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1.Introduction 
 

1.1 Preamble 

Science through the years has made remarkable steps in lightening the principles that govern 

life and its evolution. When referring to evolution we immediately think of Charles Darwin 

and his work on natural selection, a revolutionary work on the field of Biology (1859). In the 

following years (1866) Gregory Mendel discovers the way in which characteristics are passed 

down in the generations, defining thus the principles of Genetics. Just a few years later (1869) 

Friedrich Miescher identifies ‘’nuclein’’, a molecule different from proteins, what we know 

today as deoxyribonucleic acid (DNA). 

Decades later (1952) it is Rosalind Franklin’s crystallography photos of the DNA, which will 

lead James Watson and Francis Crick to the discovery of the double helix structure of the 

DNA (1953). Ever since, much effort has been put in understanding the contribution of DNA 

to life development and all the aspects that this reflects, such as reproduction, growth, disease, 

immune response, aging, carcinogenesis and many others.  

More than a century since the discovery of the DNA structure and the maintenance of its 

genomic integrity has been the subject of extensive investigation (Ciccia, et al., 2010). DNA 

is a large molecule having, as already mentioned, a double helical structure. The two strands 

are called polynucleotides since they are composed of simpler monomer units called 

nucleotides.  

Each nucleotide is composed of one of the four nitrogen-containing nucleobases, Adenine 

(A), Cytosine (C), Thymine (T) and Guanine (G) a sugar called deoxyribose, and a phosphate 

group. Covalent bonds join together the nucleotides by connecting the sugar of the one with 

the phosphate of the following forming in this way what is called the alternating sugar-

phosphate backbone. The bases of the separate strands are joined together by hydrogen bonds 

according to base pairing rules (A with T and C with G).  
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Figure 1. DNA chemical structure. (Purves, et al., 1994). 

There are variations of the double helical structure but all of them have the basic twisted 

ladder-shape. This structure makes the DNA very stable and prevents the breaking of the two 

DNA strands. Chemically this is achieved by the hydrogen bonds that connect the 

complementary bases and the even stronger phosphodiester bonds in the sugar phosphate 

backbone. The double structure of DNA has more advantages and except from the stability 

that offers to the DNA molecule, it also plays an important role in replication and helps repair 

wowing to the presence of the second strand.   

Since DNA is the holder of the genetic information, the structural stability of DNA is 

essential for life. However DNA is constantly under attack by cellular and extracellular agents 

that are able to cause damage. These agents assault and damage DNA leading to mutations 

that if they stayed unrepaired they could cause diseases. Cellular (endogenous) sources of 

DNA damage are reactive oxygen species (ROS), by-products of cellular metabolism. DNA 

replication in cell division is prone to error and the rate at which DNA polymerase adds the 

incorrect nucleotides is determining the mutation rate (Clansy, 2008). Many mutations will 

survive the process of correcting these false incorporated nucleotides.  

Extracellular (exogenous) agents that can cause DNA damage are chemical agents such as 

alkylating or cross-linking agents, as well as radiation from natural sources or by human-

made sources. Radiation induces a large number of lesions in DNA, most of which are 

repaired successfully. Radiation causes single stranded breaks (SSBs), that are repaired 

readily using the opposite strand and double stranded breaks (DSBs) that may be opposite one 

another or separated by only a few base pairs. DSBs caused by ionizing radiation (IR) are 
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thought to be the most deleterious for a cell and they may result in cell killing, carcinogenesis 

or mutation (Hall, et al., 1973). 

In order to detect and repair the various types of damage that can occur to DNA, cells have 

evolved a number of mechanisms, no matter whether this damage is caused by the 

environment or by endogenous agents. Because DNA is a molecule that plays an active and 

critical role in cell division, control of DNA repair is closely tied to regulation of the cell 

cycle (Clansy, 2008). 

There are three major repair pathways for the repair of DSBs. The homologous recombination 

repair (HRR) pathway is the only error free pathway since it utilizes the homology of the 

sister chromatid to repair the breaks, eliminating the incorporation of a wrong match and 

restricted to S and G2 cell cycle phase due to its dependency on the sister chromatid. Classical 

non-homologous end joining (c-NHEJ), as its name says, simply re-joins the ends of the 

breaks regardless of homology making it thus an error-prone pathway, but independent of the 

cell cycle. At last when these two pathways fail to operate and repair the break, then an 

alternative pathway of non-homologous end joining (alt-EJ) takes over but it is even more 

error-prone than c-NHEJ. 

1.2 Physics and chemistry of ionizing radiation 

When the energy of radiation is absorbed by biological matter it can lead to excitation, 

meaning the raising of an electron in an atom or molecule to a higher energy level without 

actual ejection of the electron, or it can lead to ionization, when radiation has sufficient 

energy to eject one or more orbital electrons out of the atom or molecule and this form of 

radiation is therefore named ionizing radiation. The important characteristic of ionizing 

radiation is the localized release of large amounts of energy. The energy dissipated per 

ionizing event is about 33eV, which is more than enough to break a strong chemical bond. IR 

is classified as electromagnetic (γ-rays, x-rays) and particulate (electrons, protons, α-particles, 

β-particles etc.) both have been used in radiation therapy with particulate radiation being 

newer to the field. X-rays have been extensively used in radiation diagnostics, therapy and 

research and we can think of them as streams of photons or packets of energy (Hall, et al., 

1973). 

The biological effects of IR have to do with the damage that it causes to DNA and the 

consequences that will follow. The absorption of any form of radiation can lead to direct 

interactions with the atoms, the dominant process for radiations with high linear energy 
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transfer (LET) or indirect interactions at which the radiation may interact with atoms or 

molecules to produce free radicals that are able to diffuse and reach critical targets. 

 

Figure 2. DNA molecule targeted by electrons. (Hall, et al., 1973). 

Free radicals are associated with high chemical reactivity due to the lack of an unpaired 

electron in the outer orbit. For example, in the case of water, which makes 80% of a cell, the 

interaction with a photon of γ-rays or x-rays or a charged particle will ionize it. This is 

expressed as:  

                                                    H20   H20
+ + e-. 

The H20
+ is an ion radical, since it is charged and has lost an electron. Primary ion radicals 

have short lifetime and decay to form free radicals which are not charged. H20
+ reacts with 

another molecule of water to form the highly reactive hydroxyl radical (OH.): 

H20 + + H20  H30 + + OH· 

It is estimated that about two thirds of DNA damage caused by x-rays in mammalian cells is 

due to hydroxyl radicals. Radicals have different lifetime and the period between the breakage 

of the chemical bonds and the expression of the biological effect may be hours, days, months, 

years or generations depending on the consequences involved (Hall, et al., 1973). 
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1.3 Molecular response to damage after ionizing radiation 

As already mentioned in the introduction, DNA is constantly attacked by endogenous and 

exogenous agents that can cause various types of damage and lead to genomic alterations that 

may lead to genomic instability, a threatening situation for the life of a cell. It has been 

estimated that all types of DNA lesions, together, are close to 105 per cell per day 

(Hoeijmakers, 2009). It is therefore essential that cells need to be ready and sufficient to 

overcome all of these threats. How is this possible then and which are the molecular events 

taking place as soon as there is genomic damage? Since there are different types of lesions 

there are different repair machineries, but for the purposes of this study we focus on strand 

breaks and more specifically on DSBs which are cytotoxic for the cells.  

For the restoration of the DNA, a highly coordinated network of reactions in the form of 

molecular signaling is taking place. It is becoming evident that signaling and repair are 

inseparable components of what is referred as DNA damage response (DDR). What has 

contributed significantly to the study of DDR is the observation of the proteins that take place, 

which are able to form cytologically observable foci. Foci that are formed due to IR are 

termed IR-induced foci (IRIF) (Iliakis, 2010).  

The very first steps of DDR include MRN (MRE11/RAD50/NBS1) complex recruitment to 

the DSB site which in turn activates the ATM (ataxia telangiectasia mutated) kinase, a very 

important kinase for DDR. ATM autophosphorylates at the break site and also targets many 

other substrates in the surrounding chromatin. More specifically it phosphorylates H2AX to 

form γH2AX. This is considered to be one of the earliest markers of the DSB signaling 

(Vignard, et al., 2013). 

What is important to realize is that DNA is not standing naked inside the cell nucleus, but on 

the contrary it is wrapped around the histone proteins to form a very dynamic structure, called 

chromatin structure. This suggests that chromatin is participating in the processes involving 

the DNA and of course its repair. In fact chromatin is the physiological template for the DNA 

repair machinery and this structural context may facilitate or it may make it challenging for 

repair factors to restore the damage (Nair, et al., 2017). This feature is the central 

consideration for the current thesis and will be discussed extensively in the following 

chapters. 
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After the initial steps of recognition and signaling at the break site, the cell chooses the 

appropriate repair machinery to restore the damage (Kakarougas, et al., 2013). As mentioned 

before there are three main pathways for DSB repair and there are many parameters that 

influence the choice of repair machinery to be utilized by the cell in order to repair the break.  

1.4 DSBs repair pathways 

1.4.1 Homologous recombination pathway (HRR) 

HRR is the only error-free pathway and it is highly evolutionary conserved through species. 

HRR is restricted to S and G2 phases of the cell cycle since the restoration of the damaged 

sequence is dependent on the search for homology which can be found in S and G2 phase 

where the sister chromatid is available and will be used as a template for homology (Hustdt, et 

al., 2017). At first the DSBs are recognized and processed to generate 3´-single stranded 

overhangs, through the process of DNA end resection, or simply resection. The events are as 

follows: MRN (MRE11, Rad50, and Nbs1) complex binds at the break site and interacts with 

ATM through NBS1 (Nijmegen breakage syndrome 1). ATM is now activated and DDR has 

started. Another important protein interacting with NBS1 is CtIP (Retinoblastoma-binding 

protein 8 or CtBP-interacting protein) which plays essential role in the resection of DNA ends 

(Mladenov, et al., 2016). CtIP interacts not only with the MRN complex, but also with 

BRCA1 (breast cancer 1) and this interaction is promoted by CDK (cyclin dependent kinase) 

dependent phosphorylation of CtIP on Ser-327 in S/G2 phase, an example of cell cycle 

regulation of HRR (Mladenov, et al., 2013)  

After the single 3´- overhangs are generated they are covered by the RPA (replication protein 

A) heterodimer in order to protect single-stranded DNA (ssDNA) and prevent the formation 

of secondary DNA structures. On the other hand RPA functions as a checkpoint activator and 

interacts with Rad51 recombination protein to form a nucleoprotein filament. This marks the 

initiation of a pre-synaptic step of HRR and is followed by strand invasion and search for 

homology to complete the synaptic reaction. The undamaged DNA molecule serves as 

template for the restoration of the sequence on the damaged DNA molecule. (Mladenov, et 

al., 2011).   
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Figure 3.  Graphical representation of HRR pathway. (Mladenov, et al., 2011).  

1.4.2 Classical non-Homologous end joining (c-NHEJ)  

The c-NHEJ repair pathway is the simplest repair mechanism for DSBs and as its name 

indicates, it directly rejoins the damaged DNA ends. This is possible for blunt ends, but it can 

lead to sequence alterations at the damage site when the ends are not compatible.  Although it 

is named non-homologous, a very small homology of 1-6 base pair (bp) of sequence 

homology (microhomology) near the DNA end can facilitate rejoining, but this homology is 

much smaller than the over 100 bp homology that is needed for HRR (Helleday, et al., 2007). 

Since c-NHEJ is almost free of homology dependence, it is also not restricted to specific cell 

cycle phases.  

Initially the Ku heterodimer, consisting of Ku70 and Ku80, recognizes and binds to the DSBs. 

The most prominent function of Ku in c-NHEJ is the recruitment of the catalytic subunit of 

DNA-dependent protein kinase (DNA-PKcs). DNA-PKcs is the largest member of the PIKK 

(phosphatidylinositol 3-kinase-related kinase) family of protein kinases, which also includes 

ATM and ATR (Serine/threonine-protein kinase ATR). The activation of the catalytic subunit 

DNA-PK leads to phosphorylation, as well as auto-phosphorylation events that will activate 

DDR proteins, as well as proteins (Artemis, pol μ, pol λ, TdT) that will initiate DNA end 

processing in order to make them compatible for ligation by the essential DNA ligation 

module Ligase4/XRCC4/XLF. As already mentioned c-NHEJ is working independently of a 

template and as a result of this it operates fast (10-20 min) but it can however lead to 
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sequence alterations and gross chromosomal rearrangements, especially translocations 

(Mladenov, et al., 2016).  

 

Figure 4. Graphical representation of c-NHEJ pathway. (Mladenov, et al., 2011). 

1.4.3 Alternative end joining (alt-EJ) 

Initially c-NHEJ and HRR were considered to be the only available pathways for the DSB 

repair and when one of them was defective or failed to operate the other one would function 

to restore the DNA. However experiments with mutants of the two pathways showed that 

there was still repair going on. Specifically it was shown that a DNA DSB rejoining apparatus 

that remains active in the absence of DNA-PK could remove nearly all the DNA DSBs from 

the genome, as shown by Pulsed Field Gel Electrophoresis (PFGE) experiments (Dibiase, 

2000). Furthermore it was shown that rejoining of DNA DSBs follows similar half times in 

KU70-/- cells and the double mutant KU70-/- RAD54-/- (Recombination protein RAD54-like). 

This suggested that the disruption of an HR gene in a background of compromised NHEJ 

leaves the DNA DSBs rejoining essentially unchanged (Wang, et al., 2001).  

It became evident that there is a distinct pathway of NHEJ, which may be even further divided 

into sub-pathways. In subsequent studies components of this pathway were identified with 

PARP-1 (poly ADP-ribose polymerase 1) being major protein implicated, and shown to 

antagonize Ku for binding to DNA ends. Also Ligase 3 (LIG3) that is a known partner of 

PARP-1 was found to be involved too (Wang, et al., 2006). It is generally benefiting from 
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homology (up to 8 bp), but it is not depended on it (Mansour, et al., 2010). In fact alt-EJ was 

facilitated by MRE11 and CtIP, known for their role in DNA-end resection (Zha, et al., 2009).   

The ligation step is finalized by DNA Ligase 3, which cooperates with X-ray repair cross-

complementing protein 1 (XRCC1), although its role in alt-EJ is not clear. In addition DNA 

Ligase 1 (LIG1) is involved in alt-EJ, as well as Werner syndrome helicase (WRN) 

(Mladenov, et al., 2013). Another factor contributing to the regulation of the pathway is 

Histone H1, a major structural component of the chromatin fiber. It was found that H1 

supports DSB repair by alt-EJ by acting as an alignment factor of the DNA ends in order to 

prepare them for the ligation step. This was supported by the fact that LIG3 activity was 

strongly enhanced by H1 (Rosidi, et al., 2008).  

Even though alt-EJ is able to restore the breaks in the genome, it is causing severe errors 

during DSB processing, which includes alterations at the junctions and even the formation of 

chromosomal translocations (Soni, et al., 2015). Alt-EJ is considered to function as backup to 

c-NHEJ and HRR and to be suppressed by essential components of these two pathways 

(Iliakis, et al., 2015).  

C-NHEJ is functional throughout the cell cycle whereas HRR is restricted to S and G2. Alt-EJ 

is functional throughout the cell cycle, like c-NHEJ, but its efficiency was found to be 

severely compromised in plateau phase cells, that have exited the cell cycle and are in G0 

(non-cycling) phase, thus showing a marked dependence on growth state (Windhofer, et al., 

2007). This effect was found in all c-NHEJ mutant cells of different species with only 

exception the DNA-PKcs-/- mutant cells, pointing out that this enzyme is implicated in alt-EJ 

regulation. On the other hand the use of DNA-PK inhibitor shows a phenotype similar to 

other c-NHEJ mutants, which perhaps derives from the dominant negative functions of the 

inhibited DNA-PKcs (Singh, et al., 2011).   

The abrogated repair of plateau phase cells was also reproduced with cells being deprived 

from serum, medium was simply changed to a new one without serum. This happened within 

4 h and most importantly this phenomenon of abrogated repair was reversed, with recovery of 

alt-EJ starting at 2 h after cells received serum. Since cell growth is linked to growth factors, 

the inhibition of epidermal growth factor receptor (EGFR) in cycling cells, or their addition to 

serum deprived cells, was tested with no effect, suggesting that long term changes in the 

physiology rather than direct interactions with growth signaling are more likely to regulate 

alt-EJ (Singh, et al., 2012).  
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Figure 5. Graphical representation of alt-EJ pathway. (Mladenov, et al., 2011). 

1.5 The contribution of chromatin structure to DNA damage 

and repair 

1.5.1 Chromatin architecture 

Every cell contains approximately two meters (m) of DNA in the nucleus. This very long 

DNA needs to be compacted, organized and protected inside the very small nucleus of some 

μm in diameter. This is achieved by a complex structure composed of DNA and proteins 

called chromatin (from the Greek ‘chroma’ meaning color, due to its staining properties). It is 

highly important that chromatin structure allows access to all protein machineries that interact 

with DNA. This complex of DNA and proteins is termed nucleosome and is the fundamental 

unit of chromatin. 147 (bp) of DNA is wrapped around these proteins that are called histones 

and are small polypeptides of 100-200 amino acid residues mostly rich in lysine (K) and 

arginine (A) residues. Histones may be defined as acid-soluble, small and highly basic 

proteins which at one time or another during their existence are associated with the nuclear 

DNA of eukaryotes. These are the most positively charged proteins known aside from 

protamines. 

They are classified in five classes: H1, H2A, H2B, H3 and H4. Except histone H1 the rest are 

called the core histones which participate in heterodimers (H2A-H2B and H3-H4) to form an 

octamer at which double stranded DNA (dsDNA) binds and forms the nucleosome. The H1 
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histone is called linker histone and connects the nucleosomes, promoting a higher order 

structure. Each histone class is a family of two or more structurally related polypeptides called 

variants. There is another classification of the histones and this is according to their 

relationship to DNA synthesis, since maximal rates of histone synthesis are usually at this cell 

cycle phase. The histones can be synthesized at the start of DNA synthesis therefore are called 

replication-dependent histones or can be continuously expressed throughout the cell cycle or 

in non-dividing cells. Since little or not at all DNA synthesis occurs in G0, G1 and G2 the fate 

of the histones synthesized in this phase may be different of those synthesized in S phase 

(Stein , et al., 1989) (Swaminathan, et al., 2015).  

 

Figure 6. Histone variants and nucleosome structure compiled of DNA, the core histones and H1 

linker histone. Picture modified from (Zhao, et al., 2013). 

The nucleosome particle is connected to the next nucleosome by linker DNA and in this way 

they form repetitive motifs of ~200 bp; this was described as “beads on a string” model and is 

the primary structure of chromatin organization (Olins, et al., 2003). The negative charge 

from DNA around the nucleosome is higher than the positive charge from the core histones 

and to further neutralize it, other factors (e.g. linker histone) contribute to the folding.  

Back in 1974 Finch and Klug first identified that purified nucleosome fibers (10-nm fibers) 

with linker histone were folded with a diameter of 30 nm and this they named the “30-nm 

chromatin fibers” indicating the secondary structure of chromatin organization. These fibers 

also called “solenoids” were seen as model of “one-star helix” or as a zigzag model (Finch, et 

al., 1976). Later on more models were proposed. Several models have tried to describe the 

higher order of chromatin structure with the “Hierarchical helical folding model” being more 

widespread. It suggests that a 30-nm chromatin fiber is progressively folded into larger fibers 

 Linker DNA 

 Linker 

Histone 1 

 Histone tails 
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of ~100-nm and then ~200-nm fibers to form the interphase chromatin fibers (chromonena 

fibers) or the mitotic chromosomes (Maeshima, et al., 2014).  

Although 30-nm had been observed in vitro, a study revealed that there was absence of the 

30-nm fibers in vivo and that this suggests that the basic structure of the chromosome was a 

liquid-like compact aggregation of 10-nm nucleosomes fibers (Dubochet, et al., 1988). 

Maeshima et al proposed that the 30-nm chromatin fibers observed in vitro is an artifact due 

to the low-salt buffer conditions and that studies from their laboratory together with other 

available data suggest that interphase chromatin forms numerous condensed chromatin 

domains consisting of irregularly folded 10-nm nucleosome fiber that resemble “chromatin 

liquid drops” (Maeshima, et al., 2014).  

There is no defined description as to what is a chromatin domain, but it has been proposed 

that an essential feature of the chromatin domain is that they perpetuate through mitosis and 

are conserved among different cell lineages in animals. Furthermore, distinct chromatin 

domains, referred to variably as topological domains or topologically associating domains 

(TADs) comprise each chromosome, making them the building blocks of chromosomes. It is 

also fully established that chromosomes exist in discrete chromosome territories (CT) in the 

interphase nuclei (Dixon, et al., 2016). 

a                                                   b 

                     

Figure 7. Levels of chromatin organization. a) Primary structure (beads on a string) and secondary 

structure of 30-nm or 10-nm irregular model. b) Higher order chromatin structure with irregular 

folding into chromatin domains (Maeshima, et al., 2014).  

1.5.2 Chromatin dynamics – Post translational modifications  

Today chromatin is considered to be dynamic rather that static and this is essential for many 

biological processes that depend on protein and DNA interactions since chromatin assembly 
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limits accessibility to DNA. Thus chromatin must be dynamic or fluid and able to make local 

changes in order to fine-tune DNA metabolism. Consequently this makes necessary several 

mechanisms that can regulate the positioning and stability of the nucleosomes as well to 

disrupt the nucleosomal condensation. Such methods include post-translational modification 

of histones (PTM), incorporation of histone variants in the nucleosome that can alter its 

stability and at last the most potent may be the use of ATP-dependent chromatin remodeling 

enzymes that are able to re-position, evict or alter composition of nucleosomes (Swygert, et 

al., 2014).  

