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1. List of abbreviations: 

 

AI artificial intelligence   
ATAC-seq assay for transposase-accessible chromatin sequencing  
ATM ataxia-telangiectasia mutated  
ATP adenosine triphosphate  
ATR ataxia-telangiectasia and rad3-related   
CCF cytoplasmic chromatin fragments  
CT computed tomography  
DAPI  4‘,6-diamidino-2-phenylindole -  
DDR DNA damage response   
DNA  deoxyribonucleic acid  

DNA-SCARS 
DNA segments with chromatin alterations reinforcing 
senescence   

DSB double-strand break   
ECM extracellular matrix   
ELISA enzyme-linked immunosorbent assay  
FACS fluorescence-activated cell sorting  

GDP  guanosine-5'-diphosphate  
GM-CSF granulocyte macrophage - colony stimulating factor  
GTP  guanosine-5'-triphosphate  
Gy  Gray   
H2A.J_KI.H2A.J / OE  H2A.J_KI. H2A.J-knock-in/H2A.J overexpressing  
HFSC hair follicle stem cells  
HR homologous recombination   
IFM immunofluorescence microscopy  
IHC immunohistochemistry  
IL-6 interleukin-6  
IR ionizing radiation   
ISG interferon stimulated genes   
KO knock-out  
LET linear energy transfer   
MCP-1 monocyte chemoattractant protein-1  
MMEJ microhomology-mediated end-joining  
MPO myeloperoxidase  
NHEJ non-homologous end-joining  
non-IR non-irradiated  
NT no target  
Ran-GTP  Ras-related nuclear protein-GTP  
RBE relative biological effectiveness   
SAHF senescence-associated heterochromatin foci   
SASP senescence-associated secretory phenotype  
SA-β-GAL senescence-associated beta-galactosidase  
SBF-SEM serial block-face scanning electron microscopy   
SEM standard error of mean  
SSB single-strand break   
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TEM transmission electron microscopy   
TF transcription factor   
WT 
 

wild-type 
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1. Summary / Zusammenfassung  
 

This thesis provides molecular insight into the H2A.J histone variant and its 

involvement in some biological processes as a reaction to ionizing radiation. The 

in-vitro study was conducted using WI-38 (no target (NT), knockdown (KD) and 

overexpressing (OE) H2A.J) cell line irradiated with 20Gy and labelled with several 

markers for investigating DNA damage and cell senescence. RNA-seq and 

enzyme-linked immunosorbent assay (ELISA) were used to examine the effect of 

H2A.J on the inflammatory response in cells. In addition, the study used assays for 

transposase-accessible chromatin sequencing (ATAC-seq) to investigate the role 

of H2A.J in the global chromatin conformation changes after IR. It was found that 

those cells, which have H2A.J involvement after radiation, show more resistance 

against senescence and apoptosis. Moreover, the conformational structure of the 

chromatin changes the global status of the transcription in the cells, especially for 

the senescence-associated secretory phenotype (SASP) genes in case of 

overexpressing H2A.J. 

Many changes occur in the cells during senescence, including disruptions in the 

nucleus and cytoplasmic organelles. Disruption in the nuclear morphology was 

noticed in the radiation-induced senescent cells. Mass spectrometry-based 

proteomics and high-resolution tools were used to look into the relation between 

the disrupted nuclear membrane and the characteristic markers of senescence. Our 

study found that the cells lost their laminB1 during senescence, which may disrupt 

the nuclear envelope, leading to the ejection of chromatin fragments in the 

cytoplasm, and activating the cGAS-STING-dependent interferon signalling. 

Moreover, serial block-face scanning electron microscopy (SBF-SEM) revealed the 

establishment of nanotubes as a result of the nucleus envelope disruption. These 

nanotubes may have role in the cytoplasmic chromatin fragments (CCF) ejection 

into the cytoplasm.  

After high-LET IR, the fibroblasts showed low electron density domains (LEDDs) in 

the nucleus caused by the centralized energy emitted next to the particle 

trajectories. Automated image analysis software with transmission electron 

microscopy (TEM) micrographs was used to detect the dynamics of DNA repair 

chromatin conformation. Fibroblasts were irradiated with low- and high-LET 
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photons, and then they were labelled nanoparticles-tagged with DNA repair 

markers. The automated software tools were used to analyze the TEM micrographs 

to determine the pattern of the DNA damage post-low-LET versus high-LET IR. 

Most DNA double-strand breaks (DSBs) were repaired totally and no changes in 

chromatin condensation were visible after low-LET irradiation, but compound DNA 

damages were detected along the particle trajectories induced by high-LET IR 

causing clear-bordered LEDDs. The chromatin densities and the distribution of 

nanoparticles (related to LEDDs and based on size and shape) in the nucleus were 

determined using an AI tool. These results showed the ability of the automated 

precise analysis for the nanoparticles and LEDDs in micrographs to describe the 

DNA damage patterns in the nucleus after radiation. 

Additionally, an in-vivo study of H2A.J's role in senescence was conducted using 

H2A.J-knock-out (KO) mice. Skinfold of wildtype (WT) and KO mice were irradiated 

with 20Gy, and then for two weeks, the skin reactions were noticed 

macroscopically. Skin samples were collected, embedded, and labelled with 

several senescence and DNA damage markers. Transcriptome profile was 

examined using RNA-seq and RT-PCR, moreover, flow cytometry was used to 

explore the immune cell infiltration. An intensive reaction was observed on the skin 

of KO mice compared to WT, accompanied by enlargement of the epidermal 

thickness. More loss of hair follicles and their stem cells after radiation was found 

in KO skin which led to follicle vanishing. Also, increasing senescence gene 

expression was found in KO mice, which was associated with increased releasing 

of SASP factors. High numbers of infiltrated immune cells were found in both KO 

and WT; however, KO skin showed more induction of neutrophil numbers, irregular 

differentiation of and cornification of keratinocytes with increasing transcription of 

JunB after radiation in comparison to WT. In conclusion, the absence of H2A.J in 

irradiated keratinocytes is related to increasing senescence, SASP secretion, and 

immune response, combined with higher proliferation as an inflammatory reaction 

during radiation dermatitis. 
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In dieser Arbeit wurden die Histonvariante H2A.J, deren molekularbiologische 

Prozessierung und Beteiligung als Reaktion auf ionisierende Strahlung analysiert. 

Hierzu wurden in einer in-vitro-Studie WI-38-Zellen (Fibroblasten) verwendet, die 

unterschiedliche genetisch Modifikationen für die Histonvariante H2AJ aufwiesen 

(Non-Target, Knock-down, Over-expressing). Die Bestrahlung der Zellen erfolgte 

hochpräzise mit 20 Gy (6 MV Photonen) am Linearbeschleuniger der Klinik für 

Strahlentherapie und Radioonkologie um anschließend in unterschiedlichen 

Zeitabständen die Auswirkungen der strahleninduzierten DNA-Schäden und 

Prozesse der Zellalterung mikroskopisch zu untersuchen. RNA-Seq und ELISA 

wurden darüber hinaus verwendet, um eine mögliche Beteiligung von H2A.J auf die 

Entzündungsreaktion in den Zellen zu analysieren. Ebenfalls wurde ATAC-Seq 

angewendet, um die Rolle von H2A.J an den strahleninduzierten Modifikationen 

der Chromatinstruktur zu erforschen. Hierbei wurde festgestellt, dass die Zellen, in 

welchen eine Beteiligung von H2A.J auf molekularer Ebene nachweisbar ist, 

resistenter gegenüber Alterungsprozessen und Apoptoseinduktion aufweisen. 

Darüber hinaus konnte beobachtet werden, dass die Modifikationen des 

Chromatins auch die Transkription der zellulären DNA beeinflussen, insbesondere 

die SASP-Gene bei einer H2A.J-Überexpression. Alterungsbedingt teilungs-

unfähige seneszente Zellen weisen eine Vielzahl an Veränderungen in den 

zytoplasmatischen Organellen und den intra-nukleären Vorgängen auf. Bei 

strahleninduzierter Seneszenz wird insbesondere die Kernmorphologie beeinflusst, 

was mit Hilfe von massenspektrometischer Proteomanalyse und hochauflösender 

Mikroskopie untersucht wurde, um die Verbindung zwischengeschädigter 

Kernmembran und den charakteristischen Seneszenz-Markern besser zu 

verstehen. Hierbei wurde nachgewiesen, dass die Veränderungen in der 

Kernlamina durch Lamin-B1-Verlust hervorgerufen werden, was in Folge zu einem 

Verlust von Chromatinfragmenten (CCFs) in das Zytoplasma führen und die cGAS-

STING-abhängige Interferonsignalisierung aktivieren kann. Darüber hinaus 

konnten mittels Serial-Blockface-Rasterelektronenmikroskopie (SBF-SEM) 

Nanoröhren visualisiert werden, die bei dem Transport von CCFs aus dem Zellkern 

in das Zytoplasma beteiligt sind. 

