well as reduced chromatin recruitment of histone kinases Msk1 and AURKB. 

Decreased levels of MSK1 are influenced by alteration in its translation, while 

AURKB is influenced by cell cycle dependent progression. Additionally, overall there 

is stabilization and chromatin recruitment of phosphatase PP1. 

Radio-resistant cells developed by fractionated irradiation have compact chromatin 

architecture and decreased histone phospho-acetylation. This can be attributed to 

enhanced HDAC activity and reduced HAT activity. Inter-tumoral HDAC activity 

exists within a single tumor type, hence emphasizing on identifying the right 

population to be targeted for HDAC inhibitor therapy. Finally, treatment with HDAC 

inhibitor, Valproic acid is able to retain γH2AX levels up to 24 hours post IR in and 

increase cell death in acquired radio-resistant cell line. 
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1. Introduction to Epigenetics 

1.1 History of Chromatin Biology  

Since the late 19
th

 century, the field of chromatin biology was revolutionized by 

several significant studies. In 1871, Friedrich Miescher discovered a phosphorus 

rich material in leukocytes and termed it nuclein(1). The first landmark 

observation was in 1874, when Miescher isolated both nuclein and a basic protein 

from salmon sperm, which he named as protamin(1). This led to the idea that 

nuclear material was a combination of both acidic and basic substances. By 1880, 

Walther Fleming had coined the term chromatin to denote readily stainable 

nuclear material, while in 1884, Albretch Kossel identified a basic protein 

(distinct from Miescher’s protamin) using geese erythrocytes and termed it as 

histon(1). In 1894, Lilienfeld isolated both histones and Deoxyribonucleic Acid 

(DNA) from calf thymus nuclei and named the complex as nucleohistone(1).  

Rapid progress in the 20
th

 century led to structural and biochemical 

characterization of both DNA and histones. Taking cues from Micrococcal 

Nuclease (MNase) digestion pattern and sedimentation equilibration studies, 

Roger Kornberg suggested the existence of a 200 base pair (bp) repeating unit and 

a histone (H3/H4)2 tetramer in 1974 (2-8) 
2–8

. This breakthrough discovery paved 

the way for extensive research in field of nucleosome organization. In 1997, a 

study by Richmond and Luger provided atomic level details for the Nucleosome 

Core Particle (NCP) through its crystal structure(9).The original definition of the 

term epigenetics is deeply rooted in developmental biology and embryology. In 

1949, Conrad Waddington coined the term “epigenetics” to explain 

developmental processes involved in formation of an organism from a zygote(1).  
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Figure 1.1 Major milestones in chromatin biology and advancements in the field 

of epigenetics and epigenome modifying agents. Adapted from Prachayasittikul, V. 

et al. Exploring the epigenetic drug discovery landscape. Expert Opinion on Drug 

Discovery(2017)(10). 
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The modern day definition of epigenetics describes it as “mitotically or 

meiotically inherited changes in gene function, which are not a result of alteration 

in DNA sequence”. This emphasizes that even with an identical genetic 

component, gene expression patterns are differentially regulated and inherited 

clonally(11)
,
(12). 

Previously, histones were considered to provide only a structural scaffold for 

DNA compaction. However, in the 1950s, Stedman and Stedman proposed that 

histones could also repress gene expression(1). Thereafter, scientific advances led 

to the notion that chromatin is not a static entity but is constantly adapting 

according to extra/intracellular cues. Therefore, the field of chromatin biology has 

now grown extensively to encompass histone isoforms, variants, Post-

Translational Modifications (PTMs), chromatin remodelers, DNA methylation 

and Ribonucleic Acid (RNA) interference in regulation of DNA-related processes 

such as transcription, DNA replication, recombination and repair.   

 

1.2 Nucleosome- The repeating unit of chromatin 

To maintain accessibility to the genetic information, the DNA is organized in the 

form of a nucleo-protein complex called chromatin. Nucleosome is the basic 

repeating unit of chromatin, comprising of DNA and histones.  Histones are small 

basic proteins, rich in amino acids arginine and lysine, which imparts them a net 

positive charge at physiological pH. Thus, they act as a scaffold for interaction 

and compaction of the negatively charged DNA. Histones are of two types- core 

histones (H2A, H2B, H3 and H4) and linker histones (H1/H5). The NCP 

comprises of an octamers, consisting of core histones in a ratio of 1:1:1:1.  
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 Figure 1.2 Representation of levels of complexity in the formation of a 

 nucleoprotein complex called chromatin.  

 Adapted from Pierce, Benjamin Genetics- A conceptual approach, 2
nd

 edition. 

 

These core histones exist as two dimers of histones H2A and H2B and one 

tetramer of histones H3 and H4(1)
,
(13). 146bp of DNA are wrapped around the 

octamer forming a nucleosome core particle. Addition of linker histone to this 

structure leads to higher order compaction of DNA. One linker histone binds per 

nucleosome at the exterior surface of the particle(14)
,
(15). Adjacent nucleosomes 

are connected to each other through linker DNA, having variable length (160-
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240bp) (15).  A schematic of these levels of compaction are represented in Figure 

1.2 

1.3 Structure of Histones 

Histones are one of the most evolutionarily conserved proteins and have an excess 

of basic amino acids over acidic amino acids, with positive and negative charge 

distributed evenly throughout the globular region of the histone. Histone H1 is 

considered to be Lysine (K) rich whereas H3 and H4 are considered to be 

Arginine (R) rich(13). Structurally, histones have a classic Helix-Loop-Helix 

conformation α1-L1-α2-L2-α3, where α1 to 3 are α-helices joined by inter-

connecting loops L1 and L2(14,16).  The central and longest α-helix (α2) is 

involved in the formation of a handshake-like “histone-fold” motif that is critical 

for dimerization of histones H2A-H2B and H3-H4. Four-helix bundle interactions 

are responsible for formation of H3-H4 tetramer and also mediate interaction 

between H2B and H4, thereby assembling a 200 kilo Dalton (kDa) octamer(14). A 

dyad axis splits the nucleosome into pseudo twofold symmetry, with one base pair 

centered on the dyad with 72 and 73 base pairs on either side, also depicted in 

Figure 1.3 (16). An interesting feature of histones is presence of extended N and 

C-terminal regions that flank the central helices. These unstructured protrusions 

are called histone tails. 10 flexible histone tails protrude out of the nucleosome at 

defined locations (eight N-terminal tails contributed by each core histone and two 

C-terminal tails of H2A) and mediate inter as well as intra-nucleosomal 

interactions(14,16)
,
(17). Additionally, histone tails have a propensity to attain 

several Post-Translational Modifications (PTMs) that can influence histone-DNA 

interaction (Figure 1.4).  
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1.4 Histone Post Translational Modifications (PTMs) 

One of the ways by which chromatin exists in a dynamic state is by covalent 

addition or removal of chemical moieties from the globular regions of histones as 

well as their N and C-terminal extensions. The change in the PTMs causes 

alterations in the overall histone charge. This modulates the histone-DNA affinity 

to permit or restrict access of cellular machinery to the underlying DNA sequence. 

The role of histone acetylation and methylation as histone PTMs that may act as 

an “off and on” switch for in vivo transcription in calf thymus nuclei was first 

reported by Allfrey(18). Indeed, by virtue of their occupancy and positioning, 

histone PTMs such as methylation, phosphorylation, ubiquitylation, SUMOylation, 

PARylation, acylation, crotonylation, glycosylation, butyrylation, propionylation 

and citrullination critically regulate processes such as replication, repair, 

transcription and recombination(19).  

Chemical moieties such as acetylation, methylation, ubiquitylation and 

crotonylation are added on lysine (K) residues, methylation occurs on both lysine 

and arginine (R) residue, while phosphorylation occurs on Serine (S), Threonine 

(T) and Tyrosine (Y) residues. There is also variation in the stoichiometry and 

arrangement of the moiety added, for example, H3K4 (lysine at 4
th

 position of 

histone H3) undergoes mono-, di-, or trimethylation with the arrangement of the 

methyl groups being arranged in a cis- or at trans- manner(14). It is not only the N 

and C-terminal regions of histones, but certain residues within the globular 

domain of the histones also that can undergo PTMs. It is possible that PTMs on 

histone tails might have a different outcome compared to globular regions of 

histone, in terms of nucleosome stability(20–24).  



  INTRODUCTION 

 29 

 

 

 

Figure 1.3 Histone secondary structure elements and their interaction within 

nucleosome core particle. (a) Representation of the secondary structure elements 

like α-helices and loops in core histone proteins. (b) Interaction of histone H3 and 

H4 central α-helices to form a histone fold. (c) Location and interaction of all 4 

core histones within half of the nucleosome core particle. 

Adapted from Luger, K. Nucleosomes: Structure and function  (2001) (26). 
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Chromatin modifying enzymes are responsible for addition and removal of these 

PTMs on histones in a highly regulated and context-dependent manner. Addition 

of PTMs on histone is mediated by a group of enzymes called “writers”, for 

example, Histone Acetyl Transferase (HAT) adds acetyl group, KMTs (Lysine 

methyl transferase) adds methyl groups and kinases add phosphate group on 

histones. Enzymes called “erasers” act to remove these PTMs, for example 

Histone De-acetylases (HDACs) remove acetyl groups, KDMs (Lysine De-

Methylases) remove methyl groups and phosphatases lead to removal of 

phosphate groups(19)
,
(25).  

 

1.5 Mode of action of histone PTMs 

The sole function of histone PTMs is not just to alter the histone charge and 

influence chromatin organization (also called cis mechanism) (25). The histone N-

terminal tails contribute to around 25% of the histone mass and act as landing 

sites for several proteins/complexes on chromatin and mediate specific 

downstream roles (trans mechanism) (25). These proteins possess special domains 

that recognize and bind to specific histone PTM; hence they are named as 

“readers”. Examples of such domains include bromodomain (recognition of 

acetylated residues), chromodomain and Plant Homeo-Domain (PHD) domain 

(recognition of methylated residues) and recognition of phosphorylated residues is 

specifically by 14-3-3 group of proteins(25).  It is very fascinating as to how the 

dynamic state of chromatin is maintained by the vast repertoire of PTMs that 

occur on histones. This can be explained by the “histone code” hypothesis, that 

suggests PTMs act alone or in combination with other PTMs (on the same or 
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different nucleosome) to form a distinct “readout/code” for recognition by specific 

proteins. In this way, different PTMs can “cross-talk” with each other and regulate 

chromatin dynamics. It is possible that one PTM influences the addition or 

removal of another PTM on the same or different histone tail(25). An interesting 

example of how histone modifications direct cellular processes can be understood 

with the help of histone H3 phosphorylation.  

 

 

Figure 1.4 Histone Post-Translational Modifications (PTMs) on N and C-

terminal extensions. Cartoon depicting histone PTMs such as acetylation, 

methylation and phosphorylation, occurring on histone N and C-terminal 

extensions that protrude out of the nucleosome. 

Adapted from Hendzel, M. J. et al. Mitosis-specific phosphorylation of histone H3 

initiates primarily within pericentromeric heterochromatin during G2 and spreads 

in an ordered fashion coincident with mitotic chromosome condensation. 

Chromosoma (1997)(27) . 
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During mitosis, phosphorylation on H3S10 residue starts from peri-centromeric 

heterochromatin and then spreads throughout the condensed chromatin, making 

H3S10ph a mitosis specific mark(28). However, during G1 phase, H3S10ph acts 

to induce transcription. The dual and contrasting roles of the same PTM may be 

explained by the milieu of PTMs located nearby, that create diverse codes for 

recognition and recruitment of effector proteins. In mitosis, H3S10ph might act 

alone or in concert with phosphorylation at H3S28 position to initiate 

chromosome condensation. On the contrary, in G1 phase, acetylation at the nearby 

H3K14 residue and phosphorylation at H3S10 provide permissive chromatin 

milieu for recruitment of factors that drive transcription(29–31). 

 

1.6 Histone variants 

In addition to the clustered canonical histone genes, there are non-allelic genes 

that encode another class of proteins called histone variants. Histone variants are 

unique in their sequence, structure and timing of synthesis and incorporation into 

chromatin. Unlike canonical histones, the synthesis of histone variants is not 

restricted to S-phase only, and can take place throughout the cell cycle. Thus the 

replacement of a canonical histone with a structurally dissimilar variant 

potentially alters the size, stability and the amount of DNA wrapped around such 

nucleosomes(32). Mammalian histone H3 has replication independent variants 

H3.3 and CENtromere specific histone H3 (CEN-H3), along with replication 

dependent isoforms H3.1 and H3.2(33). The nucleosomes present in 

transcriptionally active regions have the combination of histone H2A variant 

H2A.Z and H3.3, which makes the overall nucleosome unstable and permits 



  INTRODUCTION 

 33 

access to underlying DNA(34). Another level of regulation is added for processes 

such as transcription by variant-specific PTMs. Histone variant H3.3 (differing 

from canonical H3 by 5 amino acids) has PTM patterns that mark transcription 

activation while H3.2 mainly consist of transcription repression PTMs, thus 

attributing different biological functions to histone variants(33).  

 

Figure 1.5 Representative image for variants of histone H2A and H3.  

Image depicting several variants for histone H2A and H3 along with their cellular 

function. HFD- Histone Fold Domain.  

Adapted from Sarma K, Reinberg D. Histone variants meet their match. Nature 

Reviews Molecular Cell Biology. 2005 (35).  
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Histone PTMs, DNA Damage Response and cell cycle  

1.7 Epigenetic regulation of the cell cycle 

The cell cycle consists of 4 phases- G1, S, G2 and mitosis through which a cell is 

able to faithfully duplicate its genome and form a new daughter cell after 

completion of mitosis. De-regulation of the levels or activity of enzymes that 

regulate cell cycle can lead to a diseased state like cancer. The oscillations 

between different cell cycle phases and chromatin architecture are tightly linked, 

with a specific state of chromatin and its modifying enzymes being associated 

with a different cell cycle phase. Chromatin conformation is broadly classified 

into two categories- the de-condensed and transcriptionally active euchromatin 

and the condensed and transcriptionally silent heterochromatin(36). Both these 

states are spatially and temporally regulated throughout the cell cycle, in part due 

to the distinct sets of histone PTMs that they harbor. The opportunity of chromatin 

re-structuring mostly occurs during the S-phase, where the entire genome is 

duplicated and epigenetic marks have to be passed on to the newly synthesized 

DNA and histones(37).  

Since chromatin de-condensation is required for cells to initiate division, histone 

PTMs are crucial for marking important loci like the origin of replication. A 

report suggests that the pre-Replication Complex (pre-RC) assembly takes place 

on sites of enriched histone H4 acetylation(38). Replication licensing also 

correlated with another histone PTM, H4K20me (mono-methylation), presence of 

which was found to be sufficient to load the pre-RC complex on chromatin(39–

41). Reports also suggest that the newly synthesized histones are marked with 

H3K56ac and H4K5/12ac, and could assist in coordinated events of nuclear 
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import and assembly of nucleosomes, and undergo rapid de-acetylation upon 

chromatin recruitment(42–44). The process of DNA replication and histone 

synthesis and incorporation are so intricately linked that the absence of histone 

chaperone Chromatin Assembly Factor 1 (CAF1) leads to cell cycle arrest and 

reduced cell proliferation(45). 

After DNA replication, the cell has to faithfully segregate the genome into two 

daughter cells. This process requires high-level compaction of a de-condensed 

interphase chromatin in the form of mitotic chromosomes. Histone modifications 

that correspond with chromatin condensation include hyper-phosphorylation of 

the linker histone H1 and Aurora kinase mediated H3S10/28 phosphorylation(46–

48).  

 

Figure 1.6 Functioning of histone PTMs explained by histone code hypothesis. 

Cartoon depicts the cross talk between H3S10ph and H4K5/8ac that ensues upon 

transcriptional elongation and involves p300/CREB Binding Protein (CBP) 

histone acetyl transferase as well as Bromodomain-containing 4 (Brd4). 

Cartoon based on Hu, X. et al. Histone crosstalk connects Protein Phosphatase 

1α (PP1α) and Histone Deacetylase (HDAC) pathways to regulate the functional 

transition of Bromodomain-containing 4 (Brd4) for inducible gene expression. 

Journal of Biological Chemistry  (2014)(49). 
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While the compact chromatin of mitotic cells suggests the exclusion of 

transcription machinery and factors from chromatin, the presence of DNaseI 

hypersensitive sites in mitotic chromatin indicate that in spite of loss of higher 

order contact between distal chromatin domains, the proximal regions elements 

can still recruit factors(50,51). This “mitotic bookmarking” is necessary to 

preserve features that are crucial for re-initiation of transcription upon mitotic 

exit(37)
,
 (50,51).Thus, specific global and local epigenetic changes mark distinct 

phases of cell cycle and control cellular processes essential for an unperturbed cell 

division process. 

 

1.8 Chromatin, DNA damage response and genome stability 

Our DNA is under constant threat from both exogenous and endogenously present 

DNA damaging agents. The most deleterious types of lesions that arise are DNA 

Double Strand Breaks (DSBs), which if not repaired properly, can lead to 

potentially lethal events such as chromosome translocation and deletion. To 

counter this genomic instability, cells mount a DNA Damage Response (DDR) 

that leads to cell cycle arrest, DNA repair. A classical DDR response consists of 

tightly regulated signaling cascade and the key levels of regulation are signals, 

sensors, transducers and effectors that ultimately lead to activation of the DDR.  

Upon damage to the DNA, the site/lesion acts as a signal to the cell, which leads 

to activation of the sensor proteins, primarily Ataxia Telangiectasia Mutated 

(ATM) kinase, DNA-dependent Protein Kinase (DNA-PK) and Ataxia 

Telangiectasia and Rad3- related (ATR) kinase. These sensor proteins activate 

several downstream effector proteins like Checkpoint Kinase 1/2 (CHK1/2), 
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transcription factor p53 that leads to an inactivation of Cyclin Dependent Kinases 

(CDKs) to halt cell cycle progression and initiate DNA repair at the G1/S, Intra-S 

or G2/M cell cycle checkpoints(52). Perturbations in the DDR signaling cascade 

have potentially catastrophic implications that lead to diseased state such as 

cancer.  

To counter DNA DSBs, cells have two major pathways, Non-Homologus End 

Joining (NHEJ) and Homologus Recombination (HR).  NHEJ pathway is active 

throughout the interphase and is a process where re-ligation of broken DNA ends 

takes place, with minimal or no processing of the broken ends.  

 

Figure 1.7 Representation of chromatin associated changes during different cell 

cycle phases.  Image represents alterations in global alterations in the structure 

of chromatin as cell progresses through the cell cycle. Adapted from Ma, Y., 

Kanakousaki, K. & Buttitta, L. How the cell cycle impacts chromatin architecture 

and influences cell fate.  Frontiers in Genetics (2015)(36). 
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This repair pathway is coordinated by Ku70/80 heterodimer that binds to broken 

DNA ends. Recruitment of DNA-dependent Protein Kinase Catalytic Subunit 

(DNA-PKcs) then leads to formation of a holozyme complex, further leading to 

activation of  the nuclease Artemis and a DNA ligase IV/XRCC for ligation of 

DNA ends(53). Apart from NHEJ, alternative end joining mechanisms like Micro 

homology-Mediated End Joining (MMEJ) also take place that scans for small 

stretches of homologues sequences for broken end joining(54). Homologus 

Recombination, on the contrary, relies on the presence of a homologues strand of 

the damaged DNA for sequence regeneration. HR uses the replicated sister DNA 

strand as a template for producing a complement of the broken strand and hence, 

is considered to be an error free repair process that only operates during and after 

S-phase of the cell cycle(55). HR involves the process of end resection to produce 

single stranded 3’ overhangs termed as recipient (damaged) strand and mainly 

involves resection protein C-terminal binding protein Interacting Protein 

(CtIP)(56). Rad51 recombinase protein then aids the process of extensive 

homology search, aided by endonucleolytic activity of the MRN (MRE11- Rad50-

NBS1) complex(57,58). Upon encountering a homologus sequence, DNA re-

synthesis ensues, thus leading to accurate repair of the broken end. It is interesting 

that both NHEJ and HR pathways can operate during interphase, what 

determining factors influence activation of either pathway. End resection and 

CDK activity are considered to be an important parameters influencing choice of 

repair pathways in S. cerevisae(59).  However, all DNA related processes like 

replication, transcription require modulation of chromatin architecture. Therefore, 
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it is important that DNA repair also be studied in the perspective of chromatin 

organization.  