For the purposes of this study, we will focus on the PTMs of histones since they are most 

relevant to the project. The functional consequences of histone modifications can be divided 

in two categories: first the establishment of global chromatin environments, meaning 

euchromatin (EC) a more open and transcriptionally active chromatin and heterochromatin 

(HC), a more compacted and transcriptionally inactive chromatin and second the orchestration 

of DNA-associated biological events. Modifications of histones may affect the higher order 

structure of chromatin by means of changing the contact between different histones of 

neighboring nucleosomes or the interaction of the histones with the DNA.  

There are many types of modifications that can occur on histones and some of them are the 

following: Acetylation, Methylation, Phosphorylation, Deimination, Ubiquitination, 

Sumoylation, ADP Ribosylation, and Proline Isomerization. Many of them can appear and 

disappear on chromatin within minutes (Kouzarides, 2007). For all those processes to occur 

there are specific histone modifying enzymes that catalyze the addition of a mark on 

chromatin (‘writers’), but also specific enzymes that can reverse the reaction and remove 

these marks (‘erasers’). Most PTMs occur at the amino-terminal-tail extension of the histones, 

but studies have shown that PTMs occur within the histone-fold domain as well and they 

affect the DNA-histone interaction, thus destabilizing the nucleosome (Swaminathan, et al., 

2015).   

Among the PTMs, histone acetylation, phosphorylation and methylation have been studied the 

most and it has been shown how important they are in genome regulation and stability. They 

are involved in chromatin compaction and the control of gene expression; or the signaling to 

other protein complexes. They are coordinated in order to facilitate processes of gene 

expression or compaction and genome stability, and have synergistic effects. How does it 

work then? It is widely assumed that acetylation leads to a more open nucleosomal folding 

thus making the DNA more accessible to the different protein machineries. On the other hand 
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methylation is considered to lead to a more compacted folding of the nucleosomes, reducing 

accessibility of DNA. But this is only the general view and things can work the other way 

around too; especially for methylation it has been found to correlate with activation of gene 

expression as well (Eberharter, et al., 2002) (Greer, et al., 2012).   

1.5.2.1 Histone Acetylation 

In general acetylation involves the transfer of an acetyl group to an organic compound. More 

specific histone acetylation is the transfer of an acetyl group from acetyl-CoA (Coenzyme A) 

to a Lysine ε-amino group on the N-terminal (amino-terminus) tail of the histone. Non histone 

proteins can also be acetylated. The enzymes responsible for this are called histone 

acetyltransferases (HATs) and acetylation can occur in all four histones on specific lysines. 

The enzymes that can reverse this addition of an acetyl group are called histone deacetylases 

(HDACs) (Vanzan, et al., 2010). Some of the well-studied HATs are the following: TIP60 

and PCAF/GCN5 (P300/CBP-associated factor). Specifically TIP60 can acetylate H4 at K5, 

K8, K12, K16 and H3 at K14 on the other hand PCAF/GCN5 acetylates H3 at K9, K14 and 

K18 (Kouzarides, 2007). 

Histone acetylation on H3 and H4 is considered to oppose the tendency of the nucleosomes to 

form higher more compacted structures, thus making chromatin more accessible to different 

interacting proteins (Hebbes, et al., 1994). Perhaps specific acetylation patterns displayed by 

the histone tails are also facilitating the recruitment of further modulators of the chromatin 

structure, or the promotion of other covalent modifications such as phosphorylation 

(Eberharter, et al., 2002).  

1.5.2.2 Histone Phosphorylation 

Histone phosphorylation occurs on serine (S), threonine (T) and tyrosine (Y) residues and 

involves the attachment of a phosphoryl group through phosphoester bond formation. Unlike 

histone acetylation that is mainly linked to active gene transcription, histone phosphorylation 

is involved in many different cellular processes. These processes are: transcription regulation, 

chromatin compaction and the best-know function in DNA damage repair. All four histone 

tails contain candidate sites of phosphorylation which is mediated by enzymes called protein 

kinases and it can be reversed by enzymes called phosphatases. A great number of 

phosphorylated residues on histones have been described (Rossetto, et al., 2012). Regarding 

chromatin compaction, phosphorylation at Ser10 of H3 follows chromosomal condensation in 

a space and time dependent manner. This modification was found in mammals to be involved 

in the initiation of chromosome condensation but not in maintenance of the condensed 
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chromatin status. Phosphorylation at H3Ser10 is mediated by Aurora-B kinase that belongs to 

a family of mitotic kinases. Phosphorylation events are happening also in response to a variety 

of apoptotic agents, taking place on histones H2A.X (a variant of histone H2A) and H2B 

(Loury, et al., 2003). At last a hallmark is DSB recognition is the phosphorylation of S139 (in 

higher eukaryotes) known as γH2A.X. Primarily, ATM is the kinase to phosphorylate H2A.X 

but ATR and DNA-PK have also been described to do so as well (Sawicka, et al., 2014).  

1.5.2.3 Histone Methylation 

Histone methylation is a process at which a methyl group is donated from S-adenosyl 

methionine (SAM) to the histones. This is catalyzed by histone methyltransferases (HMTs). 

Histone methylation can occur in all basic residues such as arginines, lysines and histidines. 

There are also different degrees of methylation such as monomethylation (me1), 

dimethylation (me2) and trimethylation (me3). Three families of HMTs exist, the SET 

(Su(var)3-9, Enhancer-of-zeste and Trithorax) domain family and Dot1 (disruptor of 

telomeric silencing) like proteins family that methylate lysines and they are called HKMT 

(Histone lysine methyltransferase) and the PRMT (Protein arginine N-methyltransferase) 

family that methylate arginines. Initially it was thought that methylation is static and cannot 

be reversed. That was until the discovery of the first demethylase. Now it is known there are 

two families of lysine demethylases but the arginine demethylases remain more elusive. The 

recruitment of the enzymes to the histone targets is through specific DNA sequences that have 

been identified (Greer, et al., 2012).  

There are many HMTs that have been identified through the years and the most studied of 

them are the following: SUV39H1/H2, G9a, ESET/SETDB1, GLP, SET1/2, DOT1, 

SUV420H1/2, EZH2 which are all HKMTs and PRMT4/5 that are known PRMTs. On the 

other hand JHMD1a/b and JHMD2a/b, LSD1, JMJD2B/C/D are known lysine demethylases 

(Kouzarides, 2007). The SET domain HMTs are methylating histone H3 in K4, K9, K27 and 

K36, as well histone H4 at K20. The non-SET domain HMTs are methylating H3 at K79 and 

the arginine methyltransferases are involved in methylation of H3 at R2, R17 and R26, as well 

as H4 at R3 (Vanzan, et al., 2010).  

HKMTs are relatively specific enzymes and they can usually modify the residue to a specific 

degree. For e.g. Neurospora crassa DIM5 can tri-methylate H3K9 but SET7/9 (SET domain-

containing protein 7) can only mono-methylate H3K4 (Bannister, et al., 2011). Methylation is 

strongly connected to transcriptional regulation through the binding of cell-specific 

transcription factors together with interaction with initiation and elongation factors. Although 
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methylation can occur at multiple different sites on the same histone, some histone marks are 

mutually exclusive. Also when two marks are combined they can have different role than that 

they have when they appear in isolation. The coordinated combination, of all these marks, is 

forming the so-called ‘histone code’ that dictates important biological processes such as DNA 

repair (Greer, et al., 2012).  

1.5.3 Chromatin compaction through the cell cycle 

Chromatin is not organized in a random way in the interphase nucleus. Microscopic 

observations reveal that a condensed chromatin is preferable in the nuclear periphery, with 

stretches of less compacted chromatin in the nuclear pore complexes (NPCs), leading to the 

hypothesis that this hetero-euchromatin distribution makes open chromatin near the nuclear 

pores more actively transcribed (Ma, et al., 2015). Chromatin in cycling cells is highly 

dynamic, especially since histones are synthesized during S-phase and transcription in general 

needs to take place. On the other hand during mitosis, chromosome condensation is taking 

place. When cell differentiate they transition from fast proliferation to slowly cycling and at 

last they exit from the cell cycle undergoing terminal differentiation. Therefore chromatin can 

be influenced by the process of differentiation. 

 In Drosophila wing, heterochromatin clusters as proliferation slows and cells differentiate 

(Ma, et al., 2017). In addition chromatin compacts and heterochromatin clusters as cells in the 

mouse embryo cycle more slowly (Ahmed, et al., 2010). The chromatin compaction was 

measured during transition of normal human fibroblast that were arrested in G0 quiescent state 

to G1 state by serum replenishment and stimulation to re-enter the cycle. Analysis by 

Fluorescence Resonance Energy Transfer (FRET) method showed that G0 cells have more 

compacted chromatin than G1 cells (Bottiroli, et al., 2004).  

1.5.4 Chromatin response to DNA damage 

DSBs are severe lesions which can be deadly for the cell. Therefore their repair is essential 

and access of DNA to repair factors is mandatory in order to repair the damage. Since DNA is 

surrounded by chromatin, which also exhibits different orders of organization (as described in 

previous chapters), it is assumed that chromatin must undergo changes that will facilitate 

repair. Indeed numerous studies support this plasticity of chromatin during DNA repair and 

this is described as the “access-repair-restore” model. However this model that open 

chromatin is favoring the DDR is simplified since for example the occupancy of the 

promoters by the transcription machine, in euchromatic areas, can also be a barrier to repair 
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machinery. This model of “access-repair-restore” gained more support for local chromatin 

changes especially from studies including UV-radiation. (Nair, et al., 2017).   

Chromatin decompaction together with histone degradation were found in response to DNA 

damage. DNA helicase-related protein INO80 (INO80), which is a chromatin remodeler, is 

required for a drop in histone levels that is mediated by proteasome (Hauer, et al., 2017).  

Furthermore it was shown by Berkovich et al that ATM and NBS1 are required for 

nucleosomal disruption after DNA damage (Berkovich, et al., 2007). 

 

Figure 8. Chromatin structure dynamics regulating genome stability. Chromatin is dynamically 

controlled by intra- and inter-nucleosomal interactions, histone post translational modifications 

(PTMs) and histone variants, and activity of ATP dependent chromatin remodelers. A more relaxed 

and ‘open’ chromatin is sensitive to DNA damage induction but promotes DDR. On the other hand 

compacted and more ‘closed’ chromatin is suppresses the damage but is inhibitory to DDR. (Nair, et 

al., 2017). 

Nucleolin, a protein that has histone chaperone activity, was found to interact with RAD50 

and MRN, which in turn interacts with H2A/H2B dimer leading to its removal and thus to a 

nucleosome disruption in G1 phase cells, which links with NHEJ repair. On the other hand, 

nucleosome disruption was observed for S and G2 cells that are involved in DNA end 

resection by CtIP endonuclease a process involved in HRR (Goldstein, et al., 2013). Besides 

from nucleosomal disruption, there is also chromatin decompaction taking place by 

modification of the PTMs. H4K5 was found to have increased acetylation, whereas H3K9 

decreased dimethylation at the DSB sites (Falk, et al., 2007).  

Additionally, 53BP1 (p53-binding protein) that is mediating NHEJ, is bound by H4K20me2 

residues, after H4 hyperacetylation and chromatin ubiquitination (Botuyan, et al., 2006). On 

the other hand, it was shown that SIRT7 (NAD-dependent protein deacetylase sirtuin-7) 

catalyses the desuccinylation (another kind of PTM) of H3K122 therefor promoting 
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chromatin condensation and DSB repair in a PARP-1 dependent manner (Li, et al., 2016).  

Although acetylation and ubiquitination are contributing to more open chromatin structure, 

the impact of histone methylation is more complex. Studies suggest that decrease in 

methylation leads to a less compacted chromatin. For example the SETD8 HMT required for 

H4K20me1 is degraded after exposure to UV and IR and since H4K20me1 is required for 

further di and tri methylation, then perhaps SETD8 degradation serves to achieve less 

H4K20me3 through less H4K20me1 (Jørgensen, et al., 2011) (Schotta, et al., 2004). 

1.5.4.1 DNA repair in the context of heterochromatin 

The different levels of organization of chromatin into EU and HC are a parameter of different 

regulation of the DNA repair. Higher compaction of chromatin provides significant protection 

against the induction of breaks, and decompacted chromatin is more susceptible to DNA 

damage caused by chemicals, like cisplatin. On the other hand heterochromatin is also thought 

to be refractory to repair, as it is seen to block expansion of H2A.X phosphorylation (Nair, et 

al., 2017). HC is further divided as constitutive, which includes the centromeres, 

pericentromeric regions, telomeres and highly repetitive sequences and facultative which 

includes silenced and/or developmentally regulated genes. The histones on constitutive HC 

are generally hypoacetylated and hypermethylated at H3K9me2/3 and H3K27me3 as well as 

H4K20me2/3. Main enzymes implicated in maintenance of HC are the histone modifiers SET 

domain bifurcated 1 (SETD1) and methyltransferase of variegation 3-9 (SUV39); both 

required for H3K9 methylation. In addition, to the mentioned modifiers also HDACs and 

heterochromatin protein 1 (HP1), which recognizes and interacts with H3K9me2/3, are 

playing a role (Watts, 2016).  

Other studies have shown the role of High Mobility Group (HMG) non-histone proteins, in 

modulation of higher order chromatin in response to damage. There are three major families 

of HMG proteins, HMGA, HMGB and HMGN. Specifically it was shown that HMGA1/2 are 

targets of phosphorylation for ATM kinase soon after IR exposure and that both HMGA 

proteins positively regulate ATM expression by binding to its promoter (Reeves, 2015). At 

last, it has been shown that one pathway of DDR response in HC involves the 

phosphorylation of HP1 and KAP1 (KRAB-ZFP-associated protein 1) proteins by ATM, 

facilitating the repair (Ziv, et al., 2006). 
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1.5.4.2 DSB repair pathway choice in context of heterochromatin 

In general there are many factors that can dictate repair pathway choice. At first, since the 

three main repair pathways for DSB are divergent at the step of end resection, this becomes a 

parameter for the choice of the pathway that will be selected. Cell cycle phase has an 

important role in end resection and CDKs promote end resection by phosphorylating resection 

factors and therefore favoring HR, whereas impairment of such factors favors NHEJ. The 

balance between 53BP1 and BRCA1 is also contributing to the choice of pathway. 

Phosphorylation of 53BP1 by ATM blocks end resection by preventing CtIP to access the 

ends, and NHEJ is promoted. Also PTMs of repair proteins have been found to promote 

resection as well (Ceccaldi, et al., 2016). 

ATM is essential for a subset of DSB repair and it was estimated that ≤25% of DSBs require 

ATM signaling for repair and that this percentage correlates with chromatin compaction but 

not with the complexity of damage. Therefore ATM signaling is required for DSB repair 

within HC and this is through interaction with KAP1 that unsettles the compacted chromatin 

(Goodarzi, et al., 2008).  

Since heterochromatin contains highly repetitive sequences, perhaps HR would be excluded 

but it was found that HC DSBs can be repaired by HR. A slower repair was noted in compact 

and silent constitutive HC that it was due to the translocation of HC to the nuclear periphery, 

where repair by HR takes place (Chiolo, et al., 2011). Another study showed that DSBs in 

pericentric HC are positionally stable in G1 and recruit NHEJ factors. In S/G2 DSBs are 

resected and relocated to the periphery of HC where they are retained by RAD51. This is 

happening independently of chromatin relaxation. In centromeric HC the DSBs can recruit 

both NHEJ and HR factors regardless of cell cycle (Tsouroula, et al., 2016). 

1.5.5 Role of SUV39H1 on chromatin compaction, stability and DNA 

damage 

Rea et al. identified in 2000, the first histone methyltransferase, human SUV39H1 that 

selectively methylates lysine 9 of the amino terminus of histone H3 and participates in higher 

order chromatin organization (Rea, et al., 2000). SUV39H1 belongs to the SUV39 family of 

methyltransferases that features a unique pre-SET domain necessary for the SET domain to 

exert its catalytic function toward histone H3K9. Other members of the family include 

SUV39H2, G9a, GLP, ESET and CLLL8. 
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SUV39H1 is found to be enriched in HC (Aagaard, et al., 1999). Indeed the Suv39h (murine 

homolog) HKMTs were found to accumulate the histone H3 lysine 9 trimethylation 

(H3K9me3) at pericentric HC and in turn HP1 recognizes and binds H3K9me3. The Suv39h 

deficient mice had severely impaired viability and chromosomal instabilities suggesting a 

crucial role of H3-K9 methylation in protecting genome stability (Peters, et al., 2001). 

Furthermore the Suv39h1 was identified to promote sumoylation of HP1a through SUMO-1-

HP1a association that would increase its recruitment to H3K9me3. The ability to promote 

sumoylation was considered distinct from its catalytic activity as KMT (Maison, et al., 2016). 

The Suv39h1 is involved in silencing by pericentric HC. In fact the physical interaction of 

Suv39h1 and HDAC1-2 and 3 in co-immunoprecipitation experiments suggested that 

repression by Suv39h1 is a consequence of histone deacetylase recruitment (Vaute, et al., 

2002). The mammalian SUV39H1 was also found to be a target of SIRT1 deacetylase at 

K266, which is in its catalytic SET domain, and loss of SIRT1 resulted in reduced H3K9me3 

that is SUV39H1-dependent, and impairment of HP1 (Vaquero, et al., 2007). In addition 

SUV39H1 was also seen to be regulated by another methyltransferase, SET7/9 after treatment 

with Adriamycin, a DNA damage inducer. Specifically SET7/9 methylates SUV39H1 at 

K105 and K123 in cancer cells. Methylation of SUV39H1 by SET7/9 led to dramatic decrease 

in its activity and consequent decrease of H3K9me3 leading to a chromatin relaxation as 

measured by increase in expression of satellite 2 (Sat2) and a-satellite (a-Sat), two indicators 

of chromatin relaxation and more importantly in genome instability. SIRT1was found to be 

able to reverse this modification as mentioned in previous paragraph (Wang, et al., 2013). 

In another study it was demonstrated that DSB repair in EU involves the methylation of H3K9 

by SUV39H1, which in turn leads to loading of the KAP-1/HP1/SUV39H1 complex by 

binding of HP1 to H3K9me3. A cycle of loading H3K9 methylation starts which leads to 

spreading of the complexes several of kilobases (kb) from the DSB. These domains of 

H3K9me3 are responsible for Tip60 acetyltransferase activation, which acetylates ATM 

kinase and histone H4. As a consequence cells that lack SUV39H1, have defective Tip60-

ATM activation and decreased DSB repair (Ayrapetov, et al., 2014). At last the knockdown of 

heterochromatin-building factors like KAP-1, HP1, HDAC1/2, Suv39H1/2 reduces the need 

for ATM in DSB repair, suggesting that ATM signaling is regulating the HC structure to 

promote repair (Goodarzi, et al., 2008). 
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1.5.6 Methods of chromatin condensation and decondensation 

Different methods have been used to manipulate chromatin compaction and study the effects 

on DDR. One approach is the change in the osmolarity of the growth media of cells. Cells that 

are subject to osmotic changes in their growth media are showing a phase of osmotic volume 

change and afterwards a volume regulation process that brings them back to control values. 

Delpire et al (1985) show that treatment in hypotonic media of cells and tissues, of 

mammalian samples, caused a major change in nuclear structure with chromatin appearing 

largely decondenced, and on the other hand on hypertonic media treatment the chromatin 

became more condensed. The organelles and cytoplasmic region showed minor changes 

(Delpire, et al., 1985). In addition, another study explains that the effects of changes in 

chromatin compaction after hypertonic shock (by sucrose or NaCl) are global and involve all 

chromatin of the nucleus and it happens due to molecular crowding as a result of solvent 

(water) reduction (Richter, et al., 2007).  

 

Figure 9. Sucrose-induced chromatin compaction proceeds gradually with incubation time. a) 

Chromatin compaction became visible within seconds of hypertonic treatment, proceeded substantially 

over the first minute and slowly approached its steady state. b) Upon re-incubation in normal growth 

medium, the chromatin distribution recovered to close to its initial state. c) Density analysis of the two 

image series in A and B. Colors code for time-points (Richter, et al., 2007). 

Regarding repair under hypertonic conditions Durante et al show that there is a class of 

interphase chromosome breaks that rejoin and misrejoin very quickly (half-time of 5-6 min) 

after 0.5 NaCl treatment (Durante, et al., 1998). Alterations of chromatin structure by 

hypertonic media increased the radiosensitivity in Chinese hamster ovary cells (CHO-K1) 

with initial DNA damage increase from 7 % to 15 % but in xrs-1 (CHO-K1 repair deficiency 

cells) it decreased from 43 % to 36 % thus assuming that hypertonic treatment abolishes 

differences in chromatin structure between cell lines and differences in initial DNA damage 
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(Roos, et al., 2002). Effects of hypotonic treatment and 5′-aza-2′-deoxycytidine analog 

(AzadC), that reduces DNA methylation, were studied in cycling and plateau Mouse 

Embryonic Fibroblasts (MEF) Lig4-/- cells (c-NHEJ mutant) and were found to promote alt-EJ 

pathway only in plateau phase cells (Moscariello, et al., 2013).  