Nach der Bestrahlung von Fibroblasten mit Schwerionen, die einen hohen linearen 

Energietransfer (high-LET) aufweisen, wurden mittels elektronenmikroskopischer 
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Analyse in der homogenen Chromatinstruktur Bereiche mit niedriger 

Elektronendichte (LEDDs) sichtbar, welche durch die Ionisationsereignisse entlang 

der Partikelbahn verursacht wurden. Um diese zu untersuchen, wurde eine 

automatisierte Bildanalysesoftware (HALO) verwendet, um in den elektronen-

mikroskopischen Aufnahmen die Dynamik in der Veränderung der Chromatin-

struktur zu beobachten. Hierzu wurden DNA-Reparaturproteinen antikörperbasiert 

mit kolloidalen Goldpartikeln markiert, um hochaufgelöst die Induktion und 

Reparatur von DNA-Schäden, insbesondere Doppelstrangbrüche (DSBs), zu 

untersuchen und die hierdurch gewonnen Erkenntnisse mit denen nach low-LET-

Bestrahlung zu vergleichen. Nach low-LET-Bestrahlung (Photonen) wurden fast 

alle DSBs repariert und es verblieben keine sichtbaren Chromatinveränderungen 

zurück. Hingegen waren nach high-LET-Bestrahlung (Schwerionen) entlang der 

Partikelbahn eine Vielzahl an Schäden nachweisbar, die zur Bildung der LEDDs 

führten. Innerhalb von diesen wurde die Chromatindichte sowie die Verteilung der 

mit kolloidalem Gold markierten Reparaturfaktoren mit Hilfe eines KI-basiertem 

Softwaretool ausgewertet.  

Der Einfluss von H2A.J auf die vielfältigen intrazellulären Prozesse bei Seneszenz 

wurde darüber hinaus in einer in-vivo-Studie an genetisch modifizierten H2A.J-

knock-out-Mäusen (KO) durchgeführt und die Ergebnisse mit Wildtyp-Mäusen (WT) 

verglichen. Die Haut von WT- und KO-Mäusen wurden mit 20 Gy lokal bestrahlt, 

makroskopisch wurde über einen Zeitraum von 14 Tagen die Hautreaktion 

beobachtet, um anschließend entnommene Haut mittels RNA-Sequenzierung und 

RT-PCR auf Seneszenz und DANN-Reparatur zu untersuchen, ein 

Transkriptomprofil zu erstellen und die Infiltration von Immunzellen mit Hilfe von 

Durchflouzytometre zu analysieren. Die Haut der KO-Mäuse zeigte hierbei eine 

intensivere Reaktion auf die Strahlung und eine Veränderung in der 

Epidermisdicke, einhergehend mit einem Verlust der Haarfollikelstammzellen und 

Haarfollikeln, im Vergleich zu den WT-Mäusen. Ebenso konnte eine erhöhte 

Genexpression von Seneszenz Faktoren und die Freisetzung von SASP-Faktoren 

festgestellt werden. Sowohl in den KO- wie auch bei den WT-Mäusen wurde eine 

vermehrte Infiltration der Haut durch Immunzellen nachgewiesen, jedoch zeigte die 

Haut der KO-Mäuse eine Vermehrung der Neutrophilen, eine unregelmäßige 

Differenzierung und Verhornung von Keratinozyten sowie eine Zunahme der JunB-
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Transkription im Vergleich zur Haut der WT-Mäuse. Zusammenfassend wurde die 

Erkenntnis gewonnen, dass das Fehlen von H2A.J in bestrahlten murinen 

Keratinozyten, die zunehmende Seneszenz, SASP-Sekretion und 

Immunreaktionen sowie die erhöhte Proliferation mit der Entzündungsreaktion 

während der Strahlendermatitis zusammenhängt. 
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2. Introduction 
 

2.1 Ionizing radiation and its physical properties 
 

Radiation is defined as the transfer of energy without an intermediate medium. 

Sometimes, this radiation has enough energy to excite the surrounding neutral atoms 

by transferring this energy and changing their status to ions. This phenomenon is called 

ionizing radiation (IR). IR can be classified based on its components, sources, and 

effects.  

When the energy of radiation penetrates materials, the kinetic energy (in the case of 

particle radiation) or the quantum energy (for electromagnetic waves) is transferred to 

electrons, which can cause disruption of the atomic stability, destroy chemical bonds, 

and induce extensive damage in the irradiated material. The relationship between the 

physical properties of IR and its effects on biological systems is remarkably diverse. 

That is why insight into the mechanisms of action is essential to understanding these 

effects at the cellular and molecular levels. 

2.1.1 Linear energy transfer 

 

A clear distinction is made between loosely and densely IR. The dose rate of IR 

diminishes during transfer through materials because energy is absorbed with each 

interaction through the material. Several factors can affect this, such as the distance 

and distribution of these ionization events. X-rays, γ-rays (photons) and electrons are 

considered loosely-IR because they create uniformly distributed ionization events 

along their path, which are relatively far apart from each other. On the other hand, 

protons, α-particles, fast neutrons, and heavy ions (nuclear particles), which produce 

many ionizations events within a small distance along their tracks, are considered as 

densely-IR.  
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Linear energy transfer (LET) refers to the volume of energy emitted per path length 

along the path of a particle; it depends on the atomic number of the irradiated matter 

(Kollias et al., 1998). 

Direct and indirect radiation effects can influence cells and their components, including 

proteins, RNA and DNA (Munro, 1969). The direct radiation effect can be caused by 

high-energy particles. In the context of DNA, the energy transfers to the shell electrons 

of DNA molecules, which can then release secondary electrons. These events lead to 

direct chemical changes in DNA, such as single-strand breaks (SSB) and double-

strand breaks (DSBs) caused by the breaking of covalent bonds in the DNA backbone. 

Low-LET and loosely-IR are mainly responsible for producing the indirect effects. Due 

to the lack of electric charge, no interactions take place within the electromagnetic 

fields of the DNA molecule shell electrons. Instead, the energy of the photons is 

transferred to electrons of neighbouring water molecules through collisions. These 

electrons are then released, and, through the resulting ionization of water (radiolysis), 

free radicals are formed. 

H2O à H2O+ + e- (Ionization) 

H2O+ + H2O à H3O+ + OH· 

Due to their high reactivity, hydroxyl radicals have a short range and diffuse at most 

over a maximum length of two molecular diameters (Marnett LJ, 2000). However, OH-

radicals generated by ionization in the DNA hydrate shell still reach DNA located a few 

nanometres away and thereby are responsible for a large part of the biologically severe 

damage (Goodhead DT, 1994). 
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2.2 Radiation induced DNA damage 
 

Despite the fact that DNA is chemically stable, an estimated 104–105 instances of DNA 

damage occur within human cells each day (Lindahl & Barnes, 2000). Normally, these 

damages are caused through metabolism and other biological processes in the cell 

(Friedberg et al., 2005). Alternatively, they can be caused by external factors such as 

IR exposure. Usually, cells can cope with these damages and repair sufficiently to 

maintain a normal life cycle. However, sometimes these damages are irreparable and 

can cause cell arrest, which may lead to senescence or cell death (Jackson, 2009). 

IR can induce numerous types of DNA damage such as protein-DNA crosslinks, 

intramolecular crosslinks, loss of nucleotides, SSBs and DSBs (Henner et al., 1982, 

1983). It is estimated that 1 Gy of IR can induce 40 DSBs, 1000 SSBs and 1300 base 

damages within the DNA structure (Murray et al., 2019). In order to eliminate this 

damage, cells have developed several DNA repair mechanisms can interact directly 

with the lesions to restore the DNA sequence (Geacintov & Broyde, 2017). 
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2.2.1 Cellular responses to DNA damage 
 

The aforementioned cellular mechanisms are designed to repair DNA thus preventing 

any damage that causes cancer, senescence, or cell death. These mechanisms 

include base excision repair, alternative excision repair, mismatch repair, nucleotide 

excision repair, transcription-coupled nucleotide excision repair, SSB repair, DSB 

repair, cell cycle arrest (senescence) and apoptosis (Friedberg et al., 2005). In this 

study, we focus on the DNA damage response (DDR) related to DNA DSBs, which, if 

left unrepaired, are the most harmful damages to the cell. Two major repair 

mechanisms in response to DSBs are a) homologous recombination (HR), which can 

be activated exclusively in the G2 and late S phase of the cell cycle, and b) non-

homologous end-joining, which can work in all cell cycle phases (Lieber, 2008). 

2.2.2 Strategies of DNA double-strand break repair 

 

All living organisms have strategies to repair DNA DSBs (Lieber, 2008), and the two 

major systems are NHEJ and HR (Sonoda et al., 2006). In general, both the type of 

DNA damage and the cell cycle phase determine, which pathway (NHEJ or HR) is 

initiated to repair the damage (Lieber, 2008). Both pathways of DSBs repairing systems 

are accomplished in several reactions steps as shown in figure 1. 