Chromatin poses as a barrier to the repair machinery, hence global and local 

chromatin architectural changes help in gaining access to damage site and aid in 

the DNA repair process. Interestingly, altered chromatin configuration is one of 

the foremost events that trigger the activation of DNA repair proteins. Bakkenist 

et. al. reported activation of DNA repair protein ATM (by S1981 auto-

phosphorylation) in presence of hypotonic conditions, chloroquine and HDAC 

inhibitor Trichostatin A (TSA) treatment. Notably, none of these agents caused 

breaks in the DNA or induced DNA damage responsive γH2AX, yet their 

treatment led to ATM activation as they caused perturbations in the overall 

chromatin architecture(60). Hence, it can be speculated that DNA repair proteins 

are sensitive to chromatin architecture change, making it one of the earliest events 

that signal DNA damage to a cell.  The ability of DNA to form loops upon 

radiation exposure had been reported as early as 1987 and was attributed to loss of 

topological constraints upon damage induction(61). Furthermore, neuronal cells 

exposed to DNA damage also displayed decreased topological constraints and 

enhanced chromatin accessibility, as assessed by MNase and DNaseI immediately 

after radiation(62). 

To understand the role of chromatin and chromatin- associated factors in the DDR, 

a prime-repair-restore model had been proposed (Fig. 1.8) (63). The model 

suggests the role of both histones and chromatin associated proteins like 

remodelers in facilitating a series of structural alterations of chromatin that enable 

DNA repair, and after completion of the process, chromatin is restored to its 
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original conformation. These changes are mediated by incorporation of histone 

H2A and H3 variant by their specific chaperones, ultimately leading to a 

permissive state for DNA repair at the damaged loci. A chromatin “toolbox” 

consisting of histone modifying enzymes, chaperones and remodelers has been 

demonstrated to function at each step of the DDR.  

 

Figure 1.8 Representation of the phases of a DNA Damage Response and its 

associated chromatin modifiers.  The DNA Damage Response is divided into 

three phases called prime, repair and restore. DNA repair is associated with 

chromatin modifying proteins such as remodelers, modifying enzymes and 

chaperones that alter chromatin architecture and facilitate DNA repair.  
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Adapted from Soria, G., Polo, S. E. & Almouzni, G. Prime, repair, restore: the 

active role of chromatin in the DNA damage response. Molecular cell (2012)(63). 

 

Notably, histone eviction has been reported to take place after DNA damage. A 

study that used histone H2B- Green Fluorescent Protein (GFP) to investigate the 

mobility of chromatin reported chromatin to be locally expanded upon DSB 

induction, occurred independently of ATM activation or γH2AX induction and in 

an ATP dependent manner(64). Further, loss of H2B-GFP was also reported to be 

dependent upon the MRN complex that is recruited at the site of DNA 

damage(65). The action of Poly-ADP Ribose Polymerase (PARP), especially 

PARP1 had been implicated in regulating histone eviction and caused a state of 

de-condensed chromatin(66). The linker histone H1.2 had also been reported to 

undergo PARylation and subsequent proteasome-dependent degradation upon 

exclusion from chromatin after DSB induction. Interestingly, failure of eviction of 

H1.2 compromised ATM activation and reduced cell survival(67). The topological 

changes observed in chromatin as a consequence of DNA damage are attributed to 

the action of chromatin remodeling complexes (reviewed in (68)). Therefore, 

these reports strongly suggest that regulated chromatin organization movement at 

or around a DSB is critical for DNA repair protein activation and initiation of 

DNA repair process. 

In conjunction with the activity of histone remodelers, histone PTMs as well as 

the activity of their respective modifying enzymes and readers plays a decisive 

role during the DDR. An interesting hypothesis emerged from several studies that 

suggested the role of pre-existing histone PTMs in defining a DNA repair 

pathway choice decision(69). This hypothesis seems plausible since chromatin 
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state and global/local histone modification milieu is disparate across the genome 

and different cell cycle phases. In complete concordance with this hypothesis, 

regions of the genome harboring transcription elongation mark H3K36me3 were 

identified to be more “HR prone” for DNA repair in a Chromatin Immuno-

Precipitation (ChIP)-seq based analysis(70). This suggested that histone PTMs 

that distinguish specific regions of the genome (e.g. euchromatin from 

heterochromatin) could decide the pathway of pathway for DNA repair. Recently, 

an approach utilizing artificially induced DSBs coupled with ChIP-Seq was used 

to map histone PTM alterations at the DSB and in regions upto 1 Kilo-base (Kb) 

and 1 Mega-base (Mb) in its vicinity. This comprehensive study reported a 

reduction in H1 occupancy and increased ubiquitylation over mega base windows. 

Local changes included decreased levels of H3, H3K36me2, H3K79me2, 

H2B120Kub and increased levels of H4K20me1, H2B120Kac and ubiquitin in a 

window of 1Kb from the DSB. Further, an identification of NHEJ and HR specific 

chromatin signatures revealed that DNA lesions repaired by HR had lower levels 

of H3, H3K36me2, H3K79me2 and H4K12/16ac marks, while NHEJ-repair 

specific lesions had decreased H3K36me3 and H4K20me1 upto a distance of 1Kb 

from the DSB. The depletion of linker histone and enhanced ubiquitylation 

occurred irrespective of the DNA repair mechanism, but was more pronounced in 

sites under repair by HR than NHEJ, detected upto 1Mb from the lesion(71). 

Hence, it can be speculated that the chromatin undergoes long and short-range 

alterations in its PTM milieu in response to DSB induction. Such changes could 

strongly influence the DNA repair pathway choice. However, while performing 

and interpreting such studies, it is very important to note firstly, the degree and 
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extent of chromatin de-stabilization, secondly, the intensity of damage and type of 

lesion produced, thirdly, the temporal kinetics of histone PTM alteration after 

damage induction and finally, the cell cycle phase under study.  

 

1.9 Histone phosphorylation and DNA damage response 

Phosphorylation and de-phosphorylation events are critical for regulation of cell 

cycle and signaling pathways. In context of chromatin-based changes in the DNA 

damage response, histone H2AX phosphorylation is one of the best-studied 

examples. In 1997, it was first identified that Histone H2AX (a variant of 

canonical H2A) undergoes phosphorylation at Serine-139 residue response to 

DNA damage induced by ionizing radiation, and this form of H2AXS139P was 

known as γH2AX(72). It was reported to spread upto mega-base regions in 

vicinity of the DNA damage site and formed chromatin domains that could be 

visualized as Ionizing Radiation Induced Foci (IRIF)/γH2AX foci(73). This 

phosphorylation occurs in the unique SQ motif of H2AX variant in its extended 

C-terminal tail (absent in canonical H2AX) that acts as a recognition motif for 

phosphatidylinositol-3 kinase–like kinases (PIKKs) ATM, DNA-PKcs and ATR 

kinases(74). In case of yeast (Saccharomyces cerevisae), phosphorylation on H2A 

at position S129 by kinases Mec1 and Tel1 marks a similar response to DNA 

damage like mammalian γH2AX(75). The phosphorylation of γH2AX takes place 

as early as 1 minute after DNA damage induction and serves to recruit DNA 

repair proteins like Mediator DNA damage Checkpoint 1 (MDC1), Nijmegen 

Breakage Syndrome 1 (NBS1), Meiotic Recombination 11 (MRE11) and Breast 

Cancer type 1 susceptibility protein (BRCA1)(76). Contrary to S139P, Y142P 
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undergoes de-phosphorylation by phosphatase Eyes Absent Homolog (EYA) in 

response to DNA damage and the balance between γH2AX and Y142ph sets the 

stage for distinction between DNA repair and apoptosis(77–79). Phosphorylation 

as well as de-phosphorylation of histone H3 at several sites has been reported in 

context of DNA damage and transcription repression. A residue present at the 

histone-DNA interface, H3T45 has been reported to undergo phosphorylation in 

response to apoptosis, with the potential to also modulate nucleosome 

accessibility. Additionally, a report also suggested that H3T45ph mediated by 

protein kinase B (AKT kinase) regulated the termination of gene transcription in 

response to DNA damage(80,81). The dissociation of CHK1 from chromatin 

occurred in a PIKK dependent manner and resulted in reduced H3T11ph. This 

further caused reduced levels of H3K9ac by impaired recruitment of HAT General 

Control Non-Derepressible 5 (GCN5), leading to decreased expression of genes 

such as cyclin B and Cyclin Dependent Kinase 1 (CDK1) as a consequence of 

DNA damage response(82).  

Phosphorylation of H3 at position S10 is a unique modification, with implications 

in cellular events like transcription and chromatin condensation(83). In response 

to DNA damage, there have been several ambiguous reports about alterations in 

levels of H3S10ph.  A report suggested an increase in the levels of H3S10ph, 

mediated by direct action of ERK1/2 and p38 kinases, both in vitro and in vivo in 

response to UVB induced DNA damage(84). Also, several mitotic H3 

phosphorylation such as H3S10ph, H3S28ph, H3T11ph and H3.3S31ph were 

reported to be unchanged after phleomycin induced DNA damage(85). Another 

study suggested a bi-phasic reduction in the level of H3S10ph in response to 
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nitroso-compound N-Methyl-N-Nitroso-Urea (MNU) treatment that was observed 

to be regulated by both Poly-(ADP-Ribose) Polymerase 1 (PARP1) and p53. 

Concomitantly with H3S10ph, decreased H3S28ph and increased H4K5/K8/K12 

and K16 acetylation marks were also observed upon MNU treatment in a time 

dependent DNA damage kinetics study. Interestingly, contrary to the observed 

globally increased H4 acetylation, reduced H4 acetylation at the promoters of cell 

cycle regulated genes Serine/Threonine Kinase 6 (STK6) and Centromere Protein 

A (CENPA) that led to their transcriptional repression(86). Decreased levels of 

histone PTMs H3S10/28ph were also reported as early as 15 minutes after DNA 

damage induced by H2O2, independent of cell cycle progression. Reduced 

H3S10/28ph occurred in an inverse correlation with increasing levels of γH2AX 

and was regulated by PIKKs. Notably, this study also reports mutual exclusivity 

of γH2AX and H3S10/28ph during mitotic DNA damage(87). Additionally, our 

group has previously published a report about the G1 cycle phase specific loss and 

recovery of H3S10ph in response to ionizing radiation induced DNA damage. 

This loss of H3S10ph, in an inverse correlation with γH2AX, is independent of 

the type of cell line, DNA damaging agent and intensity of radiation, thus 

indicating it to be a universal phenomenon(88). Enzymes MAP Kinase 

Phosphatase-1 (MKP-1) and Mitogen and Stress activated protein Kinase-1 

(MSK1) govern this de-phosphorylation and subsequent re-phosphorylation, 

respectively. Both MKP-1 and MSK1 are also negative and positive regulators of 

the MAP Kinase (MAPK) pathway. Inhibition of the activity of either the 

phosphatase or the kinase leads to reduced survival of cells post radiation. This 

indicated that both loss as well recovery of H3S10ph are essential during G1 phase 
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specific DDR(89). H3S10ph had also been reported to be induced in apoptotic 

cells by pro-apoptotic Protein Kinase C δ (PKCδ)(90). It is not only the activation 

but the inactivation also of the DDR that needs to be critically regulated. In 

Saccharomyces cerevisae, phosphorylation of H4 at T80 position by Cla4 kinase 

led to removal of checkpoint adaptor protein Rad9 from chromatin and marked 

the termination of the DNA damage checkpoint(91). 

 

1.10 Histone acetylation and DNA damage response 

Acetylation of lysine (K) residues of histones is one of the earliest identified and 

well-characterized histone PTMs. Acetylation reduces the overall positive charge 

of histones and leads to chromatin de-condensation, thus is generally associated 

with transcription activation. However, extensive local chromatin re-arrangement 

that occurs to facilitate access of repair machinery to damaged DNA indicates an 

essential role of this PTM during the DNA damage response.   

A recent report that aimed to create a high-resolution map of histone PTMs 

suggests a switch of H2BK120ub to H2BK120ac in regions as close as 1kb near 

AsiSI induced DSBs, using a ChIP-based approach. Abrogation of the SUPT7L 

de-ubiquitinase and acetyltransferase subunit of Spt-Ada-Gcn5 Acetyltransferase 

(SAGA) complex hampered this conversion as well as DNA repair by both NHEJ 

and HR mechanisms(71). This indicated an increase of H2BK120ac to be an 

important local event that occurs in vicinity of a DSB and contributes to DNA 

repair. Other than phosphorylation, H2AX also undergoes acetylation at position 

K5, mediated by Histone Acetyltransferase (HAT) Tip60, essential for 

localization of DNA repair protein NBS1 on chromatin. It has been further 
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reported that Tip60 is present in a complex with ubiquitin conjugating enzyme 

UBC13, with the acetylation-dependent ubiquitylation of H2AX to be critical for 

H2AX eviction from chromatin(92,93). At a global level, an exhaustive study 

reported GCN5 mediated H3K9ac and H3K56ac marks to be reduced after 

phleomycin induced DNA damage in mitosis as well as interphase, with minimal 

variation in their levels throughout the cell cycle(85).  This reduction in H3K56ac 

was attributed as a consequence of HDAC1/2 localization to chromatin in 

response to DNA damage, and particularly promoted NHEJ-mediated DNA repair.  

This report also suggested a reduction in H4K16ac after DNA damage(94). On the 

contrary, two independent reports also suggested p300/CBP to be the 

acetyltransferases that mediated H3K56ac, but reported an increase in the level of 

this PTM and co-localization with γH2AX in response to several DNA damaging 

agents(95,96). It has recently been reported that TRIM66 (Tripartite motif 

containing 66) protein recognized H3K56ac via its bromodomain and deemed this 

interaction to be crucial for recruitment of HDAC Sirt6, which allowed permissive 

environment for DNA repair in mouse embryonic stem cells(97). In response to 

DNA damage, abrogation of Human Males-absent-on-the First (hMOF) mediated 

acetylation of H4K16 position was reported to cause increased number of γH2AX 

foci and defective DNA DSB repair(98). Notably, structural studies demonstrated 

H3K56ac and H3K122ac not to be a part of the N-terminal region of histones. 

H3K56ac is positioned at the interface of the DNA entry/exit site of the 

nucleosome while H3K122ac is present at the symmetry axis of the nucleosome 

dyad. Due to this critical placement, it is possible that alteration of these PTMs in 



  INTRODUCTION 

 48 

response to DNA damage lead to local as well as global changes in chromatin 

configuration and facilitate DNA repair(99,100). 

 

1.11 Histone Methylation, Ubiquitylation and PARylation and the DNA 

damage response 

Histones undergo methylation at both lysine and arginine (R) residues and upto 

stoichiometry of mono-, di- or tri-methylation. Histone methylation does not 

cause any charge neutralization of histones and is extensively studied for its role 

in mediating transcription activation or repression. In response to DNA damage in 

mammalian cells, a report suggested enrichment of lysine (K) Demethylase 

KDM1A at the DNA damage site and led to reduction of H3K4me2. Depletion of 

KDM1A affected the chromatin recruitment of DNA repair proteins 53BP1 and 

BRCA1(101).  Recruitment of KDM5B at the DNA damage site was also reported 

to aid in recruitment of both Ku70 and BRCA1 to the DNA damage site, hence 

promoted both NHEJ and HR. Depletion of KDM5B also led to spontaneous 

appearance of lesions and persistence of γH2AX foci, indicating the critical role 

of KDM5B in maintaining genome stability(102). Interestingly, a recent report 

suggested KDM5A mediated de-methylation of H3K4me3 to be crucial for 

chromatin recruitment of bromodomain- containing factor ZMYND8 [Zinc finger 

and MYND (Myeloid, Nervy and DEAF-1) domain containing 8] and 

Nucleosome Remodeller (NuRD) complex, for transcription repression and HR 

mediated repair promotion at transcriptionally active DNA damage sites(103,104). 

Additionally, p53 binding protein 1 (53BP1) has also been reported to recognize 

histone marks H4K20me3 by its two tandemly occurring tudor domains(105). A 
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report suggested histone methyltransferase MMSET mediated increased levels of 

H4K20me2 (at ISce-I induced DSBs) was crucial in recruitment of 53BP1 to 

damaged sites(106). Apart from histone methyl marks, 53BP1 also recognizes 

H2AK15ub by its unique Ubiquitin-Dependent Recruitment (UDR) motif.(107) 

Hence, 53BP1 acts as a “dual-modification reader” protein that recognizes both 

histone methyl and ubiquitin moieties for chromatin recruitment in response to 

DNA damage. Another histone methyl mark, H3K36 methylation plays a critical 

role in determining the pathway for DNA repair. Reports suggest H3K36 methyl-

transferase KMT3A to be crucial for recruitment of CtIP and Rad51 at ISce-I 

induced DNA DSBs and promote repair by HR(108). Interestingly, a DNA repair 

protein named Metnase, which also had SET domain for methyltransferase 

activity, reportedly induced H3K36me2 in the vicinity of DSBs and helped in 

recruitment of NHEJ repair pathway proteins NBS1 and Ku70(109).  

Ubiquitylation of histones plays an important role for recruitment of proteins 

involved in the DNA repair process. It has been deciphered that RNF8 E3 

ubiquitin ligase created a hierarchy of events that involved linker H1 

ubiquitylation and caused recruitment of another ubiquitin ligase RNF168. 

Subsequent ubiquitylation of H2AK13/15 by RNF168 led to recruitment of DNA 

repair protein 53BP1(110–113). Additionally, it has also been reported that 

H2AK27ub is critical for RNF168 based histone ubiquitylation and recruitment of 

DNA repair proteins like BRCA1 and 53BP1 and proper DNA repair foci 

formation(114).  

Poly-ADP ribosylation is an important aspect of the DNA repair pathway. 

Enzymes called Poly-ADP Ribose Polymerases (PARPs) mediate addition of the 
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PAR moiety on substrates, including histones. A very recent study suggests the 

role of histone PARylation in PARylated histone eviction from the DNA damage 

site, mediated by the FACT complex(115). The major residue upon which PAR 

group is added is Serine (S). Reports suggest H3S10 and H3S28 to be major sites 

of PARylation during the DNA damage response, with H3S10 as a better PAR 

acceptor than S28 (116). Interestingly, using DNA barcoded mononucleosome 

libraries, having several permutations of histone PTM combinations, it was 

reported that presence of lysine acetylation at -1 position potentially disrupted 

Serine-PAR interaction. Hence, this strongly indicated a negative cross-talk 

between histone PTM acetylation and PAR, both of which are implicated to alter 

during DNA damage and repair(117).  

 

1.12 H3S10ph and its dual but contrasting roles during interphase and 

mitosis 

The role of histone PTM H3S10ph during DDR has been elaborated previously. 