From global methods of altering chromatin structure to more specific and localized, specific 

inhibitors of enzymes, that are responsible for the establishment and balance of the PTMs on 

the histones, have been constructed and used to study not only alterations in chromatin 

compaction but in radiosensitization as well. HDACi (histone deacetylate inhibitors) have 

been used in order to inhibit the deacetylases and to maintain a hyperacetylated cell state and 

therefore an ‘open’ chromatin. HDACi have shown to have a protective role for normal cells 

and to sensitize cancer cells (Carrier, 2013).  

Except from HDAC inhibitors, HMT inhibitors have also gained attention. Specifically 

HKMTs are important novel drug targets since many of them like SUV39H1, G9a and GLP 

have been found overexpressed in tumors. Initially the first HMTi were analogs of SAM 

(donor of methyl group) but they were not selective enough (Zagni, et al., 2013). In 2005 

Greyner et al. identified a specific HKMT inhibitor of SU(VAR)3-9 protein in Drosophila 

melanogaster named (-)-chaetocin that  acts as a competitive inhibitor of SAM. Studies 

showed a strong inhibitory potential for SUV39H1 (IC50=0.8 µM), but it was also found to 

inhibit other HKMTs like G9a (IC50=2.5 µM) and DIM5 (IC50=3 µM), as well as the non H3-

K9 HKMT, SET7/9 and E(z) at a concentration below 90 µM (Greiner, et al., 2005). Total 

synthesis of chaetocin was also achieved (Iwasa, et al., 2010). 

 Chaetocin has been used in cancer studies mainly and it was found to have anticancer effects 

by inhibiting proliferation of different solid tumors due to inhibition of endothelial cell 

proliferation. It also induced morphological changes in the cells associated with cell death, 

meaning it induced apoptotic morphology with chromatin condensation on the nuclear 

periphery (24 h at 400 nM) (Isham, et al., 2012). It was shown that long term treatment of 

chaetocin reduced H3K9 and H3K27 methylation levels, indicating its ability to change 

methylation status in vivo (Lai, et al., 2015). Except from inhibiting the enzymatic activity of 

SUV39H1 it can also reduce protein levels. Since chaetocin can act as heat sock protein 

(HSP90) inhibitor and induces degradation in a number of HSP90 including SUV39H1 (Song, 

et al., 2015). Except from effects on methylation levels of specific HC markers, chaetocin can 

also cause significant increase in acetylation levels of H3K9 leading in more relaxed 

chromatin status. 
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2. Aim of study 
 

The DNA of cells is organized in the nucleus in the form of chromatin which therefore 

influences the biological processes that involve contact with the DNA. For this reason, all 

cellular processes, which depend on DNA as their substrate, will need to overcome this 

limit. In this study we aim to investigate the role of chromatin structure on DSB repair with 

more emphasis on alt-EJ efficiency which shows a marked reduction in plateau phase of 

growth (see Introduction). We speculate that the higher order compaction of chromatin is a 

refractory factor for the repair of DNA DSBs. Especially for cells that exit the cell cycle and 

enter the plateau phase (G0, non-cycling), and are considered to have a more compacted 

chromatin. In fact the vast majority of cells in multicellular organisms are differentiated and 

not cycling, thus it becomes highly important to investigate the mechanisms involved in 

regulation of DSB repair in context of compacted chromatin.  

There are three repair mechanisms for the restoration of DSBs, which are the most deleterious 

lesions for the cell; during the plateau phase HRR is not operational, while c-NHEJ functions 

with same efficiency as in cycling cells. With alt-EJ efficiency being abrogated in the plateau 

phase, it immediately follows that cells rely on c-NHEJ for DSB repair in plateau phase. This 

raises many questions such as: Why is this happening; is it protective for the cells to 

downregulate an erroneous pathway like alt-EJ at this stage of growth? How this 

downregulation is mechanistically mediated; does the compacted chromatin structure of the 

plateau phase cells contribute to this? 

To answer these questions we designed experiments to study the impact of chromatin 

structure on DSB repair of human cells by modulating the levels of chromatin compaction. 

Initially, we performed experiments mediating global changes in chromatin structure by 

changing the osmolarity of the media where cells are grown. Subsequently we proceeded by 

inducing more local changes in chromatin compaction using chaetocin, an inhibitor of 

HKMTs -like SUV39H1, with various effects on methylation, as well acetylation of histones 

(see Introduction). At last we have utilized MEFs deficient in Suv39h1/Suv39h2 showing 

significant reduction of H3K9me3 levels as well, and a more relaxed chromatin structure.  
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3. Materials and Methods 

3.1 Material 

Table 1: Laboratory Apparatus 

Apparatus Provider 

Centrifuge, Biofuge Fresco Heraeus, Germany 

Centrifuge, Multifuge 3S-R Heraeus, Germany 

Centrifuge, Rotonta 460R Heraeus, Germany 

Confocal laser scanning microscope TCS SP5 Leica Microsystems, Germany 

Coulter counter, Multisizer 4e Beckman Coulter, Germany 

Flow cytometer Gallios Beckman Coulter, Germany 

Heating unit  Oehmen, Germany 

Inverted microscope LH50A Oehmen, Germany 

Laminar flow hood, HeraSafe Heraeus, Germany 

Magnetic stirrer, MR Hei-Standard Heidolph, Germany 

MCO-18 O2/CO2 incubators Sanyo, Germany 

Micro Centrifuge, IR Carl Roth, Germany 

Minishaker MS1 IKA, Germany 

O2/CO2 Incubator, MCO-18AIC/MCO-18M Sanyo, Japan 

pH-Mater, InoLab WTW GmbH, Germany 

Pipetboy Falcon, Germany 

Pipettes, Rainin Pipet-Lite Mettler Toledo, Germany 

Rocky shaker Oehmen, Germany 

Vortexer, IKA MS 3 basic IKA, Germany 

Water bath, GFL 1092 Oehmen, Germany 

X-ray control unit, Xrad320 PXi, USA 

X-ray generator, ISOVOLT Titan General Electrics, USA 

X-ray tube, MXR320 Comet, Switzerland 
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Table 2: Disposable Elements 

 

Table 3: Chemicals 

Chemical Reagents Provider 

4’,6-diamidino-2-phenylindole (DAPI) Serva, Germany 

5-Ethynyl-2’-deoxyuridine (EdU) Serva, Germany 

Acetic acid Roth, Germany 

Acetone J.T. Baker 

Agarose  7BioScience, Germany 

Amonium persulfate (APS) 10% Sigma-Aldrich 

Ascorbic acid Roth, Germany 

Boric acid Roth, Germany 

Disposable Elements Provider 

Culture dishes (35 mm) Thermo Scientific, Germany 

Culture dishes (60 and 100 mm) Greiner, Germany 

Falcon tubes (15 and 50 ml) Greiner, Germany 

Flasks and beakers Schott Duran, Germany 

Glass cover slips (Ø 20 mm) VWR, Germany 

Microscope slides, cut color frosted white VWR, Germany 

Parafilm Bremis, USA 

Pipette tips Starlab, Germany 

 

Reaction tubes (1.5 and 2 ml) Greiner, Germany 

Serological pipettes (2, 5, 10, 25 ml) Sarstedt, Germany 
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Bovine serum albumin (fraction V) (BSA) Sigma Aldrich, Germany 

Chaetocin Sigma Aldrich, Germany 

Copper(II) sulfate pentahydrate (CuSO4) Sigma-Aldrich, Germany 

Coomasie  Serva, Germany 

Dimethyl sulfoxide (DMSO) Sigma Aldrich, Germany 

Dithiothreitol (DTT) Roth, Germany 

Ethanol (EtOH)  Sigma Aldrich, Germany 

Ethidium bromide (EtBr) Serva, Germany 

Ethylenediaminetetraacetic acid (EDTA) Roth, Germany 

Fetal bovine serum (FBS) Gibco Life Sciences 

Gelatin Sigma Aldrich, Germany 

Glycerol Sigma Aldrich, Germany 

HEPES(4-(2-hydroxyethyl)-1 

piperazineethansulfonic acid) 

Roth, Germany 

Isopropanol Roth, Germany 

KU55933 Haoyuan ChemExpress 

Low melt Agarose Thermo Scientific, Spain 

Magnesium chloride (MgCl2) Sigma Aldrich, Germany 

Methanol (MeOH) 100% J.T. Baker  

Monomer Solution Roth, Germany 

Non-essential amino acids (NEAA) Biochrom, Germany 

N-Lauroylsarcosine (NLS) Merck 

Non-fat dry milk Roth, Germany 

NU7441 Tocris Bioscience, USA 
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Paraformaldehyde (PFA) Roth, Germany 

Potassium chloride (KCl) Roth, Germany 

PromoFluor Antifade PromoKine, Germany 

Propidium iodide (P.I.) Sigma Aldrich, Germany 

Protease inhibitor Roche 

Proteinase K Sigma-Aldrich 

RNase A Applichem 

Sodium azide Roth, Germany 

Sodium chloride (NaCl) Roth, Germany 

Sodium dodecyl sulfate (SDS) Roth, Germany 

Sodium hydrogen carbonate (NaHCO3) Roth, Germany 

Sucrose  Roth, Germany 

Sulfuric acid (H2SO4) Merck 

Tetramethylethylendiamin (TEMED) Roth, Germany 

Trichloroacetic acid (TCA) 100% Roth, Germany 

Tris(hydroxymethyl)aminomethane (Tris) Roth, Germany 

Triton X-100 Roth, Germany 

Trypsin Biochrom, Germany 

Tween 20 Roth, Germany 
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Table 4: Buffers and Solutions 

Name Compounds 

Click-It EdU master mix 100 mM Tris Ph 7.4 

1x PBS 

1.25 mM CuSO4 

12.5 mM Ascorbic acid 

Coomasie stain solution MilliQ water 

5 % Aluminiumsulfate 

0.02 % Coomasie Brilliant Blue G250 

2 % (w/v) Phosphoric Acid 

10 % Ethanol  

Components need to be added in the exact 

order as above! 

Concentrated Tris-buffered saline 10x TBS Tris base  

NaCl 

Adjust pH 7.6 with HCL  

To prepare 1X TBST, dilute 10x to make 1x 

first and then add 0.1 % Tween20 

Electrode buffer 10x (western) 0.25 M Tris-HCl pH 8.3 

1.9 M Glycine 

HEPES buffer (serum free) (PFGE) 5 mM NaHCO3 

20 mM HEPES 

In same media as cells are grown 

Hypertonic solution (1M Stock) 2,92 gr NaCl 

Dissolved in ddH2O 

Hypotonic lysis buffer 10 mM Tris-CL pH 8.0 

1 mM KCL 

1.5 mM MgCl2 

1 mM DTT 

Supplement with Protease and Phosphatase 

inhibitors cocktail (1x) before use 

Low melt Agarose 1% 0.5 gr low melt agarose in 50 ml HEPES 

Buffer 
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Lysis buffer (PFGE) 10 mM Tris,  

100 mM EDTA,  

50 mM NaCl,  

2 % NLS,  

pH 7.6 and freshly added 0.2 mg/ml 

proteinase K 

Paraformaldehyde (PFA) fixation buffer 2 % Paraformaldehyde 

2 % Sucrose  

In 10x PBS (add one drop of NaOH and heat 

at 700C until dissolved, let it cool down and 

add the sucrose)  

for FC 3 % of Paraformaldehyde  

Phosphate-buffered gelatin (PBG) 0.2% Gelatin 

0.5% BSA (fraction V) 

10x PBS 

Propidium iodide solution (PI) In 1 ml 1x PBS 

10 μl PI (4 mg/ml stock) 

10 μl RNase A (6,2 mg/ml stock) 

P-solution (permeabilization solution) for FC 0.2 % Triton X-100 

1x PBS 

P-solution (permeabilization solution) for 

immunofluorescence 

100 mM Tris, pH 7.4 

50 mM EDTA 

0.5 % Triton X-100 

Mix 50 ml of 1 M Tris and 50 ml 0.5 M 

EDTA and then add Triton before use 

Running buffer 10x (western) 0.025 M Tris-HCl 

0.192 M Glycine 

0.1 % SDS 

Resolving gel buffer (RGB) 1.5 M Tris-HCl, pH 8.8 

0.4 % SDS 

Sample loading buffer (LSB) 2x 0.065 M Tris-HCl, pH 6.8 

0.01 M EDTA 

20 % Glycerol 
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3 % SDS 

0.02 % BrPBlue 

Stacking gel buffer (SGB) 0.5 M Tris-HCl, pH 6.8 

0.4 % SDS 

Transfer buffer (western) 1x Electrode buffer 

20 % Methanol 

10x TBE (PFGE) Tris base 

Boric Acid 

EDTA 

Wash buffer (PFGE) 10 mM Tris,  

100 mM EDTA,  

50 mM NaCl,  

pH 7.6  

 

 

Table 5: Culture Media 

Growth Medium name Provider 

Dulbecco’s Modified Eagle Medium (DMEM) Sigma-Aldrich 

McCoy’s 5A Medium Sigma-Aldrich 

 

Table 6: Cell lines 

Cell line Cell type Growth medium Serum 

HCT116 WT Human Colorectal 

Tumor cells 

McCoys  5 % 

HCT116 Lig4-/- Human Colorectal 

Tumor cells 

McCoys 5 % 

HCT116 DNA-PKcs-/- Human Colorectal 

Tumor cells 

McCoys 5 % 

MEF w8 (Suv39h1+/+ 

and Suv39h2+/+) 

Mouse embryonic 

fibroblast  

DMEM 10 % 

MEF d8 (Suv39h1-/- ) Mouse embryonic 

fibroblast 

DMEM 10 % 
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MEF d5 (Suv39h1-/- 

and Suv39h2-/-) 

Mouse embryonic 

fibroblast  

DMEM 10 % 

 

Table 7: Antibodies 

Antibody Host species Type Application/ Dilution/ 

Buffer diluted 

Incubation 

time 

Provider 

Ki67  rabbit Polyclonal  FACS: 1/300 PBG 2h Abcam  

H3aK9 rabbit Polyclonal  WB: 1/1000 5% milk overnight Abcam  

H3K9me3 rabbit Polyclonal  WB: 1/1000 5% milk overnight Abcam  

H3K27me3 mouse Monoclonal  WB: 1/1000 5% milk overnight Abcam  

H3 rabbit Monoclonal  WB: 1/2000 5% milk overnight Cell Signaling  

SUV39H1 rabbit Monoclonal WB: 1/1000 5% milk overnight Cell Signaling  

GAPDH mouse Monoclonal  WB: 1/5000 5% milk overnight Millipore 

GAPDH rabbit Polyclonal  WB: 1/5000 5% milk overnight Santa Cruz Bio. 

CtIP rabbit Monoclonal  WB: 1/500 5% BSA overnight Cell Signaling T. 

ATM(Ps1981) mouse Monoclonal  IF: 1/400 PBG 1.5h Cell Signaling T. 

AF488 rabbit Polyclonal FACS: 1/300 PBG 2h Invitrogen 

AF488 mouse Polyclonal FACS: 1/300 PBG 

IF: 1/300 PBG 

2h 

1h 

Invitrogen 

AF647 rabbit Polyclonal FACS: 1/300 PBG 2h Invitrogen 

IRDye 680 mouse Polyclonal  WB: 1/10000 5% TBST 2h Li-COR Bio. 

IRDye 680 rabbit Polyclonal WB: 1/10000 5% TBST 2h Li-COR Bio. 

IRDye 800 mouse Polyclonal WB: 1/10000 5% TBST 2h Li-COR Bio. 

IRDye 800 rabbit Polyclonal WB: 1/10000 5% TBST 2h Li-COR Bio. 

 

Table 8: Software 

Name Provider 

ImageJ Image Processing and Analysis in Java, USA 

ImageQuant 5.2 GE Healthcare, Sweden 

ImarisXT 8.0 Bitplane AG, Switzerland 

Kaluza Analysis 1.3 Beckman Coulter, USA 
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LasAF Leica Microsystems, Germany 

MatLab R2017b MathWorks Inc. USA 

Microsoft Office 2010 Microsoft, USA 

MultiCycle AV DNA Analysis Phoenix Flow Systems, USA 

Odyssey® Infrared Imaging System LiCor Biosciences USA 

SigmaPlot 12.5 Systat Software Inc. USA 

VMware Player, Image Quant VMware  
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3.2 Methods 

3.2.1 Cell Culture 

Cells were maintained at 370C with a 5% CO2 atmosphere in a humidified incubator. They 

were cultured as monolayers in 100 mm cell culture dishes containing 15 ml of growth 

medium supplemented with 100 μg/ml penicillin and 100 μg/ml streptomycin. Additionally 

5% fetal bovine serum (FBS) was added to McCoys growth medium and 10% FBS to 

DMEM.  

All HCT116 cell lines were passaged every 3 days at following numbers: HCT116 WT 

0.2x106, HCT116 Lig4-/- 0.4x106 HCT116 DNA-PKcs-/- 0.4x106. For cell’s collection: 

Initially growth medium was removed with aspiration and washing of the attached cells with 

phosphate buffered saline (PBS) followed; to remove remnants of serum. PBS was removed 

and 0.05 % trypsin solution was added with incubation for approximately 3 min at 370C on a 

warm plate, in order to detach cells. Trypsin was again aspirated and thereafter cells were 

collected and resuspended in 5 ml growth medium inside a falcon tube. Cell number was 

measured with a Beckman Coulter cell counter. Cells were seeded for passage only in 100 

mm dishes; and in 60 mm and 35 mm dishes for the different experiments that were 

performed. Cultures from exponentially, plateau and serum deprived cells were used for the 

experiments. For 60 mm cell culture dishes cells were seeded at 0.1x106 (HCT116 WT) and 

0.2x106 (HCT116 Lig4-/- and HCT116 DNA-PKcs-/-) and for 35 mm dishes cells were seeded 

at 0.07x106 (HCT116 WT) and 0.1x106 (HCT116 Lig4-/- and HCT116 DNA-PKcs-/-) 

according to their growth characteristics as determined from growth experiments (Chapter 

4.1).   

All MEF cell lines (w8, d8 and d5) were passaged and seeded every two days in following 

numbers: w8 0.25x106 and 0.4x106 for d8 and d5. Collection of cells was as described above. 

Cells were cultured in high glucose DMEM media supplement with 2 mM L-glutamine, 1x 

penicillin-streptomycin, 0.1 mM beta-mercaptoethanol, 1 mM Na-pyruvate and 10 % v/v fetal 

calf serum. 

All cell cultures were discarded after approximately 30 passages to avoid genetic changes. 

New cells were thawed and passaged twice before used for experiments. 
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3.2.2 X-ray irradiation 

Irradiation of cells was performed using an X-ray machine (GE Healthcare), at room 

temperature (RT), operated at 320 kV, 10 mA with 1.65 mm aluminum filter. Depending on 

dish size the distance between the X-ray source and irradiation table was adjusted. The 100 

mm diameter cell culture dishes were irradiated at 750 mm distance and the 60 mm dishes 

were irradiated at 500 mm distance from the irradiation source. In addition to the adjustment 

of the source distance, a constant rotation of the irradiation table during the exposure time was 

maintained to ensure a homogenous irradiation. The dose rates for 500 mm and 750 mm 

distance were ~2.6 Gy/min and ~1.2 Gy/min, respectively. 

3.2.3 Hypotonic and Hypertonic treatment of cells 

HCT116 cells were seeded according to their growth characteristics (Chapter 3.2.1 and 4.1) 

in 60 mm or 35 mm cell culture dishes containing Ø 20 mm glass coverslips. Before 

hypotonic or hypertonic treatment cells were deprived (details Chapter 3.2.9.2). Hypotonic 

treatment was applied to cells by diluting the medium with an equal amount of double-

distilled water (ddH2O). In order to do this half of the medium volume from the dishes was 

removed and then complemented with ddH2O reaching the initial volume of medium in the 

dish. Hypertonic treatment on the other hand was administrated by adding 150 mM of NaCl 

(1 M stock) in the growth medium in order to achieve a final concentration of 300 mM NaCl, 

which is double the osmotic concentration of McCoys medium. This treatment was performed 

in one protocol directly after irradiation and in the other protocol 24 h prior to irradiation and 

was maintained until time-points were collected.  

3.2.4 Drug treatments 

All treatments were administrated by the addition of the appropriate concentration of each 

drug in the growth media as indicated in the following table. For control samples an equal 

amount of DMSO was added.  

Table 9: Drug treatment 

Drug name Description Stock 

Concentration(M) 

Final 

Concentration(M) 

Incubation 

Time 

Chaetocin SUV39H1 inhibitor 0.01 mM 0.01 μM-0.30 μM 24h,48h prior 

to IR 

NU7441 DNA-PK inhibitor 10 mM 2.5 μM 1h prior to IR 
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KU55933 ATM inhibitor 10 mM 10 μM 1h prior to IR 

VE821 ATR inhibitor 10 mM 5 μM 1h prior to IR 

RO3306 CDK1 inhibitor 10 mM 10 μM 1h prior to IR 

CVT313 CDK2 inhibitor 5 mM 5 μM 1h prior to IR 

PD0332991 CDK4/6 inhibitor 10 mM 500 nM 1h prior to IR 

 

3.2.5 Flow Cytometry Methods 

3.2.5.1 Cell cycle analysis by flow cytometry 

There are proliferation-associated antigens against which antibodies have been developed and 

can be used to study their presence during the different stages of cell growth. Such antibodies 

include: PCNA, p53, Ki67, statin etc. (Iatropoulos, et al., 1996) . Ki67 was identified as a 

large nuclear protein specific for proliferating cells in all active parts of cell cycle (G1, S, G2 

and mitosis), but which is absent in resting cells (G0). Therefore it has been used extensively 

as a marker for growth fraction determination in histopathology. Ki67 is consistently absent in 

quiescent cells and not detectable during DNA repair processes (Schluter, et al., 1993).  