15 
 

 

Figure 1: DNA DSB repair pathways: non-homologous end joining (left), and homologous 
recombination (right). Reprinted from ‘Jack of all trades? The versatility of RNA in DNA 
double-strand break repair’ by Ketley RF, Gullerova M. Essays Biochem. 2020 Oct 
26;64(5):721-735. License: CC BY 4.0  

https://www.researchgate.net/deref/https%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby%2F4.0%2F?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
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2.2.3 Non-homologous end joining (NHEJ)  

 

NHEJ is the most common DSB repair mechanism. NHEJ does not require a 

homologous chromosome to complete the repair process and so it can occur in any 

cell cycle phase (Moore & Haber, 1996). However, for the same reason, NHEJ is also 

one of the most error-prone DNA repair mechanisms. Simply, NHEJ just requires some 

random nucleotides to be added to or to be removed from the damage site and then 

ligates the two ends together; this can sometimes lead to serious mutations. On the 

other hand, it has the advantage of protecting DNA from losing many genes by 

restoring the backbone of the DNA structure (Rodgers & Mcvey, 2016). 

Numerous proteins contribute to NHEJ including three types of enzymes: nucleases to 

eliminate the damaged DNA nucleotides, polymerases to help in the restructuring, and 

ligases to reinstall the phosphodiester backbone (Lieber et al., 2014). 

2.2.4 Homologous recombination (HR)  

 

Contrary to NHEJ, HR is restricted to S and G2 cell cycle phases. This restriction is 

due to the fact that HR uses the sister chromatid sequence as a copy to reproduce the 

damaged section of DNA. HR is one of the most precise DNA repair mechanisms and 

use of the sister chromatids prevents loss of genetic information (Giglia-Mari et al., 

2011). HR has several sub-pathways, but it is always initiated in the same way. 

HR not only plays a key role in DNA damage repair, but it is also pivotal in several 

biological processes such as telomere maintenance, chromosome separation and the 

DNA replication fork (Sung & Klein, 2006). In addition, any defect or mutation in HR 

genes can cause cell cycle arrest or cancer development (Sung & Klein, 2006). 

  



17 
 

2.2.5 Cellular senescence 

 

One particular type of cell cycle arrest is senescence, which is a biological 

phenomenon that leads to the termination of the cell cycle during mitosis resulting in a 

functional decline of the cell (Kumari & Jat, 2021). Senescence is usually an irreversible 

process, which is characterized by augmented cellular size, changes in gene 

expression and high metabolic activity (Huang et al., 2022). Senescence can be 

triggered by different cellular stresses including DNA damage, telomere shortening, 

oncogene activation, tumor suppressor inactivation, and oxidative stress (figure 2). As 

a response to these stresses, cells initiate a complex signaling pathway that ends with 

an irreversible arrest of the cell cycle. This is usually initiated by activating cell cycle 

inhibitors such as p16INK4a and p21Cip1 (Kumari & Jat, 2021). These inhibitors hold back 

the function of cyclin-dependent kinases thereby preventing the progression of the cell 

cycle. 

 

Figure 2: Senescence triggers and characteristics: diagrammatic representation of various 
stimulators and biomarkers of senescent cells. Reprinted from ‘Cellular Senescence and 
Ageing: Mechanisms and Interventions.’ by Mylonas A, O'Loghlen A. Front Aging. 2022 Mar 
29; 3:866718. LicenseCC: BY 3.0 
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Besides cell cycle arrest, senescent cells show significant alterations in their secretory 

profile called the senescence-associated secretory phenotype (SASP) (Saleh et al., 

2018). The SASP includes the production of pro-inflammatory cytokines, chemokines, 

and proteases (Lopes-Paciencia et al., 2019). SASP serves to notify the immune 

system of the presence of senescent cells, which can lead to their identification and 

subsequent elimination by immune cells. 

Moreover, senescence is characterized by chromatin alterations such as the 

development of heterochromatin foci, known as senescence-associated 

heterochromatin foci (SAHF) (Narita et al., 2003), and the presence of chromatin 

fragments in the cytoplasm, referred to as cytoplasmic chromatin fragments (CCF) 

(Adams et al., 2013a). The most used marker to detect senescence is senescence-

associated β-galactosidase activity (SA-β-Gal), which is related to high lysosomal 

activity. This characteristic, however, is not present in all senescent cells (Valieva et 

al., 2022). 

Senescence plays a dual role in organisms. On the one hand, it is beneficial during 

embryonic development and wound healing by aiding tissue remodeling and the 

removal of potentially harmful cells (Jun & Lau, 2010). On the other hand, accumulation 

of senescent cells in tissues can contribute to ageing and the activation of age-related 

diseases such as cancer, cardiovascular disease, and neurodegenerative disorders 

(McHugh & Gil, 2018). 

  



19 
 

 

2.3 Chromatin architecture and gene expression  

 

Recently, studies related to chromatin architecture focused on the hierarchical system 

of chromatin and found that chromatin structure had a huge impact on molecular 

biological processes such as DNA replication, gene expression, and DNA damage 

repair (Woodcock, 2006). The hierarchy of chromatin structure can be divided into the 

following: the primary structure, which refers to the features in linear DNA, the 

secondary structure, which is made up of interactions of nucleosomes like the ’30 nm’ 

chromatin fibre, and the tertiary structure, which is formed through interactions 

between secondary chromatin structures (Woodcock & Dimitrov, 2001). Moreover, the 

quaternary structure, which is related to the compaction during the mitotic phase of the 

cell cycle. 

Recent studies found chromatin architecture and the 3D structure to be particularly 

important to recognize and diagnose the biological process and the health of cells. 

High‐throughput chromosome conformation capture (Hi-C) techniques can give more 

information about the in-progress interactions inside the nucleus and these interactions 

partition into different topologically associated domains (TADs) (Khoury et al., 2020). 

These TADs are strongly related to senescence and quiescence by causing a shift 

from euchromatin to heterochromatin (Hi-C partition A to partition B) and vice versa. 

This DNA remodelling affects the expression of cell cycle genes (Criscione et al., 

2016), which lead to more heterochromatinization or euchromatinization in the nucleus.  
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2.3.1 Nucleosome dynamics and chromatin remodelling  

 

Eukaryotes' DNA is structured and wrapped twice around the core histones octamer 

(nucleosomes) repeatedly, and the linker histones link these nucleosomes (Li & 

Widom, 2004). This octamer structure is surrounded by 147 base pairs of genomic 

DNA wrapped around in 1.65 circles (Luger & Richmond, 1998). A nucleosome is a 

global protein unit with a molecular weight of 210 kDa containing a double copy of the 

four core histones H2A, H2B, H3, and H4. These core histones can be exchanged with 

histone variants (Suto et al., 2000, Muthurajan et al., 2003).  

The DNA interacts with the histone proteins of the nucleosomes at 14 sites called 

superhelix locations (SHLs) and more than 120 direct atomic sites. In the SHLs, DNA 

is five times more compact than normal DNA (Pennings et al., 1991). However, the 

nucleosomes are still capable of easily moving and sliding along the DNA double 

strand. Some modifications to the nucleosome can open the tightly packed DNA in the 

interphase of the cell cycle, thereby making it more accessible for transcription 

(Gasser, 2002). Other reversible modifications can close the DNA and compact it very 

tightly, as seen in mitosis for example (Berger, 2002). 

2.3.2 Histone modifications 
 

As previously mentioned, a nucleosome contains an octamer of four histones (H2A, 

H2B, H3 and H4), and for a long time it was believed that these histones have just one 

function related to the packaging of DNA (Grunstein, 1992). However, recent studies 

showed that the histone has a bigger role to play in controlling many biological 

processes such as DNA transcription, replication, and repair (Lennartsson & Ekwall, 

2009). 
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Histones can be modified in several ways, such as phosphorylation, ubiquitination, 

acetylation, methylation and SUMOylating (Strahl & Allis, 2000a). Each modification 

has a different function, for example, acetylation and methylation of the lysine in the 

histone tail play a role in chromatin structure, and hyperactive methylation is related to 

silencing and imprinting the gene, mainly in the X chromosome (Esteller, 2007). 

The status of histone modifications in specific regions of DNA can lead to specific 

downstream events known as the 'Histone code' theory (Strahl & Allis, 2000b). This 

histone code directly affects multiple processes such as gene expression (Sanders et 

al., 2004), and organization of nuclear architecture, which is linked to a histone’s 

modification, especially methylation (Espada et al., 2004). In general, any change in 

the histone code can affect the integrity of the genome and may lead to development 

of cancer (Seligson et al., 2005). 

2.3.3 Histone variants 

 

Almost all eukaryotes use histones for packaging their DNA, making it highly conserved 

across all of them. These histones, encoded by several repetitive genes, are usually 

transcribed side by side with DNA replication. It was found that other genes have the 

same order of repetition in the genome and encode another type of histones called 

histone variants. Histone variants only differ slightly in amino acid sequence compared 

to their core histone counterparts. Unlike core histones, variants are replication-

independent and can be transcribed throughout the cell cycle (Kamakaka & Biggins, 

2005). Histone variants have different functions from their canonical histones and are 

involved in several biological processes, such as DNA repair, chromosome 

segregation, transcription initiation, and spermatogenesis (Talbert & Henikoff, 2010). 

In addition, there are some differences related to structural changes that happen to the 

core octamer after replacement by the variant, which in turn affects the wrap of the 
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DNA around the histone core (Talbert & Henikoff, 2010). Histones variants just 

localized to the specific regions in the genome (Kamakaka & Biggins, 2005). 