H3S10ph lies within the “ARKS” motif present in histone H3 and is associated 

with two distinct phases of the cell cycle- G1 and mitosis. The chromatin 

architecture in both these phases is drastically different, with interphase having a  

de-condensed and transcriptionally active state, while mitosis comprises of 

chromatin present in the form of highly condensed chromosomes for segregation 

into daughter cells.  During G1 phase, H3S10ph and its acetylation of its nearby 

lysine residues, H3K9/14ac are involved in promoting gene transcription at 

specific gene loci. In the year 2000, several reports independently confirmed the 

role of histone phospho-acetylation in activation of gene transcription. Cheung et. 
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al. also reported H3S10ph on the promoters of immediate early genes to be a 

result of Epidermal Growth Factor (EGF) stimulation, mediated by the action of 

MAP kinase regulators. They also reported the synergistic nature of H3S10ph and 

its propensity to recruit HAT GCN5, thereby stimulating the process of histone 

acetylation(118). Clayton et. al. reported that dual modifications of H3 

phosphorylation and acetylation on the same histone tail resulted in expression of 

immediate early genes c-fos and c-jun(119). On similar lines, a study published by 

Sheng Lo et. al. also reported a positive cross-talk between H3S10ph and its role 

in recruitment of GCN5, to acetylate H3K14 residue. However, it was also 

reported that not all GCN5 regulated genes required H3S10ph for their 

transcription, indicating the necessity of dual phospho-acetyl mark essential only 

for a subset of genes(120). 14-3-3 proteins were later on identified to act as a 

reader of H3S10ph mark with an increased affinity for phospho-acetylated 

histones, where 14-3-3 recruitment was necessary for transcription(121).  

The role of H3S10ph in mitosis is in complete contrast to its function in 

interphase. Late G2/M onwards, from the peri-centromeric regions, H3S10ph 

begins to spread across the chromosome arms, peaks at metaphase and co-incides 

with chromatin condensation(28). Hence, H3S10ph is considered to be a mitotic 

mark. However, H3S10ph was reported to be required only for initiation of 

chromatin condensation(46), while another independent report suggested H3S10A 

mutants displayed aberrant chromatin condensation and segregation, making 

H3S10ph an essential mark for chromatin condensation in Tetrahymena(47).  
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1.13 DNA damage response during mitotic phase of cell cycle  

The mitotic phase of the cell cycle is characterized by a dramatic change in 

chromatin architecture compared to rest of the interphase. In an attempt to 

faithfully segregate the duplicated genome, chromatin undergoes several fold of 

condensation to form distinct chromosomal entities, and the nuclear envelope is 

degraded(37). Mitosis being the shortest phase of the cell cycle is divided into 

sub-phases- Prophase, Pro-metaphase, Metaphase, Anaphase and Telophase. 

Another feature that distinguishes mitotic cells from interphase is its lowest 

tolerability for radiation induced DNA damage (termed radio-sensitivity). Several 

studies have reported mitotic phase to be the most radiosensitive phase of the cell 

cycle, partly attributed to its characteristic condensed chromatin state (122,123). 

Elaborate explanations about enhanced radio-sensitivity of mitotic cells remain 

elusive. The reasons contributing to this could be firstly, the highly dynamic 

nature of this process and secondly, presence of a small percentage mitotic 

population at a given time. Several synchronization procedures like using spindle 

tubule poisons (nocodazole, taxol and CDK1 inhibitors) allow arrest of the mitotic 

population in different phases of mitosis, thus enabling experimentation on pure 

mitotic population. 

In response to DNA damage, generation of DNA DSBs can prove to be cytotoxic 

if left unrepaired. Cell cycle checkpoints in other phases of cell cycle (G1/S, Intra-

S and G2/M) and activation of the DDR pathway are responsible for maintaining 

genome integrity.  A checkpoint has been reported to exist during early prophase, 

but not late prophase, DNA damage induction led to reversal of mitotic cells to 

interphase. This was accompanied by reversal of mitotic events such as 
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centrosome maturation and de-phosphorylation of histone H3 and H1. However, 

DNA damage induction in late prophase did not activate this checkpoint and cells 

progressed through mitosis(124). Hence, a “commitment point” was proposed to 

be late prophase, beyond which, no reversal of mitosis- associated events too 

place. A preliminary study about comparison of γH2AX foci appearance and 

disappearance in both G1 and mitotic phase suggested a reduced rate of γH2AX 

foci disappearance either due inaccessibility of the phosphatase or trapped γH2AX 

in condensed metaphase chromatin(125). It was interesting to note from several 

studies that even in highly condensed chromatin architecture, mitotic cells marked 

DNA damage site by formation of generation of γH2AX, but not initiate a full 

scale DDR. Instead mitotic cells prioritized completion of mitosis over repairing 

DNA only to commence a DDR in the subsequent G1 phase. It had previously 

been observed that upon DNA damage induction, mitotic cells displayed early 

DDR signaling events like ATM activation and MRN/MDC1 complex recruitment 

on chromatin. However, downstream processes like ubiquitylation by E3 ubiquitin 

ligases RNF8/168 or DNA repair protein 53BP1/ BRCA1 recruitment were not 

observed in DNA damage induced mitotic cells, while repair initiation only 

occurred in the G1 phase (126)
,
(127). However, another report suggested 

recruitment of RNF8/168 on chromatin in late mitosis to mark sites for 53BP1 

activation as an early G1 phase associated event(128). However, 53BP1 was 

observed to be recruited on kinetochore region of mis-aligned chromosomes, thus 

also functioned to ensure unperturbed mitosis(129). An interesting report by 

Orthwin et. al. aimed to understand the consequences of DDR activation in 

mitosis. The study reported that CDK1 dependent phosphorylation of DNA repair 
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factor 53BP1 and E3 ubiquitin ligase RNF8 abrogated their recruitment on 

chromatin during mitosis, also reported by another independent study(130). 

However, activation of the DDR in mitosis by overexpression of non-

phosphorylatable mutants led to hypersensitivity of such mitotic cells. Further, 

inhibition of NHEJ rescued the phenotype like the wild type mitotic population. 

This was mediated by de-protected mitotic telomeres that led to mitotic telomere 

fusion and further caused aneuploidy(131). Hence, a very important conclusion 

from this report was that activation of the DDR pathway during mitosis did not 

lead to better survival, rather caused radiation hypersensitivity. Apart from 

inhibition of HR pathway, even NHEJ process was reported as suppressed, but not 

inactivated during mitosis. This was attributed to CDK1 and Polo-like kinase 

(Plk1) dependent phosphorylation of LigaseIV complex component XRCC. 

However, XRCC activation during mitosis led to formation of anaphase bridges, 

again suggesting that initiation of DNA repair process during mitosis promotes 

genomic instability(132).  

 

1.14 Epigenetic alterations and cellular radio-resistance 

Chromatin architecture as well as its modulation has a profound impact on the 

process of DNA repair. Since the chromatin architecture changes from once cell 

cycle phase to another, so does the intrinsic cellular radio-sensitivity of different 

cell cycle phases. S-phase cells are considered to be the most radio-resistant, 

while mitotic cells are the least radio-resistant. In terms of radiobiology, the 

response of a patient towards radiotherapy is governed by factors called the 4Rs of 

Radiobiology, namely - Repair, Redistribution, Repopulation and Reoxygenation. 
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Additionally, Radio-resistance was introduced as the 5
th

 R of radiobiology owing 

to its significant contribution in determining the response to radiotherapy(133). 

However, till date, the exact reasons that lead to intrinsic or acquired radio-

resistance remain elusive and multifactorial, such as tumor microenvironment 

(134), cell cycle phase (123) and DNA repair pathways (135),(136).  

Since the DNA damage response is critically influenced and regulated by 

epigenetic factors, it could be possible that certain chromatin alterations are linked 

with radio-resistance. Studies report increase in the heterochromatin content of 

fibroblasts and salt-dependent solid phase chromatin modulation lead to reduced 

radio-sensitivity (122,137,138). Additionally, human lung carcinoma cells also 

showed increased heterochromatinization and increased levels of H3K9me3(139) 

while reduction of histone mark H4K20me3 was observed in mice subjected to 

total body irradiation, but at a low dose (140).  
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Figure 1.9 Representation of distinct cellular radio sensitivity of different cell 

cycle phases. Adapted from D.S. Chang et al., Basic Radiotherapy Physics and 

Biology, (2014).  

 

Therefore it is plausible that an epigenetic signature pattern could be associated 

with altered cellular radio- sensitivity.  

Indeed, HDAC inhibitors are currently being explored for their radio-sensitization 

potential. Thus, elucidation of epigenetic changes that take place during 

radiotherapy treatment could be helpful in gaining a better understanding of radio-

resistance acquirement (141–145)
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Aims and Objectives 
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2.1 Statement of the problem 

Histone PTMs are crucial regulators of the DNA damage response. The local and 

global patterns of histone PTMs get altered during each phase of the cell cycle. 

Since DNA repair pathways are also selectively activated in a cell cycle 

dependent manner, it is possible that the histone PTM milieu of a particular cell 

cycle phase influences the activation od a distinct repair pathway. In this way, 

histone PTMs can play a very important role as molecular switches that regulate 

DNA repair, and subsequently dictate the cell fate. It is also possible that in 

response to DNA damage, histone PTMs exhibit distinct patterns of alterations 

that correspond with activation of a specific repair pathway. Each cell cycle phase 

has different radio-sensitivity. Hence, histone PTM alterations could also be 

involved in determining the cell fate after DNA repair.  

 

2.2 Hypothesis- Previous studies by our group suggest bi-phasic alterations of 

histone PTM H3S10ph during the G0/G1 phase of the cell cycle. Therefore, we 

hypothesize that histone H3 PTMs such as H3S10ph and its nearby acetylation 

marks could play an important role in governing the cell cycle phase specific 

DNA damage response and acquired radio sensitivity of cells.  

 

  The following questions were put forward to address the hypothesis: 

1. Does H3S10/S28ph follow a bi-phasic kinetics during the mitotic DNA 

damage response? 

2.  How are the H3S10/S28ph modifying kinases and phosphatases regulated in 

the M phase of cell cycle in response to radiation induced DNA damage? 
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3. Does a cross talk exist between the phosphorylation on H3S10/S28 and 

acetylation on nearby histone marks H3K9 and K14 in response to mitotic 

DNA damage? 

4. Do histone modifications play an important role in imparting radio-resistant 

phenotype to cancer cells? 

  To answer the above-mentioned questions, the following objectives for the  

  thesis were formulated: 

 2.3 Objectives  

 1. To investigate the mechanism of de-phosphorylation and 

 phosphorylation of H3S10 in response to DNA damage. 

 2. To understand the role of histone modifications in radio-resistant behavior   

          in cancer cells. 

 

2.4 Work-plan for the objectives 

To answer the objectives, we employed the below detailed work plan.  

 

Objective 1 

To investigate the mechanism of de-phosphorylation and phosphorylation of 

H3S10 in response to DNA damage. 

1. Analysis of levels of histone PTMs H3S10ph, H3S28ph and H3K9ac by 

western blotting and cell cycle progression by flow cytometry of mitotic 

synchronized cells exposed to ionizing radiation.  
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2. Immunofluorescence analysis of cellular morphological features using α-

Tubulin, Lamin A and DAPI markers and live cell microscopy analysis of cell 

division defects arising after radiation of mitotic cells. 

3. Comparison of cell cycle markers by western blotting in G1 synchronized 

population versus mitotic cells exposed to radiation. 

4. Analysis of histone PTMs H3S10ph, H3S28ph and H3K9ac in response to 

exposure of mitotic cells to several DNA damaging agents, in different cell 

lines and a range of radiation doses. 

5. Mono-nucleosomal immuno-precipitation of mitotic nucleosomes for co-

occurrence of histone marks γH2AX, H3S10ph, H3S28ph and H3K9ac. 

6. Regulation of alteration in histone modification profile by their modifying 

enzymes, MKP-1, PP1α, MSK1 and Aurora Kinase B (AURKB) by real time-

Polymerase Chain Reaction (PCR) and western blotting. 

7. To understand the transcriptional regulation and translation stability of histone 

modifying enzymes, MKP-1, PP1α, MSK1 and AURKB. 

 

Objective 2 

 To understand the role of histone modifications in radio-resistant behavior 

in cancer cells. 

1. Generation of MCF7 breast cancer radio-resistant cell line by fractionated 

irradiation.  

2. Analysis of cellular morphology (by electron microscopy), physiological 

features (cell proliferation, colony forming ability, cell migration capacity, 
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analysis of apoptotic population), gene expression profile (real-time PCR) and 

biochemical features (Raman spectroscopy). 

3. Micrococcal nuclease assay of parental and radio-resistant cells to understand 

chromatin organization and immunofluorescence analysis of heterochromatin 

protein1α.   

4. Analysis of activating and repressive histone PTM marks in parental versus 

radio-resistant population and activity of HDACs and HATs. 

5. HDAC activity in human tumor samples from different sites of origin and 

HDAC 1-3 expression analysis for normal versus breast cancer and normal 

versus pan-cancer cohorts using TCGA database. 

6. Efficacy of HDAC inhibitor, valproic acid for radio-sensitizing ability against 

acquired radio-resistant and inherently radio-resistance.  
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3.1 Cell culture lines and growth conditions 

The following cell lines were used/generated
*
in the study: 

Table 3.1: Cell lines used in the study 

Cell Line Origin Culture Medium  

MCF7 Breast Adenocarcinoma DMEM (Invitrogen) 

U87 Glioblastoma Multiforme DMEM (Invitrogen) 

AGS Gastric Adenocarcinoma RPMI (Invitrogen) 

MCF7 10GyRR
*
 Breast Adenocarcinoma DMEM (Invitrogen) 

MCF7 20GyRR
*
 Breast Adenocarcinoma DMEM (Invitrogen) 

MDA-MB231 Breast Adenocarcinoma DMEM (Invitrogen) 

MDA-MB231RR
*
 Breast Adenocarcinoma DMEM (Invitrogen) 

 

2mM glutamine (Sigma) and 1X non-essential amino acids were used to supplement  

the medium. 10% Fetal Bovine Serum (FBS) (Gibco) and 100X antibiotic antimycotic 

solution (Himedia) was used to prepare complete growth medium. Cells were 

maintained at 37°C and 5% CO2 growth conditions. Cells were trypsinized and sub-

cultured using 1X Phosphate Buffered Saline (PBS) and Trypsin-EDTA solution 

(0.25% trypsin powder w/v and 0.2% EDTA dissolved in PBS and filter sterilized). 

Viable cells were detected using 0.4% Trypan blue or Erythrosin B dye and counted 

on a haemocytometer slide. The formula for calculation of number of cells was as 

follows: 

No. of cells per ml = Avg. number of cells per WBC chamber * dilution factor *10
4
 

2*10
4 

cells were seeded according to experimental requirement or maintained at 60% 

confluency.  
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3.2 Cell cycle phase synchronization 

Cells were synchronized in the G0/G1 phase and mitosis for the study. 

Synchronization in the G0 phase was performed by serum starvation. Cells were 

grown in 10% serum containing medium till 60% confluency. Subsequently, cells 

were washed three times with 1X PBS to remove residual serum and then grown in 

0.02% serum containing medium for 72 hours. After 72 hours, the 0.02% serum-

containing medium was replaced by 10% serum containing medium. After 6 hours of 

media replacement, experiments for G1 phase were initiated. To synchronize cells in 

mitosis, treatment was given with 200ng/ml nocodazole (Sigma) for 18 hours at 80% 

cell confluency. After this incubation, experiments for mitotic cells were performed. 

Mitotic cells were separated from non-mitotic cells by mitotic shake off method for 

all experiments(146,147). Nocodazole release was performed by collecting mitotic 

cells followed by centrifugation. The spent medium was discarded and cells washed 

with 1X PBS before re-plating into fresh plates and medium without nocodazole for 

G1 phase progression.  

 

3.3 Cell Irradiation 

Cells were exposed to ionizing radiation through a Cobalt-60 radioactive source 

present in Bhabhatron-II (Panacea Medical Technologies Ltd. and Bhabha Atomic 

Research Centre (BARC), India). The machine is present at the Department of 

Radiation Oncology, ACTREC. Field size for cell irradiation was constant at as 25cm 

x 25cm for all cell radiation experiments. The Source-to-skin distance (SSD) was set 

at 80cm and cells plates were placed at 180° to the gantry. The radiation dose was 

kept constant at 8Gy for all experiments unless specified.  
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3.4 Treatment of cells with other DNA damage inducing agents  

Mitosis synchronized MCF7 cells were treated with DNA damage inducing agents 

like Cisplatin (2μg/ml for 4 hours), Ultra Violet (10J/m
2
 for 15 minutes) rays, 

Adriamycin (10μg/ml for 4 hours) and H2O2 (500μM for 15 minutes). Mitotic shake 

off and subsequent nocodazole release was performed as described above.  

 

3.5 Cell cycle analysis by Fluorescence Activated Cell Sorting 

Cells were trypsinized in 1ml of medium and washed twice with chilled PBS by 

centrifugation at 5000 rpm for 10 minutes at 4°C. 1/10
th

 of the total cell volume was 

shifted to a fresh Micro-Centrifuge Tube (MCT) and fixed with 1ml of chilled 70% 

ethanol and the remaining cells were used for histone/lysate preparation. Ethanol was 

added drop-wise while gently swirling the cells on a vortex and stored at -20°C. 

Processing for cell cycle analysis was performed by washing the fixed cells twice 

with chilled PBS by centrifugation at 5000 rpm for 10 minutes at 4°C to remove 

traces of ethanol. The cell pellet obtained was re-suspended in 500μl 1X PBS. To this 

cell suspension, 0.1% Triton X-100 and 100μg/ml of RNase A were added and 

incubated for 30 minutes at 37°C. After incubation, propidium iodide (Sigma, 25 

μg/ml) was added to the cell suspension and incubated for 15 minutes in dark. 

Samples were immediately processed for cell cycle analysis in FACS Calibur flow 

cytometer (BD Biosciences) and analysis was performed by MODFIT software by 

Verity house. Cell sorting was performed using VYBRANT green dye (Invitrogen), 

as per manufacturer’s instructions.  
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3.6 Clonogenic assay 

 MCF7 cells sorted after VYBRANT dye treatment were counted and seeded in 6 well 

plates. 1000 cells were seeded per well, per cell cycle phase. Cells were irradiated, 

seeded at 1000 cells per well and cultures for 14 days. Colonies were fixed with 4% 

paraformaldehyde, washed with 1X PBS and stained with 0.5% crystal violet(148).  

 

3.7 Histone isolation  

Histones were extracted from cells by acid extraction method(149). Cells were 

trypsinized and washed with 1X PBS. Thereafter, 1ml of chilled MKK lysis buffer 

was added to the cells (Composition in Table 9.1). Protease inhibitors were added to 

the chilled buffer just before use. Cells resuspended in the buffer were incubated on 

ice for 30 minutes with intermittent mixing and thereafter centrifuged at 18000 rpm 

for 30 minutes at 4°C. The supernatant was discarded and 300μl of 0.2M H2SO4 was 

added to the nuclear pellet. The pellet was vigorously vortexed for 2 hours with 

intermittent incubation on ice. After vortexing, the pellet was centrifuged at 18000 

rpm for 30 minutes at 4°C. The supernatant was collected in a fresh MCT and 4 

volumes of chilled acetone were added to it. Histones were precipitated by overnight 

incubation at -20°C. The pellet was washed with chilled acidified acetone (acetone 

containing 50mM HCl) and subsequently twice with chilled acetone. Residual acetone 

was vacuum evaporated from the pellet. Pellet was resuspended in 0.1% β-

Mercaptoethanol and stored at -20°C.  
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3.8 Total cell lysate preparation 

Cells were trypsinized and washed with 1X PBS. Thereafter, 300μl of chilled MKK 

lysis buffer was added to cells (Composition in Table 9.1). Protease inhibitor cocktail 

was added to the chilled buffer just before use. Cells resuspended in the buffer were 

incubated on ice for 30 minutes with intermittent mixing and thereafter centrifuged at 

18000 rpm for 30 minutes at 4°C. Thereafter, the nuclear pellet was subjected to pulse 

sonication at 30% amplitude for 3-5 seconds. After breakdown of the nuclear pellet, 

the suspension was centrifuged at 18000 rpm for 30 minutes at 4°C. Supernatant was 

collected in a fresh MCT and stored as the Total Cell Lysate (TCL) while the pellet 

was discarded. 