Besides detection of proliferation-associated, proteins another option to detect proliferating 

cells is the analysis of the S-phase fraction, using compounds that are incorporated in the 

newly synthesized DNA and which can be detected with some sort of reporter. Such 

compounds are usually thymidine analogs. EdU (5-ethynyl-2′-deoxyuridine) is a thymidine 

analog and is used to accurately quantify the G1, S and G2/M percentage of cells in a 

population. At last propidium iodine (PI) is a fluorogenic chemical that binds to nucleic acids, 

stoichiometrically, and its fluorescence emission is proportional to DNA content. It is a fast 

and simple method to measure distribution of cell throughout the cell cycle, since DNA 

content is different in the different cell cycle phases, and even apoptotic cells can be detected 

by the formation of a sub-G1 peak in the flow cytometry histogram of PI (Riccardi, et al., 

2006). 

Since PI cannot cross the membrane of living cells, they were first fixed with 70 % Ethanol 

(EtOH) (1x106 cells/1 ml EtOH) and incubated at 40C over-night - or longer. Before flow 

cytometry analysis, cells were spun down at 1500 rpm, 5 min, RT; ethanol was aspirated and 

cells were resuspended in 500 μl / 1-2x106 cells of PI staining solution and incubated for 15 

min in a water-bath (370C).  
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For Ki67 antibody staining - cells were first permeabilized with 0.2 % Triton X-100 in PBS 

for 4 min on ice (40C), spun down at 1500 rpm, 5 min, 40C, then fixed in 3 % PFA + 2 % 

sucrose in PBS for 15 min at RT, and then again spun down at 1500 rpm, 5min, 40C, and 

blocked with PBG for 1 h at RT - or stored at 40C. Antibody staining was then performed; 

first samples were incubated with primary antibody, diluted in PBG, for 2 h at RT on a shaker 

in the dark. Then spun down at 1500 rpm, 5 min, and washed once with PBS. Next they were 

incubated with secondary antibody for 2 h, at RT on a shaker in the dark. After this step cells 

were washed once with PBS and then stained with PI for 30 min in water-bath (370C). PI has 

a red fluorescence which is excited by an Argon laser (488 nm). 

In the Click-iT® Plus EdU assay, cells were given 5-10 μM EdU 30 min before collection. 

This assay was performed together with Ki67 antibody staining and PI staining. In the 

staining protocol, before the PI staining step, samples were incubated for 30 min with a 

master mix (described in the table) in order to detect EdU incorporation. After this treatment, 

cells were washed twice with PBS and then the PI step followed. As a secondary antibody to 

detect EdU on the flow cytometer, AlexaFluor®-AF647 was used. 

In all flow cytometry methods, samples were transferred to 15 ml-Falcon® tubes and 

measurements were done with Beckman Coulter Gallios® flow cytometer. During 

measurement 10000-20000 events per sample were analyzed by using proper gating. 

Percentages of cells in the different phase of the cell cycle were calculated using the 

MultiCycle AV program and  Kaluza 1.2 software.. 

3.2.6 Immunofluorescence analysis by confocal microscopy 

For IRIF detection, HCT116 Lig4-/- cells were plated on 20 mm glass poly-L-lysin coated 

coverslips in 35 mm cell culture dishes at a concentration of 0.08x106 cells per dish. Prior to 

antibody staining, media was removed and cells were washed once with PBS. Cells were then 

incubated for 15 min, RT with 2 ml 2 % PFA. Next, cells were washed once with PBS and 

incubated for 5 min, RT with 2 ml of P-Solution containing 0.5 % Triton-X100. At last they 

were again washed once with PBS and 2 ml of PBG was added. Cells were then incubated for 

at least 1 h at RT or overnight at 4°C.  

All antibodies used for immunofluorescent staining were diluted in PBG. For every coverslip 

80-100 μl of antibody solution was added on a parafilm sheet. Coverslips were gently inverted 

with the cells facing down onto the drop of antibody solution. After incubating with primary 

antibodies for 2 h, RT, cells were washed three times with PBS for 5 min and incubated with 
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AlexaFluor®-conjugated secondary antibodies in dark for 1.5 h. To visualize nuclei, cells 

were counterstained with 25 ng/ml 4’, 6-diamidino-2-phenylindole (DAPI) dissolved in PBS 

for 10 min at RT. Finally, cells were washed with PBS (3 times for 5 min) and mounted on 

microscope slides using PromoFluor Antifade Reagent (PromoKine) diluted 1:1 with distilled 

water. After solidification of the mounting media in the dark at RT, 3D-images were captured 

using a confocal microscope (Leica Microsystems). 

3.2.7 Confocal laser scanning microscopy (CLSM) 

Confocal microscopy or confocal laser scanning microscopy is a powerful technique that 

allows enhanced optical resolution and constructed images. This is achieved with the use of a 

spatial pinhole that is added to the confocal plane. This mechanism then removes light that is 

out of focus and as a result 3D reconstruction becomes a possibility. To better take advantage 

of this phenomenon, confocal microscopes utilize a strategy referred to as Z-stacking (also 

called as focus stacking). It is a digital image processing method. It combines several images 

captured at several focal distances. This process gives rise to a composite image with a bigger 

depth of field than any of the individual images from which the composite image is created. 

(Kompoliti, et al., 2010) 

3.2.7.1 Scanning of fixed cells 

CLSM was used to study IRIF. For fixed cells, cells were prepared as described above 

(Chapter 3.2.6) and microscopic slides were scanned using the settings described in the 

following table 

Table 10: Settings for scanning fixed cells 

Hardware Setting 

Microscope Leica TCS-SP5 

Objective HCX PL APO lambda blue; 63.0 x 1.4 Oil UV 

Acquisition parameter Setting 

Scan direction Bidirectional 

Zoom 1.2 

Speed 400 Hz 

Resolution 1024 x 1024 

Excitation laser Intensity setting 

405 nm 40% 

488 nm 25% 



38 

 

561 nm 30% 

633 nm 30% 

Detector range PMT voltage / offset 

415 nm – 490 nm 800V/-4% 

505 nm – 547 nm 730V/-4% 

587 nm – 621 nm 850V/-4% 

657 nm – 684 nm 630V/-4% 

 

3.2.8 Image acquisition and foci analysis 

For IRIF analysis, immunofluorescently-stained cells were visualized with LAS AF software 

provided with the LCSM system (Leica). In all experiments, a scanning step of 0.5 μm along 

the z-axis through the whole nucleus was set to obtain a z-stack (~10 μm). For each sample 5 

to 10 fields were scanned to obtain an average of 50 cells per sample. The settings for each 

parameter are listed below. Parameters like laser intensity, PMT gain and offset varied 

between individual experiments but were kept constant within a single experiment. To avoid 

‘spillover’ between different channels during simultaneous detection of multiple fluorescent 

dyes, each channel was scanned sequentially. Foci analysis was performed by Imaris® 

software (Bitplane). Fluorescent spots with a diameter above 0.5 μm within each nucleus were 

defined as foci. Threshold values of the pattern recognition parameters were kept constant 

during the analysis process. For data presentations we used 2D projections of the 3D 

renderings of all image stacks. 

Table 11: Image acquisition settings 

Parameter Settings Value 

Objective HCX PL APO lambda blue 63.0x1.4 OIL UV 

Pinhole 95.55 μm 

Pixel size 200 nm 

Resolution 1024 x 1024 

Scan direction bidirectional 

Sequential scan between stacks 

Speed 400 Hz 

Zoom factor 1.2 

Z-step size 0.5 μm. 
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3.2.9 Methods to generate non-cycling/G0 cells 

As indicated in the introduction the main goal of this project was to investigate the parameters 

that define the suppression of alt-EJ as cells enter G0 phase. In this phase cells exist in a 

quiescent state were they do not divide. In response to external signals these cells can re-enter 

the cell cycle. For this purpose the growth conditions need to be optimized in an effort to 

generate G0 cultures with healthy metabolically cells, proficient for repair studies. 

3.2.9.1 Generation of G0 cells by growing cultures into a plateau phase 

The first protocol to generated G0 cells was by growing them into a plateau phase. For this 

purpose cells were seeded in culture dishes (details Chapter 3.2.1) and grown until they 

reached a plateau. We will term these cells throughout this thesis as PL cells (plateau cells). 

The corresponding cultures that were tested as controls during the exponential phase of 

growth will be termed as EG cells (exponentially growing cells). The response of cells, in 

terms of alt-EJ capacity, was tested at different times after reaching the plateau phase.  

3.2.9.2 Generation of G0 cells by transferring cultures to serum-free medium (SF) 

Cells were seeded and allowed to grow for 2d - 3d (details Chapter 3.2.1). As cultures 

reached about 90 % confluency, medium was removed and cells were washed twice with PBS 

to remove remnants of serum. Subsequently, fresh media without serum was added to the 

dishes and cells were returned to the incubator until use in experiments. We refer to thus 

obtained G0 cells as SD cells (serum deprived cells); these cells enter G0 due to absence of 

growth factors. Like with PL cells also for SD cells, we tested alt-EJ capacity, at different 

times after serum deprivation. 

3.2.10 Clonogenic survival assay  

The clonogenic survival assay measures cell radiosensitivity to killing. More specifically it 

determines the ability of a cell to proliferate indefinitely, thereby forming a colony. The 

survival curve is generated as the relationship between the dose of treatment (IR or drug) and 

the fraction of cells that have survived the treatment. In this study HCT116 cells were seeded 

in 60 mm dishes and irradiated with different doses (0 Gy - 8 Gy). Non irradiated dishes were 

also measured to determine plating efficiency. Cells irradiated with 30 Gy were used as feeder 

layers for the boosting of plating efficiency, at different amount according to cell type. The 

cells used for the purposes of these experiments were at different stages of growth 

(exponential, plateau, serum deprivation) and were also subsequently treated with drugs or not 
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depending on the experimental protocol. After 9 days or more, depending on the cell line, 

cells were stained with crystal violet and colonies containing above 50 cells were counted. 

3.2.11 Pulsed field gel electrophoresis (PFGE) 

Asymmetric field inversion gel electrophoresis (AFIGE) is a PFGE method used to separate 

large DNA molecules (up to 10 Mb) and is therefore suitable for the detection of DSBs 

(Iliakis, et al., 1991) (Iliakis, et al., 1991) The basis of this assay is the detection of broken 

DNAs fractionated by electrophoresis, but the current is running not only in one direction but 

in two. The running process takes 40 h, which is much more than standard gel electrophoresis 

due to the large size of the DNA and because the field that moves the DNA runs in different 

directions. The broken DNAs will migrate through the agarose gel according to their size. 

Unbroken DNA will remain in the gel well. The migrated DNA is then seen as a smear after 

gel has been stained with Ethidium Bromide (EtBr). In our case IR-induced DSBs cause 

fragmentation of DNA and DNA fragments are released in a dose dependent manner, this 

migration of DNA from the well into the gel is quantitated as the fraction of DNA released 

(FDR). Due to variations in the dose response in different cell lines or phases of the cell cycle, 

repair kinetics is expressed as DEQ (dose equivalent); this parameter facilitates comparison of 

results obtained with different cell lines and cell populations. DEQ represents the amount of 

DSBs remaining and it is calculated by the FDR at every time-point with the help of the 

corresponding dose response curve (Paul, et al., 2013) 

In PFGE, cells are finally embedded in agarose gel to form the so-called plug. This is done in 

the following way. Cells were seeded as described already and grown according to the type of 

the experiment (as cycling or G0 cells). For repair kinetics, after IR, cells were trypsinized, 

collected and spun down at 1500 rpm for 5 min at 4 °C at different time-points, while kept 

always on ice. Pellet was then resuspended in serum-free medium containing 5 mM sodium 

hydrogen carbonate (NaHCO3) and 20 mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) in a way that yielded a concentration of 6x106 cells/ml. 

Afterwards the same amount of pre-warmed (50°C) serum-free medium containing 1 % low 

melting agarose was added to reach a final concentration of 3x106 cells/ml. This mixture is 

pipetted into glass tubes (Ø 3 mm) in order to shape and solidify. Also non-IR cells were 

prepared similarly as control. After solidification, plug of 5 mm size were cut to fit exactly the 

agarose gel wells, and placed in lysis buffer (10 mM Tris, 10 mM EDTA, 50 mM NaCl, 2 % 

NLS, pH 7.6 and freshly added 0.2 mg/ml proteinase K) for at least 1h in ice. Then plugs 

were incubated overnight (approx. 18 h) at 500C in lysis buffer. 
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For dose response cells were first embedded into plugs and placed in a 35 mm dish containing 

2 ml of serum-free HEPES buffered medium and then this dish was placed in a 100 mm dish 

containing ice. Dishes were then irradiated and immediately thereafter placed in lysis buffer 

in ice for 1 h at least. After this plugs were incubated overnight (approx. 18 h) at 500C in lysis 

buffer. After lysis, plugs were washed with washing buffer (10 mM Tris, 100 mM EDTA, 50 

mM NaCl, pH 7.6) for 2 h at 370C and then treated with washing buffer containing RNase A 

for another 2 h at 370C. 0.5 % Agarose gels were prepared to load the plugs and were run in 

appropriate electrophoresis chambers. The chambers are filled with 0.5x TBE buffer and 

precooled at 60C.The run lasts for 40 h and then gels are stained with 5 mg/ml EtBr in 250 ml 

ddH2O for 5 h. After staining, gels are washed three times with ddH2O and then left in ddH2O 

overnight. Next day gels were scanned with Typhoon and analyzed with Image Quant 

software. Non irradiated samples are used as background that is subtracted from the irradiated 

samples. 

3.2.12 Total Protein Extraction 

Radioimmunoprecipitation assay buffer (RIPA) was used to prepare whole cell extracts. RIPA 

was supplemented with protease inhibitor cocktail 1x (P.I.) and phosphatase inhibitor cocktail 

1x (PhoI). These inhibitors block or inactivate endogenous proteolytic and phospholytic 

enzymes that are released from subcellular compartments during cells lysis and would 

otherwise degrade proteins of interest and their activation states. In each sample 100 μl of 

RIPA (including P.I. and PhoI) was given and then samples were incubated for 15 min on ice. 

After this, samples were sonicated (Output: -80, Repeat 0.5 - 0.7 sec, 3 pulses) and then 

incubated for another 15 min on ice. At last samples were spun down in microcentrifuge, at 

13000 rpm, 15 min at 40C. Supernatant containing protein extract was transferred to new 

Eppendorf tubes and protein concentration was estimated by Bradford method immediately 

thereafter. Samples can be stored at -800C for later use.  

3.2.13 Histone Extraction  

For histone extraction we followed a standardized approach described in  Shechter et al, 2007 

(Shechter, et al., 2007). This method is called acid extraction and it is based on solubility of 

histones in acids, either HCL or H2SO4, conditions under which most other nuclear proteins 

and nucleic acids will precipitate. Briefly, the protocol is as follows: Cells were seeded 

according to experiment needs and then collected at approx. 4x106 in 1.5 ml Eppendorf tube 

and spun down at 1600 rpm, 40C for 5 min. Washed once with 500 μl PBS and again spun 

down at 1600 rpm, 40C for  5min (pellet can be stored at -800C for later use). Pellet was 
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resuspended in 1 ml hypotonic lysis buffer and kept for 30 min on rotator at 40C to promote 

swelling and mechanical lysis of cells. Nuclei were pelleted at 9500 rpm, 40C for 10 min and 

supernatant was discarded. Nuclei were resuspended in 400 μl 0.4 N H2SO4 for at least 30 

min or overnight, 40C. Samples were spun down at 12000 rpm, 40C for 10 min to remove 

nuclear debris and supernatant containing the histones was transferred to a fresh 1.5 ml 

Eppendorf tube.  

Next step is TCA-precipitation of histones. 132 μl of TCA (Trichloroacetic acid) was added 

drop by drop to histone solution and tube was inverted to mix well. (Final concentration of 

TCA was 33 %). Samples were incubated for 30 min on ice and then spun down at 12000 

rpm, 40C for 10 min. Supernatant was carefully removed and pellet was washed twice with 

ice-cold acetone (to remove acid). At last, samples were spun down at 12000 rpm, 40C for 5 

min and supernatant was removed with a pipette. Samples were left to air dry in RT for 20 

min and then histone pellet was dissolved in 80 μl ddH2O and stored at -800C for later use. 

Samples were then run on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) gel.  

3.2.14 Bradford protein assay  

The Bradford protein assay is a quick and simple method to measure the total amount of 

protein in a solution. In principle, protein molecules bind to Coomassie dye (cationic), 

preferentially to basic amino acids and under acidic conditions this results in a color change of 

the dye from brown to blue. This will result in a shift in the absorption spectrum from 470 nm 

to 595 nm, which is proportional to the amount of dye binding (protein concentration). For 

calibration, standard protein (BSA) was used at concentrations from 0.1 until 2 mg/ml. A UV-

Vis spectrophotometer was used for the protein estimation. 

3.2.15 SDS-PAGE and Immunoblotting 

The SDS-PAGE method is commonly used to separate proteins by electrophoresis and allows 

us to determine their relative molecular mass, their relative abundance in a sample, as well as 

their distribution in a sample. A discontinuous polyacrylamide gel is used as a support 

medium and sodium dodecyl sulfate (SDS) to denature the proteins.  

Depending on the protein of interest 10 % or 15 % gels were prepared. Samples were boiled 

for 5 min in 10 μl Laemmli (LSB, loading buffer) supplemented with β-mercaptoethanol 1:20 

ratio. Immediately thereafter, samples were loaded to gel. The first well of the gel is loaded 

with a pre-stained protein ladder (Thermo Fisher) and samples run at 100 V for about 1.5 h. 
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Next the gel is transferred to a Nitrocellulose membrane. The transfer takes from 1 h (small 

molecular weight proteins) until 2 h (higher molecular weight proteins). Transfer is performed 

at 40C with the help of an ice box inside the transfer vessel and a magnetic stirrer. After 

transfer, the membrane is blocked in 5 % skimmed milk in TBST buffer for 1-2 h and the gel 

is stained with Coomassie stain. At last the membrane is stained with primary antibody in 

appropriate dilutions and buffer for overnight incubation at 40C. Next day membrane is 

washed from primary antibody 3 times, 5 min with TBST and then stained with secondary 

antibody for 2 h at RT, dark. Subsequently membrane is washed again 3 times, 5 min and left 

to dry on paper at least 2 h before scanning with Odyssey scanner. 

3.2.16 Chromatin condensation parameter (CCP) 

For the different treatments we used to modulate chromatin structure and compaction, we 

have performed a global measurement of chromatin condensation. Cells were seeded in 35 

mm dishes containing Ø 20 mm glass coverslips and 2 ml standard cell culture medium. After 

growth and treatment according to the protocols described in previous chapters, cells were 

fixed, permeabilised and blocked (details Chapter 3.2.6). DNA of cells was stained with 2 ml 

PBS containing 50 ng/ml DAPI for 10 min at RT in the dark and coverslips were washed 3 

times with PBS for 5 min before mounted with PromoFluor Antifade reagent.  

Images of nuclei were taken by CLSM using a 63.0 x 1.4 Oil UV objective at a resolution of 

1024 x 1024 pixels per image. Per condition ten different images were scanned containing in 

total 250-350 cells. Using the ImageJ software, we generated images in grey scale containing 

single nuclei using a macro (details in supplementary section) 

 

Figure 10. Images of two separate nuclei with relaxed (top) and condensed (bottom) chromatin 

structure. (Irianto, et al., 2014) 
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For calculating the CCP value we followed the principles described first at Irianto et al. 2014. 

The images of the nuclei that were scanned with CLSM need to be processed through a series 

of computational transformations as seen in Figure 10 for two separate nuclei with different 

degrees of condensed chromatin. At first we standardized the image by redistribution of the 

intensity profile by dividing each pixel intensity by the maximum intensity of the image and 

multiplying by 255 (as it is the maximum intensity for 8-bit image).  

After this step, the edge detection procedure follows with the use of Sobel edge detection, 

which is a gradient based algorithm, where a gradient of consecutive pixels is approximated in 

X and Y direction.  

This algorithm uses two 3x3 kernels to approximate the gradients between a pixel and the 8 

surrounding pixels. The principle follows:  

 

Where Sx is Sobel kernel for the approximation of gradient in X direction, Sy is Sobel kernel 

for the approximation of gradient in Y direction, Gx is the approximated gradient in X 

direction, Gy is the approximated gradient in Y direction, I is the target image matrix and G is 

the approximated gradient magnitude. The resulting gradient magnitude is then used to 

represent the processed pixel of interest in the target image. This process is repeated for each 

pixel within the target image. At the final step of the Sobel algorithm, a new image is created 

showing the level of edges based on the gradient magnitude. 

The condensation of chromatin will increase the number of distinct spaces in the nucleus, 

creating sudden dips of intensity across the nuclear image. The Sobel algorithm detects these 

sudden dips as strong edges. This results in increase in the CCP value. The Sobel algorithm 

undergoes a thinning algorithm, which will transform the entity in the image to a single pixel 

thickness entity and also generates an artificial edge at the outline of the nucleus due to the 

marked difference between nucleus and background, which is then removed as it is not 
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representing the chromatin condensation. After all these steps the number of edges will be 

measured and divided by the area of the nucleus which gives then the edge density i.e. the 

CCP value. 

6.2.17 Quantification and statistical analysis. 

We have used Microsoft Excel to calculate the average values and standard deviation (SD) 

from measurement in multiple experiments. In Excel sheet, we combined the values of each 

experiment with the equation:  =AVERAGE() and for calculation of standard deviation we 

used the equation: =STDEV().  

