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Summary
DNA integrity is continuously threatened by various hazards such as cytotoxic chemicals, radiation
or metabolic reactions, which potentially inflict DNA damage including DNA double-strand breaks
(DSBs), the most harmful type of DNA damage. To maintain genome integrity, damaged DNA must
be repaired accurately to prevent genomic instability that leads to diseases including cancer. Post
translational modifications (PTMs) such as phosphorylation, ubiquitination or acetylation are
essential to orchestrate DNA damage-response and repair mechanisms. Recent studies revealed an
involvement of O-linked-N-acetylglucosaminylation (O-GlcNAcylation) in DNA damage response,
which is an abundant, dynamic and reversible PTM of cellular proteins and very sensitive to
environmental nutrient supply. O-GlcNAcylation occurs at amino acid Ser or Thr residues, which
are also a target of phosphorylation. Therefore, O-GlcNAcylation and phosphorylation are suggested
to compete.
The aim of the study was to investigate different aspects of the regulatory role of O-GlcNAcylation
on DNA-damage response in dependence of damage complexity and cell-cycle phase. O-GlcNAc
transferase (OGT) and O-GlcNAcase (OGA) inhibitors were used in order to change cellular OGlcNAcylation level. DNA damage of different complexity was induced with low (X-rays) or high
LET (linear energy transfer) radiation (C-, Fe- and He-ion) in selected human cell lines. Different
approaches were used including γH2AX-foci assay, live-cell microscopy, Fluorescence Lifetime
Microscopy (FLIM), westernblot analysis and protein-immunoprecipitation to detect DSB rejoining,
accumulation of NBS1 at DNA damage site, chromatin states and O-GlcNAcylation of repair
relevant factors upon irradiation respectively.
First, induction of O-GlcNAcylation at the DSB site was examined with fluorescence co-localization
analysis of 53BP1 and O-GlcNAc. They showed a radiation induced increase of O-GlcNAcylation
within the nuclear compartment after X-ray or heavy-ion irradiation; specific O-GlcNAcylation at
DSB sites however, was observed after heavy-ion irradiation only. The influence of O-GlcNAcylation
on DSB repair was examined after X-ray and charged particles irradiation. It revealed that OGlcNAcylation promotes DSB repair independent of DNA-damage complexity. Promotion of DSB
repair occurs by stimulating homologous recombination (HR) and potentially an additional repair
mechanism, which was revealed by studying repair of radiation induced DSBs in dependence of an
siRNA-mediated knockdown of HR factor RAD51 together with modulating O-GlcNAcylation.
Live-cell experiments suggested that inhibition of OGT disturbs the accumulation of NBS1 to X-ray
induced DSBs. Moreover, MDC1 was confirmed to be O-GlcNAcylated, and HR factors CtIP and
BRCA1 were shown to be modulated by O-GlcNAcylation upon irradiation. OGT and OGA activity
also regulate chromatin compaction states that are proposed to be an important determinant of DSB
repair pathway choice.
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Collectively, the data demonstrated multiple roles of O-GlcNAcylation in the repair of radiation
induced DSBs concluding that O-GlcNAcylation is an important PTM to maintain genomic stability.
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Zusammenfassung
Die Integrität der DNA wird durch verschiedene Einflüsse, wie zytotoxische Chemikalien, Strahlung
oder Stoffwechselreaktionen, ständig gefährdet. Zu den induzierten DNA-Schäden gehören auch
äußerst schädliche DNA-Doppelstrangbrüche (DSBs). Die beschädigte DNA muss korrekt repariert
werden, um einen Stabilitätsverlust des Genoms zu verhindern, welcher zu Krankheiten wie Krebs
führen kann. Posttranslationale Modifikationen (PTMs) wie Phosphorylierung, Ubiquitinierung
oder Acetylierung sind essentiell für das Zusammenspiel verschiedener DNA-Schadensreaktionen
und -Reparaturmechanismen. Jüngste Studien zeigten, dass O-GlcNAcylierung an der DNASchadensantwort beteiligt ist. Viele zelluläre Proteine tragen diese reversible und dynamische PTM,
die sensitiv auf die Nährstoffzufuhr reagiert.
Die O-GlcNAcylierung von Proteinen erfolgt an den Aminosäureresten der Aminosäuren Serin oder
Threonin. Da diese Aminosäuren häufig auch Ziel einer Phosphorylierung sind, geht man davon aus,
dass O-GlcNAcylierung und Phosphorylierung konkurrieren.
Ziel der Studie war es, verschiedene Aspekte der regulatorischen Rolle der O-GlcNAcylierung auf
die DNA-Schadensantwort in Abhängigkeit von Schadenskomplexität und Zellzyklusphase zu
untersuchen. Um das zelluläre O-GlcNAcylierungsniveau zu ändern, wurden O-GlcNAc-Transferase
(OGT)- und O-GlcNAcase (OGA)-Inhibitoren verwendet. DNA-Schäden unterschiedlicher
Komplexität wurden in verschiedenen humanen Zelllinien durch Bestrahlung mit Niedrig(Röntgen) oder Hoch-LET-Strahlung (C-, Fe- und He-Ionen) induziert. Mit verschiedenen
Techniken, wie dem γH2AX-Foci-Assay, Lebendzellmikroskopie, Fluorescence-Lifetime-Mikroskopie
(FLIM), Westernblot-Analyse und Protein-Immunopräzipitation, wurde nach Bestrahlung die
Verknüpfung von DSBs, die Rekrutierung von NBS1 an DNA-Schäden, der Chromatinstatus sowie
die O-GlcNAcylierung Reparatur-relevanter Proteine untersucht.
Zunächst wurde die Induktion von O-GlcNAcylierung an strahlungsinduzierten DSBs mit Hilfe
einer Fluoreszenz-Kolokalisationsanalyse von 53BP1 und O-GlcNAc untersucht. Diese zeigte eine
strahlungsinduzierte Zunahme der O-GlcNAcylierung innerhalb des Kernkompartiments nach
Röntgen- oder Schwerionenbestrahlung; eine spezifische O-GlcNAcylierung an DSB-Stellen wurde
jedoch nur nach Schwerionenbestrahlung beobachtet. Der Einfluss der O-GlcNAcylierung auf die
DSB-Reparatur wurde nach Röntgenbestrahlung und Bestrahlung mit geladenen Teilchen
untersucht. Es zeigte sich, dass die O-GlcNAcylierung die DSB-Reparatur unabhängig von der
DNA-Schadenskomplexität begünstigt. Die Steigerung der DSB-Reparatur erfolgt durch
Stimulation der homologen Rekombination (HR) und möglicherweise eines zusätzlichen
Reparaturmechanismus;