 

3.9 SDS-PAGE based separation of histones and TCL 

The denaturing system of Sodium Dodecyl Sulphate (SDS) was utilized for poly-

acrylamide based separation of proteins according to their molecular weight(150). A 

sandwich of 2 glass plates and 0.1cm thick spacers was created and sealed from the 

sides to prevent leakage. Varying percentages of polyacrylamide gels were prepared 

as per molecular weight of protein of interest. Resolving gel (18% for histones and 10% 

for TCL) were poured into the plates and allowed to polymerize (composition in table 

9.2 and 9.3). Thereafter, stacking gel of 4% polyacrylamide was used as stacking gel 

(composition in table 9.4), with a 0.1cm thick plastic comb inserted as space for wells. 

After polymerization wells were cleaned and washed with 1X SDS Running buffer 

(composition in table 9.5). Samples to be separated were prepared by mixing 

thoroughly with 2X SDS sample buffer (0.005M Tris-Cl pH 6.8, 20% v/v glycerol, 4% 

SDS, 2% β-Mercaptoethanol and bromophenol blue) and boiling for 10 minutes. The 
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boiled samples were chilled and again mixed before loading into the wells.  The gels 

were run at 15mA constant current till the tracking dye reached resolving gel, after 

which the current was increased to 30mA till tracking dye reached bottom of the gel. 

The assembly was then dismantled and polyacrylamide gel was processed for western 

blotting.  

 

3.10 Western Blotting of histones and proteins from polyacrylamide gel 

The proteins on the resolving gel were transferred onto an inert, porous and adsorbent 

material such as Polyvinylidene diflouride (PVDF, Millipore, pore size 0.4μm)(151). 

The PVDF membrane was activated by immersing in 100% methanol for 30 seconds 

followed by immersing in distilled water until required. A sandwich of the gel and 

membrane of equal size was created between six sheets of Whatmann no.1 paper for 

support and the assembly was immersed in chilled 1X transfer buffer (composition in 

table 9.6). Current was applied from the electrodes in the transfer assembly (BioRad). 

The process was performed at 4°C, for 4 hours using 300mA constant current. 

Subsequently, the PVDF membrane was stained with 0.05% Fast green solution to 

visualize the transferred proteins.  

Western blotting was performed in 4 steps- Blocking, primary antibody incubation, 

washing off excess antibody and secondary antibody incubation. This was followed 

by visualization of the protein of interest by chemiluminesence-based detection. 

Blocking of the membrane was performed for one hour using blocking agents such as 

milk or BSA prepared in 1X TBS-T (1X Tris buffered saline containing 0.1% Tween- 

20)(152). This was followed by an overnight incubation with a specific dilution of the 

primary antibody at 4°C. Next day, the excess primary antibody was removed by 
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washing it four times (10 minutes each) with 1X TBST. The membrane was incubated 

with secondary antibody for one hour at RT, washing off excess secondary antibody 

and then visualization with Enhanced Chemiluminescent Reagent (ECL, Thermo 

Scientific), Femto West (Thermo Scientific) or Clarity Max (BioRad) as per the 

manufacturer’s instructions. The list of antibodies used along with their specific 

dilution is provided in Table 8.8.  

 

3.11 Immunofluorescence Microscopy 

Cells were seeded in 100mm
2 

tissue culture dishes along with sterilized glass 

coverslips.  The cover slips containing cells were washed twice with 1XPBS and 

fixed with 4% Paraformaldehyde (Sigma) for 20 minutes or with chilled absolute 

methanol for 10 minutes. The fixative was washed off twice with PBS and cells were 

permeabilized using 0.2% Triton X-100 in PBS for 10 minutes. Cells were washed 

twice with 1X PBS and placed in primary antibody dilution (Table no. 9.7) at 4°C 

overnight. Next day, the cells were washed three times each, with 1X PBS and 0.1% 

NP-40 containing 1X PBS, and placed in fluorophore conjugated secondary antibody 

(Invitrogen) dilution for two hours in dark conditions. All the subsequent steps were 

performed in dark. Excess secondary antibody was washed with 1X PBS and 0.1% 

NP-40 containing 1X PBS and coverslips were DAPI stained (0.1μg/μl) for 5 minutes 

and excess stain was washed with 1X PBS. Mounting medium for fluorescence was 

added on clean glass slides and coverslips were carefully placed on the glass slides 

and imaged using Zeiss 510 Meta-confocal imaging system. Image analysis was 

performed using Image J or FIJI software. 
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3.12 Micrococcal nuclease (MNase) digestion assay 

Cells were harvested by trypsinization and washed twice with 1X PBS at 5000 rpm at 

4°C. Cell pellet was resuspended in 500 μl of MNase digestion buffer (Table 9.8) and 

incubated on ice for 30 minutes with intermittent shaking. The cells were then 

centrifuged at 5000 rpm at 4°C for 10 minutes. Supernatant was discarded and the 

nuclear pellet was washed again with 500 μl of MNase digestion buffer. The 

subsequent pellet was carefully resuspended in 300 μl of MNase digestion buffer 

supplemented with CaCl2  (Sigma, 2mM for G0/G1 phase cells and 10mM for mitotic 

cells). The amount of DNA in the final suspension was quantified using nuclei lysis 

buffer (5M NaCl-2M Urea). 50μg chromatin was used for MNase digestion per time 

point and MNase enzyme (5Units/ μl) was used at ac concentration of 200Units/mg 

chromatin. The digestion was carried out at 37°C for desired duration and terminated 

by addition of 10mM EDTA. 2ug/ml Proteinase K was added and incubated overnight 

at 55°C, followed by DNA extraction by phenol chloroform method. The DNA 

obtained was dissolved in TE buffer, quantified by Nano-drop. 500μg chromatin was 

loaded on 1.8% TAE-Agarose gel containing ethidium bromide at a concentration of 

0.5 μg/ml. The gel was resolved at constant voltage and visualized under UV. Image 

analysis was performed using FIJI software.  

 

3.13 Mononucleosomal Immunoprecipitation 

Mononucleosome isolation from mitotic nuclei was done in MNase digestion buffer 

containing 10mM CaCl2. Mononucleosomes were prepared by incubating 1mg 

chromatin with 200 units of MNase for 30 minutes at 37°C. 200μg of chromatin was 

incubated with 2μg of anti- γH2AX, anti- H3S10ph and IgG antibodies. 20μl of 
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magnetic DYNA beads (Thermo Fischer) were added to chromatin-antibody mixture 

and incubated for 4 hours on a rotating platform. Separation of antibody-nucleosome 

complex and washing of bound complex was done using magnetic rack. 2X SDS 

loading dye was added to the bead bound complex. The samples were boiled, chilled 

and loaded on 18% SDS-PAGE gel, followed by western blotting with respective 

antibodies.   

 

3.14 Generation of Radio-resistant cell line 

Cells were made radioresistant by fractionated irradiation. Cells were exposed to 10 

rounds of Co-60 radiation dose of 2Gy each and allowed to recover. Parental cells 

were maintained at the same passage number and mock irradiated. After the final dose 

of 20Gy was delivered, cells were cultured without any radiation treatment radiation 

for 21 days.  

 

3.15 Clonogenic assay for radioresistant cells 

Clonogenic assay was performed as described in 3.6. Parental and radio-resistant cells 

were irradiated and allowed to recover for 6 hours after radiation. Colonies were 

allowed to form for 14 days. Colonies having more than 50 cells were considered to 

be viable and counted under a light microscope. All data are expressed as average 

obtained ± standard deviation (SD) from n=3 experiments. Statistical significance was 

determined by conducting an un-paired students t-test. 
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3.16 Cell migration assay 

Cell migration assay was carried out in a 6 well plate with 100% confluent cells, 

serum starved for 72 hours before the experiment. Three scratches were made in the 

monolayer and debris of dislodged cells was washed off carefully with sterile 1X PBS. 

Cell migration was monitored for 20 hours using an inverted microscope. Cells were 

kept at 37°C and 5% CO2 for the entire duration of the experiment. All data are 

expressed as average obtained ± standard deviation (SD) from n=3 experiments. 

Statistical significance was determined by conducting an un-paired students t-test. 

 

3.17 Cell proliferation assay 

Cell proliferation was monitored using MTT method. 1000 cells were seeded in a 96 

well plate and analyzed for 96 hours. 10μl of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide) reagent (5mg/ml in sterile PBS) was added, followed 

by 100μl of solubilizing solution (10% SDS-0.01N HCl) after 4 hours. Absorption 

was measured at 540 and 690nm using Spectrostar Nano Biotek LabTech 96-well 

plate reader. All data are expressed as average obtained ± standard deviation (SD) 

from n=3 experiments. Statistical significance was determined by conducting an un-

paired students t-test. 

 

 3.18 AnnexinV/PI staining 

Analysis of presence of apoptotic population was performed by Annexin- Fluorescein 

Isothiocyanate (FITC) apoptosis detection kit (Sigma), strictly following 

manufacturer instructions. The population was analyzed by a FACS Calibur flow 

cytometer and analysis performed using CELLQUEST software. All data are 
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expressed as average obtained ± standard deviation (SD) from n=3 experiments. 

Statistical significance was determined by conducting an un-paired students t-test. 

 

3.19 Transmission Electron Microscopy 

Samples were fixed using 3% glutaraldehyde and 1% osmium tetraoxide and post 

fixation was done by 1%. Alcoholic uranyl acetate treatment for 1 minute and lead 

citrate treatment for 30seconds. Imaging was performed using Carl Zeiss LIBRA120 

EFTEM.  

 

3.20 Raman Spectroscopy  

Cells pellets were fixed using 1% PFA and washed with sterile PBS. Total 30 spectra 

were analyzed for all cell types. Raman Spectra were recorded using a commercial 

Raman micro spectroscope (WITec alpha300RS, λX-532nm, 10mW, 600 

grooves/mm). Preprocessed Raman spectra (smoothening, fifth point, baseline, fifth 

order and vector normalization) in 650-1750 cm
-1 

were subjected to Principle 

Component Analysis using commercial Unscrambler® X software. 

 

3.21 Quantitative PCR 

RNA was extracted by Trizol method, followed by DNase1 treatment and cDNA 

synthesis using random hexamer primers (Revert-Aid cDNA Synthesis Kit, Thermo 

Scientific), strictly as per manufacturer’s instructions. Real-time PCR was performed 

using gene specific primers. Amplification conditions for all primers were 

denaturation for 30 seconds at 94°C, annealing for 1 minute at 60°C and extension for 

1 minute at 72°C. 30 cycles of amplification were followed by 10 minute final 
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extension. Sequence of primers used in the study is provided in Table 9.9. All data are 

expressed as average obtained ± standard deviation (SD) from n=3 experiments. 

Statistical significance was determined by conducting an un-paired students t-test. 

 

3.22 Human tissue sample collection 

 Approval from Institute Ethics Committee III (Project number 164) was obtained for 

working on human tumor samples, collected retrospectively with approved waiver of 

consent. Samples were collected from Biorepository of ACTREC-TMC. Samples 

were stored in -80°C and used as required. 

 

3.23 HDAC and HAT Activity assay  

Assays were performed using the colorimetric HDAC and HAT activity assay kits 

from BioVision (BioVision Research Products, USA) as per manufacturer 

instructions, using 100μg of cell lysate or 1mg of tissue powder resuspended in MKK 

lysis buffer (composition in table 9.1). All data are expressed as average obtained ± 

standard deviation (SD) from n=3 experiments. Statistical significance was 

determined by conducting an un-paired students t-test. 

 

3.24 In silico analysis of The Cancer Genome Atlas (TCGA) breast cancer and 

pan cancer dataset 

To analyze the expression levels of HDAC1, HDAC2 and HDAC3 in normal and 

tumor samples of pan cancer, TCGA PANCAN normalized RSEM counts were 

obtained from UCSC cancer genome browser. p-value was determined using 

Wilcoxon-Mann- Whitney test analysis. 
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4.1 Alterations in cell cycle profile and levels of H3S10ph in response to DNA 

damage induced during mitosis 

The effect of Ionizing Radiation (IR) induced DNA damage was investigated in 

mitosis synchronized MCF7 cells. During mitosis, the radiated population showed 

an immediate induction of γH2AX, while H3S10ph remained comparable to the 

non-radiated population (Fig. 4.1 A and B). Cell cycle analysis showed that 4 

hours after nocodazole release, a majority of the cells had progressed to the G0/G1 

phase, concomitant with decreased levels of H3S10ph. This reduction was 

attributed to mitotic exit and entry into G0/G1 phase and occurred irrespective of 

radiation exposure.  

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Alterations in cell cycle profile and H3S10ph levels upon mitotic DNA 

damage. (A) Cell cycle profile of MCF7 cells synchronized in mitosis as analyzed by 

flow cytometry. Mitotic cells were collected at 0 hour time point, re-plated into fresh 

medium without nocodazole and harvested at specific time points. (B) Western 

blotting of acid extracted histones using antibodies against H3S10ph and γH2AX at 

specified time points. Histone H3 serves as loading control. Hrs. – Hours, Gy- Gray 

(A) 

 

 

 

 

 

 

 

 

(B) 
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Compared to the non-radiated cells, the radiated population showed persistent 

γH2AX levels and a high percentage of cells in the G2/M phase of the cell cycle 

24 hours after radiation. However, it was intriguing that despite enrichment in the 

G2/M phase, the radiated population showed reduced levels of mitotic mark 

H3S10ph (Fig. 4.1 B).  

 

4.2 Changes in histone marks H3S28ph and H3K9ac in response to mitotic 

DNA damage 

Histone marks H3S10ph and H3S28ph are unique as they are present in the two 

“ARKS” motifs of histone H3 and are enriched during mitosis. The neighboring 

residue of H3S10, i.e. H3K9, has the propensity to undergo acetylation and (along 

with H3S10ph and H3K14ac) enable the transcription activation in the G0/G1 

phase of the cell cycle. Hence, the levels of both H3S28ph and H3K9ac after 

mitotic DNA damage were assessed. A time-dependent analysis was performed to 

analyze the cell cycle progression and histone PTM alterations after radiation and 

nocodazole release of mitotic cells (Fig 4.2 A and B). It was observed from the 

cell cycle profile that the non-radiated cells exit mitosis and enter the G0/G1 phase 

within 2 hours of nocodazole release, whereas in this duration, only a small 

percentage of the radiated population was able to enter the G0/G1 phase. The 

mitotic exit and G0/G1 phase entry of both radiated and non-radiated population 

was marked by increased levels of H3K9ac and reduced mitotic marks H3S10ph 

and H3S28ph. 
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Figure 4.2 Alterations of H3S28ph and H3K9ac marks upon DNA damage 

induction of mitotic cells. (A) Time point based cell cycle profile of MCF7 cells 

synchronized in mitosis, subjected to DNA damage and released from nocodazole 

arrest (B) Western blotting of acid extracted histones against γH2AX, H3S10ph, 

H3S28ph and H3K9ac at indicated time points. Histone H3 serves as loading control. 

L.E. – Low exposure, H.E. – High exposure. Hrs. – Hours, Gy- Gray. 
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These changes were observed at 2 hours and 4 hours (after nocodazole release) for 

control and radiated cells, respectively. This indicated that DNA damage during 

mitosis could lead to delayed mitotic progression and interphase entry.  

The non-radiated cells had attained an asynchronous cell cycle profile 8 hours 

after nocodazole release. However, a different pattern was observed in the 

radiated cells, which showed an incremental increase in the G2/M phase 

population at both 8 and 24 hours after nocodazole release. 

Similar to our previous observation, γH2AX levels persisted up to 24 hours after 

radiation. Regardless of radiation treatment, the levels of both H3S10ph and 

H3S28ph were unchanged during mitosis but decreased upon cell cycle 

progression. However, in the radiated cells, there was complete absence of 

H3S10/S28ph levels, co-incident with the time points that reflected G2/M phase 

enrichment (8 hours and onwards). Surprisingly, neither the radiated cells attained 

levels of H3S10/S28ph comparable to an interphase population, nor the levels of 

these mitotic marks increased upon G2/M enrichment. 

In the non-radiated as well as radiated cells, entry into the G0/G1 phase was 

concomitant with an increase of H3K9ac levels that indicated the conversion of 

condensed mitotic chromatin to a de-condensed interphase conformation. Thus, a 

paradoxical situation existed, where a G2/M enriched cell population had low 

levels of mitotic marks H3S10/S28ph but increased H3K9ac.  
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4.3 Analysis of cellular and nuclear morphology of the cells after mitotic 

radiation.   

Given the perplexing situation of high G2/M population but increased H3K9ac, an 

immuno-fluorescence based analysis was performed to microscopically observe 

the distribution of histone PTMs γH2AX, H3S10ph, H3S28ph and H3K9ac (Fig 

4.3A). Histone mark H3K9ac mark was distributed uniformly throughout the 

nuclei of both radiated and non-radiated populations. Corroborating our western 

blot analysis, the radiated cells had lower levels of H3S10ph than the non-radiated 

cells (Fig 4.3 A). However, the intensity of H3S28ph was not found to be 

sufficient to comment upon any difference (Fig 4.3 A). An analysis of overall 

cellular and nuclear morphology at specific time points post nocodazole release 

showed that the condensed mitotic chromatin of both non-radiated and radiated 

cells was converted to a de-condensed conformation (reminiscent of an interphase 

nucleus), thereby indicating cell cycle progression (Fig 4.3 A). While assessing 

cellular and nuclear morphology, it was observed that as early as 8 hours after 

radiation, there were nuclear structure aberrations and presence of more than one 

nucleus within a single cell (Fig 4.3 B). This data provided strong evidence that 

the observed G2/M state (with high H3K9ac and low H3S10ph and H3S28ph) of 

radiated cells could be due to the presence of 2 interphase-like nuclei (of ploidy 

2N) within a single cell but detected by flow cytometer as a tetraploid G2/M phase. 

Thus, it became essential to investigate the cause behind the generation of such bi-

nucleated cells.  
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Figure 4.3 Cellular and nuclear morphological features of cells post mitotic 

radiation. (A) Co-Immunofluorescence images for histone PTMs H3K9ac, 

H3S10ph, H3S28ph with γH2AX of radiated and non- radiated cell at 4 hour time 

point. (B) Co-Immunofluorescence images of non-radiated and radiated cells at 

specific time points post nocodazole release. α- tubulin acts as cell boundary 

marker, Lamin-A marks the nuclear boundary and DAPI acts as nuclear marker 

(A) 
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for all images. White arrows indicate alterations in nuclear architecture.                                

Scale bar for all images is 10μm. Hrs. – Hours and radiation dose is 8Gy for all 

samples. 

 

4.4   Analysis of cell division defects in mitotic cells subjected to radiation 

Live cell microscopy was performed to ascertain if the radiated mitotic cells 

actually completed mitosis and entered the G0/G1 phase of the cell cycle. It was 

observed that the radiated population had a delayed initiation of the cell division 

events compared to the non-radiated cells (Fig 4.4 A white arrows and B). 

observed (Fig 4.4 A zoom out).  
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Figure 4.4 Defects in cell division process associated with DNA damage 

induction in mitotic cells.  (A) Live cell microscopy images of radiated and non-

radiated cells at specific time points showing induction of first cell division 

(pointed by white arrows). (B) Graph depicting delay in time of first cell division 

event (n=27) Mins- Minutes. 