For statistical significance of the averages of more than two experiments we have used 

SigmaPlot 12.5 software and run an analysis of t-test comparing two groups. Data format was 

set as: Mean, Size, Standard deviation. We have selected a two-tailed P-value analysis were 

the difference in the mean values of the two groups is greater than would be expected by 

chance. P-values are categorized as:  P < 0.05 * (statistical significant) P < 0.01 **, P < 

0.001*** (highly statistical significant).  
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4. Results 

4.1 Defining plateau phase and serum deprivation conditions 

in human colorectal cell lines HCT116 

Since alt-EJ repair efficiency shows marked reduction after cells transition from exponential 

phase into the plateau phase of growth (Windhofer, et al., 2007) and we aim to investigate the 

role of chromatin structure on this regulation, it was essential to define the growth conditions 

used for this study in order to generate G0 cells. To do so, we have used appropriate 

proliferation markers and detailed growth curve experiments.  

HCT116, human colorectal tumor WT cells, as well as HCT116 Lig4-/- and HCT116 DNA-

PKcs-/- mutants were used in this study. C-NHEJ mutant cells were used in order to have an in 

vivo tool to study alt-EJ. Briefly, we grew cells and then we followed two protocols to 

generate non-cycling /G0 cells. In one protocol cells grew in normal medium until they 

reached a plateau and they are termed PL cells. In the other protocol as cultures reached about 

90% confluency, cells were transferred to a serum-free (SF) medium and they are termed as 

SD cells. The corresponding cultures that were tested as controls during the exponential phase 

of growth are termed as EG cells (details in Chapters 3.2.9.1 and 3.2.9.2). This we did in 

order to compare the responses under the two plateau conditions.  

  

Figure 11. HCT116 WT growth. Left graph: Growth curve of cells and right graph: Size of cells as 

they grow in indicated conditions. Black dots show the growth of cells kept in normal medium and the 

red triangles show the growth of cells transferred to SF-medium. Blue circle indicates the day of 

transfer to SF medium. Mean and SD from three independent experiments are shown. 
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HCT116 WT cells grew similarly under both conditions as shown by the growth curves 

obtained (Figure 11 left). Cells enter plateau phase on 4th day in both cases (PL an SD cells). 

Cell size shows decrease on 3rd day, as expected, since cells have used up the nutrients present 

in medium and they prepare to exit the cell cycle. SD cells show slightly smaller size in 

comparison to PL cells (Figure 11 right). Next we compared the percentages of G1 cells 

according to PI stain and estimated the fraction of G0 cells using Ki67 stain. Since PI staining 

cannot discriminate between G1 and G0 cells, it was important to obtain this fraction using 

Ki67 staining. This staining allows discrimination of non-cycling G0 cells and cycling 

populations G1, S, G2. In this way the fraction of G1 cells is calculated by PI staining and the 

fraction of G0 percent from Ki67 staining after consideration of the G1 fraction.  
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SF-medium growth: 

 

 

Figure 12. Comparison of cell cycle distribution of HCT116 WT PL and SD cells. a) Left graph: 

Percent of G1 cells (blue line) by PI and percent of G0 cells (red line) by Ki67 of cells grown in normal 

medium and right graph of cells grown in SF-medium. Graphs represent one out of 3 repeats. b) 

Representative FC histograms of PI (red-colored) and Ki67 (green-colored) staining at each time-

point. The first three histograms are common for both growth conditions as cells are transferred to SF 

medium on 3rd day. 

According to PI staining the highest percent of G1 cells accumulates on 5th day for PL cells 

and on 4rd day for SD cells. For Ki67 the highest percent of G0 cells accumulates on 7th-8th day 

for PL cells and on 8th day for SD cells (corresponds to 5th day of serum deprivation). 

According to these results we see SD cells coming out of the cell cycle one day earlier than 

PL cells. Interestingly, although PI staining shows that cells accumulate very soon in G1 (4
th -

5th day), Ki67 staining showed that the increase in the percent of G0 cells occurred in later 

times. We were able to keep cells a total of 13 days. Cells that were kept in normal medium 

didn’t show an apoptotic population even at the 13th day. On the contrary cells maintained in 

SF-medium showed an apoptotic population after 8 days, which shows that serum 

deprivation, can be more stressful for cells. Overall though HCT116 WT cells manage to 
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survive 10 days of serum deprivation, which is long compared to other cell lines. It is evident 

that the combination of PI and Ki67 staining is more informative in the description of the 

growth state of cells. It was therefore routinely used to optimize the growth protocols and to 

generate cell populations optimal for the repair experiments. Experiments were performed 

also for the HCT116 Lig4-/- and HCT116 DNA-PKcs-/- mutants. The results are following.   

 

Figure 13. HCT116 Lig4-/- growth. Left graph: Growth curve of cells and right graph: Size of cells 

as they grow in indicated conditions. Black dots show the growth of cells kept in normal medium and 

the red triangles show the growth of cells transferred to SF-medium. Blue circle indicates the day of 

transfer to SF medium. Mean and SD from three independent experiments are shown.  

HCT116 Lig4-/- cells grew similarly in both conditions. According to the growth curves 

shown, they enter plateau phase on 4th day (Figure 13 left) in both media and they show a 

slightly smaller size in SF-medium (Figure 13 right).  
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Normal medium growth: 

 

 

SF medium growth: 
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Figure 14. Comparison of cell cycle distribution of HCT116 Lig4-/- PL and SD cells. a) Left graph: 

Percent of G1 cells (blue line) by PI and percent of G0 cells (red line) by Ki67 of cells grown in normal 

medium and right graph of cells grown in SF-medium. Graphs represent one out of 3 repeats. b) 

Representative FC histograms of PI (red-colored) and Ki67 (green-colored) staining at each time-

point. The first three histograms are common for both growth conditions as cells are transferred to SF 

medium on 3rd day. 

In HCT116 Lig4-/- PI staining shows the highest percent of G1 PL cells on 5th day and for SD 

cells on 4th day, while Ki67 staining shows the highest percent of G0 cells on 8th day for PL 

and SD cells (corresponds to 5th day of serum deprivation).  

 

Figure 15: HCT116 DNA-PKcs-/- growth. Left graph: Growth curve of cells and right graph: Size 

of cells as they grow in indicated conditions. Black dots show the growth of cells kept in normal 

medium and the red triangles show the growth of cells transferred to SF-medium. Blue circle indicates 

the day of transfer to SF medium. Mean and SD from three independent experiments are shown. 

Again like with the other two HCT116 cell lines, the DNA-PKcs-/- grew very similarly under 

both conditions. The cell size was again decreased more for SD cells, especially after 8th day 

of growth. 
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Figure 16. Comparison of cell cycle distribution of HCT116 DNA-PKcs-/- PL and SD cells. a) Left 

graph: Percent of G1 cells (blue line) by PI and percent of G0 cells (red line) by Ki67 of cells grown in 

normal medium and right graph of cells grown in SF-medium. Graphs represent one out of 3 repeats. 

b) Representative FC histograms of PI (red-colored) and Ki67 (green-colored) staining at each time-

point. The first three histograms are common for both growth conditions as cells are transferred to SF 

medium on 3rd day. 

PI staining for HCT116 DNA-PKcs-/- shows highest percentage of G1 cells on the 6th day of 

growth for both PL and SD cells while Ki67 staining shows the highest percentage of G0 cells 

is reached on the 6th day for PL cells and 8th day for SD cells (corresponds to 5th day of serum 

deprivation).  

Overall all cell lines, WT, Lig4-/- and DNA-PKcs-/- showed similar growth. They could be 

kept a total of 13 days in normal medium and 10 days in SF-medium. As seen by these growth 

experiments the use of different proliferation markers can be very informative for the actual 

growth state. From these results we could establish that all cell lines accumulated in G0 on the 

8th day of growth, which corresponds to 5th day of growth in SF-medium. Cells maintained a 

high G0 percentage after this day as well, but as seen from the histograms the apoptotic 

fraction increased suggesting that cells started dying.  

4.2 Repair efficiency of HCT116 cells at different growth 

states  

We tested the repair efficiency of the HCT116 human cells in the different growth states 

(exponential, plateau and serum deprived) using PFGE and survival assays. As seen above in 

the growth experiments (Chapter 4.1), cells could survive for several days in plateau phase, 

but also under serum deprived conditions. For this reason we were interested to examine the 
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alt-EJ repair potential of the cells after different periods of growth and see whether 

fluctuations in the efficiency of alt-EJ are similar to those reported before for mouse cells 

(Windhofer, et al., 2007). We also needed to examine whether the eventual reduction in the 

efficiency of alt-EJ correlated with the accumulation of the cells in G0.  

With this purpose, we selected four different growth days to carry out experiments. According 

to the growth curves shown above, we selected day 2 to represent EG cells. To obtain non-

cycling cells, we selected day 5, 8 and 12 for PL cells and day 2, 5 and 9 for SD cells. At the 

indicated times PFGE experiments were performed and exactly one day later survival 

experiments followed. In this way we would obtain information on alt-EJ in EG cells and 

different types of G0 cells to examine the role of G0 accumulation in the response. Since we 

had cells that were grown in plateau normally (PL cells) and cells that were in plateau by 

serum deprivation (SD cells) we could also compare the sensitization to killing mediated by 

the two different protocols. 

 

Figure 17. HCT116 WT cells DSB repair by PFGE. Left graph: Repair kinetics of cells grown in 

normal medium. Right graph: Repair kinetics of cells transferred to SF-medium on 3rd day of growth. 

Percent of G0 cells is according to Ki67 staining. Mean and SD from three independent experiments 

are shown. 
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Figure 18. HCT116 WT cell survival. Left graph: Survival experiment of cells grown in normal 

medium. Right graph: Survival experiment of cells transferred to SF-medium on 3rd day. Experiment 

is representative of three independent experiments. Images of the scanned survival dishes are also 
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shown. Dishes showing colony formation at the different growth time-points and exposed to the 

indicated IR doses.  

HCT116 WT grown in normal media, repair with same efficiency in all phases of growth. For 

SD cells, the repair efficiency was the same in all phases of growth with the exception of the 

late serum deprivation time-point, where the efficiency was reduced. As we know, for many 

different WT cell lines, their DSB repair efficiency is not reduced under conditions of serum 

deprivation, but in this case cells were kept for 10 days and this increased the apoptotic 

fraction (Figure 12) explaining the also reduced repair potential. 

The same pattern of response was also observed at the survival level. Cells grown in normal 

medium show no difference in their survival between growth states. Cells transferred to SF-

medium on the other hand show again some radiosensitization at the very late serum 

deprivation time-point (10 days). Also the plaiting efficiency (P.E.) dropped significantly.  

 

Figure 19. HCT116 Lig4-/- cells DSB repair by PFGE. Left graph: Repair kinetics of cells grown in 

normal medium. Right graph: Repair kinetics of cells transferred to SF-medium on 3rd day of growth. 

Percent of G0 cells is according to Ki67 staining. Mean and SD from three independent experiments 

are shown. 
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Figure 20. HCT116 Lig4-/- cell survival. Left graph: Survival experiment of cells grown in normal 

medium. Right graph: Survival experiment of cells transferred to SF-medium on 3rd day. Experiment 

is representative of three independent experiments. Images of the scanned survival dishes are also 

shown. Dishes showing colony formation at the different growth time-points and exposed to the 

indicated IR doses. 

 

HCT116 Lig4-/- is a mutant for Lig4 and therefore deficient in c-NHEJ. As a result DSBs can 

be processed only by alt-EJ or HRR. In PFGE experiments where IR doses in the range of 

20Gy are utilized, the HRR pathway is saturated and therefore cells utilize only alt-EJ. As 

mentioned already when cells exit the cell cycle, alt-EJ is significantly reduced, or even 

completely abrogated (Windhofer, et al., 2007). HCT116 Lig4-/- also show this feature and 

reproduce these results. We can see that PL cells show a marked reduction of alt-EJ, but SD 
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cells showed a more stable reduction of alt-EJ even though the percentage of G0 cells as 

measured by Ki67 staining was lower than that of PL cells (Figure 14 and 19). This indicates 

that proliferation markers alone are not a reliable predictor of alt-EJ efficiency. 

The reduced efficiency of alt-EJ was also reflected in survival experiment. PL cells show 

some radiosensitization but it was mostly SD cells that showed marked radiosensitization with 

no colony formation for the 6 Gy condition at 10th d in SF medium. At same time, P.E. was 

also gradually reduced for PL and SD cells.  

 

Figure 21. HCT116 DNA-PKcs-/- cells DSB repair by PFGE. Left graph: Repair kinetics of cells 

grown in normal medium. Right graph: Repair kinetics of cells transferred to SF medium on 3rd day 

of growth. Percent of G0 cells is according to Ki67 staining. Mean and SD from three independent 

experiments are shown. 
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Figure 22. HCT116 DNA-PKcs-/- cell survival. Left graph: Survival experiment of cells grown in 

normal medium. Right graph: Survival experiment of cells transferred to SF-medium on 3rd day. 

Experiment is representative of three independent experiments. Images of the scanned survival dishes 

are also shown. Dishes showing colony formation at the different growth time-points and exposed to 

the indicated IR doses. 

HCT116 DNA-PKcs-/- is also a c-NHEJ mutant like Lig4-/- cells, but unlike HCT116 Lig4-/- 

they fail to show the growth-state dependency of alt-EJ (Singh, et al., 2011). Here we see also 

that PL cells show similar alt-EJ repair efficiency, as EG cells, confirming what was known. 

Cells transferred to SF medium exhibit some reduction of alt-EJ after at least 5 days without 

serum, but not before (Figure 21). This is a novel observation for DNA-PKcs mutant cells. 

This response has some similarities with the response of WT SD cells that also show some 

reduction in alt-EJ after long periods of serum deprivation, where they also show apoptotic 

fraction in the cell cycle analysis. Another possible explanation for this apparent 
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inconsistency, it may be the fact that HCT116 cells contain reduced amount of MRE11, which 

could influence of course the repair and particularly the efficiency of alt-EJ.   

Also survival experiments follow the same pattern as the DSB repair experiments and both PL 

and SD cells were radiosensitized. As seen in Figure 22 SD cells show significantly less 

colonies in 3 days of serum deprivation and they were not able to form any colonies after long 

periods of serum deprivation (10 days).  

PFGE and cell survival experiments showed, for WT and all mutants of HCT116 cells, a 

stable and marked radiosensitization when they reach the plateau phase in SF-medium that is 

generally higher than that observed with cells allowed to reach a plateau while growing in 

normal medium. This suggests that inhibition of alt-EJ in the plateau phase of growth was 

more stably achieved when cells were serum deprived. Therefore we chose this method for 

further studying alt-EJ conditions of plateau phase. We considered the 5 days of serum 

deprivation a good time to achieve the appropriate abrogation of alt-EJ in HCT116 Lig4-/- 

cells, as it is seen by the PFGE experiments. At same time cells were still in good conditions 

with no apoptotic population masking repair responses. Therefore subsequent experiments 

investigating the mechanism of alt-EJ regulation, as cells enter G0 stage, we carried out with 

HCT116 Lig4-/- maintained in SF-medium for 5 days. 

4.3 Growth-state dependent changes of cellular physiology 

4.3.1 Chromatin organization and compaction between cycling and 

non-cycling cells. 

As reported already in literature the chromatin structure differs in the different cell cycle 

phases, but also between cycling cells and cells that have differentiated and stop cycle 

(Ahmed, et al., 2010), (Bottiroli, et al., 2004). For our investigation, we have been using EG 

cells and SD cells as our cycling and non-cycling cell populations respectively. To investigate 

whether these different growth states are associated with differences in chromatin 

compaction, we used the Sobel edge detection algorithm to quantify possible changes in the 

level of chromatin compaction, using images obtained by confocal microscopy. 

Cells were prepared as described in Chapter 3.2.16. Two time-points were collected. One on 

2nd day of cell growth (EG cells/cycling cells) and one on the 5th day of serum deprivation 

(SD cells/G0/non-cycling). After processing, we calculated the CCP values for each time-

point and compared the results obtained with cells in the two stages of growth. 
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Figure 23. Normalized CCP values of cells at different stages of growth. a) Five images of EG cells 

and SD cells obtained by CLSM of DAPI stained HCT116 WT (upper panel) and HCT116 Lig4-/- 

(lower panel) cells. b) CCP values of EG cells and SD cells (HCT116 WT, left graph and HCT116 

Lig4-/-cells, right graph). Mean and SD from two independent experiments are shown. A total of ~250 

cells for EG cells and ~350 cells for SD cells were analyzed for each experiment. 
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As shown in Figure 23 a, microscopy images show distinct differences between the nuclei of 

cells in the two different growth states. SD cells show more sharp edges in the nucleus than 

EG cells. We can even see distinct empty spaces inside the nucleus. This results in an increase 

in CCP values suggesting higher chromatin compaction of SD cells in comparison to EG 

cells.  

4.3.2 Differences in protein levels between cycling and non-cycling 

cells of proteins related to chromatin organization and DSB repair.   

4.3.2.1 Ki67 protein levels 

As cells exit the proliferating status and enter the G0 quiescent phase, there are changes in 

proteins levels that accompany this transition. It is expected that since cells stopped dividing, 

the levels of key proteins, regulating cell proliferation such as those of Cyclin D and E will 

change (Gookin, et al., 2017). Another protein involved in proliferation and therefore used 

extensively as proliferation marker, (more specifically to estimate tumor growth fraction) is 

Ki67 protein (Medema, et al., 1998). Similar to the results in Chapter 4.1, where we used 

Ki67 as a proliferation marker to define the growth-state of cells, here we compared Ki67 

levels between EG cells (2nd day of growth) and SD cells (5 days in SF-medium) in a cell 

cycle dependent manner.  
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Figure 24. Ki67 protein levels at different growth stages. a) Representative FC histograms of Ki67 

staining. b) Ki67 levels of each indicated cell cycle phase for HCT116 WT (left) and HCT116 Lig4-/- 

(right). Mean and SD from three individual experiments are shown. 

As we can see from the graphs, (Figure 24, b), In SD cells (purple bars), the percentage of 

Ki67 in G0-- cell cycle phase has increased significantly with a subsequent decrease in EG 

cells (black bars) in both HCT116 cell lines. The other way around is in S-G2++ cell cycle 

phase where the percent of Ki67 is increased for EG cells (black bars) and decreased for SD 

cells (purple bars). Our results are consistent with published data showing very low levels of 

ki67 in serum starved cells and a major increase in ki67 expression occurring between S-

phase and mitosis (Sobecki, et al., 2017). In general we can see that the distribution of ki67 

between EG and SD cells follows exact opposite pattern. 

4.3.2.2 SUV39H1 protein levels 

As our study focuses on chromatin structure and compaction, we were interested in molecules 

that contribute to those processes and one enzyme with a major role in chromatin compaction 

is the SUV39H1 protein (details in Introduction). We therefore examined the levels of this 

enzyme in different growth stages. Again we took EG cells (2nd day of growth) and SD cells 

(5d SD) and checked protein levels with western blotting. 
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Figure 25. Normalized SUV39H1 protein levels at different growth stages. a) Representative western 

blot images for SUV39H1 and GAPDH used as loading control (50 μg sample/well).b) Quantitative 

analysis from two independent experiments with mean and SD shown; p value [(p < 0.01 (**)].  Each 

condition was normalized to GAPDH to accommodate loading differences and then normalized to the 

one for EG cells.  

 

Results show that the levels of SUV39H1 are significantly reduced when cells stop to 

proliferate. This is in line with observations published before, also showing a significant 

reduction of SUV39H1 levels in serum starved cells. Indeed protein levels increase again as 

cells recover from starvation by the addition of serum (Jang, et al., 2018). Also erythroblasts 

of SUV39H1 overexpressing transgenic mice from E12.5 fetal liver cultured ex vivo show 

aberrant cell cycle profiles with lower G0/G1, and higher S phase populations (Rao, et al., 

2017).  
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4.3.2.3 H3K9me3 protein levels 

Since SUV39H1 is exclusively tri-methylating H3K9, we also checked in EG and SD cells 

this H3 modification, which is a known heterochromatin marker. We extracted histones, as 

they are strongly bound to DNA, and studied their levels in the enriched fraction obtained. We 

performed western blot to check for H3K9me3 protein levels using an antibody specifically 

recognizing this modification.  
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Figure 26. Normalized H3K9me3 protein levels at different growth stages. a) Representative western 

blot image of H3K9me3 and total H3 as loading control (left) together with a Coomassie stained gel (5 

ul sample/well) (right). b) Quantitative analysis from two independent experiments with mean and SD 

shown. Each condition was normalized to H3 to correct loading differences and then normalized to the 

one for EG cells.  
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We see from our results that the H3K9me3 protein levels have not change between EG and 

SD cells. It has been shown before that H3K9me3 as well as H3K27me3 levels in nascent 

chromatin and mature chromatin remained unchanged, implying that a significant fraction of 

PTMs on nascent chromatin originate from old recycled (Alabert, et al., 2014) 

4.3.2.4 CtIP protein levels 

Human CtIP (RBBP8) protein, a DNA endonuclease, has been shown to promote resistance to 

DSBs-inducing agents, and also to be recruited to DSBs exclusively in the S and G2 phases of 

the cell cycle (Sartori, et al., 2007). We have checked the CtIP protein levels in EG and SD 

cells with western blotting as described above for the other proteins. 
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Figure 27. Normalized CtIP protein levels at different growth stages. a) Representative western blot 

image of CtIP and GAPDH used as loading control (70 μg sample/well). b) Quantitative analysis from 

three independent experiments with mean and SD shown. Other details in Figure 25. 