Up to now, many histone variants have been discovered and thus a need to classify 

them has arisen. Histones can be categorized according to their structure with regard 

to homomorphous and heteromorphous, and with regard to the differences in the 

amino acid sequence between the variant and the canonical histones (Grove & 

Zweidler, 1984). Histone variants with a small deviation in number/sequence of amino 

acids are called homomorphous and includes H2A.1 and H2A.2. Heteromorphous 

variants include variants with a large deviation in the body compared to canonical 

histones, such as H2A.X, H2A.Z, and macro H2A. 

The swapping of histones with their variants can have a massive impact on the 

structure and the distribution of the nucleosome along the chromosome (Talbert & 

Henikoff, 2016). Some changes affect interactions between the chromatin and its 

remodelers, such as the replacement of H3 by CENPA in the centre of chromatin 

(Steiner & Henikoff, 2015). 

Replacement of another canonical histone, such as H2A, has an effect on transcription, 

as is the case when H2A is replaced by H2A.Z, or H2A.B can start gene transcription 

in some sites (Adam et al., 2001). Replacing the same canonical histone with 

macroH2A can lead to gene silencing and nucleosome solidity (Ratnakumar et al., 

2012, Yelagandula et al., 2014). 

2.3.4 Histone variant H2A.J  
 

H2A histone variants are the biggest group of variants (Maze et al., 2014), all of which 

are replication-independent, and each variant has a different function related to DNA 

structure and accessibility (Redon et al., 2021). A recently discovered H2A variant is 
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H2A.J, which is found specifically in mammalian cells. H2A.J differs from H2A in two 

main ways: the amino acid alanine is replaced by valine at position 10; the last seven 

amino acids of the histone tail contain an SQ motif (phosphorylation site) in H2A.J 

(Redon et al., 2021). 

Unlike canonical histones, which are encoded by clusters of genes located on 

chromosomes 1-6, H2A.J is encoded by the unique H2A.J gene located on 

chromosome 12 in humans (Contrepois et al., 2017) and on chromosome 6 in mice. 

Examination of the H2A.J-H2B complex in comparison to H2A-H2B, showed a higher 

thermal stability, which may indicate a role of H2A.J in DNA regulation (Tanaka et al., 

2020). H2A.J was found to play a role in inflammatory gene expression during 

senescence (Contrepois et al., 2017). A high level of H2A.J has been suggested to be 

involved in developing breast cancer (Cornen et al., 2014). In addition, H2A.J 

overexpression showed a link to chemotherapy sensitivity for hepatic and colorectal 

cancer (Wang et al., 2019; Yao et al., 2006). The recent work of Mangelinck et al., 

2020, showed that replacing H2A with H2A.J affects the connection to the histone H1 

and is related to the elevated expression of the interferon-stimulated gene (ISG) 

pathway. On the other hand, H2A.J was found at very low levels in the stem cells of 

the hair follicles and inter-follicular epithelial cells of young mice (Contrepois et al., 

2017), but elevated in the same cells upon IR-induced aging. However, until now the 

precise mechanism and the functional role of H2A.J are still unknown. 

2.4 Transmission electron microscope (TEM) 

The TEM is a powerful instrument in scientific research, offering clear insight into the 

intricacies of the microscopic world. The principle of TEM depends on the movement 

of the electrons, which takes place when a stream of electrons passes through an ultra-

thin sample, and some of these electrons interact with the sample and others go 
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through. The resulting virtual image is then amplified and focused onto a fluorescent 

screen or a sensor, enabling visualization and analysis (Kohl, 2016). 

One of the major advantages of TEM is the high resolution that it provides due to the 

short wavelength of the electrons compared to light microscopy. The normal 

microscope utilizes visible light, limiting its resolution capability to around 200 

nanometres (de Souza, 2009). In contrast, electron microscopes use electron beams, 

which enable electron microscopes to achieve atomic-level resolution. This capability 

allowed us to examine intricate details of specimens, such as cellular molecules, DNA 

and its interaction, or atomic arrangement within a crystal lattice. 

2.5 Assay for Transposase-Accessible Chromatin sequencing (ATAC-seq) 

ATAC-seq is one of the most exciting recent high-resolution techniques used in 

genomic research (Buenrostro et al., 2015). ATAC-seq uses the advantage of the 

hyperactive transposase Tn5 to bind to the open chromatin regions, unlike the closed 

chromatin, which is connected to DNA-bound factors such as nucleosomes (Goryshin 

& Reznikoff, 1998). After the integration of the Tn5 transposase into the open chromatin 

sites, a cut-paste process is done by the Tn5 transposase to chop off the accessible 

chromatin region of the DNA. The resulting DNA fragments are amplified for next-

generation sequencing and the open chromatin areas can be detected. 

In comparison to other techniques used for nucleosome mapping, ATAC-seq offers 

significant advantages such as generating maps with only a few cells and also using 

single-cell level (scATAC-seq) allowing the investigation of nucleosome variations 

between individual cells (Grandi et al., 2022). On the other hand, this method is a very 

rapid technique because of the simplicity of its two-steps protocol. In general, the 
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ATAC-seq technique gives insights into gene regulation and is considered a powerful 

tool for understanding chromatin dynamics and regulatory mechanisms. 

2.6 RNA sequencing (RNA-seq) 

RNA sequencing (RNA-seq) is one of the genomic methods used for detecting and 

quantifying the messenger RNA, which helps to study the cellular response and 

construct sequencing libraries (Haque et al., 2017). Although direct sequencing of RNA 

is possible, most RNA-seq approaches typically use DNA sequencing instruments. 

Consequently, converting RNA into a cDNA library is essential to perform RNA-Seq. 

Preparing this library depends on the RNA species being studied. Several applications 

use the RNA-seq method such as gene expression profiling, identifying allele-specific 

expression, and disease-related single nucleotide polymorphisms (SNPs) (Stark et al., 

2019). Moreover, RNA-seq provides several advantages through hybridization-based 

approaches such as the high sensitivity of gene detection, genome independence that 

make it performed without sequenced genomes, and unlike the microarrays approach 

reduction of bias, unlike the microarrays approach (Haque et al., 2017). In general, 

RNA-seq has changed our understanding of gene expression and functional genomics. 

2.7 Goals and hypothesis 

The goals of the first study were to investigate the role of H2A.J in radiation-induced 

senescence and to understand how H2A.J influences the formation of SAHF and DNA-

SCARS. ATAC-seq and RNA-seq was used to comprehensively analyze the epigenetic 

mechanisms of H2A.J, the influence of H2A.J on the dynamic changes in chromatin 

organization with differential binding of specific transcription factors as well as the 

resulting changes in the transcriptome. Current research suggests that H2A.J plays a 
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key role in radiation-induced senescence, affecting both chromatin organization, 

accessibility of TFs, and pro-inflammatory gene expression of senescent cells.  

The second part of the study investigated the impact of high-dose of IR exposure on 

human WI-38 fibroblasts, particularly changes in protein expression and nuclear 

morphology during senescence progression. TEM and serial block-face scanning 

electron microscopy (SBF-SEM) were used to visualize the cellular ultrastructure and 

3D morphological changes in senescent fibroblasts. Secretion of vesicles was detected 

to investigate the involvement of the cGAS-STING pathway in radiation-induced 

senescence and triggering inflammation.  

In the third part of the study, the spatiotemporal dynamics of DNA repair and chromatin 

remodelling following exposure to high-LET and low-LET photons were analyzed in 

fibroblasts. For that, an established software (HALO™, IndicaLabs) with artificial 

intelligence (AI) was used to distinguish DNA damage patterns following low-LET 

versus high-LET IR. To precisely determine and quantify nanoparticles, their size, 

shape, and density were taken into account. In addition, we used AI to determine and 

segment the low electron density domains (LEDDs) induced by high-LET IR and to 

specify the spatial distribution of nanoparticles relative to the segmented LEDDs. Using 

this software our research revealed that different types of radiation cause unique DNA 

damage patterns in fibroblasts. The software made it possible to efficiently classify the 

complex DNA damage pattern by evaluating the differently sized nanoparticles within 

the respective chromatin ultrastructure. 

In the fourth part of the study, the influence of H2A.J was analyzed in a preclinical 

model with H2A.J knock-out mice, by investigating the macroscopic and microscopic 

changes in irradiated skin. To study protein-coding transcriptome changes following 
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high-dose IR, RNA sequencing was used. The study aimed at analyzing the functional 

role of H2A.J in radiation dermatitis. The absence of H2A.J led to significantly stronger 

radiation reactions in the skin of H2A.J knock-out mice. This increased radiation 

reaction in H2A.J knock-out skin was due to increased senescence induction of 

epidermal keratinocytes, with augmented SASP secretion and subsequently more 

pronounced inflammatory reactions due to reactive immune cell infiltration. 
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3. Publications 
 

3.1 Role of Histone Variant H2A.J in Fine-Tuning Chromatin Organization for 

the Establishment of ionizing Radiation-Induced Senescence 

 

3.1.1 Summary of publication 1 

 

Radiation-induced senescence can occur when cells experience irreversible DSBs due 

to IR. The histone variant H2A.J was previously defined as an indicator of persistent 

DNA damage in senescent cells and accumulates in DNA-SCARS. 