auf

diesen

wiesen

Untersuchungsergebnisse

der

Reparatur

von

strahlungsinduzierten DSBs in Abhängigkeit eines siRNA-vermittelten Knockdowns des HRFaktors RAD51 und gleichzeitiger Modulation der O-GlcNAcylierung hin. Experimente mit
lebenden Zellen legten nahe, dass Hemmung von OGT die Rekrutierung von NBS1 an
viii

röntgeninduzierten DSBs stört. Im Rahmen dieser Arbeit wurde bestätigt, dass MDC1 durch OGlcNAcylierung modifiziert wird, und gezeigt, dass die HR-Faktoren CtIP und BRCA1
strahlungsabhängig durch O-GlcNAcylierung moduliert werden. OGT und OGA regulieren auch
die Kompaktheit des Chromatins, von der man ausgeht, dass sie ein wichtiger Faktor für die Wahl
des DSB-Reparaturwegs ist.
Zusammenfassend zeigten die Daten mehrere Rollen der O-GlcNAcylierung bei der Reparatur von
strahlungsinduzierten DSBs auf, woraus zu schließen ist, dass diese PTM relevant ist, um die
genomische Stabilität aufrechtzuerhalten.
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1. Introduction
1.1. Physical properties of radiation
Radiation is categorized into two groups: ionizing, such as gamma or X-rays, and non-ionizing
radiation, such as UV (ultraviolet) or infrared. Depending on the radiation energy, the interaction of
radiation with an atom or a molecule gives rise to either an electron excitation or ionization. The
term excitation describes the raising of an electron to a higher energy level in an atom or molecule.
If an electron receives enough energy from radiation, the electron will be ejected from its atom or
molecule. This process is called ionization.
Ionizing radiation is a type of energy leading to ionization when interacting with the material. Nonionizing radiation has less energy per photon (<124 eV) and it does not cause any ionization within
irradiated material. Ionizing radiation can incident with material, such as DNA molecule, through its
direct or indirect interactions (Hall and Giaccia, 2012).
The interaction of a photon with molecules is based on three principles: photoelectric effect, the
Compton effect, and pair formation (Figure 1). Compton effect is when a high-energy photon
interacts with a free lower energy electron of the atom and transfers part of its energy to the
electron, resulting in scattering of the photon and the electron. In the photoelectric effect, a photon
interacts with an orbital electron and transfers its energy entirely to the electron, which causes the
electron to be ejected from the orbit. In the pair formation process, a high-energy photon collides
with an atom nucleus and transfers all of its energy to electron and positron particles. All those
phenomena lead to free energetic electron formation that can ionize other atoms, breaks chemical
bonds hence causes biological harm (Alpen, 1998).
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Figure 1: Photons interact with matter in various ways. Dependent on the energy of a photon, the type of
collision of a photon with an atom is classified as Compton effect, photoelectric effect, and pair production. The
interaction of a high-energy photon with an electron can lead to a release the electron and scattering of the
photon, which is called the Compton effect. The photoelectric effect is based on a low-energy photon
interacting with an atom, thus causing an electron to be ejected and accelerated. The collision of a high-energy
photon with an atom nucleus produces a positron and an electron pair (Figure based on (Zeman et al., 2020)).