Our results show that CtIP levels are significantly reduced in SD cells. As CtIP is specifically 

recruited to DSBs in S and G2 phase, studies of its cell cycle expression also show that in 

G0/G1 phase (of confluent cultures) CtIP transcripts level are lower; they increased to ~2-fold 

as cells progressed to G1/S phase (Yu, et al., 2000). Therefore our results are in line with 

published data.  
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4.4 Hypotonic and Hypertonic treatment of HCT116 cells as a 

modulator of chromatin structure. 

4.4.1 Cell growth and cell cycle distribution of hypotonically and 

hypertonically treated SD cells. 

The change of osmolarity in the environment of the cultured cells normal and cancerous, 

results in changes that affect their size, physiology and chromatin compaction (Delpire, et al., 

1985). HCT116 SD cells were exposed to hypotonic and hypertonic media with the purpose to 

alter their chromatin compaction and measure the possible changes in their DSB repair 

efficiency. We changed the medium to hypotonic or hypertonic conditions (details Chapter 

3.2.3) and checked for possible effects on cell growth and changes in the cell cycle 

distribution. As cells are already serum deprived for 5 days, we wouldn’t expect changes in 

their growth characteristics, but needed to examine whether the treatment would be toxic for 

the cells. 

After treatment, three different time-points were collected to determine cell number and cell 

cycle distribution. We collected two time-points at 1h and 6h, and one at a later time-point 

(24h) to test how cells adapt after long treatments. 
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Figure 28. Cell number of HCT116 SD cells, after hypotonic or hypertonic treatment. After 5 days in 

SF-medium, cells transferred and incubated in isotonic (black), hypotonic (blue) and hypertonic (red) 

media for the indicated time-points. Left graph: HCT116 WT SD cells and right graph SD HCT116 

Lig4-/- cells. Mean and SD from three independent experiments are shown. 

As seen from the results obtained, the treatment of HCT116 SD cells with hypotonic or 

hypertonic medium of different periods of time, didn’t affect their viability significantly. Only 

24h of hypertonic treatment showed slight reduction in cell number.   
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Figure 29. FC analysis of PI staining histograms of hypotonically or hypertonically treated SD cells. 

a) HCT116 WT SD cells and b) HCT116 Lig4-/- SD cells, in isotonic (grey), hypotonic (blue) and 

hypertonic (red) conditions at different time-points.  
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Cells are serum deprived and as seen from grey FC histograms they are nicely accumulated in 

G1 (Figure 29). Both treatments didn’t affect this type of cell cycle distribution, and also the 

apoptotic fraction remained low with the exception of 24 h treatment in HCT116 Lig4-/- cells, 

which showed a significant  apoptotic fraction after hypotonic treatment (Figure 29, b).  

4.4.2 Chromatin changes upon hypotonic and hypertonic treatment of 

cells. 

As already discussed in the Introduction, cells incubated in hypotonic or hypertonic media 

show rapid changes in their chromatin organization, which affect globally the nucleus. Similar 

to experiments in Chapter 4.3.1, where we measured chromatin compaction between growth 

states, here we measured chromatin compaction of SD cells after hypotonic or hypertonic 

treatment. We used again the Sobel edge detection algorithm to quantify the level of 

chromatin compaction from nuclei images taken by confocal microscopy. 

SD cells (5d) were treated with hypotonic or hypertonic medium and three different time-

points were collected, at 1 h, 6 h and 24 h of treatment. After this, cells were processed as 

described in Chapter 3.2.16. We selected these time-points, as cells are known to initially 

change rapidly their nuclear organization when incubated in hypotonic or hypertonic media, 

but to adapt again at later time (Delpire, et al., 1985).   
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Figure 30. Normalized CCP value of hypotonically and hypertonically treated HCT116 WT SD cells. 

a) Representative images of DAPI stained nuclei obtained by CLSM at the indicated time-points for 

isotonically, hypotonically and hypertonically treated cells. b) Quantitative analysis of CCP values, 

normalized to isotonic samples, for hypotonic treatment (left) and hypertonic treatment (right). Mean 

and SD from two independent experiments are shown. For every time-point ~350 cells were analyzed 

for every experiment.  

 
The results show that when cells are placed in hypotonic media, chromatin organization 

shows less sharp edges and empty spaces, resulting in a reduction of the CCP value within the 

first hour. The CCP value remains low at 6 h, but then at later time-points (24 h) it returns to 

the values of isotonically maintained cells. This is in line with reports showing adaptation of 

cells after prolonged treatment in hypotonic medium. On the other hand, incubation in 

hypertonic medium resulted in chromatin re-organization that went in the opposite direction, 

to that seen in hypotonic medium, which resulted in an increase in the CCP value between 1-6 

h, showing again signs of partial adaptation at 24h. We have also measured protein SUV39H1 

levels and its target, H3K9me3 levels after the same treatment. 

a                                                  b 
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Figure 31. SUV39H1 and H3K9me3 protein levels after hypotonic and hypertonic treatment. a) 

Representative western blot image of SUV39H1 and H3K9me3. GAPDH was used as loading control 

(50 μg sample/well). HCT116 WT SD cells were treated with hypotonic and hypertonic media and 

collected at 24 h. b) Quantification of normalized H3K9me3 levels from two independent 

experiments. Means and SD are shown; p value [(p < 0.05 (*)].Calculation details in Figure 25. 

Western blot analysis shows that in SD cells, treated with hypotonic medium, the levels of 

SUV39H1 were not altered. On the other hand, the levels were increased after treatment in 

hypertonic medium, followed by increase in H3K9me3 levels. These results are in line with 

the CCP values that show an increase in the global chromatin compaction. The change in 

osmolarity results in global changes in the chromatin structure of the cells, and here we see 

that they specifically influenced a chromatin protein, SUV39H1 and its target H3K9me3.  

4.4.3 Repair of DSBs of G0 cells treated with hypotonic and hypertonic 

media. 

We have used the HCT116 WT and HCT116 Lig4-/- cells to investigate the effects of global 

changes in chromatin structure by hypotonic or hypertonic treatment on the repair of DSBs. 

We performed PFGE experiments and used two treatment protocols. In one protocol, we 

irradiate the cells and immediately thereafter transferred them to hypotonic or hypertonic 

conditions. In the other protocol, we pre-treat the cells in hypotonic or hypertonic media for 

24 h and then irradiate them and allow them to repair while still in hypotonic or hypertonic 

medium. 
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Figure 32. HCT116 WT SD cells DSB repair under different osmotic conditions. a) Direct treatment 

of cells with hypotonic (blue) or hypertonic (red) medium. b) 24 h pre-treatment of SD cells in 

hypotonic (blue) and hypertonic (red) medium. Mean and SD from two independent experiments are 

shown.   
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HCT116 WT cells are able to utilize all DSB repair pathways. In G0, the HRR pathway is 

inactivated though and alt-EJ is compromised for the reasons mentioned above. Therefore, 

WT cells repair DSBs in G0 by c-NHEJ. What our results show with direct treatment of 

hypotonic or hypertonic media, is that hypotonic treatment leaves c-NHEJ unaffected, 

whereas hypertonic treatment severely compromised c-NHEJ. The 24 h pre-treatment in 

hypotonic medium showed a small decrease on DSB repair, which was smaller than that 

measured after hypertonic treatment. This could be explained from the CCP values, where the 

effect of hypertonic treatment was not fully reversed at 24 h and may thus compromise repair 
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Figure 33. HCT116 Lig4-/- SD cells DSB repair under different osmotic conditions. a) Direct 

treatment of cells with hypotonic (blue) or hypertonic (red) medium. b) 24 h pre-treatment of cells in 

hypotonic (blue) and hypertonic (red) medium. Mean and SD from two independent experiments are 

shown.   

HCT116 Lig4-/- cells are deficient in DNA ligase IV and therefore are mutant for c-NHEJ. In 

G0 and they are also unable to carry out HRR. Therefor processing of DSBs can only take 

place with alt-EJ. Our results show that alt-EJ is severely compromised when cells are 

incubated after IR in hypertonic medium. A smaller inhibition is also observed when cells are 

placed in hypotonic medium. On the other hand when cells are pre-treated with either 

hypotonic or hypertonic the repair is almost the same as in direct treatment with hypertonic 

treated cells showing abrogation of the pathway and hypotonic treated cells showing small 

decrease in repair. Unlike with WT cells and c-NHEJ repair, Lig4-/- cells and alt-EJ couldn’t 

adapt the repair back to isotonic levels. It could be that alt-EJ is affected more by chromatin 

changes even if they are reversed at later time as seen from CCP values. 
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4.5 Chromatin modulation by a small molecular inhibitor, of 

the SUV39H1 methyltransferase protein, named chaetocin.  

4.5.1 Chaetocin effects on cell number and cell cycle distribution. 

We have used chaetocin, a known inhibitor, with high specificity for the SUV39H1 

methyltransferase that is known to function in a time and concentration dependent manner. 

Chaetocin is a fungal mycotoxin product, initially isolated from the fermentation broth of 

Chaetomium minutum and is member of the class of 3-6 epi-dithio-diketopiperazines (ETPs) 

(Greiner, et al., 2005). We treated EG cells and SD cells with chaetocin at different 

concentrations for 48 h. 

a                                                  b 

          

Figure 34. Cell number after chaetocin treatment at different concentrations and time. a) Cell number 

of EG cells. Cells allowed to grow for two days and then were treated with different concentrations of 

chaetocin for 48 h b) Cell number of SD cells. Cells are seeded normally and on the third day they are 

transferred to SF-medium. After 5 days (day 8 of graph b) cells were treated with different 

concentrations of chaetocin for 48 h. Means and SD from two independent experiments are shown. 

In EG cells (Figure 34, a), chaetocin at low concentrations (0.01 μM) did not affect the 

growth of cells at 24 h or 48 h. Increasing concentration to 0.07 μM causes a decrease in cell 

number and a delay of growth at 24 h and 48 h. At higher concentrations (0.10 μM) chaetocin 

decreased significantly cell number and stopped cell growth at 24 h and 48 h. When we 

treated SD cells with chaetocin we observed mild effects on cell number and reduced toxicity 

(Figure 34, b) for the 24 h and 48 h treatment times at all concentrations examined.  
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Figure 35. FC analysis of chaetocin treated cells. a) FC histograms of PI, EdU and Ki67 staining of 

EG cells treated on the 2nd day of growth with DMSO or chaetocin at 0.01, 0.07 and 0.10 μM and 

collected 24 h later. b) FC histograms of PI, EdU and Ki67 staining of SD cells treated on the 5th day 

of serum deprivation with DMSO or chaetocin at 0.01, 0.07 and 0.10 μM and collected 48 h later. 

We show here FC histograms of EG cells treated for 24 h at different concentrations of 

chaetocin and SD cells treated for 48 h at different concentration of chaetocin. We show 

detailed data with these two time-points, as they were selected for the subsequent DSB repair 

experiments. We decided to treat EG cells for only 24 h for DSB repair analysis as at later 

times cells enter plateau-phase (Figure 13). On the other hand, we choose a 48 h treatment 

time for DSB repair experiments with SD cells, as toxicity was acceptable and changes in 

growth condition were not an issue. The FC results show that chaetocin treatment reduces 

significantly the S phase fraction of EG cells, proportionally to the concentration used, in line 

with the growth inhibition observed. The reduction in the S phase fraction was accompanied 

by a marked increase in the fraction of cells in G2 phase. Similar results have been reported 

before (Mathison, et al., 2017). On the other hand the effects of chaetocin on SD cells were 

very mild and toxicity was low. Chaetocin has been shown to be an anti-proliferative agent, 

and in deed our results confirm this. For SD cells that have stopped proliferating, chaetocin 

was much less effective on all endpoints investigated. 

4.5.2 Chaetocin effects on chromatin compaction 

Greiner et al, described chaetocin as the first specific inhibitor of SUV39H1 with the ability to 

reduce H3K9me3 levels. However, they found that chaetocin inhibits other HKMTs of the 

SUV39H family, but with lower efficiency. In their study, they used 0.1 μM and 0.5 μM of 

chaetocin and incubated cells for 1, 3 and 5 days. (Greiner, et al., 2005) 

Since that report, chaetocin has been used in a plethora of studies related mostly to chromatin 

assembly and cancer. Cherblanc et al, showed subsequently that chaetocin in deed inhibits 

SUV39H1 in a time-dependent but relatively nonspecific manner (Cherblanc, et al., 2013). 

Chaetocin has been used at various concentrations and found to condense chromatin even 

used at low concentration of 0.01 μM (Illner, et al., 2010). Other studies show changes in 

methylation and acetylation of H3K9, but also of other chromatin markers like H3K27me3; 

another heterochromatin marker (Mathison, et al., 2017) (Zhang, et al., 2018) (Tran, et al., 

2013) (Lai, et al., 2015).  

Our treatment protocol focused on a 48 h treatment with 0.10 μM using SD cells and for this 

reason we studied the chromatin modifications under these conditions. We utilized again the 
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edge detection Sobel algorithm to check for global changes of chromatin compaction upon the 

treatment. Cells were seeded as described above for serum deprivation and treated on the 5th 

day of serum deprivation with 0.10 μM chaetocin for 48 h. We analyzed two time-points. 

First at the time of drug addition (5d SD, 0h) and then 48 h later included DMSO treated 

controls.  

a 

 

b 

  

HCT116 Lig4-/- 

EG cells

SD cells
 0h

SD cells
 +48h D

MSO

SD cells
 +48h 0.10 µM

N
o

rm
a

li
s

e
d

 C
C

P
 v

a
lu

e

0,0

0,5

1,0

1,5

2,0

           

Figure 36. Normalized CCP value of HCT116 Lig4-/- cells treated with chaetocin. a) 

Representative images of DAPI stained cells (three examples are shown) obtained by CLSM 

at the indicated conditions. b) Quantitative analysis from two independent experiments with 

mean and SD shown. Approx. 250 cells were analyzed for EG cells and ~350 for the 

remaining conditions for each experiment. 
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Our analysis has shown that the CCP value of SD cells treated for 48 h with 0.10 μM 

chaetocin is significantly reduced suggesting chromatin relaxation. In fact the CCP value is 

reduced to levels close to those of EG cells. Figure 36 (a) shows clearly the differences in the 

nuclei between treated and untreated cells.  

Next we investigated whether specific modifications of chromatin would change under 

chaetocin treatment like H3K9me3 levels, as it is the target of SUV39H1. We also checked 

for H3K27me3 levels; target of EZH2 methyltransferase (Lai, et al., 2015). In addition to this 

we checked acetylation levels of H3K9 and total levels of histone H1. We performed western 

blot analysis after preparing extracts as outlined to histone analysis.  
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Figure 37. Histone modifications after chaetocin treatment of HCT116 Lig4-/- SD cells. a) 

Representative western blot data of acid extracted histones (5 ul sample/well) stained with antibodies 

against H1, H3K9me3, H3K27me3, H3aK9 and H3. b) Quantitative analysis from two independent 

experiments with mean and SD, as well as p values [p < 0.05 (*) or p < 0.001 (***)] shown. Samples 

were first normalized to H3 (loading control) and then to DMSO treated samples.  

The results show that in SD cells that were treated for 48 h with of 0.01 μM and 0.10 μM, 

chaetocin, the levels of H3K9me3 and H3K27me3 remain unchanged. On the other hand, the 

levels of H3aK9 and H1 increased significantly. The increase in acetylation levels after 

chaetocin treatment is in line with other published data and confirms our CCP analysis that 

showed relaxation of chromatin. In addition, the increase in Histone H1 upon chaetocin 

treatment has not been reported before and cannot be explained readily.  

4.5.3 Chaetocin influence on DSBs repair of G0 cells. 

We next investigated the influence of chaetocin mediated chromatin changes to DSBs repair. 

We treated HCT116 SD cells with chaetocin for 24 h and 48 h at concentrations of 0.01 μM 

until 0.10 μM and performed PFGE. 
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Figure 38. HCT116 SD cells DSB repair, by PFGE, after chaetocin treatment. a) HCT116 Lig4-/- dose 

response (left) after 24 h treatment in DMSO or with, 0.01 μM and 0.10 μM chaetocin as well as 

repair kinetics (right). Mean and SD from two independent experiments are shown. b) HCT116 Lig4-/- 

dose response (left) after 48 h treatment in DMSO, or 0.01 μM and 0.10 μM chaetocin as well as 

repair kinetics (right). Mean and SD from three independent experiments with DMSO and 0.01 μM 

chaetocin, and four independent experiments for 0.10 μM chaetocin are shown. c) Dose response (left) 

of HCT116 WT SD cells treated for 48 h with 0.10 μM chaetocin, as well as repair kinetics (right). 

Mean and SD from two independent experiments are shown.  

As already mentioned, Lig4-/- SD cells can process DSBs using only alt-EJ. Thus treatment 

with chaetocin for 24 h at 0.10 μM markedly promotes repair of alt-EJ, an effect that is even 

more pronounced after 48 h incubation. In fact, the improvement of DSB repair observed after 

48 h of treatment with 0.10 μM chaetocin was as efficient as that observed with EG cells. We 

have also treated WT SD cells with chaetocin for 48 h at 0.10 μM and one hour before IR we 

added NU7441, a DNA-PK, inhibitor in order to abrogate c-NHEJ and measured DSB repair. 

Here again we see marked promotion of repair efficiency of chaetocin pre-treated cells 

confirming the results with Lig4-/- cells. The effects seen on DSB repair were more 

pronounced at 48 h even for low concentrations (0.01 μM), but more so at the highest 
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concentration used (0.10 μM). As we showed previous (Chapter 4.5.2), chaetocin was able to 

induce chromatin relaxation at 48 h, and a marked increase in the acetylation of H3K9. We 

conclude therefore that chromatin relaxation promotes alt-EJ. In order to better understand the 

effect of chaetocin on DSB repair, we measured the contribution of the key DDR kinases: 

ATM and ATR as well as of CDKs (CDK1/2/4/6).  
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Figure 39. Role of ATM, ATR and CDKs on chaetocin-dependent alt-EJ efficiency. HCT116 Lig4-/- 

SD cells were treated for 48 h with DMSO or with 0.07 μM chaetocin and 0.07 μM chaetocin plus 1h 

pre-treatment with inhibitors of ATM, ATR or CDKs always leaving the inhibitors present also during 

repair. Graphs show repair kinetics of DMSO or chaetocin treated cells with ATM (left), ATR 

(middle) or CDKs (right) inhibitors. Mean and SD from two independent experiments are shown. 

It is evident from the results obtained that from the ATM, ATR and CDKs inhibitors, only 

inhibition of ATM suppressed the chaetocin-mediated activation of alt-EJ. In fact ATM 

inhibition completely suppressed this activation. We conclude that chaetocin dependent alt-EJ 

is also ATM dependent.  

To study further the ATM dependence of chaetocin-dependent alt-EJ, we also examined foci 

formation of pATMS-1981 after 1 Gy of IR in DMSO and 0.10 μM of 48 h chaetocin treated 

samples. We seeded cells and collected for IF as described in Chapter 3.2.6. The results 

confirm the increased engagement of ATM in DSB repair under these conditions. 
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Figure 40. pATM foci formation after chaetocin treatment. a) Representative images of DAPI stained 

cells obtained by CLSM at the indicated conditions. b) Quantitative analysis of foci formation after 1 

Gy of IR and collection at 1 h and 4 h post IR. Results were normalized to non-IR samples. Scale bar: 

10 µM Mean and SD from two independent experiments are shown. 

4.5.5 CtIP levels after chaetocin treatment. 

Since alt-EJ is a pathway that can benefit from resection we asked whether the remarkable 

promotion that we see in SD cells after treatment with chaetocin is linked to a possible 

upregulation of CtIP levels. We performed therefore a western blot analysis and compare 

protein levels. 
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Figure 41. CtIP levels of HCT116 Lig4-/- SD cells treated with chaetocin. a) Western blot of CtIP and 

GAPDH as loading control (70 μg sample/well). b) Quantitative analysis of three independent 

experiments with means and SD are shown. Calculation as in Figure 25. 
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The results show that chaetocin has no statistically significant effect on CtIP levels at any of 

the concentrations (0.01 or 0.10 μM) analyzed. In fact a slight decline in the levels of the 

protein was noted. Thus chaetocin treatment improves alt-EJ in HCT116 Lig4-/- SD cells, but 

this improvement cannot be attributed to an altered regulation of CtIP. However, it is still 

possible that chaetocin treatment improves alt-EJ by increasing resection at DSBs through 

other mechanisms. Unfortunately measurement of resection in G0 cells after exposure to X-

rays is not possible with existing methods; as a result the premise cannot be experimentally 

addressed at this time. 

4.6 DSB Repair in Suv39h1/ Suv38h2 deficient MEFs 

After seeing the above described significant effects of chaetocin in the alt-EJ capacity, in G0 

cells, we were interested to investigate whether similar effects take place after deletion of 

SUV39H1/ SUV39H2, the main targets of the compound. We performed knockdown 

experiments but saw no effect on alt-EJ. However, this result may be attributed to the only 

partial depletion of the protein achieved in HCT116 cells tested after five days of serum 

deprivation.  

For this reason we requested and generously obtained from Professor Thomas Jenuwein the 

only available single knockout MEF Suv39h1-/- (d8), and the double knockout MEF Suv39h1-/- 

and Suv39h2-/- (d5) together with their wt (w8). The d8 and d5 cells show significantly less 

H3K9me3 levels than w8 cells. Complete description of the generation of the cell lines is 

available (Peters, et al., 2001) (O'Carroll, et al., 2000).    