This study investigated the role of the histone variant H2A.J in radiation-induced 

senescence and its impact on chromatin organization, gene expression, and 

establishment of the SASP. Techniques used included immunofluorescence 

microscopy (IFM), IHC-staining, ATAC-seq, ELISA, SA-β-Gal activity and RNA-seq 

analysis.  

It was found that H2A.J incorporation into chromatin significantly affects the higher-

order chromatin organization (figure 3), which may cause changes in chromatin 

accessibility. These, in turn, will be influencing the enrolment of transcription factors 

and the expression of inflammatory genes, contributing to the establishment of the 

SASP. The study also investigated H2A.J expression in irradiation-exposed lung tissue 

and observed dose-related H2A.J expression in pneumocytes - lung cells involved in 

pro-inflammatory tissue reactions. 
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Figure 3: SAHFs formation in NT and H2A.J-KI fibroblasts before and after IR using IFM (left, 
red arrow) and TEM (right; white arrows). Reprinted after modification from ‘Role of Histone 
Variant H2A.J in Fine-Tuning Chromatin Organization for the Establishment of Ionizing 
Radiation-Induced Senescence ‘. by Abd Al-razaq et al., 2023; Cells.12(6):916. LicenseCC: 
BY 4.0  

In conclusion, H2A.J plays a role in radiation-induced senescence and is involved in 

chromatin reorganization, transcriptional regulation and SASP establishment. 

Understanding these epigenetic mechanisms may provide insights into regulating 

radiation-induced senescence and associated biological processes. 

In this research paper, I was responsible for the cell culture processes, maintaining the 

fibroblasts under optimal conditions. Moreover, I utilized different staining techniques 

to visualize all described markers in the fibroblasts and took detailed images for the 

published figures. In addition, I performed the ELISA tests and RT-PCR for the 

quantification of proteins and genes specified in the study. Beyond the lab work, I 

analysed some images with the HALO™ software (IndicaLabs) for advanced image 

analysis. Additionally, I conducted the comprehensive statistical analysis of the data 

and prepared the figures for their informative visual presentation in the published 

paper. Moreover, I have written the material and method part and contributed in editing 

the other parts of the research paper under Prof Rübe’s supervision.   
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3.2 Nuclear Fragility in Radiation-Induced Senescence: Blebs and Tubes 

Visualized by 3D Electron Microscope 
 

3.2.1 Summary of publication 2 
 

Cellular senescence is a complex process associated with permanent cell cycle arrest, 

chromatin reorganization, distorted nuclear morphology, and development of a pro-

inflammatory phenotype. DNA damage, particularly DSBs, is crucial in triggering 

senescence, and persistent DDR signalling is necessary for maintaining the SASP. 

The formation of nuclear blebs and discharge of chromatin fragments towards the 

cytosol may link DDR and SASP in senescent cells. This study focused on premature 

senescence, which can be induced by exposure to high-dose IR. The study was 

designed to explore the effects of radiation on cellular senescence in human WI-38 

fibroblasts, observing changes in protein expression, chromatin remodelling, and 

nuclear morphology using various techniques. 

The fibroblasts were exposed to 20Gy of 6 MV photons using an Artiste™ linear 

accelerator. After irradiation, the fibroblasts were cultured for two weeks and compared 

to non-irradiated controls. After two weeks of radiation, irradiated fibroblasts were 

compared to the non-irradiated control.  

The cellular alteration caused by radiation-induction senescence was investigated by 

SA-β-Gal detection using the X-Gal staining solution. To study the expression of 

various proteins related to senescence and DDR, IFM was conducted for p21, Ki67, 

BrdU, Lamin B1, H3K27me3, H3K9me3, 53BP1, and γH2AX using specific antibodies. 

To identify and characterize the proteins that contribute to the cellular response in 

radiation-induced senescence, we performed protein extraction and examined the 

samples by mass spectrometry.  
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TEM and serial block-face scanning electron microscopy (SBF-SEM) techniques were 

used to visualize the cellular ultrastructure and morphological changes. TEM provided 

high-resolution images of fixed and sectioned samples (figure 4), while SBF-SEM 

allowed 3D reconstruction of senescent fibroblasts.  

 

Figure 4: TEM micrograph showing the cellular ultrastructure and morphological 
changes of the nuclear envelope before (left) and after (right) IR. Reprinted after 
modification from ‘Nuclear Fragility in Radiation-Induced Senescence: Blebs and Tubes 
Visualized by 3D Electron Microscopy’ by. Freyter et al., 2022. Cells. 11(2):273. LicenseCC: 
BY 4.0 

 

An ELISA assay was used to estimate the concentration of 2'3'-cGAMP, involved in 

the cGAS-STING pathway and the induction of SASP.  

Overall, this study showed that high-dose radiation exposure induces premature 

senescence in human fibroblasts, causing alteration in protein expression, chromatin 

remodelling, nuclear envelope destabilization, and alterations in nuclear morphology 

(figure 4). The findings give an insight of the mechanisms underlying radiation-induced 

senescence and its associated cellular changes. 
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In this research paper, my contributions were all cell culture procedures, including the 

irradiation at the linear accelerator. Moreover, I prepared the samples for IFM and TEM 

analysis and utilized different labelling techniques to study the expression of various 

proteins related to senescence and DDR. TEM and serial block-face scanning electron 

microscopy (SBF-SEM) techniques were used to visualize the cellular ultrastructure 

and morphological changes. TEM provided high-resolution images of sectioned 

samples, while SBF-SEM allowed 3D reconstruction of senescent fibroblasts. Beyond 

the lab work, I conducted the statistical analysis of the data and prepared the figures 

for publication. Furthermore, I have written the material and method part and 

contributed to editing the other parts of the research paper under Prof Rübe’s 

supervision.    
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3.3 Automated Image Analysis of Transmission Electron Micrographs: 

Nanoscale Evaluation of Radiation-Induced DNA Damage in the Context of 

Chromatin 
 

3.3.1 Summary of the publication 3 

 

Radiation therapy with heavy ion and high high-LET exhibits a distinct dose depth 

distribution and high biological effectiveness against the targeted cancer cells. 

Following the high-LET irradiation, the energy deposit is concentrated along particle 

paths, which cause multiple DNA lesions creating regions of LEDDs.  

Automated analysis of transmission electron micrographs was performed to explore 

the spatiotemporal dynamics of DNA repair and chromatin remodelling. 

At different time points (0.1 h, 0.5 h, 5 h, and 24 h) post-IR, irradiated fibroblast exposed 

to high-LET carbon ions or low-LET photons were fixated and then labelled with 

nanoparticles to mark DNA damage proteins (53BP1, pKu70, pKu80, DNA-PKcs). The 

labelled sections were observed via TEM focusing on the nuclei and tracking the 

creation and repair of DNA damage within the chromatin ultrastructure. AI-tools helped 

in innovative image analysis by distinguishing DNA damage patterns post-low-LET 

compared to high-LET IR.  

Low-LET irradiated cells showed scattered single DNA damages through the nucleus 

and systematic repair for the majority of DNA DSBs with no signs of chromatin 

condensation.  

High-LET IR induced clustered DNA damages centralized along particle paths, leading 

to LEDDs. The HALO software precisely determined and quantified variously sized 

nanoparticles, their distances from each other, and locations within micrographs 

(based on size, shape, and density).  
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Chromatin densities were defined through the variation in grayscale and the 

nanoparticle-localisation was automatically classified and categorized into 

euchromatin or heterochromatin.  

The LEDDs induced by high-LET IR were determined and segmented using the AI 

algorithm of the HALO software, and the spatial allocation of nanoparticles relative to 

segmented LEDDs was determined (figure 5).  

 

Figure 5: Automatic classification and segmentation of DNA density and the nanoparticles 
around LEDDs using HALO software. Reprinted after modification from Automated Image 
Analysis of Transmission Electron Micrographs: Nanoscale Evaluation of Radiation-Induced 
DNA Damage in the Context of Chromatin.’ By Abd Al-razaq, Isermann, et al., 2023. ‚ Cells. 
12(20):2427. LicenseCC: BY 4.0 

The automated analysis of the nanoparticles related to the DNA repair factors in 

chromatin ultrastructure permit to classification of specific DNA damage patterns after 

exposure to different radiation qualities. 

In this research paper, I sectioned the samples (fibroblasts exposed to high-LET 

carbon ions or low-LET photons) for TEM experiments and used the nanoparticle 
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labelling technique to visualize the specific DDR proteins (53BP1, pKu70, pKu80, DNA-

PKcs). The labelled sections were analysed via TEM focusing on the nuclei and 

investigated for radiation-induced DNA damage within the chromatin ultrastructure. 

Subsequently, I performed automated analysis of transmission electron micrographs 

(HALO™ software, IndicaLabs) to explore the spatiotemporal dynamics of DNA repair 

and chromatin remodelling. Chromatin densities were defined by grayscale levels and 

the localisation of nanoparticles was automatically classified and categorized into 

euchromatin or heterochromatin. Automated analysis of nanoparticles related to DNA 

repair factors in the chromatin ultrastructure permits the characterization of specific 

DNA damage patterns after exposure to different radiation qualities. Moreover, I 

conducted the statistical analysis of the data and prepared the figures for the 

publication. Additionally, I have written the material and method part and contributed 

to editing the other parts of the research paper. 
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3.4 Immunomodulatory Effects of Histone Variant H2A.J in Ionizing Radiation 

Dermatitis 
 

3.4.1 Summary of publication 4 

 

This study focuses on the role of H2A.J in radiation dermatitis, further exploring its role 

in radiation–induced premature senescence and SASP.  