 

Events where fusion of daughter cells took place after initiating cell division were 

also observed (Fig 4.4 A zoom out). It was interesting that the observed G2/M 

arrest was not actually a G2/M population but comprised of bi-nucleated tetraploid 

cells, as a result of aberrant mitotic progression. Therefore it became important to 

investigate the differences between this bi-nucleated population and an actual 

G0/G1 phase population. 

 

4.5 Presence of distinct cellular phenotypes during or after mitotic exit 

In addition to delayed initiation of cell division, there were four other distinct 

phenotypes displayed by the radiated cells (Fig 4.5 A and B). The mitotic cells 

had either (a) completed cell division successfully and divided into two daughter 

cells, (b) did not initiate cell division, (c) displayed fusion of two the daughter 

cells and (d) gave rise to two daughter cells that were asymmetric in size. 

Therefore, as a result of incomplete or faulty mitotic progression after DNA 

damage, the unique phenotypes (b) and (c) could contribute to the observed 

tetraploid state, initially thought to be a G2/M arrest. These observations are also 

summarized in Model 1.  
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Figure 4.5 Defects in cell division process associated with DNA damage induction 

in mitotic cells.  (A) Images showing cell phenotypes that arise after radiation of 

mitotic cells. Black arrows indicate mitotic cells that divide into two daughter cells. 

Green arrows point to cells that show differences in size of the daughter cells.  Blue 

arrows depict cells that did not initiate cell division during the course of experiment 

and red arrows indicate cells that have initiated cell division but the two daughter 

cells undergo cell fusion. (B) Graph depicting quantification of above described 

events as a percentage of cells that display these phenotypes. Mins- Minute. 
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Model 1- Events describing the generation of a 4N intermediate state after DNA 

damage during mitosis. Black arrow signifies normal cell cycle progression and 

red arrow signifies phenotypes generated by defects during mitotic progression.  
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4.6 Analysis of the cell cycle and DNA repair-related proteins during and 

after radiation exposure to mitotic cells 

A comparison of cell cycle specific cyclin proteins for both M and G0/G1 phase of 

the cell cycle was performed for mitotic cells, with and without radiation. 

Absence of M-phase specific cyclin B from both the radiated as well as non-

radiated mitotic population after nocodazole release indicated mitotic exit. 

However, 4 hours after radiation, reduced (but not undetectable) levels of cyclin B 

strengthened our previous observation of incomplete/faulty mitotic progression. 

The radiated mitotic population had reduced levels of G0/G1 phase specific cyclin 

D, as compared to nocodazole released non-radiated cells and G0/G1 phase 

synchronized cells. These data suggests that radiated mitotic cells did undergo 

mitotic progression, but synthesized reduced levels of G0/G1 phase specific cyclin 

D. This situation could lead to a state that was intermediate between mitosis and 

G0/G1 phase, henceforth termed as 4N-intermediate state. Our previous data 

showed that the mitotic cells were able to induce γH2AX in response to radiation 

induced DNA damage. However, an analysis of chromatin recruitment of DNA 

repair proteins revealed that mitotic cells were unable to recruit neither NHEJ 

repair protein Ku70 nor HR specific repair Rad51 proteins on chromatin while in 

mitosis. The recruitment of these proteins was observed 4 hours after nocodazole 

release, when the mitotic cells had progressed to the subsequent phase of the cell 

cycle. Recruitment of these repair proteins on chromatin was also concomitant 

with a reduction in the levels of γH2AX that indicated ongoing DNA repair.   
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Figure 4.6 Alterations of cell cycle and DNA damage associated proteins in 

response to DNA damage in mitotic cells. (A) Western blotting of Cyclin B, Cyclin D 

and histone PTMs from total cell lysates of cells synchronized in G0/G1 and mitotic 

phase of cell cycle at specified time points, with and without radiation. Beta-actin 

serves as loading control. (B) Western blotting of DNA repair associated proteins 

Ku70 and Rad51 in the nucleo-cytoplasmic and chromatin fraction of mitotic cells 

with and without radiation, at indicated time points. GAPDH and Histone H3 serve as 

loading controls for nucleo-cytoplasmic fraction and chromatin fraction, respectively. 

Hrs. – Hours, Gy- Gray.  

 

 

 

 

(A) 

 

 

 

 

 

 

 

 

 

 

 
 

(B) 



  RESULTS 

   

 88 

4.7 Alteration in levels of H3S10ph, H3S28ph and increase of H3K9ac occurs 

independent of DNA damaging agent, radiation dose and cell line origin. 

To understand if the alterations in the levels of H3S10ph, H3S28ph and increase 

of H3K9ac were specific to ionizing radiation induced DNA damage, mitotic cells 

were treated with a variety of DNA damage inducing agents. Treatment with 

cisplatin (causes intra-strand cross links), Adriamycin (induces DNA double 

strand breaks), H2O2 (causes DNA double strand breaks) and ultraviolet rats (form 

thymidine dimers) all led to the absence of H3S10ph and H3S28ph in interphase 

but not mitosis. This was concomitant with increased H3K9c, similar to ionizing 

radiation exposure (Fig 4.7 A). Additionally, it was also observed that these 

alterations were independent of the dose of radiation used to induce DNA damage 

and the cell line under context (Fig 4.7 B-D).  It was interesting to note that each 

DNA damaging agent used caused a different type of cell cycle arrest and 

different type of DNA damage lesion, yet there was a decrease in the levels of 

H3S10/S28ph and increase of H3K9ac. These data indicated that such epigenetic 

changes occurred when mitotic cells were exposed to DNA damage, irrespective 

of the type of lesion, cell line origin and intensity of DNA damage.  

 

4.8 Co-localization analysis of histone PTMs γH2AX, H3S10ph, H3S28ph and 

H3K9ac during and after mitotic DNA damage.  

It was observed in previous experiments that there was a co-occurrence of γH2AX 

and H3S10ph/S28ph in mitotic cells subjected to DNA damage (as assessed by 

western blotting).  
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Figure 4.7 Effect of different DNA damaging agents, cell lines and radiation 

doses in response to mitotic DNA damage (A) Western blotting for histone PTMs 

γH2AX, H3S10ph, H3S28ph and H3K9ac from acid extracted histones of mitosis 

synchronized MCF7 cells treated with cisplatin, H2O2, Adriamycin and UV rays, 

(B) different doses of ionizing radiation to induce DNA damage. (C) U87 

glioblastoma and AGS gastric adenocarcinoma cell line.  Histone H3 serves as 

loading control. Hrs. – Hours, Gy- Gray.  

(A) 
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After mitosis, as the cell cycle progressed into the G0/G1 phase, the levels of 

γH2AX were still detectable, but levels of H3S10/S28ph were not comparable to 

interphase cells. This was reminiscent of a previously reported inverse co-

relationship that γH2AX and H3S10ph followed in the G0/G1 phase specific DNA 

damage response. Therefore, an immuno-fluorescence analysis was performed to 

understand if any co-relation existed between H3S10/S28ph and γH2AX 

localization and levels, both during and after the mitotic DDR (Fig 4.8 A-C).  

In mitosis-synchronized cells, it was observed that γH2AX co-localized with both 

mitotic marks H3S10ph and H3S28ph. However, the pattern of distribution of 

these marks on the chromosomes was different, with H3S10ph showing a more 

pan-chromosome staining as compared to H3S28ph. Secondly, the areas of 

H3S28ph and γH2AX co-localization were found to be more randomly dispersed 

as compared to H3S10ph. The levels of H3K9ac were undetectable in mitotic cells. 

As previously observed, 4 hours after radiation and nocodazole release, mitotic 

progression and exit caused chromatin relaxation, concomitant with increased 

levels of H3K9ac. However, the co-localization of γH2AX and H3S10/28ph (as 

seen during mitosis) was not observed in this de-condensed chromatin state. Upon 

mitotic exit, H3S10ph was observed to form foci, H3K9ac showed a pan-nuclear 

staining while H3S28ph dropped to undetectable. Remarkably, neither H3S10ph 

nor H3K9ac co-localized with γH2AX, despite being present in the same nucleus 

(Fig 4.8 A-C zoomed out images). Additionally, it was also seen that cells having 

more intense staining of γH2AX had dramatically reduced intensity of H3S10ph.  
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Figure 4.8 Immunofluorescence analysis of γH2AX, H3S10ph, H3S28ph and 

H3K9ac co-localization during and after the mitotic DNA damage response. 

Immunofluorescence based co-localization analysis of (A) γH2AX and H3S10ph 

(B) γH2AX and H3S28ph and (C) γH2AX and H3K9ac at specified time points 

after radiation and nocodazole release. Time points 0 hour depicts time when 

cells were still in mitosis and 4 hours denotes time elapsed after nocodazole 

release and radiation. Inset shows zoomed in area of image. Scale bar for all 

images is 10μm. Yellow color denotes co-localization of indicated histone marks. 

DAPI acts as nuclear marker for all images. Hrs. – Hours, Gy- Gray. 

 

 

These data strongly indicated that an inverse correlation of localization existed 

between histone marks H3S10ph, H3S28ph and H3K9ac with γH2AX upon 

mitotic exit. 

(A)                     (B)              (C)     
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4.9 Mono-nucleosomal association of γH2AX, H3S10ph, H3S28ph and 

H3K9ac marks in during and after mitotic DNA damage 

One of the reasons for the observed co-localization of histone marks 

H3S10/S28ph and γH2AX could be the highly condensed chromatin state during 

mitosis. The close proximity of the red and green fluorophores (representing 

H3S10/S28ph and γH2AX, respectively) in condensed mitotic chromatin could 

lead to an illusion of co-localizing regions (seen as yellow). Moreover, upon 

mitotic progression and subsequent chromatin de-condensation, the fluorophores 

could be spatially apart, causing complete absence of co-localization. Therefore, a 

mono-nucleosomal immuno-precipitation was performed to ascertain if 

H3S10/S28ph, H3K9ac and γH2AX actually co-localized in mitosis (Fig 4.9 D). 

Co-Immunoprecipitation with both anti-γH2AX and anti-H3S10ph antibody 

showed that γH2AX, H3S10ph, H3S28ph and H3K9ac marks co-occurred on the 

same nucleosome during mitosis. However, 4 hours after radiation and 

nocodazole release, when chromatin attained a de-condensed state after mitotic 

progression, the marks H3S10ph, H3S28ph and H3K9ac ceased to co-occur on 

nucleosomes harboring γH2AX, thereby corroborating our immunofluorescence 

based observation. Interestingly, in the de-condensed chromatin state after DNA 

damage, the marks H3S28ph and H3K9ac were present on nucleosomes 

containing H3S10ph. These observations indicated that H3S10/S28ph, H3K9ac 

and γH2AX co-occurred on the same nucleosome in damage induced mitotic cells.  

However, an inverse co-relationship existed between these H3S10ph and γH2AX 

in G0/G1 phase. 
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Figure 4.9 H3S10ph, H3S28ph and H3K9ac do not co-exist on nucleosomes 

containing γH2AX after mitotic progression. (A) Mononucleosomes prepared 

from IR exposed mitosis synchronized MCF7 cells. Time points indicate time after 

nocodazole release. (B) Validation of anti-γH2AX and IgG anti-mouse antibody 

and (C) anti-H3S10ph and IgG anti-rabbit antibody by immuno-precipitation and 

immuno-blotting. (D) Mono-nucleosomal immuno-precipitation performed with 

anti-γH2AX and anti-H3S10ph antibody at the indicated time points after 

radiation and nocodazole release. Immuno-blotting performed with anti-γH2AX, 

anti-H3S10ph, anti-H3S28ph and anti-H3K9ac antibodies. Input is 10% amount 

of mononucleosomes used for immuno-precipitation. * and ** denote antibody 

heavy chain (55kDa) and light chain (25kDa), respectively. L= DNA ladder. Hrs. 

– Hours, Gy- Gray. 

(A)        (D) 
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4.10 Analysis of H3S10ph modifying enzymes during and after mitotic DNA 

damage 

As mitotic cells progressed to G0/G1 phase, a cell cycle dependent reduction of 

H3S10ph was observed. But the interphase population so formed was not able to 

attain levels of H3S10ph comparable to non-radiated cells. The reduced levels of 

H3S10ph could be due to alterations in levels of its modifying kinases and 

phosphatases. Thus, western blotting was performed to assess the protein levels of 

H3S10ph modifying in a time dependent manner. (Fig. 4.10 A and B). The 

phosphatases PP1α, MKP-1 and the kinases MSK1, MSK2 and AURKB modify 

H3S10 in a cell cycle dependent manner. It was seen that the level of mitotic 

H3S10ph phosphatase PP1α rapidly increased at one-hour time point, but 

decreased 2 hours after radiation and nocodazole release. In the control population, 

a similar pattern of increase followed by decrease was observed. In both control 

and radiated cells, PP1α was persistent up to 48 hours after radiation, but at higher 

levels in the radiated population. Likewise, an increase in MKP-1 phosphatase 

was also observed in both control and radiated cells 2 hours after re-plating, but 

higher levels of MKP-1 persisted up to 24 hours after radiation. There was a 

reduction in the levels of kinases MSK1 and AURKB, while MSK2 levels 

increased after radiation.  

The levels of the three kinases were reduced at 8 hours and significantly 

diminished at 24 hours and undetectable at 48 hours after radiation and 

nocodazole release. 
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Figure 4.10 Alterations in the level of H3S10ph and H3S28ph modifying 

kinases and phosphatases during mitotic DNA damage. (A) Cell cycle profile of 

mitosis synchronized MCF7 cells. Indicated time points denote time after 

nocodazole release, with and without radiation. (B) Western blotting of H3S10ph 

modifying enzymes PP1α, MKP-1, MSK1, MSK2 and AURKB from total cell 

(A)              
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lysates of mitosis synchronized MCF7 cells at the specified time points after 

radiation and nocodazole release. Beta actin serves as loading control. 

 Hrs- .Hours, Gy- Gray. 

 

 Interestingly, the levels of MSK1 kinase were not increased at time point 4 hours 

after radiation. MSK1 kinase and MKP-1 phosphatase are both immediate early 

genes that gets transcriptionally activated as cells enter the G0/G1 phase of the cell 

cycle, where they act as regulators of MAPK pathway. Therefore, as reflected by 

cell cycle analysis at 2-hour time point, exit of mitosis and entry into interphase 

(of non-radiated population) was accompanied by an escalation in the levels of 

MKP-1 and MSK1. In response to radiation and nocodazole release, the level of 

MKP-1 increased at 2 hours while MSK1 did not increase but continued to decline. 

The persistent levels of the mitotic H3S10 kinase AURKB up to 8 hours after 

radiation and nocodazole release also corroborated our previous finding of 

delayed mitotic exit or a prolonged mitotic stage. These data suggested that 

continuous presence of the phosphatases coupled with diminished levels of 

kinases could be responsible for non-recovery of H3S10ph and H3S28ph after 

radiation and mitotic progression. 

 

4.11 Alterations in transcript levels of H3S10ph and H3S28ph modifying 

enzymes upon IR exposure during and after mitosis.  

To understand the mechanism of regulation of H3S10ph modifying enzymes, real-

time PCR was performed to analyze transcript-level alterations in response to 

radiation during and after mitosis (Fig. 4.11).  
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Figure 4.11 Altered transcript levels of MKP-1, PP1α, MSK1 and AURKB in 

response to DNA damage during mitosis. Graphs depict real-time PCR based 

analysis of transcript levels of MKP-1, PP1α, MSK1 and AURKB at specific time 

points after radiation and nocodazole release represented as fold change. Values 

normalized to non-radiated control of each time point, represented as fold change 

1. n.s – non- significant. Hrs. – Hours.  
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It was observed that compared to the non-radiated controls, the transcript levels of 

MKP-1 phosphatase and MSK1 kinase showed an increased expression 2 hours 

after radiation, followed by decrease at 4 hours and again an increase at 24 hours 

after radiation. This cyclical pattern could be due to MKP1 and MSK1 being 

immediate early genes, whose transcription and synthesis peaks transiently in the 

early G1 phase of cell cycle. However, the peak in transcript levels was not 

reflected by any increase in the protein level of MSK1 at 2 and 24 hours after 

radiation and nocodazole release, as previously observed. Additionally, the 

transcript levels of both PP1α and AURKB had not changed significantly, except 

for decreased AURKB transcript levels 24 hours after radiation. The drastic 

increase observed in protein levels of PP1α were seemed unlikely to be due to a 

non-significant increase of its transcript levels. Overall, the transcript level 

analysis of H3S10ph modifying enzymes could not provide detailed insight about 

the changes observed at the protein level after radiation, thus emphasizing the 

need for further experimentation.  

 

4.12 Regulation of histone modifying enzymes MKP-1, MSK1, PP1 and 

AURKB in response to DNA damage during mitosis. 

 Transcript level alterations provided insufficient detail about the alterations in the 

H3S10 modifying enzymes. This indicated that these proteins could be regulated 

by mechanisms like translation and degradation (Fig. 4.12 A and B).  
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Figure 4.12 Regulation of MKP-1, PP1, MSK1 and AURKB protein levels in 

response to radiation during and after mitosis. Western blotting against MKP-1 

PP1, MSK1 and AURKB in total cell lysates prepared from (A) cycloheximide and 

(B) velcade treated mitotic cells at specified time points.  PVDF membrane serves 

as loading control. Hrs.- Hours, Gy- Gray. 

(A) 
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Treatment of mitotic cells with protein translation inhibitor cycloheximide (CHX) 

had no effect on cell progression from mitosis to G0/G1 phase, irrespective of 

radiation exposure, release in non-radiated cells. Such an induction was not 

observed in the radiated population. Notably, similar effect was observed when 

cells were treated with CHX, irrespective of radiation exposure. This strongly 

pointed that MSK1 protein level was regulated by mRNA translation upon mitotic 

exit and G0/G1 phase entry. Therefore, due to translation-related defects, there was 

no increase in MSK1 protein levels despite transcriptional up-regulation, 

compared to non-radiated cells. The phosphatase MKP-1 followed a cyclical 

pattern of increase of protein levels at 2 hours after radiation, followed by a 

reduction at 4 hours. A similar pattern, but with a more pronounced reduction in 

MKP-1 protein level was observed upon CHX treatment. This indicated that 

MKP-1 phosphatase was also regulated by protein translation. The protein level of 

the phosphatase PP1α showed an increase even upon CHX treatment, but as 

observed previously, there was no transcriptional up-regulation. These data 

indicated that protein stabilization could play an important role in maintaining the 

level of PP1α, even up to 48 hours after radiation.  

In contrast to the other H3S10ph modifying enzymes, the protein level of AURKB 

declined irrespective of radiation and CHX treatment. This suggested that the 

levels of AURKB were not regulated by translation of its mRNA but could be 

regulated by protein degradation. Thus, mitotic cells were also treated with 

velcade, an inhibitor of the proteasome machinery (Fig. 4.12 B).  
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The velcade untreated mitotic cells that progressed to the G0/G1 phase showed 

reduced protein levels of AURKB, cyclin B, H3S10/28ph. However, in the 

velcade treated cells (both with and without radiation), the levels of cyclin B, 

AURKB and H3S10/28ph were unchanged, along with a cell cycle profile that 

reflected no progression from mitotic phase. This indicated that AURKB protein 

undergoes proteasome-mediated degradation as mitotic cells progress to G0/G1 

phase, and its levels are regulated in a cell cycle dependent manner. As observed 

upon CHX treatment, MKP-1 levels changed in a cyclical pattern, but an 

accumulation of the protein was observed upon velcade treatment. This implied 

that MKP-1 was regulated both by protein synthesis and degradation upon cell 

cycle progression, irrespective of radiation treatment. However, inhibition of 

protein degradation was unable to rescue the levels of MSK1 kinase, compared to 

untreated as well as radiated controls, therefore indicating that MSK1 level were 

solely regulated by its synthesis upon mitotic progression. PP1α levels remained 

unchanged upon both protein translation and degradation inhibition, suggesting 

the role of protein stabilization, possibly through some PTM (of itself or a 

regulatory subunit) in this context. Thus it was concluded that non-recovery of 

H3S10/28ph after mitotic DNA damage could be due to (a) reduced translation of 

the kinase MSK1, (b) synthesis of MKP-1 phosphatase or (c) stabilization of PP1α 

phosphatase.   
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4.13 Molecular modelling based affinity interaction and chromatin 

recruitment of histone H3 modifying enzymes in response to mitotic DNA 

damage. 