We have verified the deficiency of EG d8 and d5 cells in Suv39h1 levels, but also in 

H3K9me3 levels by western blot (Figure 42). We also confirmed the response of H3K27me3 

(Figure 42).   
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Figure 42. Western blot analysis of different proteins related to chromatin in w8, d5 and d8 MEFs. (50 

µg sample/well). Antibodies against SUV39H1, H3K9me3, H3K27me3 and GAPDH (loading control) 

were used. Image representative out of three repeats.   

4.6.1 Growth of w8, d8 and d5 MEFs 

We characterized growth of w8, d8 and d5 MEFs. We seeded cells in 60 mm dishes and 

counted cell number daily; we also determined cell cycle and distribution. Cells were seeded 

at 0.07x106 for w8 and 0.04x106 for d8 and d5 cells in 60 mm dishes using the media 

described in methods. Cells were allowed to grow in this experiment for 5 days (Figure 43). 
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Figure 43. Growth curve of w8, d5 and d8 MEFs. Mean and SD from two independent experiments 

are shown.  

All tested cells grow similarly and enter a plateau phase after the second day of growth. 
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Figure 44. FC analysis of PI staining histograms for w8, d5 and d8 MEFs. 

Cell cycle analysis confirms that cells accumulate in G1 at 3rd day of growth (72h). We also 

tried to serum deprive these MEFs but were unsuccessful. After 24 h of maintenance in SF-

medium, cells started dying massively. However, the cell cycle distribution of cell maintained 

in SF-medium for 24 h showed a good accumulation in G1 that was acceptable for DSB repair 

experiments.  

   

Figure 45. FC analysis of PI staining histograms for w8, d5 and d8 SD MEFs for 24 h. Cells seeded 

and 24 h later were transferred to SF-medium. 24 h later cells were collected for FC analysis.  

.  
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4.6.2 DSB repair in w8, d5 and d8 MEFs  

Since the cells were new to us, we considered important to measure DSB repair efficiency at 

both growth states, cycling and G0 by serum deprivation. We grew the cells for 24 h to obtain 

EG cells, and also prepared SD cells by 24 h serum deprivation as outlined previous (Chapter 

4.6.1). We then performed PFGE experiments. Since they are c-NHEJ proficient we used the 

DNA-PK inhibitor, NU7441, to suppress c-NHEJ and analyze in this way alt-EJ efficiency.  
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Figure 46. w8 MEFs DSBs repair by PFGE. Dose response of EG cells and SD cells (left upper and 

down) and repair kinetics of EG and SD cells (right upper and down). Mean and SD from two 

independent experiments are shown. 

We see that w8 cells repair efficiently DSBs while cycling and slightly less efficiently after 

NU7441 treatment. In SD w8 cells we again see that c-NHEJ is efficient, -as we have seen 

with other cell lines, but alt-EJ is still as efficient as in the cycling phase. We don’t know why 

we have this discrepancy, but since we do not have information on the genetic background of 

these MEFs, it is not possible to provide an explanation. 
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Figure 47. d8 MEFs DSBs repair by PFGE. Dose response of EG cells and SD cells (left upper and 

down) and repair kinetics of EG and SD cells (right upper and down). Mean and SD from two 

independent experiments are shown. 

Repair efficiency of d8 (Suv39h1-/-) EG MEFs showed that as expected both pathways c-

NHEJ and alt-EJ were as efficient as in w8 cells which. Thus, Suv39h1 seems to have at this 

stage of growth no influence on the efficiency of c-NHEJ or alt-EJ pathways. On the other 

hand, DSB repair by c-NHEJ was compromised in SD cells and alt-EJ was practically 

completely abrogated. Thus PFGE experiments show that Suv39h1 absence in SD cells 

inhibits rather than promotes. 
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Figure 48. d5 MEFs DSBs repair by PFGE. Dose response of EG cells and SD cells (left upper and 

down) and repair kinetics of EG and SD cells (right upper and down). Mean and SD from two 

independent experiments are shown. 

DSB repair in EG d5 Suv39h1-/- / Suv39h2-/- MEFs was similar to that seen in w8 and d8 EG 

cells; both c-NHEJ and alt-EJ operate fully by the absence of Suv39h1 and Suv39h2. On the 

other hand, d5 SD cells DSB repair is similar to d8 and both c-NHEJ and alt-EJ were 

compromised. However, alt-EJ retained some activity.  
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5. Discussion 
 

Cell’s DNA is in constant attack due to exogenous and endogenous damage-inducing agents. 

For this reason the cells have evolved various repair pathways for the restoration of these 

DNA lesions. DNA though is not ‘naked’ in the nucleus of eukaryotic cells, but is organized 

and compacted into chromatin. We have aimed to investigate the role of chromatin structure 

and compaction on DSB repair of human cells. As outlined in the Aim of the present study 

(Chapter 2) chromatin structure is implicated in the repair of DNA lesions in a plethora of 

previous studies (Price, et al., 2014) (Falk, et al., 2007) (Luijsterburg, et al., 2011) (Stadler, et 

al., 2017) 

As a first step in our study, we standardized protocols for the growth of human cell lines 

HCT116 WT, HCT116 Lig4-/- and HCT116 DNA-PKcs-/-, as we primarily aimed to 

investigate differences in the ability of the cells to repair DSBs originating from differences in 

chromatin status, either in cycling cells, or in cells that have exited the cell cycle and have 

accumulated in G0 phase. We used different treatments to manipulate chromatin compaction. 

At first, we changed the osmolarity of the growth medium into the hypotonic region or into 

the hypertonic region, while maintaining at the same time isotonic controls as a way of 

manipulating the global chromatin compaction. In addition, we used an inhibitor of the 

SUV39H HKMT family of proteins with known effects on methylation and acetylation of 

chromatin. Finally, we utilized MEFs deficient in Suv39h1 and MEFs deficient in both 

Suv39h1 and Suv39h2 enzymes.  

5.1 A standardized protocol for the growth of human HCT116 

cells under serum deprivation conditions 

Since we aimed to investigate whether chromatin structure is a regulator of the marked 

reduced efficiency of alt-EJ in G0 growth state, it was apparent that we needed to devise a 

protocol for generating actively growing cells, but most importantly of cells that have reached 

a plateau-phase under physiological conditions permissible to further experimentation. 

Human cells are known to grow slower than mouse or hamster cells and this had to be 

considered in the protocol validation experiments we carried out. For all cell lines it was also 

important to select optimal growth medium and serum supplement to optimize their growth 

characteristics. As key parameter in the optimization of the protocols we measured the 

distribution of cells throughout the cell cycle (G0, G1, S and G2) at different days of growth as 
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well as DSB repair efficiency in different stages of the growth curve. The two different 

protocols we used to generate non-cycling G0 cells showed that both HCT116 PL and SD 

cells had very similar growth as seen from the growth curves but detailed analysis of the cell 

cycle distribution revealed that PI staining and Ki67 staining showed differences in the 

accumulation of non-cycling cells. Specifically PI staining shows highest percent of G1 

population on 4th day of growth for both PL and SD cells, and on the other hand Ki67 staining 

showed highest G0 percent at 8th day of growth (corresponding also to 5th day in SF-medium) 

again for both PL and SD cells. 

In addition to the growth experiments, the measurement of DSB repair by PFGE and survival 

assay revealed that all HCT116 PL cells repaired DSBs in the way it was expected and shown 

before even at longer days of growth (12-13 days). For HCT116 SD cells we saw some 

additional effects, as we kept cells longer time in SF-medium. Specifically, WT SD cells 

showed reduced DSB repair efficiency only after 9 days in SF-medium which could be 

explained by the increased apoptotic fraction seen in the cell cycle distribution. Lig4-/- SD 

cells showed inhibition of alt-EJ, as it is known (Windhofer, et al., 2007), but it was more 

stable and pronounced in comparison to PL cells. At last DNA-PKcs-/- SD cells showed 

reduction of alt-EJ, only after 5 days in SF-medium, which appears to contradict previous 

observations (Singh, et al., 2011).  

It has been shown that DNA-PKcs-/- mutant don’t exhibit inhibition of alt-EJ when they enter 

a plateau for reasons that are not yet fully understood and are beyond the aims of this study. 

We speculate though that inhibition observed, with 5d old cells after SD, is caused by the long 

serum deprivation that alters the physiology of the cells in ways that fail to support overall 

repair of DSBs.   

All together, we have established a protocol to generate G0 cells, by growing HCT116 cells in 

McCoys medium supplemented with 5% of FBS for three days, were they reach nearly 90% 

confluency, and then transfer them to SF-medium. We selected serum deprivation over 

growth into plateau-phase, because these conditions are better defined and can be easily 

reproduced, and in the end generated a more homogenous population of G0 cells for analysis 

of their repair potential. In addition alt-EJ reduction was more stable and more pronounced in 

SD cells. We therefore revised our previous protocol and decided to keep cells under serum 

deprivation for 5 days, since PFGE and survival results showed that alt-EJ is showing a 

significant inhibition while cells are still healthy.  
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5.2 Chromatin compaction is increased in non-cycling G0 SD 

HCT116 cells. 

As cells exit the cell cycle, due to differentiation or due to other metabolic reasons, they are 

adjusting their metabolism to the needs of their new condition. During cell cycle both 

chromatin and nuclear envelope undergo a robust assembly and disassembly with 

transcriptional and post-transcriptional regulation of histone biogenesis and chromatin 

modification controlled in a cell cycle-dependent manner (Ma, et al., 2015). It is considered 

that epigenetic “on-off„ transcriptional states are dependent on whether the position of a gene 

is in an accessible (euchromatic) or in an inaccessible (heterochromatic) chromatin 

environment and this phenomenon is known as position-effect variegation (PEV). One 

subclass of PEV modifier genes suppresses variegation (the Su(var) group) and there is 

another class of PEV modifiers that enhances variegation (E(var) group) and counteracts the 

Su(var)-induced silent chromatin state (Jenuwein, et al., 2001). There are many factors that 

influence the chromatin compaction or organization. PTMs of the core histones (H2A, H2B, 

H3 and H4) are of high importance in this regard, and there are over 60 different residues on 

histones that are found modified, and which can be detected with a specific antibody or by 

mass spectroscopy. It is important to remember that all these modifications do not occur at the 

same time and in the same histones, but it depends on the signaling conditions within the cell 

(Kouzarides, 2007). There are many factors determining each status of chromatin and as a 

result several different experimental approaches are used for their detection. Bottiroli et al, 

2004 showed by FRET that cells deprived of serum and therefore accumulated in G0, had a 

more compacted chromatin than the G1 fraction of cycling human fibroblast cells (Bottiroli, et 

al., 2004). Ugarte et al, 2015 showed with quantitative high-resolution microscopy that 

embryonic stem cells (ESCs) contain significantly more EC than multipotent hematopoietic 

stem cells (HSCs). Even less EC is found in mature hematopoietic cells that is linked to H3K9 

methylation (Ugarte, et al., 2015).  

In our study, we have used the Sobel edge detection algorithm, an algorithm measuring pixel 

intensity of CLSM images transformed according to the needs of the method in order to 

quantify the level of global chromatin compaction (Irianto, et al., 2014). Our measurements 

reveal an increase in CCP value of non-cycling cells in comparison to CCP value of cycling 

cells meaning higher chromatin compaction (Figure 23). We therefore conclude, that human 

HCT116 cells that have exited the cell cycle (G0) and are at a state close to that of 

differentiated cells, have higher chromatin compaction. In addition, we show significant 
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decrease of positive Ki67 levels in G0 cells (Figure 24). We also observed that the SUV39H1 

protein levels are significantly decreased in G0 cells although the tri-methylation of H3K9, 

(target of SUV39H1) was not altered between the two growth states (Figure 25 and 26). At 

last, we confirmed a reduced level for CtIP, in G0 cells (Figure 27); CtIP is involved in DSB 

processing pathways that require end resection.  

In conclusion, we can say that chromatin compacts when cells enter a plateau-phase by serum 

deprivation. Reduction of SUV39H1 during the plateau phase of growth was previously 

reported in Jang et al, 2018. The unchanged levels of H3K9me3 may reflect re-utilization of 

the old histones as explained by Alabert et al 2014.  

5.3 Global changes in chromatin compaction by hypotonic 

and hypertonic treatment of HCT116 G0 SD cells results in a 

decrease of the repair efficiency of c-NHEJ and alt-EJ 

pathways. 

Treating cells with hypertonic medium causes cell shrinkage, while treatment with hypotonic 

medium causes, cell swelling. In both cases cells counteract these changes and in the end 

adapt which is a fundamental property of the cells and aims at maintaining, cell volume 

(Okada, et al., 2001). Except from the rapid changes caused in cell volume, hypotonic or 

hypertonic treatment of cells induces decondensation or condensation of chromatin 

respectively, as shown by Delpire et al 1985.  

We choose to treat HCT116 WT and Lig4-/- SD cells with hypotonic and hypertonic media 

and investigate the associated  changes in cell number, cell cycle, chromatin compaction and 

repair of DSBs at different times thereafter, since cells adapt and osmotic pressure returns 

closer to normal than at the beginning of the treatment. Viability of SD cells in hypotonic or 

hypertonic medium was not influenced significantly up to 24 h of treatment, with only a small 

reduction in cell number observed. On the other hand cell cycle evaluation by PI staining 

showed no significant change, with only exception a higher apoptotic shoulder in PI 

histograms under some conditions (Figure 28, 29). Although hypotonic and hypertonic 

treatments affect cell growth, they have less effect when applied to G0 SD cells.  

Next we have measured the chromatin compaction in G0 SD cells treated with hypotonic or 

hypertonic media and compared to the isotonic controls. The CCP value measured by the 

Sobel algorithm was reduced by half within the first hour of hypotonic treatment. The low 
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CCP was maintained at 6 h but at 24 h it was recovered back to isotonic levels. On the other 

hand, the CCP value of hypertonically treated cells increased at 1 h and 6 h and decreased at 

24 h, without returning to isotonic levels (Figure 30). Therefore we also confirm that changes 

in tonicity result in chromatin changes. Thus, G0 cells which have more compacted chromatin  

than cycling cells (discussed in previous chapter) can alter their chromatin compaction to a 

more relaxed chromatin (hypotonic treated cells), and to an even  more compacted chromatin 

(hypertonic treated cells). We asked whether these global changes of chromatin compaction 

under changed osmotic pressure are accompanied by changes in molecules participating in 

chromatin regulation and compaction, such as SUV39H1 and its target H3K9me3. Indeed we 

show an increase of SUV39H1 levels with a subsequent increase in H3K9me3 levels (Figure 

31) after hypertonic treatment and no alteration in the levels of these proteins in hypotonically 

treated cells.  

The results obtained are very interesting for hypertonically treated cells, as they show that 

compaction, mediated by altered tonicity in the culture medium, can be influenced by specific 

proteins like SUV39H1 and not only macromolecular crowding and cations as shown already 

(Nozaki, et al., 2017). Hypotonically treated cells don’t follow the same logic in the sense that 

with more relaxed chromatin we would expect reduced H3K9me3. It is necessary to point out 

that in SD cells, SUV39H1 is already significantly decreased and therefore a subsequent 

decrease in H3K9me3 levels may not be possible under hypotonic conditions.  

Regarding repair of DSBs in G0 under changed tonicity, with two protocols of treatment (one 

immediately after irradiation and the other treating cells for 24 h under changed tonicity and 

then irradiate), we wished to investigate whether the effects on repair would be more 

significant in the case of immediate treatment versus prolonged treatment. In deed PFGE 

experiments show that c-NHEJ in G0 was significantly compromised by immediate treatment 

in hypertonic media. This compromised repair was significantly reduced in the 24 h pre-

treated cells, although not fully recovered to isotonic levels -similar to CCP value. In the case 

of hypotonically treated G0 cells, both treatment protocols affect DSB repair only to a small 

degree (Figure 32).  

In conclusion we show that c-NHEJ in G0 is significantly compromised when osmotic 

changes occur that compact chromatin structure and we can therefore state that compacted 

chromatin compromised repair of DSBs by c-NHEJ in G0 cells, while relaxed chromatin did 

not affect c-NHEJ significantly. 



93 

 

Continuing with DSBs repair in G0 cells we show that alt-EJ, which is compromised in the 

plateau-phase of growth, was completely abrogated after hypertonic treatment and slightly 

decreased after hypotonic treatment (Figure 33). It seems that once cells are subjected to 

osmotic changes alt-EJ is affected severely and even though osmotic changes and their 

subsequent effects on cell volume and chromatin compaction are reversed by 24 h, repair of 

DSBs by alt-EJ is not following this pattern and it is not restored at 24 h. We show that alt-EJ 

efficiency in G0 cells is influenced by global chromatin changes. Specifically, the higher 

compaction of chromatin completely abrogates this pathway. On the other hand, relaxed 

chromatin is delaying alt-EJ, showing more inhibition than in isotonically maintained G0 

cells.  

In our study we see that both pathways, c-NHEJ and alt-EJ, were affected by chromatin 

changes caused by changes in tonicity. For these reasons, we consider that in G0, c-NHEJ and 

alt-EJ are negatively affected by global chromatin compaction and that they remain relatively 

unaffected by global chromatin relaxation. It was shown before, by PFGE that cells exposed 

to high NaCl, induce DSBs that are rapidly repaired when then NaCl is lowered (Dmitrieva, et 

al., 2011). The amount of DSB increases significantly as early as 15 min after the onset of 

NaCl and renal inner medullary cells were able to efficiently repair hyperosmotic DNA 

damage within 48 h after exposure to NaCl (Kültz, et al., 2001). In another study short 

incubation (< 10 min) of cells in hyperosmotic treatment during and after irradiation, induced 

stalling of DSB repair; however, cells treated longer in this medium were unable to repair 

DSB damage. On the other hand cells in hypo-osmotic treatment showed a reduction of DSB 

repair long after the initial short incubation (Falk, et al., 2008). Our results are comparable 

with previous studies showing that hypertonic treatment is harmful for the DSB repair 

especially at the beginning of treatment, while hypotonic treatment is not as harmful as 

hypertonic, it can also sensitize cells reduce DSB repair at a lower level.    

5.4 Chaetocin treatment, recovered alt-EJ inhibition in G0 by 

causing an increase in H3K9 acetylation.  

We have used chaetocin, a fungal product, which inhibits a number of HKMTs, but has a high 

specificity for SUV39H1 methyltransferase. We have confirmed the time and dose dependent 

function of chaetocin and saw that it acted as an anti-proliferative agent for EG cells, where it 

resulted in decreased cell number after 48 h of treatment above 0.01 μM up to 0.10 μM 

(Figure 34 a). On the other hand, for SD cells the toxicity of chaetocin was minor even after 
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48 h of treatment and at all tested concentrations (Figure 34 b). This was also reflected by cell 

cycle analysis, where in cycling cells the S-phase population was significantly decreased and 

the G2 population increased. No changes in cell cycle distribution were seen in SD cells 

treated with chaetocin (Figure 35).  

Next we measured the effects of chaetocin on chromatin of SD cells. We selected the 48 h of 

treatment, as it gave the most significant effects on DSB repair, and measured global 

chromatin changes. We saw that CCP value was reduced, when cells were treated for 48 h 

with 0.10 μM chaetocin, which is very close to the CCP value of EG cells. We also saw from 

the CLSM images how the nuclei of treated SD cells were showing less sharp edges of 

chromatin in comparison to untreated SD cells (Figure 36). In addition to global changes we 

also checked for specific changes in HC and EC markers, as chaetocin is an inhibitor of 

several methyltransferases and expected to induce such changes. H3K9me3 is the most 

studied chromatin modification under chaetocin treatment; as H3K9me3 is the target of 

SUV39H1 (Greiner, et al., 2005). Although we expected to see a decrease in H3K9me3 

levels, surprisingly we did not see change in this heterochromatin marker. However as we 

also showed that SUV39H1 is downregulated in G0 cells, it is possible that chaetocin did not 

significantly further reduced the activity of SUV39H1 thus explaining the unchanged levels of 

H3K9me3. H3K27me3 levels were also not altered after chaetocin treatment. Although 

H3K27me3 is predominantly methylated by polycomb repressive complex (PCR2), there are 

studies showing alteration of this marker after chaetocin treatment (Lai, et al., 2015). This is 

the reason why we measured this marker in our study. 

Since the methylation levels of two important HC markers were not altered after treatment 

with chaetocin, we examined the acetylation levels of H3K9 seeking molecular explanation 

for the relaxed chromatin measured. Acetylation of H3K9 is an established marker of 

translational activity, but it is also frequently associated with DNA damage. Deacetylation of 

H3K9 makes it available for methyl group addition by histone methyltransferases 

(Adamkova, et al., 2017). We observed a significant increase in acetylation, especially at 

higher concentration of chaetocin (0.10 μM), which is in line with the relaxed chromatin 

detected by the CCP value. Indeed chaetocin has been shown to increase significantly 

acetylation in other studies (Tran, et al., 2013) (Zhang, et al., 2018) (Bernhard, et al., 2011).  

At last we measured histone H1 levels and found a significant increase even at the lowest 

concentration (0.01 μM) used and a marked increase at 0.10 μM. Histone H1 is linker histone 

connecting the nucleosomes and is considered to compact chromatin structure. It was found 
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before that histone H1 supports DSB repair by backup pathways of NHEJ (alt-EJ) (Rosidi, et 

al., 2008). 