For this study, two groups of mice (C57bl/6N) Wild type (WT) and H2A.J -/- were 

exposed to moderate (1x 2Gy, 5x 2Gy, full body IR) and high doses (≤ 20Gy, dorsal 

skinfold IR). 

Following high-dose radiation exposure, the irradiated skin was examined 

macroscopically for skin lesions daily for two weeks. After 2 weeks, dorsal skin samples 

were collected for microscopic analysis. The skin samples were analysed for various 

parameters including DDR, senescence induction and proliferative capacity along with 

H2A.J expression in WT mice. Fluorescence techniques like immunohistochemistry 

and immunofluorescence was used as well as electron microscopy. 

RNA sequencing was performed on dorsal skin samples to study transcriptome 

changes following high-dose IR, FACS was performed to investigate immune cell 

infiltration, and RT-PCR was performed to examine gene expression in non-irradiated 

WT versus KO skin samples. 

Epidermal keratinocytes in WT skin samples showed time and dose dependent H2A.J 

accumulation following IR exposure. The irradiated KO skin displayed more 

inflammatory reactions, higher epidermal thickness, and progressive hair follicle loss 

compared to WT skin (figure 6a). 
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More pronounced radiation-induced senescence was observed following moderate 

and high doses in keratinocyte populations in KO skin, with severe damage observed 

in hair follicle stem cells (HFSCs) leading to follicular atrophy. 

 

Figure 6 (a) Photographic representation of WT and KO post 20 Gy radiation exposure, (b) 
TEM micrographic representation of lamin B1 in WT and KO dorsal skin samples post 20 Gy 
radiation exposure. Reprinted after modification from ‘Immunomodulatory Effects of Histone 
Variant H2A.J in Ionizing Radiation Dermatitis.’ By Tewary et al., 2024. IJROBP, Volume 
118, Issue 3, Pages 801-816, ISSN 0360-3016. LicenseCC:  
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The transcriptomic analysis showed increased radiation-induced senescence in 

irradiated KO skin following high-dose IR (figure 6b), along with an increased 

expression of SASP factors.  

While flow cytometry analysis showed increased immune cell infiltration in both WT 

and KO irradiated skin samples, specific chemokine-mediated recruitment of 

neutrophils signalling was observed only in irradiated KO skin. Microscopic analysis 

showed hyper-proliferation, disturbed differentiation, and cornification of keratinocytes 

due to increased skin damage in irradiated H2A.J-KO mice skin, along with 

dysregulation of the transcription factor JunB. 

In conclusion, the absence of H2A.J was linked with higher senescence induction, 

alteration of SASP expression, and heightened inflammatory skin reflection. Therefore, 

the H2A.J gene expression may play an essential role in keratinocyte immune 

behaviour as well as an important part in induction of the inflammatory response during 

radiation dermatitis. 

My contribution to this research paper includes preparing skin tissue for TEM 

experiments and analyzing these skin samples by nanoparticle labelling techniques to 

visualize lamin B1. Moreover, I assisted in preparing the skin irradiation, in establishing 

the skin lesion scoring system and in the RT-PCR experiments. Beyond the lab work, 

I conducted the statistical analysis of the data and prepared the figures for publication. 

Also, I have contributed to writing the material and method part and in editing the other 

parts of the research. 
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4. Discussion 
 

This study provides a comprehensive epigenetic insight into the role of the H2A.J 

histone variant in response to ionizing radiation, using WI-38 cells and H2A.J knockout 

mice. The in-vitro investigations showed that the involvement of H2A.J enhances 

resistance to irradiation-induced senescence and apoptosis by significant chromatin 

remodelling and transcriptional changes, particularly affecting SASP genes. Moreover, 

the in-vivo studies showed that the H2A.J absence magnifies the radiation-induced 

damage and inflammatory responses in the mice, which was reflected in severe skin 

reactions, increased epidermal thickness, hair follicle loss, and elevated senescence 

gene expression, coupled with heightened immune cell infiltration and irregular 

keratinocyte differentiation. On the other hand, advanced imaging tools and techniques 

such as TEM and AI provided insights into DNA damage patterns, caused by high-LET 

IR and about the disturbance in nuclear morphology and cytoplasmic organelles during 

the process of irradiation-induced senescence including chromatin fragment ejection 

and cGAS-STING activation.  

The first study was conducted in-vitro, using WI-38 cells with different levels of H2A.J 

(NT, KD, and OE) expression. The results revealed that H2A.J enhanced the 

resistance to radiation-induced senescence, and global changes in chromatin 

conformation especially affecting the SASP genes when H2A.J is overexpressed. In 

another study, the radiation-induced cells showed disruptions in both nuclear and 

cytoplasmic organelles, especially in the nuclear morphology. Loss of laminB1 in the 

progression of senescence disrupted the nuclear envelope, which led to ejecting 

chromatin fragments into the cytoplasm.  
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On the other hand, it was found that the high-LET IR induces LEDDs in the nucleus of 

fibroblast. In this study, automated methodology was developed using TEM 

micrographs to analyse precisely these LEDDs boundaries and understand their 

dynamics. In addition, the in-vivo study used knockout (KO) and wild type (WT) mice 

to examine the role of role of H2A.J in radiation-induced senescence and dermatitis. 

Following radiation, KO mice exhibited more skin reactions, hair follicle loss, more 

immune cell infiltration, and higher senescence gene expression (as JunB and SASP 

genes) than WT mice. The absence of H2A.J showed higher senescence and higher 

proliferation in irradiated keratinocytes in the progression of radiation dermatitis. 

4.1 H2A.J overexpression affects chromatin architecture 
 

Histone variants significantly influence nucleosome functions, offering varied DNA 

packaging, stability, post-translational modifications, and interactions with chromatin 

components (Borg et al., 2021). Incorporation of H2A.J, distinct from canonical H2A, 

directly influences nucleosome structure and stability (Mangelinck et al., 2020). Unlike 

canonical histones, which are allocated uniformly during replication, variant-containing 

nucleosomes are inserted generally at specific sites. H2A.J replaces canonical H2A 

during radiation-induced senescence, throughout the entire nucleus (Isermann et al., 

2020). Accurate H2A.J integration at DDR-related chromatin sites is essential for 

specific chromatin organization and for keeping heterochromatin-euchromatin borders. 

Overexpression of H2A.J in irradiated fibroblasts disrupts chromatin structure, 

impairing SAHF and DNA-SCARS formation, and changes the epigenetic state of 

senescence. In senescent cells, H2A.J integration into chromatin is related to global 

loss of canonical histones, especially linker histone H1, which plays an essential 

function in nucleosome arrangement and heterochromatin formation (Funayama et al., 

2006). 
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The arrangement of nucleosomes throughout the genome plays a pivotal role in 

regulating chromatin accessibility via various mechanisms, including alteration of 

transcription factor (TF) binding by adjusting steric hindrance (Giles & Taberlay, 2019). 

Open and closed chromatin structure, as measured by ATAC-seq, reflects different 

functional situations of chromatin organization (Yan et al., 2020). Our studies indicate 

that modifications in senescence-associated chromatin organisations (SAHF and 

DNA-SCARS) influence the physical binding of transcription factors to chromatin. In 

addition, the ATAC-seq analysis revealed the involvement of AP-1 transcription factors, 

particularly JUN, FOS, and ATF families, in controlling the epigenomic pathway of 

radiation-induced senescence. The structured arrangement of TF networks confirms 

the role of AP-1 as the prime coordinator in arranging transcriptional programs, which 

takes place via communication with local vs. migrating TFs during the progress of 

senescence (Martínez-Zamudio et al., 2020). Fibroblasts with normal H2A.J 

expression showed modifications in open chromatin, which create accessibility for TFs 

in radiation-induced senescence, emphasizing their role in timely senescence 

accomplishment. Conversely, H2A.J suppression and overexpression influenced the 

formation of these chromatin accessibility sites, potentially affecting transcription 

profiles, flexibility, and fate of senescent cells. 

In anticancer interventions like radiotherapy, senescence is induced in both healthy 

and cancer cells due to genotoxic stress (Jo et al., 2023). This results in a stable cell 

cycle arrest and activation of SASP, which contributes to pausing cell proliferation and 

preventing additional genomic instability. Recent work of our lab suggests that H2A.J 

gradually becomes integrated into chromatin following exposure to IR. 

The genome-wide assessment of chromatin accessibility through techniques like 

ATAC-seq highlights the pivotal role of the histone variant H2A.J in senescence. After 



42 
 

combining ATAC-seq with RNA-seq datasets, it became evident that changes 

associated with H2A.J in chromatin accessibility are closely linked to alterations in the 

expression profiles of inflammatory genes. 