In addition to non-recovery of H3S10ph after mitotic DNA damage, an increase in 

H3K9ac was also observed. Previous reports suggested that hyper-acetylated 

histone tails were poor substrates for H3 kinase AURKB. Additionally, in silico 

modelling studies showed that MSK1 kinase has reduced affinity towards H3 

peptides acetylated at positions H3K9 and K14. Therefore, there could be two 

possibilities for non-recovery of H3S10ph after mitotic DNA damage and exit. 

Firstly, reduced affinity of the kinase/ increased affinity of the phosphatase due to 

nearby acetylated residues, or secondly, reduced recruitment of the kinases on 

chromatin. To investigate the first condition, molecular modelling was performed 

using Swiss model software. Modelling was carried out for protein structures 

available for PP1α and MKP-1 with a set of differentially modified histone H3 

peptides (Fig 4.13 A). The modifications on the histone peptides were H3S10ph, 

H3K9ac and H3K14ac in combinations of unmodified, dual and triply modified 

residues. A haddock score was calculated that predicted the extent of affinity a 

protein had to bind to a specific combination of H3 PTMs. It was observed that 

both MKP-1 and PP1α had comparable affinity for unmodified H3 peptides and 

peptides having only H3S10ph in conjunction with either one or both 

(H3K9ac/H3K14ac) marks. 
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Figure 4.13 (A) Molecular modelling of phosphatases MKP-1 and PP1α using 

differentially modified H3 peptides. Molecular modelling was carried out for 

MKP1 and PP1α with different sets of H3 peptides (having a combination of 

PTMs H3S10ph, H3K9ac and H3K14ac) Haddock score depicts affinity of 

interaction of particular protein and PTM combination. 

 

(A) 
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Interestingly, PP1α had higher affinity for H3 peptides that had only one or both 

H3K9ac/H3K14ac marks. This indicated that the in silico affinity of histone 

phosphatases MKP-1 and PP1α was influenced by PTM(s) present or absent on 

nearby residue(s), apart from the H3S10 position. 

To explore the second possibility, cellular fractionation was performed to separate the 

nucleo-cytosolic content from the chromatin bound fraction. This was done to assess 

the chromatin recruitment of H3S10 modifying enzymes in response to mitotic DNA 

damage (Fig 4.13 B). It was observed that there was increased recruitment of 

phosphatase PP1α on chromatin as compared to MKP-1. This was concurrent with 

enhanced H3K9ac and recruitment of HATs GCN5 and PCAF on chromatin, 

irrespective of radiation exposure. This suggested that upon interphase entry and 

chromatin de-condensation, increased H3K9ac is accompanied by (a) recruitment of 

PP1α on chromatin, (b) reduction in levels of H3S10ph and (c) recruitment of HATs 

on chromatin.  On the other hand, the levels of MKP-1 on chromatin were observed to 

be negligible, but substantially increased in the nucleo-cytoplasmic fraction. The 

kinases AURKB and MSK1 also showed an overall reduction in the protein levels (in 

nucleo-cytoplasmic fraction) as well as decreased chromatin recruitment after mitotic 

DNA damage. Therefore, the acetylation of nearby residue H3K9 could lead to 

enhanced recruitment of phosphatase PP1α on chromatin. Additionally, reduced 

overall levels as well as chromatin recruitment of kinases MSK1 and AURKB could 

be responsible for non-recovery of H3S10ph after mitotic DNA damage and 

interphase entry. Therefore, the in silico analysis was complemented by biochemical 

analysis of chromatin recruitment of histone modifying enzymes. 
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Figure 4.13 (B and C) Chromatin recruitment of histone modifying enzymes. 

Mitosis synchronized MCF7 cells were fractionated into nucleo-cytoplasmic 

(NCF) and chromatin fractions (CF). Western blotting was performed for 

chromatin modifying kinases, phosphatases, HATs and histone PTMs. GAPDH 

and H3 serve as loading controls for NCF and CF, respectively. Hrs. - Hours and 

Gy- Gray. 
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4.14 Mitotic cells radiated and allowed to enter interphase have reduced cell 

survival potential. 

Analysis of the cellular and nuclear morphology of radiated cells strongly 

suggested that the observed G2/M arrest was a 4N-intermediate stage between 

mitotic exit and interphase entry.  The population generated after cell cycle 

progression of radiated mitotic cells was assessed for survival potential. Thus, 48 

hours after mitotic cell radiation and nocodazole release, FACS was performed to 

sort cells (according to their ploidy) using a cell membrane permeable DNA 

binding dye, specific for live cells (Fig. 4.14 A). The FACS profile suggested 

presence of G0/G1, S and G2/M phases of the cell cycle in the population.  It is 

possible that the G0/G1 and S phase population could be contributed by (a) cells 

that had successfully completed cell division and entered interphase in a diploid 

state or (b) cells that had possibly resumed normal cell cycle progression after 

DNA repair. The G2/M sorted cells could be the (a) 4N intermediate population 

generated after a prolonged mitotic arrest or (b) cells that had possibly resumed 

normal cell cycle progression after DNA repair or (c) mitotic cells that did not 

initiate cell division. Subsequent exposure of these cells to radiation led to a 

dramatic reduction in the cell survival potential, compared to an asynchronous 

population.  Moreover, these cells had a marked reduction in colony formation 

potential even without radiation exposure that suggested an initiation of cell death 

(Fig. 4.14 B). It is also interesting that though the cell survival potential of these 

cells is reduced, there were still some surviving cells from the G1 and S-phase 

populations. Survival of such cells tetraploid could have catastrophic implications 

such as enhanced tumorigenic potential, as reported in literature(153).  
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Figure 4.14 Reduced cell survival potential of cell population generated after 

mitotic DNA damage (A) Graph represents the ploidy parameters used for 

Fluorescence Activated Cell Sorting based separation of G0/G1 (2N), S (2N-4N) 

and G2/M (4N) cell cycle phases after mitotic DNA damage response. X-Axis 

represents fluorescence intensity and Y-Axis represents number of cells (X1000).  

(B) Clonogenic assay representing reduction in overall survival of the cell 

populations obtained after DNA damage response, compared to an asynchronous 

population. Gy- Gray and Asynch- Asynchronous MCF7 population.  
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The above experiments carried out revealed that histone PTMs like H3S10ph, 

H3S28ph and H3K9ac had a variation in their pattern of alteration in response to 

DNA damage during both G0/G1 and mitotic phase of the cell cycle. Each phase of the 

cell cycle has different inherent radio-sensitivity and chromatin structure is one of the 

major determinants of this radio-sensitivity pattern. Therefore, we hypothesized that 

histone PTMs and modifying enzymes could also play a crucial role in clinically 

relevant processes like development of radio-resistance during radiotherapy. 

Therefore the below described sets of experiments (4.15 and onwards) were 

performed to investigate the epigenetic alterations that occur during the course of 

acquirement of radio-resistance. 

4.15 Generation of MCF7 radio-resistant cell line 

An in vitro model system was generated to understand how epigenetic modifications 

influence the process of radio-resistance. Since breast cancer is one of the most 

predominant cancers worldwide and in India, MCF7 breast cancer cell line was used 

for this study(153–156). Therefore, a radio-resistant MCF7 breast cancer cell line was 

developed to understand epigenetic alterations associated with acquired radio-

resistance (Fig. 4.15 A). MCF7 cells (denoted as Parental/P) were exposed to 

radiation in fractions (2Gy/10 fractions) to generate a 20Gy radioresistant cell line 

(denoted as 20GyRR).  Clonogenic assay showed increased cell survival potential at 

higher radiation dose, thereby confirming the radio-resistant nature of the cells. 

Additionally, cell proliferation assay also revealed these cells to have lower 

proliferation rate compared to the MCF7 parental cells (Fig. 4.15 B-C). 
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Figure 4.15 Generation of radioresistant breast cancer cell line. (A) Schematic 

representation of generation of radio-resistant 20GyRR by fractionated 

irradiation. (B) Graph depicting surviving fraction of parental and radio-resistant 

cell line for a range of radiation doses. X-axis represents doses of radiation and 

Y-axis represents surviving fraction. (C) Graph depicting proliferation rate of 

parental and radioresistant cell line. X-axis represents duration of the experiment 

(96 hours) and Y-axis represents number of cells (x1000). P= Parental MCF7, 

RR= radioresistant MCF7 20GyRR. Unpaired student’s t-test applied for 

statistical analysis for n =3 experiments. 
*
p <0.05, 

**
p <0.01 Gy- Gray, Hrs.- 

Hours, ns- non significant.  

 

4.16 Physiological alterations in acquired radio-resistant cell line 

In addition to increased clonogenic potential and reduced cellular proliferation, 

several physiological parameters were altered upon acquirement of radio-

resistance (Fig. 4.16 A-D). Firstly, the radio-resistant 20GyRR was observed to 

have a reduced percentage of AnnexinV-PI dual positive cells (Fig. 4.16 A).   The 
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percentage of these dual positive cells indicated cells in late apoptosis, therefore 

radio-resistant cells showed reduced percentage of apoptotic cells that could 

contribute to enhanced cell survival at high radiation doses. Another factor that 

could regulate increased cell survival at high radiation doses could be the 

increased expression of DNA repair elated genes such as P53, BRCA1, ATR and 

ATM (Fig. 4.16 C). Additionally, radio-resistant 20GyRR cells also exhibited 

enhanced cell migration potential (Fig. 4.16 B).  

 

Figure 4.16 Physiological alterations in radio-resistant breast cancer cell line. 

(A) Graph depicting percentage of parental and radioresistant cells having dual 

positive AnnexinV and Propidium Iodide cell population. (B) Graphical 

representation of cell migration potential of parental and radio-resistant MCF7 

cells. Distance migrated calculated after 20 hours. (C) Expression of DNA repair 

related genes and (D) stemness related genes as analyzed by real time PCR in 
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parental and radioresistant cell line. Levels plotted as fold change normalized to 

parental cells. Fold change 1 depicts levels of parental MCF7. P= Parental 

MCF7, RR= radioresistant MCF7 20GyRR. Unpaired student’s t-test applied for 

statistical analysis for n =3 experiments. 
*
p <0.05, 

**
p <0.01, ns- non significant 

and a.u.- arbitrary units. 

 

This was accompanied by an increased expression of stemness-related genes such 

as Nanog, and Sox2 (Fig. 4.16 D). Increase of both stemness related genes and cell 

migration could be attributed to prolonged radiation exposure(157).  

 

4.17 Morphological and biochemical alterations in acquired radio-resistant 

cell line 

Apart from distinct physiological alterations that distinguish radio-resistant 

20GyRR cells from parental MCF7 cells, there were distinct morphological 

features also observed in these cells. Morphological changes acquired during 

radiation treatment were analyzed by transmission electron microscopy. Analysis 

revealed that radio-resistant 20GyRR cells had aberrations in nuclear morphology, 

as compared to the smooth and well-rounded shape of parental MCF7 cells (Fig. 

4.17 A, changes marked by black arrows). Additionally, it was also observed that 

the radio-resistant cells showed an increase in the size of mitochondria (Fig. 

4.17A marked by black arrows and zoomed out images). This in concordance with 

a previous report that suggests mitochondrial function and structure alterations 

occur as a result of prolonged radiation exposure(158–160). Apart from having a 

different nuclear morphology, the biochemical alterations that occur during radio-

resistance were assessed by a non-invasive Raman spectroscopy technique. 

Analysis showed biochemical alterations in the 20GyRR at wavelengths 1650-
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1665 cm
−1 

(amide I), 1235-1265 cm
−1

 (amide III), 1450 cm
−1

 (δCH2 deformation) 

and increased peaks at 751 cm
−1

 and 1557 cm
−1

 (amino acid Tryptophan) (Fig. 

4.17 B).  

 

Figure 4.17 Morphological and biochemical alterations of radio-resistant breast 

cancer cells.  (A) Electron microscopy based analysis of morphological 

alterations in 20GyRR cells. Black arrows in images point towards alterations in 

nuclear and mitochondrial morphology. (B) Graph depicts spectral features of 

parental (grey) and 20GyRR MCF7 (black) cells analyzed by Raman spectroscopy 

Red arrows highlight wavelengths that show changed intensity. P= Parental 

MCF7, RR= radioresistant MCF7 20GyRR and a.u. is arbitrary units. 

Magnification- 1000X. Scale bar is 5μm and 1μm for nuclear morphology and 

mitochondrial morphology, respectively.  
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These data suggest that acquired radio-resistant cells had specific morphological 

characteristics and also peculiar biochemical features that might be useful for non-

invasive spectroscopic and microscopic identification of radioresistant cells. 

 

4.18 Chromatin architecture alterations of radio-resistant breast cancer cells 

Since the radio-resistant 20GyRR cells showed abnormal nuclear morphology, it 

became imperative to investigate if the global chromatin architecture of these cells 

was also modified. Therefore, MNase digestion assay was performed for radio-

resistant 20GyRR cells and parental MCF7 cells (Fig. 4.18 B and C).  MNase 

digestion revealed that overall there was no difference between the rate of 

mononucleosome formation after MNase digestion of radio-resistant 20GyRR 

cells and parental MCF7 cells. Additionally, there was also no change of the 

average mononucleosome length. Interestingly, the rate of formation of 

polynucleosomes was faster in parental MCF7 compared to 20GyRR (Fig. 4.18 B 

and C-indicated by red arrows). However, high molecular weight and MNase 

resistant undigested genomic DNA was observed in radioresistant cells, but not in 

parental MCF7. This indicated towards presence of compact chromatin in radio-

resistant cells and which was not due to any cell cycle phase associated 

differences (Fig. 4.18 A). In corroboration with MNase digestion analysis, 

20GyRR cells also showed an increase in global protein level and nuclear 

intensity of Heterochromatin Protein 1 α (HP1α), along with increased levels of 

linker histone H1 (Fig. 4.18 D-F). These data point towards increase in 

heterochromatinization upon acquirement of radio-resistance.   
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Figure 4.18 Alterations of chromatin architecture that occur upon radio-resistance 

acquirement. (A) Cell cycle profile of parental and radio-resistant MCF7 cells. (B) 

MNase digestion represented on TAE-Agarose gel and (C) as densitometric 

representation. Time indicates incubation time of nuclei with MNase. Black arrows 

represent alterations in chromatin architecture. The red horizontal line and arrows 

mark genomic DNA conversion to poly-nucleosomes. (D) Protein levels of histone H1 

and HP1α in P and 20GyRR cell lysates. PVDF membrane is the equal loading 

control. (E) Representative z-stack images for distribution of HP1α. DAPI serves as 

nuclear marker. (F) Graph depicting nuclear intensity of HP1α from 50 nuclei. Scale 

bar- 10μm. P= Parental MCF7, RR= radioresistant MCF7 20GyRR. Unpaired 

student’s t-test applied for statistical analysis for n =3 experiments. 
*
p <0.05, 

**
p 

<0.01,  ns- non significant and a.u.- arbitrary units and mins. – Minutes.  
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       4.19 Histone PTM alterations during acquirement of radio-resistance in 

      breast cancer cells 

Since radio-resistance acquirement was concomitant with increased 

heterochromatinization, the histone PTM milieu of radioresistant cells was 

assessed in both mitosis and G0/G1 phase (Fig. 4.19 A). Different cell cycle phases 

have a differential response to radiation, with mitotic cells being the most radio-

sensitive and G0/G1 phase cells being relatively radio-resistant.  Therefore, histone 

PTM analysis was carried out in both these populations for radio-resistant 

20GyRR cells and parental MCF7 cells (Fig. 4.19 B). Interestingly, during both 

G0/G1 phase and mitosis, the transcription activation associated histone marks 

H3K9ac, H3K27ac and H3S10pK14ac were reduced (Fig. 4.19 B). However, only 

mitotic cells showed a decrease of H3K56ac upon radio-resistance acquirement. 

Moreover, H4K20me3 mark that is associated with transcriptional repression was 

increased in G0/G1 phase cells but decreased in mitotic radio-resistant cells. 

Notable changes were observed in both H3S10ph and H3S28ph, which were 

decreased in the G0/G1 phase radio-resistant cells. H3S10ph is regulated by MKP-

1 phosphatase and MSK1 kinase, which are both negative and positive regulators 

of the MAPK pathway. Analysis of the MAPK pathway revealed increased levels 

of MKP-1, concomitant with decreased activated phosphorylated forms of MAPK 

mediator proteins p38 and ERK1//2 (Fig. 4.19 C). However, levels of kinases 

MSK1 and MSK2 were unchanged in radio-resistant 20GyRR cells. These data 

strongly suggest that global epigenetic alterations like reduced histone 

phosphorylation and acetylation take place during the acquirement of radio-

resistance, which could contribute to enhanced heterochromatinization during 
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radio-resistance acquirement. Additionally, changes in the global as well as local 

histone PTM milieu could also affect the overall transcriptome of radio-resistant 

cells. 

 

4.19 Alterations in levels of histone PTMs and MAPK pathway in radio-resistant 

cells. (A) Levels of site-specific histone PTMs in G0/G1 and mitotic P and 20GyRR 

cells.  Histone H3 and H4 serve as loading controls. (C) Levels of MAPK pathway 

proteins in P and 20GyRR. β-actin acts as equal loading control. P= Parental MCF7, 

RR= radioresistant MCF7 20GyRR. 

 

4.20 Radioresistant cells have increased HDAC activity and decreased HAT 

activity 

Our previous observation of increased heterochromatinization was corroborated by 

decrease in the levels of site specific histone acetyl marks. Hence, the activity of 

HATs and HDACs was monitored in 20GyRR radio-resistant cells. Interestingly, it 

was observe that upon acquirement of radio-resistance, there was an increase in 

(A)                                                   (B)

            



  RESULTS 

   

 117 

HDAC activity along with a decrease in HAT activity as MCF7 breast cancer cells 

acquired radio-resistance (Fig. 4.20 A and B). Hence, predominant epigenetic 

alterations, at the levels of chromatin modifying enzyme activity could be the cause 

behind altered histone acetylation status and could lead to subsequent 

heterochromatinization during radio-resistance acquirement. 

 

 

4.20 Altered HDAC and HAT activities upon radio-resistance acquirement. 

Depiction of (A) HDAC and (B) HAT activities of P and 20GyRR, measured as a 

colorimetric readout at 405nm and 440nm, respectively. HDAC inhibitor Trichostatin 

A (TSA) depicts negative control. P= Parental MCF7, RR= radioresistant MCF7 

20GyRR. Unpaired student’s t-test applied for statistical analysis for n =3 

experiments. 
*
p <0.05, 

**
p <0.01,  ns- non significant and Abs. – absorbance. 

 

4.21 Generation of MDA-MB 231 radio-resistant cell line 

Breast cancer is classified according to expression of estrogen, progesterone and 

Herceptin receptors, with MCF7 cell line being positive for estrogen and progesterone 

receptor, but not Herceptin receptor.  Therefore, to extend our findings in other breast 

cancer subtypes, a radioresistant version of MDA-MB231 (Triple Negative Breast 

Cancer cell line) was generated by similar regime as used for MCF7 cells (Fig. 