Repair of HCT116 Lig4-/- SD cells measured by PFGE experiments showed that at 24 h of 

treatment the lowest concentration of 0.01 μM did not have an effect but at 0.10 μM it 

improved repair significantly. This effect was increased after 48 h of treatment at all tested 

concentrations. Indeed at the maximum of the effect, chaetocin treated SD cells repaired 

DSBs as efficiently as EG HCT116 Lig4-/- cells. Significantly improved repair was also 

observed in HCT116 WT cells when treated with NU7441 to abrogate c-NHEJ after a 48 h 

pre-treatment with chaetocin (Figure 38 a, b and c). Since we have shown that chaetocin is 

not causing any cell cycle changes in SD treated cells (Figure 35), we can exclude that any of 

these effects are caused by a re-entering of cells into the cell cycle. We attribute the 

astonishing effect of improved repair of alt-EJ to changes in chromatin structure caused by the 

treatment with chaetocin. More specifically, the relaxation of chromatin we see, as measured 

by CCP value and elevated levels of H3aK9, is resulting in improvement of alt-EJ in G0, 

where it has been previously found abrogated. The possibility that pre-existing modifications 

can influence DNA damage responses at the level of signaling, chromatin relaxation or 

opening and recruitment of repair proteins, and the importance of restoring chromatin to the 

original native state, has started to be acknowledged. In human cells, histone modifications 

such as H2AX S139 (phosphorylation), H4K16 (acetylation), H3K79 and H4K20 

(methylation) have been linked with damage signaling; H3K9, H4K16 and H2A(X) are linked 

with chromatin opening (Hunt, et al., 2013). 

To further understand the events that are regulating this response, we examined the roles of 

ATM, ATR and CDK kinases. Only ATM seemed to affect this form of repair (Figure 39), an 

effect also observed by scoring of pATM foci after IR. Foci accumulation was higher in 

treated samples confirming the dependence on ATM as seen in PFGE experiment (Figure 40). 

As mentioned before ATM is required for the repair of DSBs in HC (Goodarzi, et al., 2008) 

and indeed we also see that chaetocin mediated promotion of DSBs repair is dependent on 

ATM. The observed chromatin decondensation that occurs within seconds of DSB induction 

is confined to the break site. Chromatin alterations have also been suggested to spread 

globally, demonstrated most recently by the discovery of an ATM-dependent pathway that 

mediates large-scale chromatin unfolding. This finding suggests that ATM mediates a large-

scale reconfiguration of chromatin that facilitates the repair of DSBs (Downs, et al., 2007). 

After DNA DSB induction, ATM is activated by Mre11/Rad50/NBS1 complex (MRN) that 
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stabilizes the DSB by bridging the DNA ends and activating CtIP resection (Hailong, et al., 

2013) (Buis, et al., 2009). We have checked therefore the dependence of chaetocin promoted 

repair on CtIP protein levels. We didn’t find any upregulation of CtIP that might have 

confirmed our speculation (Figure 41), but more work will be required to address this point, 

as it is difficult to measure resection in G0 which complicates experiments of this sort. 

In conclusion we showed that chaetocin caused chromatin relaxation of G0 cells and promoted 

alt-EJ. At last c-NHEJ in G0 was not affected by chaetocin treatment (Supplementary 9.2). It 

seems therefore that in G0 phase alt-EJ is benefiting by the relaxation of chromatin structure 

and local changes in acetylation levels of H3K9. 

5.5 DSB repair of d8 (Suv39h1-/-) and d5 (Suv39h1-/- and 

Suv39h2-/-) MEFs in cycling and non-cycling/G0 growth states 

As there are no available human knockout cell lines for SUV39H1 or its homolog SUV39H2, 

we obtained MEF Suv39h1-/- (d8) and MEF Suv39h1-/- & Suv39h2-/- (d5) cell lines together 

with their wt (w8) (gifted from Professor Thomas Jenuwein). It was demonstrated that 

Absence of Suv39h HMTase function could result in a more “relaxed” heterochromatin 

organization prone to aberrant interactions and inducing chromosome mis-segregation by 

several mechanisms (Peters, et al., 2001). We confirmed an absence of Suv39h1 protein by 

western blot and significantly reduced H3K9me3 in the two deficient cell lines (d8, d5) 

(Figure 42). In general we noticed that these cell lines including the w8 were slower than 

MEFs we have used before in our laboratory and they have shown to proliferate faster and 

tolerate serum deprivation very well.  

Ayrapetov et al show that suv39h1 methyltransferase is rapidly recruited to DSBs, where it 

functions to create domains of H3K9me3 adjacent to DSBs. Repressive HP1 and kap-1 

proteins were also recruited to DSBs. Loading of Suv39h1, kap-1, and HP1 at DSBs was 

interdependent, with loss of any one protein inhibiting recruitment of the other two 

(Ayrapetov, et al., 2014).  From our repair experiments as measured by PFGE we saw that c-

NHEJ was functional and efficient in all three cell types in EG cells and alt-EJ was also 

functional exhibiting slower repair than c-NHEJ as we know already. From our results the 

absence of Suv39h1 or the absence of both Suv39 homologs does not affect c-NHEJ or alt-EJ 

in EG cells. On the other hand in SD cells the repair in w8 cells was again efficient for c-

NHEJ confirming what we know but alt-EJ repair in  didn’t show inhibition unlike with what 

is known and confirmed before for MEFs (Singh, et al., 2011) (Figure 46). Regarding the two 
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deficient cell lines the repair of c-NHEJ in SD cells was compromised and showed reduction 

in both cell types (d8, d5).  Alt-EJ repair efficiency was even more compromised in SD cells, 

especially for d8 cells (Figure 47 and 48). It is apparent from our results that the absence of 

Suv39h1/Suv39h2 and the loss of methylation in H3K9 severely affected DSB repair by c-

NHEJ and alt-EJ in G0 growth state but not in cycling cells. 

Since we see that the w8 cells showed another pattern of regulation for alt-EJ in G0 we are not 

able to directly compare the results of these cell lines with what we already know. It is 

perhaps more appropriate to check whether these cell lines have different protein expression, 

for e.g. different CtIP levels which could influence alt-EJ.  
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6. Summary 
 

Our results reveal that chromatin compaction in non-cycling /G0 cells is higher than that of 

EG cells which is in line with previous observations. Furthermore we showed that global 

changes in chromatin structure of G0 cells, mediated by hypotonic or hypertonic treatment 

resulted in severe consequences for DNA DSB repair. Specifically global condensation of 

chromatin by hypertonic treatment was refractory for c-NHEJ and alt-EJ repair, while global 

relaxation of chromatin by hypotonic treatment had milder effects on both pathways, showing 

only a small reduction in their efficiency. According to these findings global changes in 

chromatin structure in either way, do not promote DSB repair, on the contrary they become a 

barrier to repair. 

On the other hand, the use of a molecular HKMT inhibitor named chaetocin, recovered the 

inhibited repair of alt-EJ in G0 cells by changes in specific chromatin modifications. These 

changes resulted in a significant increase in acetylation levels of H3K9 but did not affect 

H3K9me3 levels. We suspect that the unchanged levels of H3K9me3 were due to the absence 

of SUV39H1 in G0 cells; therefore chaetocin could not influence its activity further. These 

results suggest that relaxation of chromatin at specific sites improves alt-EJ in G0 cells. In 

addition the chaetocin-mediated repair showed to be ATM-dependent.   

At last the absence of Suv39h1 and Suv39h2 in EG MEFs did not affect DSB repair by c-

NHEJ or alt-EJ. On the other hand in G0 cells the absence of both Suv39h showed great 

reduction of c-NHEJ efficiency and even more for alt-EJ. Further experiments will help to 

further elucidate the response of these cells as they show particular characteristics. 

It is understood from our results that chromatin is a major contributor to DSBs repair and the 

different ways of changing the chromatin structure, whether globally or more locally, can 

result in different influence on the DSB repair.  
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7. Zusammenfassung 
 

Unsere Ergebnisse zeigen, dass die Chromatin Kompaktierung in ruhenden / G0-Zellen höher 

ist als die von exponentiell wachsenden-Zellen, was den bisherigen Beobachtungen 

entspricht. Des Weiteren haben wir gezeigt, dass globale Veränderungen in der 

Chromatinstruktur von G0-Zellen, die durch hypotonische oder hypertonische Behandlung 

induziert werden, schwerwiegende Folgen für die DNA-DSB-Reparatur haben. Insbesondere 

die globale Kondensation von Chromatin durch hypertonische Behandlung verhinderte die 

Reparatur mittels c-NHEJ und Alt-EJ, während die globale Relaxierung des Chromatins durch 

hypotonische Behandlung mildere Auswirkungen auf beide Reparaturwege hatte und nur eine 

geringe Verringerung ihrer Effizienz zu Folge hatte. Nach diesen Erkenntnissen fördern 

globale Veränderungen der Chromatinstruktur in keiner Weise die DSB-Reparatur, sondern 

werden sogar zu einer Reparaturbarriere. 

Andererseits konnte durch die Verwendung eines molekularen HKMT-Inhibitors namens 

Chaetocin die inhibierte Reparatur von alt-EJ in G0-Zellen durch Veränderungen spezifischer 

Chromatinmodifikationen wiederhergestellt werden. Diese Änderungen führten zu einem 

signifikanten Anstieg der Acetylierungslevel von H3K9, beeinflussten aber nicht H3K9me3-

Level. Wir vermuten, dass diese unveränderten H3K9me3-Level auf die Abwesenheit von 

SUV39H1 in G0-Zellen zurückzuführen sind; daher konnte Chaetocin keine Einfluss auf 

deren Aktivität ausüben. Diese Ergebnisse legen nahe, dass die Relaxierung von Chromatin 

an spezifischen Stellen alt-EJ in G0-Zellen verbessert. Darüber hinaus erwies sich die durch 

Chaetocin vermittelte Reparatur als ATM-abhängig. 

Das Fehlen von Suv39h1 und Suv39h2 in exponentiell wachsenden MEFs hatte keine 

Auswirkung auf die DSB-Reparatur durch c-NHEJ oder alt-EJ. Andererseits zeigte die 

Abwesenheit beider Suv39h in G0-Zellen eine starke Verringerung der c-NHEJ-Effizienz und 

eine noch stärkere für alt-EJ. Weitere Experimente werden dazu beitragen, die Reaktion 

dieser Zellen weiter aufzuklären, da sie besondere Eigenschaften aufweisen. 

Aus unseren Ergebnissen geht hervor, dass Chromatin einen wesentlichen Beitrag zur 

Reparatur von DSBs leistet, und dass die verschiedenen Möglichkeiten, die Chromatinstruktur 

zu verändern, sei es global oder lokal, einen unterschiedlichen Einfluss auf die DSB-

Reparatur haben können.  
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9. Supplementary 

9.1 CCP calculation 

9.1.1 Image J processing  

We imported the lif-files generated by microscopy images to ImageJ and maximum intensity 

images in grey were created for each stack and then the single nuclei were produced by the 

following macro code. 

requires("1.51w");  
dir = getDirectory("Where to save the nuclei");  
setBatchMode( true );  
orig = getImageID();  
img = split(getTitle(), ".");  
run("Duplicate...", " ");  
nme = getTitle();  
run("Split Channels");  
close(nme+" (green)");  
close(nme+" (red)");  
selectImage(nme+" (blue)");  
blue = getImageID();  
setAutoThreshold("Mean dark");  
setOption("BlackBackground", false);  
run("Convert to Mask");  
run("Median...", "radius=1");  
run("Fill Holes");  
run("Watershed");  
imageCalculator("Multiply create 32-bit", blue, orig);  
rslt = getImageID();  
selectImage(blue);  
close();  
selectImage(orig);  
close();  
selectImage(rslt);  
run("8-bit");  
setAutoThreshold("Mean");  
run("Analyze Particles...", "size=0-10000 show=Nothing exclude add");  
resetThreshold();  
run("Invert LUT");  
cnt = roiManager("count");  
for ( i=0; i<cnt; i++ ) {  
roiManager("select", i);  
run("Duplicate...", " ");  
run("Clear Outside");  
run("Remove Overlay");  
save( dir+img[0]+"_nuc-"+(i+1)+".tif" );  
close();}  
setBatchMode( false );  
exit(); 
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9.1.2 Mat Lab codes for CCP calculation  

The Mat Lab codes were taken by Irianto et al for the calculation of CCP value (Irianto, et al., 

2014). 

1.1.1 ApplyThresh 

function [IThresh] = ApplyThresh(I,T)  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%  
%This function receive the image to be thresholded and the threshold value.  
%This function then produce a thresholded image.  
%I: image to be thresholded  
%T: threshold value  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%  
clear row column int S sizerow sizecolumn R C  
[row,column,int] = find(I>T);  
S = length(row);  
[sizerow,sizecolumn] = size(I);  
IThresh = zeros(sizerow,sizecolumn);  
for i = 1:S  
R = row(i,1);  
C = column(i,1);  
IThresh(R,C) = 1;  
End 

1.1.2 ExtractImage 

function [IExtract] = ExtractImage(I,In)  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%  
%This function receive the image to be extracted to a black background and  
%the thresholded image (having the pixels locating where the target is).  
%This function then produce a target image with black background.  
%I: target image  
%In: thresholded image  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%  
clear row column int S sizerow sizecolumn R C  
[row,column,int] = find(In>0);  
S = length(row);  
[sizerow,sizecolumn] = size(In);  
IExtract = zeros(sizerow,sizecolumn);  
for i = 1:S  
R = row(i,1);  
C = column(i,1);  
IExtract(R,C) = I(R,C);  
end 

1.1.3 GeneratingPrint 

function [PrintNameList] = GeneratingPrintName(PrintIndex,s) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%  
%This function receive an Index, which show the chosen matrices, and the  
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%number of images being processed.  
%This function then produce the list of names of the chosen matrices  
%PrintIndex: The index of chosen matrices (m x 1)  
%s: The number of images being processed (1 x 1)  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%  
Index = find(PrintIndex>0);  
Cond = isempty(Index);  
if Cond == 0  
for i = 1:size(Index,1)  
ImageChosen = Index(i,1);  
if ImageChosen == 1  
PName = 'I2';  
elseif ImageChosen == 2  
PName = 'I3';  
elseif ImageChosen == 3  
PName = 'I4';  
elseif ImageChosen == 4  
PName = 'I5';  
elseif ImageChosen == 5  
PName = 'I6';  
elseif ImageChosen == 6  
PName = 'I7';  
elseif ImageChosen == 7  
PName = 'A1';  
elseif ImageChosen == 8  
PName = 'I8';  
elseif ImageChosen == 9  
PName = 'I9';  
elseif ImageChosen == 10  
PName = 'I10';  
elseif ImageChosen == 11  
PName = 'I11';  
elseif ImageChosen == 12  
PName = 'I12';  
elseif ImageChosen == 13  
PName = 'I13';  
end  
for j = 1:s  
PrintName = sprintf('%s-%03d.tif',PName,j);  
PrintNameList(j,i).name = PrintName;  
end  
end  
else  
PrintNameList = 'NO PRINT CHOSEN';  
en 

 

1.1.4 Main 

clear all;  
clc  
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%% =================== List of image matrices ============================  
%I = original image 

%I2 = original image smoothed by mean filter (6x)  
%I3 = image of pixels that above the threshold (T)  
%I4 = image of pixels that above the threshold with the holes filled  
%I5 = image of the thresholded nucleus in black background plus intensity  
% redistributed  
%I6 = downsampled I5 into 128x128 (by a factor of 4)  
%I7 = SOBEL image (logical)  
%A1 = SOBEL image (uint8)  
%I8 = image of pixels that above the threshold from 128x128 image (I6)  
%I9 = image of pixels that above the threshold from 128x128 image with the  
% holes filled  
%I10 = the inner part of the nucleus (Region of Interest or ROI)  
%I11 = perimeter of the ROI  
%I12 = image of the SOBEL edge within the ROI  
%I13 = image of the SOBEL edge within the ROI (I12) plus the perimeter of  
% previous ROI (I11)  
%% ================== INPUT ==============================================  
%These are the required inputs for the algorithm.  
%XLfilename: The name given to the EXCEL file to be produced, this will  
% contain the area, edge count and edge density from each  
% image.  
%filenames: This will search the folder for the images name specified.  
%  
%If you want to print out an image matrix, give the value 1. If not  
%required, give the value 0.  
%  
%PixRedFaxtor: Image reduction factor.  
%SobelThresh: The threshold value for the SOBEL edge detection.  
%=========================================================================  
XLfilename = 'Results AREA EDGECOUNT EDGEDENSITY.xls';  
filenames = dir('*.tif');  
PrintI2 = 0;  
PrintI3 = 0;  
PrintI4 = 0;  
PrintI5 = 0;  
PrintI6 = 0;  
PrintI7 = 0;  
PrintA1 = 0;  
PrintI8 = 0;  
PrintI9 = 0;  
PrintI10 = 0;  
PrintI11 = 0;  
PrintI12 = 0;  
PrintI13 = 0;  
PixRedFactor = 8;  
SobelThresh = 0.09;  
%% ===== Producing file names for image matrices to be printed out =======  
PrintIndex = [PrintI2;PrintI3;PrintI4;PrintI5;PrintI6;PrintI7;PrintA1;...  
PrintI8;PrintI9;PrintI10;PrintI11;PrintI12;PrintI13];  
s = numel(filenames);  
[PrintNameList] = GeneratingPrintName(PrintIndex,s);  
%% =================== CORE algorithm ====================================  
Arealist = zeros(s,1); 

edgecountlist = zeros(s,1);  
edgedenlist = zeros(s,1);  
for q=1:numel(filenames)  
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%Load image  
I = imread(filenames(q).name);  
%Acquire threshold value for I  
[T] = ThreshMode(I);  
%Image average smoothening by (i)th times  
I2 = I;  
for i = 1:6  
h = fspecial('average');  
I2 = imfilter(I2,h);  
end  
%Thereshold application to I2  
[I3] = ApplyThresh(I2,T);  
I3 = logical(I3);  
%Hole-filling algorithm  
I4 = imfill(I3,'holes');  
%Extract the nucleus from the original image to a black background  
[I5] = ExtractImage(I,I4);  
I5 = uint8(I5);  
%Intensity redistribution for I5  
A = max(max(I5));  
B = double(I5);  
C = double(A);  
I5 = (B/C)*255;  
I5 = uint8(I5);  
%Image reduction by a factor of 4 (1/4 = 0.25)  
PixRed = 1/PixRedFactor;  
I6 = imresize(I5,PixRed);  
%Intensity redistribution for I6  
A = max(max(I6));  
B = double(I6);  
C = double(A);  
I6 = (B/C)*255;  
I6 = uint8(I6);  
%SOBEL edge detection application  
I7 = edge(I6,'sobel',SobelThresh);  
A1 = uint8(I7);  
A1 = A1*255;  
%Acquire threshold value for I6  
clear T  
[T] = ThreshMode(I6);  
%Threshold application to I6  
[I8] = ApplyThresh(I6,T);  
I8 = logical(I8);  
%Hole-filling algorithm  
I9 = imfill(I8,'holes'); 

%Perimeter subtraction by (n)th times  
I10 = I9;  
n = 2;  
for i = 1:n  
I11 = bwperim(I10);  
I10 = I10-I11;  
I10 = logical(I10);  
end  
%Extract the SOBEL edge inside the nucleus into a black background  
[I12] = ExtractImage(I7,I10);  
I12 = logical(I12);  
I13 = I12+I11;  
I13 = uint8(I13);  
I13 = I13*255;  
%Nucleus area  
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[row,column,int] = find(I10>0);  
S = length(row);  
Area = S;  
Arealist(q,1) = Area;  
%Edge count  
edgecount = sum(sum(I12));  
edgecountlist(q,1) = edgecount;  
%Edge density (i.e. chromatin condensation parameter)  
edgeden = (edgecount/Area)*100;  
edgedenlist(q,1) = edgeden;  
I12 = uint8(I12);  
I12 = I12*255;  
[PrintList] = GeneratingPrint(PrintIndex,PrintNameList,I2,I3,I4,...  
I5,I6,I7,A1,I8,I9,I10,I11,I12,I13);  
end  
xlswrite(XLfilename,Arealist,1);  
xlswrite(XLfilename,edgecountlist,2);  
xlswrite(XLfilename,edgedenlist,3); 

1.1.5 ThreshMode 

function [Thresh] = ThreshMode(I)  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%  
%This function receive the image to be thresholded.  
%This function then produce a threshold value by the mode method.  
%I: image to be thresholded  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%  
I = double(I);  
MaxInt = max(max(I));  
MaxInt = single(MaxInt);  
H = hist(I(:Iteration = 0;  
Cond = 0;  
Thresh = 0;  
while Cond == 0  
F = ones(1,3)/3;  
H = conv2(H,F,'same');  
Sy = size(H,2);  
Peak = 0;  
for i = 2:Sy-1  
if Peak < 3  
if H(i-1)<H(i) && H(i+1)<H(i)  
Peak = Peak+1;  
end  
end  
end  
if Peak > 2  
Cond = 0;  
else  
Cond = 1;  
end  
Iteration = Iteration + 1;  
if Iteration > 10000  
Thresh = 0;  
return  
end  
end  
for j = 2:MaxInt  
if H(j-1)>H(j) && H(j+1)>H(j)  
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Thresh = j-1;  
end  
end),0:MaxInt); 

9.2 Additional effects of chaetocin in DSB repair 

We have treated HCT116 WT SD cells for 48 h with 0.10 μM chaetocin and measured repair 

by PFGE experiment.  

 

Figure 49. HCT116 WT SD cells DSB repair pre-treated with chaetocin. Repair kinetics of SD cells 

treated with DMSO or 0.10 μM chaetocin for 48 h. Mean and SD from two independent experiments 

are shown.  

Our results show that treatment with chaetocin did not alter c-NHEJ repair efficiency in G0 

phase of growth.  
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