Using WI-38 fibroblasts, where the H2A.J gene is either knocked down or 

overexpressed, we gained insights into how H2A.J influences chromatin conformation, 

the binding of transcription factors, and the expression of pro-inflammatory factors 

following exposure to IR. However, it is worth noting that fibroblasts are relatively radio-

resistant. Therefore, these observations do not fully represent the radiation responses 

observed in diverse cell populations within complex normal tissues. For this reason, 

we continued experiments using an in-vivo model of H2A.J knockout mice to 

investigate the functional significance of H2A.J in the radiation response within the 

context of tissue homeostasis. 

4.2 Cells lose nuclear integrity during radiation-induced senescence 
 

Our studies gained valuables insights into the consequences of exposure to high doses 

of radiation on cellular processes and nuclear organization. It is known that the 3D 

organization of the genome into chromatin within the nucleus is particularly important 

for regulation of gene expression and cellular functions (Eriksson & Stigbrand, 2010). 

This 3D organization controls connections between the nuclear lamina and 

heterochromatin, which maintains the chromatin structure and the solidity of the 

nuclear envelope (Jiao et al., 2022). Interactions of genome organization with cellular 

biological processes are complex and have implications for various biological 

phenomena involving aging and cancer (Jiao et al., 2022). 

High doses of radiation can cause severe DNA damage in cells. These damages can 

lead to several scenarios such as senescence, apoptosis, and necrosis (Eriksson & 
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Stigbrand, 2010; Jiao et al., 2022). Lamin B1 degrades throughout cellular senescence 

causing chromatin restructuring and nucleus blebbing in cytoplasm (Eriksson & 

Stigbrand, 2010).  

Some mitotic problems can occur in the cells after IR exposure when cells prematurely 

or incorrectly enter mitosis, usually because of malfunctional cell cycle checkpoints 

(Matellán & Monje-Casas, 2020). Such mitotic problems cause abnormal separation of 

the chromosomes and sister chromatids, which leads to a generation of huge cells with 

irregular nuclear characteristics, multiple nuclei, and micronuclei (Potapova & Gorbsky, 

2017). The generation of this type of giant nuclei may start a disturbance in the 

peripheral position of envelope-connected heterochromatin domains, which influences 

the long-term chromatin organization.  

Recent research highlighted the critical role of lamina related to heterochromatin 

domains in preserving the structural and functional integrity of nuclear construction 

(Erenpreisa et al., 2021). Increased nuclear fragility can cause nuclear blebbing and 

chromatin organization, which leads to various pathologies, including cancer and age-

related diseases (Gauthier & Comaills, 2021). Our investigations proved the 

complicated connection between chromatin restructuring in nuclei affected by lamin 

disruption and the deterioration of the nuclear envelope, which is responsible for 

releasing small chromatin fragments into the cytoplasm (Adams et al., 2013b). These 

results confirm the theory that CCFs initiate and maintain the immune signalling 

pathway. This leads to the production of SASP factors by stimulating the cGAS-STING-

dependent pathway, which takes place during IR-induced senescence (Dou et al., 

2017; Glück et al., 2017). 

We investigated the characteristics of premature senescence induced by IR in human 

WI-38 fibroblasts, the most widely used cell culture model for studying cellular 
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senescence. Our studies have previously investigated human WI-38 fibroblasts and 

showed the production of SASP factors, like pro-inflammatory cytokines such as 

interleukin-6 (IL6), interleukin-8 (IL8), granulocyte-macrophage colony-stimulating 

factor (GM-CSF), and monocyte chemoattractant protein-1 (MCP1), due to IR-induced 

senescence (Isermann et al., 2020). These results were confirmed by estimating the 

expression of these genes using reverse-transcriptase quantitative polymerase-chain-

reaction (RT-qPCR) which showed a significant increase following IR exposure. Using 

high-magnification tools and methods such as TEM and serial block-face scanning 

electron microscopy (SBF-SEM), we were able to restructuring the 3D architecture of 

the nucleus. Furthermore, these methods gave us visual details about the formation, 

separation, and movement as well as the ejection of nuclear blebs into the cytoplasm 

of the senescent cells, something that cannot be achieved using light microscopy. 

The decline of lamin B1 expression during senescence affects the entire structure- and 

mechanical properties of the cell's nucleus, triggering the separation of A-type and B-

type lamins. This leads to an irregular mesh layer in the nuclear envelope (Shah et al., 

2013). The lamin fibres start to separate in some regions causing bulges or transient 

breaks in the nuclear envelope. The mechanical forces are called ‘pushing’ forces 

produced by cytoskeletal filamentous proteins and 'pulling' forces generated by 

chromatin-lamin interactions, which can be responsible for the nanoscale invaginations 

of the nuclear envelope and large-scale chromatin rearrangements (Funkhouser et al., 

2013). In addition, problems in the nucleo-cytoplasmic movements play an important 

role in senescence. Such as diminished response to external stress due to disrupted 

transmission of nuclear signals, which is one of the characteristics of senescence. 

(Koufi et al., 2023; Park et al., 2021). Such problems suggest that nuclear nanotubes 

are participating in intracellular transport to help defeat the nucleo-cytoplasmic barrier. 
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Studies on lamin-related diseases, such as lamin A mutations that trigger a premature 

ageing syndrome (Hutchinson–Gilford progeria), confirm the crucial role of nuclear 

integrity in chromatin construction (Gonzalo et al., 2017). Disorganization of lamin-

interacting structures profoundly affects genome organization, playing a vital role in 

gene regulation. 

Recent molecular research showed that these nuclear invaginations contain 

cytoskeletal filaments connected to the nuclear membrane proposing a direct link 

between the “nuclei interior and cell-cell or cell-extracellular matrix (ECM) adhesion 

sites” (Jorgens et al., 2017). Therefore, the ECM may control cell or tissue functions 

by transmitting signals between receptors, cytoskeleton, and nuclear matrix. Similarly, 

nanotubes may also be essential for 3D architectural components that connect the 

nucleus, cytoskeleton, and ECM in cellular communication. Moreover, nanotubes may 

be important for the construction and composition of the nuclear envelope in response 

to micro-environmental stimuli. Nevertheless, further investigation is required to 

analyze the exact pathophysiological role of nucleo-cytoplasmic nanotubes in lamin-

disturbed nuclei.  

4.3 Radiation-induced DNA damage patterns and chromatin alterations 

revealed by automated image software  
 

The biological effect of IR exposure depends on how ionization and excitation events 

are distributed in space and time, which can cause diverse forms of complex DNA 

damage. Radiation-induced DNA damage is not solely based on physical 

characteristics of DNA or of the IR but also on several factors including the interaction 

between 3D chromatin arrangement, radiation trace structure, and dynamic reactions 

of chromatin (Baiocco et al., 2022). These interactions seriously influence some 

important biological processes related to DNA repair mechanisms. 
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Our study used the HALO™ software for automated image analysis of different TEM 

micrographs, which helped in investigating the radiation-induced DNA damage 

patterns in the nucleus at the nanometre level. Furthermore, the HALO™ software 

permitted the reliable detection of nanoparticles within the micrographs. This provided 

exact details of the DNA damage distribution in relation to chromatin architecture. 

Robust analysis and very fast processing facilitated the comprehensive evaluation of 

radiation damage, which, in turn, enabled qualitative and quantitative evaluation of 

diverse DNA damage patterns induced by different radiation qualities. This 

methodology provides a deeper and very detailed level of understanding of the effects 

of radiation on the DNA structure and architecture. The use of specialized image 

analysis software allowed us to precisely quantify nanoparticles of varying sizes, 

shapes, densities, and their distances from one another as well as their exact positions 

within micrographs. To characterise the density of chromatin, it was classified 

according to its greyscale features using a cutting-edge machine-learning algorithm 

integrated within the tissue classifier module. The different levels of density were 

categorized into euchromatic or heterochromatic regions, thereby enhancing the 

objectivity of our analysis. In addition, these algorithms helped identification of nuclear 

segmentation across entire sections, thereby eliminating the need to manually outline 

the areas of interest. This not only streamlined the process, but also increased the 

reliability of the analysis. The use of the HALO™ spatial tool allowed us to determine 

the distribution patterns of the nanoparticles, their proximity, and their relative spatial 

distribution within nuclear domains. The spatial density heatmap analysis was used to 

estimate the average nanoparticle density within a specified distance of segmented 

LEDDs, and proximity histograms were automatically produced. In general, this AI-

based image analysis approach offers numerous advantages. Most significantly, it 
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provides a much more accurate analysis of radiation-induced DNA damage patterns 

and accelerates data generation.  

4.3.1 TEM analysis of DNA damage patterns: insights in the labelling of repairing 

sites after high-LET IR exposure 

 

When creating samples for TEM analysis, cells go through different treatment stages 

i.e. fixation, dehydration, resin embedding, and sectioning for analysis (Petralia & Wang, 

2021). Due to low atomic numbers in living organisms, the samples of biological origin 

are usually stained using heavy metal salts (such as osmium, lead citrate or uranyl 

acetate) to enhance contrast (Jones, 2016). Each salt has a specific binding site in 

biological samples. All samples must be prepared in the same way to enable 

meaningful comparisons. The sections undergo an immuno-labelling method of 

antigen detection on section surfaces, which uses gold nanoparticle-antibody 

conjugates for detecting the DNA damage sites on the sections. The high-level of 

electron density of gold in comparison to the proteins provides electron distraction and 

more contrast. However, the quantity of nanoparticles cannot refer in direct way to the 

number of antigens due to various influencing (physical, chemical, and biological) 

factors; usually they exert influence during the sample preparation (Petralia & Wang, 

2021). In this research, gold nanoparticles with singular binding sites for the primary 

antibody were used for labelling, which allowed us to make a direct comparison of 

concentrations across various subcellular locations; however, despite the relative 

immune-gold labelling, it may not provide exact antigen concentrations. 