(A)                                                           (B) 
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4.15A). Clonogenic assay revealed increased cell survival of radio-resistant cells, and 

confirmed their radio-resistant nature (Fig. 4.21 A and B). 

 

Figure 4.21 Generation of radio-resistant MDA-MB231 cell line. (A and B) 

Representation of colonies after irradiation of parental and radio-resistant MDA-

MB231 cells. 231P= Parental MDA-MB231 and 231RR= radioresistant cells.  

Statistical analysis is done by unpaired t-test. 
*
p<0.05, 

**
p<0.01, n.s- non significant.  

 

 

4.22 Epigenetic characteristics of radio-resistant MDA-MB 231 cells 

After generation of radioresistant MDA-MB231 cells (denoted as 231RR) from 

parental MDA-MB231 cells (231P) MNase assay was performed to assess chromatin 

architecture alteration upon radio-resistance acquirement (Fig. 4.22 A and B). MNase 

digestion pattern revealed presence of a more open chromatin conformation in radio-

resistant MDA-MB 231 cells. This was observed as increased intensity of 

mononucleosomes upon digestion, as well as faster conversion of genomic DNA to 

polynucleosomes. Interestingly, as observed in radio-resistant MCF7 cells, there was 

the presence of high molecular weight undigested chromatin. Further analysis of 

histone PTMs showed a global decrease of transcription activation marks H3K9ac, 

H3K27ac and H3S10phK14ac in radioresistant MDA-MB231cells, similar to 

(A)                                                      (B)  
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previous observations in 20GyRR MCF7 cells. These data were corroborated by 

detection of high HDAC activity in MDA-MB231RR cells, but with no significant 

change in overall HAT activity. Therefore, these results suggest that global epigenetic 

changes of histone hypo-acetylation and heterochromatinization, accompanied by 

increased HDAC activity are epigenetic alterations associated with acquirement of 

radio-resistance. These data also suggest that these epigenetic alterations are not 

limited to a specific breast cancer subtype.   

 

 

 

(A)                                                     (B)  

          

(C)                                     

  

(D)                                (E) 
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Figure 4.22 Alterations of chromatin architecture that occur upon radio-resistance 

acquirement. (A) MNase digestion represented on TAE-Agarose gel and (B) 

densitometric representation. Time indicates incubation time of nuclei with MNase. 

The red arrows mark genomic DNA being converted to poly-nucleosomal entities. (C) 

Levels of histone PTMs in 231P and 231RR. (D) Graph depicting HDAC and (E) HAT 

activities of 231P and 231RR, measured as a colorimetric readout at 405nm and 

440nm, respectively. HDAC inhibitor TSA acts as a negative control. 231P= Parental 

MDA-MB231 and 231RR= radioresistant cells.  Statistical analysis is done by 

unpaired t-test. 
*
p<0.05, 

**
p<0.01, n.s- non significant, Abs. – absorbance.  

 

4.23 Altered HDAC activity in tumors signifies epigenetic heterogeneity within a 

population.  

Altered epigenetic features, comprising of increased HDAC activity marked the 

acquirement of radio-resistance in breast cancer cells. HDAC inhibitors like Valproic 

Acid (VPA) are already under use in clinics as FDA-approved anti-epilepsy drugs. 

HDAC inhibitors are also being explored for their role as potential radio-sensitizers. 

However, for maximal effectiveness of epi-drug therapy, a prior assessment of the 

epigenetic background of the subject should be carried out. Therefore, HDAC activity 

was assessed across 8 human tumor types, based on usage of radiotherapy for their 

treatment.  Tumor tissues were collected, sectioned, stained by Hematoxylin and 

Eosin and further validated by a pathologist for tumor content. The histopathological 

analysis of the samples used in the study is summarized in Table 4.1.  After 

performing assessment of HDAC activity from as little as 1mg of biopsy tissue, it was 

observed that there was inter-tumoral variation in HDAC activity, even across 

patients with similar tumor types. This heterogeneity was observed irrespective of 

tissue of origin (Fig. 4.23 A). Lysates containing HDAC inhibitor TSA served as 

negative control.  
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Table 4.1 Compilation of histopathological analysis of human tumor samples used 

in the study.  
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Figure 4.23 Inter-tumoral variation in levels of HDAC activity and expression 

emphasizes the need for patient stratification. 

(A) HDAC activity of different human tumor type samples. HDAC inhibitor TSA acts 

as negative control.  X-axis indicates sample number. (B) Normal (N) versus breast 

cancer (B) and pan-cancer (T) expression levels of HDAC1-3 analyzed from RNA-seq 

data available in TCGA.  
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Therefore, a prior assessment of tumor HDAC activity revealed presence of inter-

tumoral epigenetic heterogeneity within a population. Additionally, apart from 

assessment of HDAC activity, an analysis of TCGA datasets revealed a variation of 

HDAC 1 and 2 expression for breast cancer. Likewise, a compiled analysis of TCGA 

datasets for multiple cancer types showed up regulated expression of HDAC 1-3 (Fig. 

4.23 B). Therefore, prior assessment of the epigenetic background of the patient 

before treatment with epigenome modifying drugs could be helpful in selecting the 

correct population that would benefit from the treatment.  Hence, stratification of 

patients based on their tumor HDAC activity status could help in better efficacy of 

HDAC inhibitors as radio sensitizers in poor-responders.  

 

4.24 Histone de-acetylase inhibitor VPA causes retention of γH2AX and radio-

sensitization of acquired and intrinsic radio-resistant cells.  

The 20GyRR radioresistant MCF7 cells had an increased HDAC activity and 

variability in terms of HDAC activity and expression exists in several tumor types. 

Therefore, HDAC inhibitor VPA was assessed for its radio-sensitizing potential for 

both acquired radio-resistant MCF7 20GyRR and intrinsically radio-resistant U87 

cells. Pre-treatment with VPA was done 2 hours before radiation that showed 

increased acetylation of histones (Fig. 4.23 A and C). A pre-treatment regime was 

used as previous reports suggest that HDAC inhibitor induced enhanced histone 

acetylation and chromatin de-condensation enhance the efficacy of radiation. 

Increased acetylation of H3K9/K56 position indicated potency of VPA in both 

20GyRR and U87 (Fig. 4.24 A and C). Additionally, persistent levels of γH2AX upto 

24 hours after radiation indicated delayed DNA repair kinetics (Fig. 4.24 A and D). 
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Also, the combinatorial treatment of VPA and IR caused significant enhanced cell 

death of MCF7-RR (Fig. 4.24 B). Interestingly, in both MCF7-RR and U87 cell lines, 

there was only partial recovery of H3S10p post irradiation and VPA treatment, along 

with high levels of histone acetylation and γH2AX (Fig. 4.24 A and C).  This 

indicated the possibility of a cross talk between histone acetylation and 

phosphorylation in context of H3S10p recovery in VPA treated and radiated cells. 

This observation of decreased H3S10 phosphorylation and increased histone H3K9ac 

was also previously seen upon radiation of mitotic cells and their cell cycle 

progression, and correlated with reduced cell survival of mitotic cells. 

 

 

Figure 4.24 HDAC inhibitor Valproic acid causes γH2AX retention and epigenetic 

alterations in acquired and inherently radioresistant cells. (A) Levels of histone 

PTMs in 20GyRR at different time points after treatment with VPA and radiation. (B) 

Clonogenic assay of 20GyRR cells to assess radio-sensitization potential of Valproic 

(A)                                                                 (B) 

           

(C)                                                                 (D) 
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acid post radiation exposure. Graph depicts number of surviving colonies. (C) Levels 

of histone PTMs post VPA treatment and irradiation in U87 cell line. (D) Z-stack 

images for depiction of γH2AX retention in U87 cells after VPA treatment and 

radiation. Scale bar- 20μm. Statistical analysis is done by student’s t-test. 
*
p<0.05, 

**
p<0.01, Hrs. – Hours. Histone H3 serves as loading control for all western blots.  
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Chromatin is a dynamic entity that changes both locally and globally according to 

the cell cycle phase and acts as a natural barrier for all DNA-related processes. 

The initiation and culmination of these processes requires structural alterations of 

chromatin, facilitated by a variety of proteins such as chromatin remodelers, 

histone-modifying enzymes, and chaperones. DNA double strand breaks (DBSs) 

are the most deleterious lesions that left unrepaired, can lead to gross 

chromosomal aberrations(51). Highly efficient DNA repair pathways like NHEJ 

and HR, in association with histone PTMs, act in a cell cycle dependent manner to 

detect and repair the damage(161). Since histone PTMs vary in a cell cycle 

dependent manner, it is highly plausible that a characteristic PTM signature 

at/near the break site could aid in activation of a specific repair pathway, or vice-

versa. In accordance with this hypothesis, a detailed study by our group has 

previously demonstrated a bi-phasic kinetics followed by histone PTM H3S10ph 

during the G0/G1 phase of the cell cycle(87,88).  

 The study presented in this thesis is based on the above findings of the lab, with 

an extended aim to explore the clinical significance of histone H3 phospho-

acetylation. Therefore, the target of the study was to understand the role of histone 

PTMs in response to ionizing radiation during mitosis and acquired radio-

resistance. Special emphasis has been given to mitotic DDR in this study for two 

reasons. Firstly, the cellular radio-sensitivity varies throughout the cell cycle. 

Mitotic cells are the most radiosensitive by nature, followed by G0/G1 phase while 

cells show minimum radio sensitivity during the S-phase(121). Secondly, 

H3S10ph is a very unique histone PTM that plays dual and contrasting roles 

within the cell cycle. During the G1 phase, H3S10ph is involved in promoting 
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gene transcription at specific gene loci while in mitosis, the enrichment of this 

mark occurs throughout the chromosome arms, making it a mitotic mark(45–

47,82,162,163). Hence, the work presented in the first objective of this thesis is 

aimed to understand intrinsic mitotic radio sensitivity and its association with 

H3S10ph. Extending these findings to a clinically setting, the second objective of 

this thesis aimed to explore the role of histone phospho-acetylation marks and 

associated modifying enzymes in imparting acquired radio-resistance. The major 

findings of this thesis suggests that significant alterations of histone phospho-

acetylation correlate with both intrinsic and acquired radio-resistance, and have 

the potential to govern the cellular fate of these cells. Our study suggests that the 

dynamic nature of the epigenome can be exploited to convert the epigenetic 

landscape of radio-resistant cells like that of radiosensitive cells that successfully 

results in enhanced cell kill. Therefore, studies like this can help in identification 

of novel epigenetic targets to effectively combat cellular radio-resistance.  

Mitosis is the shortest but perhaps the most significant phase of the cell cycle, as it 

allows the cells an opportunity for propagation of its genetic material. The de-

condensed and gene rich euchromatin has an increased susceptibility for DNA 

damage, suggesting a protective role of condensed chromatin(122,136,164). 

However, inspite of a highly compact chromatin state, the exact reasons for 

mitotic radio sensitivity are still elusive. Therefore it can be speculated that the 

epigenetic events orchestrating DNA repair during mitosis could differ from 

interphase, due to significant dissimilarities in chromatin landscapes.  In this study, 

the role of H3S10ph and its neighboring acetyl mark H3K9ac was explored during 

mitotic DNA Damage Response (DDR). Additionally, this study was also 
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extended to understand the correlation between these PTMs after radiated mitotic 

cells progressed to interphase. In corroboration with other reports, our data 

suggests that mitotic cells can mark the sites of DNA damage by γH2AX 

induction. However, no chromatin recruitment of repair proteins like NHEJ-

specific Ku70 or HR specific Rad51 accompanies γH2AX induction. These data 

are also in corroboration with reports that suggest activation of only a primary 

DDR during mitosis(123,165–167). As reflected by our data, the chromatin 

recruitment of these repair proteins takes place only when radiated cells exit 

mitosis and enter interphase. This is strongly in agreement with reports suggesting 

similar pattern of chromatin-non-recruitment of repair protein 53BP1. This can be 

explained due to the fact that activation of DNA repair during mitosis leads to 

development of chromosome segregation defects like anaphase bridges and 

telomere fusion of sister chromatids(123,165–167). Due to occurrence of such 

events, the activation of DDR during mitosis renders the mitotic cells a 

hypersensitive phenotype.  

In context of histone phospho-acetylation alterations during mitotic DDR, our data 

suggests no change in global levels of H3S10/28ph. However, when radiated 

mitotic cells resume cell cycle, these marks decrease in a cell cycle specific 

manner, irrespective of radiation exposure. These data are in complete accordance 

with a report published by Tjeertes et. al, that also suggests a decrease in levels of 

H3K9ac after mitotic DNA damage(84),(168). However, we observe a 

contradictory observation in corroboration with literature that suggests increase in 

levels of histone acetylation upon mitotic exit. This was attributed to chromatin 

recruitment of Histone Acetyl Transferases (HATs) Gcn5 and PCAF. Several 
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factors such as duration of nocodazole treatment, specific time point analysis after 

interphase entry, cell line and the extent of DNA damage often lead to such 

contrasting observations, that reflects the dynamic nature of DDR associated 

epigenetic alterations. Interestingly, our data suggests H3S10ph and γH2AX to 

co-occur and co-localize during mitosis, as assessed by western blotting and 

immunofluorescence based studies. Our study additionally provides evidence that 

both H3S10ph and γH2AX co-exist on the same mononucleosome during mitosis, 

but this association is abrogated upon interphase entry and chromatin de-

condensation. These observations held the utmost importance for the study as well 

as for our hypothesis that suggested histone PTM alterations to be associated with 

cell cycle phase specific DDR.  The data in this thesis also corroborated the 

previous findings of that suggested G0/G1 phase specific inverse correlation 

between H3S10ph and γH2AX(87,88). The inverse correlation between H3S10ph 

and γH2AX (based on western blotting and immunofluorescence) has not only 

been reported by ours and other groups, but also recently confirmed by a mass 

spectrometry based analysis(85)
,
(86)

,
(169).  

The observations of H3S10ph and γH2AX mononucleosomal co-occurrence 

during mitosis coincided with no recruitment of repair proteins on chromatin.  

This led us to several assumptions about mitotic chromatin did not provide a 

permissive environment of activation of DDR. H3S10ph has been previously 

associated with formation of DNA-RNA hybrid R-loops(170). However, the 

chromatin structure alterations required for formation of R-loop could be 

detrimental to genome stability during cell division process. Additionally, it is yet 

unexplored whether γH2AX-H3S10ph form homotypic or heterotypic 
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nucleosomes. This could add to the possibility of nucleosome structure alterations 

that could hinder the recruitment of chromatin remodeling factors associated with 

DNA repair. This seems plausible since de-condensation of chromatin associated 

with DNA repair could lead to enhanced genomic instability, especially during 

cell division process. Additionally, to further explore this possibility, it needs to 

be ascertained whether H3S10ph and γH2AX containing nucleosomes are present 

at the DNA damage site/DSB or in its vicinity. Another possibility that explains 

the mononucleosomal co-occurrence of H3S10ph and γH2AX and no activation 

of DDR during mitosis is the histone code hypothesis. It could be speculated that 

presence or absence of other PTMs could be a pre-requisite for mitotic DDR 

activation, and that such a code is only restored upon chromatin de-condensation 

associated with G1 phase entry. This speculation is based upon a study that 

utilized artificial DSB induction system to elucidate the histone PTM milieu 

around a DSB, at a resolution of 1Kb-1Mb(70). A similar analysis of histone PTM 

landscape during mitosis and G1 phase should be performed that sheds light on the 

role of histone PTMs and cell cycle phase specific DNA repair.  

Perhaps the most confusing observation in this study was the observed G2/M 

arrest after mitotic exit. Since G1 phase is the longest phase of the cell cycle, it 

was anticipated that after mitotic exit, the radiated cells would arrest in the G1 

phase. It was later realized that the observed G2/M enrichment was due to 

detection of binucleated tetraploid cells as cells in G2/M phase. This tetraploid 

intermediate state has been reported as a “4N-intermediate” state(152,171–173). 

The absence of cyclin B and decreased cyclin D levels suggested mitotic exit, but 

not interphase entry for these cells. Such a binucleated population could arise due 
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to daughter cell fusion, as suggested by live-cell monitoring performed in this 

study. However, further studies are required to understand if radiated mitotic cells 

had undergone mitotic slippage to generate such a population, or they arise due to 

radiation-associated defects in the cytokinesis process. The features that 

characterized this population were (a) low levels of H3S10/28ph (b) high H3K9ac 

and (c) reduced survival potential. Further exploration is required to assess the 

impact of H3S10/28ph and H3K9ac in dictating the cell fate of binucleated 

tetraploid cells. Additionally, there was survival of few cells from the G1 and S-

phases that arise after mitotic radiation. Proliferation of tetraploid cells that get 

generated after cytokinesis failure is associated with an increased in the 

tumorigenic potential of these cells (152). Hence, it would be interesting to 

elucidate the epigenetic mechanisms that regulate cell survival or death of such 

binucleated tetraploid cells.  

It was observed that H3S10/28ph levels were unchanged during mitotic DDR and 

decreased in a cell cycle dependent manner upon mitotic progression. However, 

levels comparable to non-radiated interphase cells were not attained after radiation.  

A report suggests enhanced chromatin recruitment of PP1δ upon histone 

acetylation induction during mitosis(174). Hence, based on our data, we propose 

that histone acetylation-associated recruitment of PP1α phosphatase could 

regulate the kinase activity after radiated mitotic cells enter interphase. 

Interestingly, PP1 is shown to negatively regulate the activity of AURKB during 

interphase(175). Additionally, histone acetylation status also influences substrate 

specificity of mitotic kinases, with AURKB mediated H3S10ph occurring only on 

hypo-acetylated histone tails(176). However, our data suggests PP1α chromatin 
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recruitment to occur irrespective of radiation exposure. Therefore the question 

arises that could PP1α regulate kinase activity selectively after radiation? The 

substrate specificity of PP1 catalytic subunit depends on its association with 

different regulatory subunits. Association of PP1γ with Repo-Man has been 

reported to regulate histone de-phosphorylation that occurs upon mitosis to G1 

transition(177,178). Formation of similar complex by PP1α could also regulate 

MSK1 kinase activity during interphase, in response to DNA damage. It is also 

likely that PP1 associates with a unique regulatory subunit upon radiation, which 

directs its specificity towards interphase kinases. These are interesting 

possibilities that can bring to light the complexity of kinase-phosphatase 

regulation during mitotic DDR. These data suggest that exposure of mitotic cells 

to ionizing radiation brings out a unique epigenetic profile of the subsequent 

interphase cells. These cells are characterized by reduced histone H3S10/28ph 

mark but have increased level of H3K9ac. This unique epigenetic profile 

correlates with their reduced survival and highly radiosensitive nature. Therefore, 

the intrinsic radio-sensitivity of mitotic cells is contributed by the epigenetic state 

of the population that arises after damaged mitotic cells resume cell cycle.  

In addition to our understanding about epigenetic alterations of the intrinsically 

radio-resistant mitotic cells, this study was also extended to explore the role of 

histone PTMs and chromatin modifying enzymes during acquired radio-resistance. 

Therefore, radio-resistant cell lines were developed for ER+/PR+ MCF7 breast 

cancer cells. In concordance with several previous reports on mammalian systems 

and prokaryotes, our data also suggests increased heterochromatinization upon 

acquirement of radio-resistance(179)
,
(180). This is also in concordance with 
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several other reports that suggest the de-condensed and gene rich euchromatin 

region to be more susceptible to DNA damage(136–138). Therefore, enhanced 

heterochromatinization observed during acquirement of radio-resistance could 

have a protective role against DNA damage induction, and be advantageous for 

survival of radio-resistant cells.   

In concomitance with increased heterochromatinization, the radio-resistant cells 

also showed reduced histone phospho-acetylation. DDR-based studies suggest 

reduced histone acetylation in response to DNA damage(168). However, a major 

caveat of such studies is their short-term analysis that describes only transient but 

dynamic histone PTM alterations. These studies do not comment upon how these 

histone PTM alterations could influence long-term processes such as acquirement 

of radio-resistance. In this study, histone marks H3K9/K27ac and H3S10phK14ac 

marks were reduced in radio-resistant MCF7 cells irrespective of the cell cycle 

phase. This suggested that these alterations were true events associated with 

acquirement of radio-resistance. Interestingly, the histone acetyl mark reduction 

was accompanied by a reduction in H3S10/28ph marks also. H3S10p and S28p 

are both a part of the “ARKS” motifs present in histone H3 N-terminal tail, and 

both these PTMS are reported to occur at active promoters. Therefore, a reduction 

in transcription-promoting histone phospho-acetyl marks could be associated with 

an altered gene expression profile upon acquirement of radio-resistance. This 

possibility requires further exploration by ChIP-Seq and RNA-Seq based studies 

of these acquired radio-resistant cells, along with their validation.  

Chromatin modifying enzymes play a crucial role in maintaining the dynamic 

histone PTM landscape. An assessment of H3S10ph modifying kinases and 
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phosphatases revealed up-regulation of MKP-1 phosphatase, concomitant with 

reduced MAPK activators ERK1/2 and p38. Notably, MKP-1 up-regulation in 

breast cancer correlates with poor prognosis and therapy resistance(181,182). 

Therefore, alteration of chromatin modifying enzymes during radio-resistance 

acquirement can influence the cellular pathways and also influence gene 

expression. Perhaps the most significant finding in acquired radio-resistant cells 

was an imbalance between HDAC and HAT activities. The radio-resistant cells 

showed increased HDAC activity and decreased HAT activity, which provides an 

explanation for enhanced heterochromatinization and reduced histone acetylation. 

This finding had important clinical implications because HDAC inhibitors are 

currently being explored as potential radio-sensitizing agents(142,182–184). 

Indeed the treatment of acquired radio-resistant MCF7 cells and intrinsically 

radio-resistant U87 glioblastoma cell line with HDAC inhibitor Valproic acid 

(VPA) rendered than sensitive towards ionizing radiation and enhanced cell kill.  

VPA is a preferred HDAC inhibitor for utilization in clinics as it is an FDA 

approved drug with little cellular toxicity(185). Interestingly, reduced H3S10ph 

and high levels of H3K9ac marked the sensitization of both acquired and intrinsic 

radioresistant cells. These epigenetic changes could be attributed to impaired de-

acetylation of non-histone substrates of HDACs that could alter their activity 

status.  

HDAC inhibitors have shown promising potential in hematological malignancies, 

but poor response in solid tumors. This could be due to poor pharmaco-kinetic of 

the drugs, reduced half-life and cellular toxicity(183). Our group had previously 

demonstrated a liquid biopsy based real-time monitoring approach to assess 
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HDAC activity in serum of normal as well as cancer patients(186). Additionally, 

elevated HDAC activity was the key epigenetic highlight of radio-resistant cells. 

Hence, based on our observations, we put forward the hypothesis that treatment 

with HDAC inhibitors should be based on the HDAC activity status of the patients.  

The potential possibilities that could influence HDAC levels or activity could be 

as varied as presence or absence of infection, disease, metabolic variations or even 

the dietary constituents. Therefore, it is difficult to identify a single reason behind 

variation between HDAC activities at an individual level. 

Therefore, an assessment of tumor HDAC activity before starting with 

radiotherapy could help in identification of patients with high tumor HDAC 

activity that could be potential poor radiation responders. These patients would be 

best suited for HDAC inhibitor based radio-sensitization. Interestingly, our data 

suggests a HDAC activity based epigenetic heterogeneity within several tumor 

types. Notably, the tumor HDAC activity was checked with as little as 1mg of 

tumor tissue. Occurance of such epigenetic heterogeneity even within tumors of 

the same subtype strongly suggested that all patients would not have similar 

response to HDAC inhibitor based therapy. Therefore sub-grouping of patients 

into high and low HDAC activity groups could help to identify the most suitable 

candidates for HDAC inhibitor based radio-sensitization therapy. Additionally, 

more information about the most effective treatment regime can be obtained by 

animal model based studies as well as pre-clinical trials.  

One of the most interesting observations from the collective analysis of this 

research suggests that decrease in cell survival and radio-sensitization was both 

accompanied by reduced H3S10ph and high levels of H3K9ac. This observation 
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was found applicable to both intrinsically radioresistant mitotic cells as well as 

HDAC inhibitor treatment of acquired radio-resistant cells. Thus, our study 

suggests that effective targeting of chromatin modifiers that regulate these histone 

marks could lead to attainment of a state that correlates with reduced cell survival. 

Thus, the conversion of a radio-resistant state to a radiosensitive state could be 

achieved by epigenetic modulation. Therefore, amalgamation of understanding the 

basic biology behind radio-sensitization could have tremendous clinical impact for 

tackling radio-resistant populations. Such studies can be utilized to create new 

opportunities for development of next-generation therapies or combinatorial 

regimes utilizing chromatin modifiers to sensitize radio-resistant cells. 
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Chromatin essentially acts as a barrier for all DNA related processes like replication, 

transcription and repair. Thus for all these processes to commence or cease, the 

modulation of chromatin architecture is inevitable. In response to DNA damage, 

many changes occur in the chromatin that allows access to DNA repair proteins at the 

site of damage. A major contributor of such changes is histone PTMs. Since histone 

PTMs are strong determinants of the DDR, this study explores the effect of DDR 

associated histone PTM alterations in a cell cycle phase specific manner. A 

noteworthy point is that as cell cycle phases differ in their intrinsic radio-resistance, 

the pattern of histone PTM alteration during DDR could specific for a particular cell 

cycle phase.  

It is essential to understand the concept of radio-resistance in depth because of its 

clinical implications in the field of radiotherapy. Unfortunately, tumor recurrence may 

occur even after successful treatment regime. Radio-resistance is an enigmatic 

phenomenon and whether radio-resistant cells have different epigenetic profile 

compared to non-resistant cells is an important question that needs to be addressed. 

An understanding of the epigenetic alterations in radio-resistant tumors, could be 

useful to target radio-resistant cells or to decrease the incidence of radio-resistance 

altogether by using drugs against epigenetic modifiers (epi-drugs).  

In this study, we explored the epigenetic determinants of the intrinsically 

radiosensitive mitotic cells and also that of acquired radio-resistant breast cancer cells.  

Interestingly in both the scenario, interplay between H3S10ph and histone acetylation 

was found to be associated with radio sensitivity of mitotic cells as well as radio 

resistance, as summarized in model 2.   
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Model 2- Diagrammatic representation depicting the role of histone H3 PTMs in 

DNA damage and radio-resistance.  
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DNA damage in M-phase of the cell cycle induces a state of cells in which they have 

de-condensed nuclei with 4N DNA content because of incomplete cell division 

process. These cells have absence of both cyclin B as well as cyclin D, indicating exit 

from mitosis but in an intermediate state before G1. There is co-existence of H3 

phospho-acetyl marks on same nucleosome as ϒH2AX in mitosis but not after cells 

have started cycling. Increase of H3K9ac takes place on those nucleosomes on which 

there is no ϒH2AX but presence of H3S10P. Post DNA damage in M-phase of the 

cell cycle, there is no recovery of H3S10P/28P. This can be attributed to decreased 

levels as well as reduced chromatin recruitment of histone kinases Msk1 and AURKB. 

Decreased levels of MSK1 are influenced by alteration in its translation, while 

AURKB is influenced by cell cycle dependent progression. Additionally, overall there 

is stabilization and chromatin recruitment of phosphatase PP1. 

Radio-resistant cells developed by fractionated irradiation have compact chromatin 

architecture and decreased histone phospho-acetylation. This can be attributed to 

enhanced HDAC activity and reduced HAT activity. Inter-tumoral HDAC activity 

exists within a single tumor type, hence emphasizing on identifying the right 

population to be targeted for HDAC inhibitor therapy. Finally, treatment with HDAC 

inhibitor, Valproic acid is able to retain γH2AX levels up to 24 hours post IR in and 

increase cell death in acquired radio-resistant cell line. 
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1. To investigate the cytokinesis related defects after radiation of mitotic 

cells and the molecular players involved in imparting a binucleated 

tetraploid phenotype 

2. Single-cell level transcriptomic analysis of the tetraploid binucleated cells 

to identify alterations associated with death or cell survival of these cells. 

3. In silico or biochemical analysis of stability or structural alterations of 

nucleosomes having both H3S10ph and ϒH2AX.  

4. Investigation of mechanisms that influence the stability of PP1 in response 

to mitotic radiation.  Studies also need to be carried out to find if PP1 

directly regulates the activity of Msk1 kinase in interphase.  

5. In vivo studies to be carried out to determine efficacy of VPA as a radio-

sensitizer, by first determining the most effective dosage regime and 

radiation combination. 
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APPENDIX-I 

 

 

Table 9.1 Composition of MKK Lysis buffer  

S.No. Reagent Stock Volume (5ml) 

1. 10mM Tris pH 7.4 1M 3.86 ml 

2. 0.27M Sucrose 2M 0.675 ml 

3. 1mM EDTA 0.5M 10 μl 

4. 1mM EGTA 0.2M 25 μl 

5. 1% Triton X-100 25% 200 μl 

6. 10 μg/ml Leupeptin 1mg/ml 50 μl 

7. 10 μg/ml Aprotinin 5mg/ml 10 μl 

8. 1mM PMSF 100mM 50 μl 

9. 1mM Sodium Orthovanadate 0.5M 10 μl 

10. 10mM β-Glycerophosphate 1M 50 μl 

11. 10mM Sodium Fluoride 1M 50 μl 

Adjust final volume to 5ml with MilliQ water 

 

 

Table 9.2 Composition of 18% resolving gel  

S.No  Components Volume (10 ml) 

1.  MilliQ Water  1.345 ml 

2.  30% Acrylamide 6 ml 

3. 1.5M Tris pH 8.8 2.5 ml 

4. 10% SDS 100 μl 

5.  10% APS 50 μl 

6.  TEMED 5 μl 



  APPENDIX-I   

 172 

Table 9.3 Composition of 10% resolving gel  

S.No  Components Volume (10 ml) 

1.  MilliQ Water  4.076 ml 

2.  30% Acrylamide 3.33 ml 

3. 1.5M Tris pH 8.8 2.5 ml 

4. 10% SDS 100 μl 

5.  10% APS 50 μl 

6.  TEMED 5 μl 

 

 

Table 9.4 Composition of 4% resolving gel  

S.No  Components Volume (10 ml) 

1.  MilliQ Water  7.29 ml 

2.  30% Acrylamide 1.3 ml 

3. 1.5M Tris pH 6.8 1.25 ml 

4. 10% SDS 100 μl 

5.  10% APS 50 μl 

6.  TEMED 10 μl 
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Table 9.5 Composition of Histone running buffer 

S.No. Component Weight  

1. Glycine 14.2 g 

2.  Tris 3.03 g 

3.  SDS 1g 

Make final volume to 1L with distilled water 

 

 

 

 

Table 9.6 Composition of 1X Transfer buffer 

S.No. Component Weight  

1. Glycine 14.2 g 

2.  Tris 3.03 g 

3.  SDS 1g 

4.  100% methanol 200 ml 

Make final volume to 1L with distilled water and 

chill buffer in -20°C until use.  

 

 

 

 

 

 

 



  APPENDIX-I   

 174 

Table no. 9.7 List of antibodies used in the study 

S.No. Protein/PTM 

Catalogue 

no. 

Company Dilution Purpose 

1. Histone H1 sc-8030 Santa Cruz 1:500 Western Blotting 

2. HP1α 2616S CST 

1:2000 

1:200 

Western Blotting 

Immuno-

fluorescence (IF) 

4. H3K27ac 4729 Abcam 1:3000 Western Blotting 

5. H3K4me3 8580 Abcam 1:3000 Western Blotting 

7. H3K9me3 8898 Abcam 1:4000 Western Blotting 

8. H4K20me3 9053 Abcam 1:4000 Western Blotting 

11.  H3S10pK14ac 07-181 Millipore 1:2000 Western Blotting 

12. H3K56ac 76309 Abcam 1:2000 Western Blotting 

14. PP1α 07-273 Millipore 1:4000 Western Blotting 

15. MKP-1 SC-370 Santa Cruz 1:3000 Western Blotting 

16. Msk1 99412 Abcam 1:1000 Western Blotting 

17. Msk2 99411 Abcam 1:2000 Western Blotting 

18. ERK1/2 SC-93 Santa Cruz 1:2000 Western Blotting 

19. pERK1/2 4370p CST 1:2000 Western Blotting 

20. P38 SC-728 Santa Cruz 1:2000 Western Blotting 

21. pP38 4511p CST 1:2000 Western Blotting 

22. Beta actin A-5316 Sigma 1:10000 Western Blotting 

23. α-tubulin ab-4074 Abcam 1:200 IF 

24.  PKH reagent PKH26 Sigma 4μM from Cell membrane 
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10mM 

stock 

visualization 

25.  Histone H3 05-499 Millipore 1:2000 Western Blotting 

26. H3K9ac 06-599 Millipore 

1:1500 

1:250 

Western Blotting 

IF 

27.  H3S28p 5169 Abcam 

1:2000 

1:200 

Western Blotting 

IF 

28.  H3S10p 06-570 Millipore 

1:2000 

1:200 

1μg/100μg 

chromatin 

Western Blotting 

IF 

Immuno-

Precipitation (IP) 

29. γH2AX 05-636 Millipore 

1:5000 

1:50 

1μg/100μg 

chromatin 

Western Blotting 

IF 

IP 

30. Lamin A Ab26300 Abcam 1:250 IF 

31. Cyclin B CB-69 

Laboratory 

produced 

1:50 Western blotting 

32. p53 

(DO-1) 

sc-126 

Santa Cruz 1:1000 Western blotting 

 

 

 

 

 

 



  APPENDIX-I   

 176 

Table 9.8 Composition of MNase Digestion Buffer 

S.No. Component Stock Working Volume (5ml) 

1.  Sucrose 2M 250mM 625 μl 

2.  Tris-Cl pH 7.4 1M 50mM 250 μl 

3. KCl 3M 25mM 42 μl 

4. MgCl2 1M 5mM 23 μl 

5.  Sodium Bisulfite 1M 50mM 250 μl 

6.  Sodium Butyrate 1M 45mM 225 μl 

7. β-Mercaptoethanol 14.3M 10mM 3.5 μl 

8. Triton X-100 0.2% 25% 80 μl 

9.  Spermine 100mM 0.15mM 15 μl 

10. Spermidine 100mM 0.5mM 50 μl 

8. PMSF 100mM 1mM 50 μl 

9. Sodium Orthovanadate 0.5M 1mM 10 μl 

10. β-Glycerophosphate 1M 10mM 50 μl 

11. Sodium Fluoride 1M 10mM 50 μl 

Adjust final volume to 5 ml.  
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Table no. 9.9 - Sequences of the primers used for real-time PCR. 

 

S.No. Gene Forward Primer (5`-3`) Reverse Primer (5`-3`) 

1. KLF4 CCCACCTTCTTCACCCCTAGA CTTCCCCTCTTTGGCTTGGG 

2. LIN28A GGAGGCACAGAATTGAGCCA CAGTGCCAACTAGCCCCAAT 

3. MYC TGCCCATTTGGGGACACTTC TGCTGGTTTTCCACTACCCG 

4. NANOG TAATAACCTTGGCTGCCGTCT AAAGCCTCCCAATCCCAAACA 

5. SOX2 TTCATCGACGAGGCTAAGCG AACTGTCCATGCGCTGGTT 

6. RPS13 GCTCTCCTTTCGTTGCCTGA ACTTCAACCAAGTGGGGACG 

7. BRCA1 TTCGTATTCTGAGAGGCTGCTG GTAATTCCCGCGCTTTTCCG 

8. ATR TTTTGGCCTCCACACGGC GCACTAGTCAACCACGCCAA 

9. ATM 

CTAAGTCGCTGGCCATTGGT 

 

TCTGGAGGAAGAAGCAACGC 

 

10. P53 TAACAGTTCCTGCATGGGCG TGGTGAGGCTCCCCTTTCTT 

11. HDAC1 ATATCGTCTTGGCCATCCTG TGAAGCAACCTAACCGATCC 

12. HDAC2 GGGAATACTTTCCTGGCACA ACGGATTGTGTAGCCACCTC 

13. HDAC3 TGGCATTGACCCATAGCCTG GCATATTGGTGGGGCTGACT 

14. HDAC4 TCGCTACTGGTACGGGAAAAC AGAGGGAAGTCATCTTTGGCG 
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15. HDAC5 ACTGTTCTCAGATGCCCAGC TGGTGAAGAGGTGCTTGACG 

16. HDAC6 AGTGGCCGCATTATCCTTATCC ATCTGCGATGGACTTGGATGG 

17. HDAC7 TTCCTGAGTGCAGGGGTAGT CATCGCCAGGAGGTTGATGT 

18. HDAC8 ATAACCTTGCCAACACGGCT CTTGGCGTGATTTCCAGCAC 

19. HDAC9 ACTGAAGCAACCAGGCAGTC TTCACAGCCCCAACTTGTCC 

20. 

HDAC 

10 

CTGGCCTTTGAGGGGCAAAT CAGCAGCGTCTGTACTGTCA 

21. 

HDAC 

11 

CCGGAAAATGGGGCAAAGTG TAAGATAGCGCCTCGTGTGC 

22. 
AURKB TGGACCTAAAGTTCCCCGCT ACCCGAGTGAATGACAGGGA 

23. 
MSK1 TTCAGCTGTAAGCCACATGC TGAGATTGGAAGGGAACCTG 

24. 
MKP-1 GAGCTGTGCAGCAAACAGTC ACCCCTTCCTCCAGCATTCTT 

25. 
PPP1CA TGCTGGAAGTGCAGGGC GAAGGTCGTAGTACTGGCCG 
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APPENDIX-II 

Figure 9.1 

  

Figure 9.1 Graph depicting cell cycle analysis of G0/G1 phase and mitosis    
   synchronized cells, with and without radiation. Hr.- Hours. 

 

Figure 9.2 

 

Figure 9.2 Graph depicting cell cycle analysis mitosis   synchronized cells treated 

with several DNA damaging agents. Hr.- Hours. 

 

  

 

G0/G1 phase       G0/G1 phase         M phase       M phase 

     IR-ve                 IR+ve                IR-ve            IR+ve 
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Figure 9.3 
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                   AGS     U87 
 

 

Figure 9.3 Graphical depiction of cell cycle of mitosis synchronized AGS and 

U87 cells subjected to ionizing radiation. Hr.- Hours, Gy- Gray. 

 

 

 

 

Figure 9.4 

 

 Figure 9.4 Graphical depiction mitotic cells subjected to different doses of  

ionizing radiation. Hr.- Hours, Gy- Gray. 

 

 

 

Time (Hrs.) 

IR (8Gy) 
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Figure 9.5 

 

Figure 8.5 Graph depicting cell cycle profile of MCF7 mitosis synchronized cells 

used for assessing transcript profile of chromatin modifying kinases and 

phosphatases. Hr.- Hours. 

 

Figure 9.6 

 

Figure 8.6 Graph depicting cell cycle profile of MCF7 mitosis synchronized cells 

treated with translation inhibitor cycloheximide (CHX) and ionizing radiation 

(IR). Hr.- Hours. 
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Figure 9.7 

 

 

Figure 8.7 Graph depicting cell cycle profile of MCF7 mitosis synchronized cells 

treated with protein degradation inhibitor velcade (Vel) and ionizing radiation 

(IR). Hr.- Hours.  
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