TEM analysis revealed clear variations in DNA damage patterns and repair capabilities 

following exposure to low-LET versus high-LET IR. Automated image analysis of 

human fibroblasts at different time points following exposure to these different IR types 

allowed the effective assessment of nanoparticle-labelled DNA repair proteins within 
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the context of chromatin ultrastructure. The results from these studies give direct 

evidence that high-LET IR creates clustered DNA damage along particle paths during 

highly focused ionization events, resulting in wide chromatin remodelling characterized 

by LEDDs. DSBs become increasingly detectable along these particle paths during 

chromatin remodelling, particularly at the margin between euchromatin and 

heterochromatin. These findings propose that high-LET IR, unlike low-LET IR, leads to 

more pronounced chromatin unfolding in the form of LEDDs, which is crucial for 

repairing clustered DNA damage. The elevation of the number of DSBs in the 

heterochromatin areas and the sustained chromatin de-condensation in form of LEDDs 

in the nucleus refers to the struggle of the cells in the DNA damage repairing process 

and retrieving the original chromatin structure after high-LET IR. 

4.4 Effects of histone variant H2A.J in IR dermatitis 
 

Previous research showed the accumulation of the histone variant H2A.J in epidermal 

keratinocytes with persistent DNA damage in ex-vivo irradiated human skin samples 

(Contrepois et al., 2017; Rübe et al., 2021). Our in-vivo research used two groups of 

mice to explore the role of H2A.J in radiation dermatitis: wild-type (WT) and H2A.J 

knockout (KO) mice.  

Following IR exposure, the evaluation of 53BP1 foci in keratinocytes revealed no 

significant differences in the DSB repair capacity in KO versus WT skin. This suggests 

that H2A.J has no direct influence on the acute DDR, which is in line with previous in 

vitro studies. Immunobiological staining of WT skin confirmed previous findings, 

namely a time- and dose-dependent H2A.J accumulation in epidermal keratinocytes 

after IR exposure (Hippchen et al., 2022). Unexpectedly, H2A.J-KO skin showed 

significantly stronger radiation-induced responses than WT skin at both microscopic 
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and macroscopic levels, which was associated with increased skin irritation and hair 

follicle loss. Analysis of senescence markers demonstrated higher levels of radiation-

induced senescence in epidermal keratinocytes of H2A.J KO compared to WT skin, 

especially following high IR doses. Differences in senescence induction were found 

among the various keratinocyte populations. In particular, HFSCs were severely 

impaired in the bulge regions of H2A.J-KO skin after high-dose IR. This led to almost 

complete degeneration of the hair follicles. Premature senescence may disturb the 

niche of stem/progenitor cells, which is crucial for controlling the regeneration of hair 

follicles through intricate communication with papilla-specific paracrine factors 

(Matsumura et al., 2016; Rahmani et al., 2020). Our research indicates that 

keratinocytes in the bulge zone gradually experience premature senescence after 

exposure to high-dose IR, interfering with and disrupting the intricate dynamics within 

the stem cell niche. As a result, the CD34+ HFSCs eventually undergo significant 

decline, clearly more pronounced in irradiated H2A.J KO skin compared to WT skin. 

Apart from the IR-induced immune-mediated shrinkage of hair follicles, our 

transcriptome analysis of both WT and H2A.J KO skin demonstrated a reduction of 

multiple hair keratins. 

An increased secretion of multiple pro-inflammatory SASP factors in irradiated H2A.J 

KO skin in comparison to WT skin was shown by transcriptome sequencing. This is 

aligned with the heightened senescence levels in H2A.J KO keratinocytes. Complex 

IR-induced DNA damage resulted in elevated levels of the transcription factor JunB, 

leading to extreme proliferation and irregular differentiation of keratinocytes, which 

ultimately resulted in a noticeable epidermal hyperplasia.  

According to our results, H2A.J does not influence the acute response to radiation-

induced DSBs. However, augmented levels of DNA damage-induced senescence 
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were noticed in the case of H2A.J KO skin, accompanied by an increase in SASP 

signalling. This in turn leads to increased infiltration of neutrophils into the skin, thereby 

exacerbating the inflammatory stage of radiation-induced skin reactions. After 

exposure to IR, the skin reacts in a specific temporal pattern. In addition, the acute 

inflammatory phase depends on factors such as radiation quality, total dose, dose rate 

and fractionation (Singh et al., 2016). IR disrupts the efficient balance of cell renewal 

and differentiation in the epidermis, which then severely affects the various cellular 

components of the skin (Liao et al., 2017). IR also influences the differentiation of 

keratinocytes, thereby disturbing the interactions between keratinocytes and immune 

cells. The increased induction of senescence in keratinocytes and their impaired 

differentiation trigger their increased release of mediators that promote skin 

inflammation (Nguyen & Soulika, 2019). Previously, studies with mouse models have 

already demonstrated an increase in senescence induction within epidermal 

keratinocytes and HFSCs after exposure to high dose radiation (McCart et al., 2017). 

Collectively, our finding highlights the potentially significant role of H2A.J in initiating 

and promoting the inflammatory state of IR-induced responses by mediating 

cytokine/chemokine crosstalk. 

Earlier research revealed that irradiated epidermal keratinocytes (damaged or 

senescent) prompt expression of acute phase proinflammatory cytokines and 

chemokines that attract cells. This orchestrates the time and place of recruitment of 

immune cells to inflamed skin regions (Nguyen & Soulika, 2019). The findings of our 

research aligned with earlier studies, representing the significant roles of IL-1 and IL-6 

as the most important cytokines in the skin's response to IR exposure (Paldor et al., 

2022). Neutrophils play a vital role in the primary defence mechanism of innate 

immunity and use different mechanisms to fight against invading microbes such as 
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phagocytosis, intracellular breakdown, granule release, and the creation of neutrophil 

extracellular traps upon pathogen detection (SuYingjun & RichmondAnn, 2015). On 

the other hand, they can be involved in tissue lesions by boosting the inflammatory 

response and by releasing toxic effectors such as myeloperoxidase (MPO), which 

exacerbates tissue toxicities in the skin (An et al., 2022). The FACS analysis detected 

various immune cell populations infiltrating the skin following irradiation. Nevertheless, 

the neutrophilic immune response observed notable distinctions between irradiated 

WT and H2A.J KO skin. 

It was found that the pathogenesis of psoriasis is caused mainly by the involvement of 

IL-17-expressing γδ T-cells and the transcription factor IκBζ (Müller et al., 2018). The 

hyperactivation of this pathway induces the upregulation of pro-inflammatory genes 

such as Cxcl2 and Cxcl5, associated with neutrophils transferring to sites of 

inflammation (Liao et al., 2017; Ulrich et al., 2010). Our research implies that paralleling 

with psoriasis, the overactivation of pro-inflammatory pathways in irradiated H2A.J KO 

skin leads to increased keratinocyte proliferation and infiltration of immune cells. 

Previous research has shown that H2A.J plays a significant role in the progression of 

senescence, cellular ageing, and that it is also involved in the IR-induced DNA damage 

response (Isermann et al., 2020). Numerous studies have investigated the various 

effects of H2A.J, however, the precise molecular mechanism underlying its effect on 

the nuclear structure and gene expression in response to IR-induced DNA damage 

remains elusive. 

5. Conclusion and outlooks 
 

In summary, our studies present a set of data suggesting that the incorporation of 

histone variant H2A.J modulates the global chromatin structure, leading to changes in 
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the DNA accessibility to TFs, thereby altering gene expression of multiple SASP factors 

following IR exposure. Moreover, our results show that by overexpressing H2A.J, the 

cells can overcome radiation-induced senescence and thus become radioresistant. 

Further investigations are required to identify, which signalling pathways may promote 

potential oncogenic transformation.  

A better understanding of cellular senescence may open new therapeutic perspectives 

regarding age-related diseases. Through volume electron microscopy with the 3D 

reconstruction of senescent cells, both structure and function, in connection with the 

pathological organization of senescent cells, can be better characterized. 

DNA lesions caused by IR exposure with different LET can threaten cell survival and/or 

may affect both genomic and epigenomic integrity. Additional insights into this 

coordination between DNA repair and restoration of chromatin structure will lead to a 

better understanding of genomic and epigenomic maintenance in response to DNA 

damage distributed differently in the cell nucleus. Automated image analysis of TEM 

micrographs reduces the time required and enables comparative analysis of DSB 

distributions at the nanoscale after exposure to different IR qualities. The generation 

of this TEM data may help in the functional characterization of different radiation 

qualities in the field of radiation therapy. 
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