The term electron-volt (eV) is the definition of achieved energy by a single electron accelerated by
one volt (V). 1 eV corresponds to 1.6 × 10−19 Joule (J). The energy of X-rays is in the range of 102
and 105 eV. Absorbed dose, called Gray (Gy), is regarded as the energy deposition in the matter from
ionizing radiation. The quantification of absorbed dose is defined with the equation below (Alpen,
1990):
𝐷 = 𝐸⁄𝑚
Equation 1
Where D is absorbed dose (Gy), E is mean deposited energy (J), and m is the mass (kg), in which
energy is absorbed. Sparsely ionizing radiation shows uniform distribution on the target material
whereas densely ionizing radiation displays heterogeneous distribution. In other words, a high dose
is locally achieved along a heavy-ion trajectory that is indirectly proportional to the square root of
the radius from the track centre (√1⁄ 2 ) (Figure 2).
𝑟
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Figure 2: Visualization of dose distribution of X-ray and charged particle irradiation. Uniform dose
distribution of X-rays (left) and local dose distribution of C-ions (right) are shown on a plane (Figure based on
(Scholz, 2003)).

Linear energy transfer (LET) is the definition of the energy transferred per unit length (d) (keV/µm)
that is related to the energy (E) and the charge (Zeff) of the particle (Bethe, 1930, Bloch, 1933):

𝐿𝐸𝑇 = 𝐸⁄𝑑 ∝ (1⁄ 2
2
𝛽 ) × 𝑍𝑒𝑓𝑓
Equation 2
Where β is v/c, v is velocity, and c is speed of light. Besides, dose quantification of the charged
particles can be calculated with the following formula:
𝐷 = 1.602 × 10−9 × 𝐿𝐸𝑇 × 𝐹 × 1⁄𝑝
Equation 3
Where D is absorbed dose (Gy), unit of LET (linear energy transfer) is keV/µm, F is fluence
(p./cm2), and ρ is density of the material (g/cm3) in which energy is absorbed. In biological
experiments, for ρ the value of water (1g/cm3) is chosen because biological material mostly consists
of water.
Usually, radiation with LET values higher than 10 keV/µm is considered high LET radiation, e. g.
LET value of 2.5 MeV alpha particles is 166 keV/µm or LET value of 2 GeV iron ions is 1000
keV/µm. Electromagnetic radiation is categorized as low LET radiation, for instance, the LET value
of 250 keV standard X-rays is 2.0 keV/µm (Okayasu, 2011). Due to the dense ionization along its
path, high LET radiation causes more complex DNA damage than low LET radiation and
consequently its effect on living cells is more detrimental than low LET radiation.
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1.2. Structure and role of chromatin
Deoxyribonucleic acid (DNA) is the core hereditary molecule that stores and carries all genetic
information of the organism. DNA is built with two polynucleotide strands and both contain adenine,
guanine, cytosine, and thymine nucleotides by which two strands bind together with hydrogen
bonds. A nucleotide consists of subunits such as nucleoside, comprising base and sugar, and
phosphate. A histone octamer is a pair of H2A, H2B, H3, and H4 proteins around which 147 base
pairs of DNA wrapped 1.7 times by interacting N- or C-terminal of the histone linker. These
condensed form of DNA and histone complexes are called nucleosomes which are in array and
interact with each other to form condensed 30 nm chromatin fibre, which further compact into the
chromosomes (Chen et al., 2021) (Figure 3).

The denser part of the chromatin is entitled as

heterochromatin and relatively open part is called euchromatin (Alberts et al., 2002). The main role
of the chromatin is to regulate vital biological process such as transcription, replication, DNA repair,
and cell division (Widom, 1998). The structural integrity of DNA is indispensable to maintain
genomic stability.

Figure 3: The structure of chromatin. Chromatin is the packed form of DNA and its associated proteins
mainly histone proteins which coiled in the cell nucleus and regulates fundamental cellular process (modified
from https://www.genome.gov/genetics-glossary/Chromatin (06.10.2021. 23:59)).
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1.3. A view of DNA damage
DNA is constantly exposed to endogenous or exogenous DNA damaging agents. Endogenous
agents can be hydrolysis, oxidation and alkylation; exogenous factors include ionizing radiation (IR),
ultraviolet radiation (UV) and cytotoxic chemicals (Hakem et al., 2008; Chakarov et al., 2014). DNA
damage caused by endogenous or exogenous factors include base conversion (leading to mismatch),
oxidation, loss of DNA nitrogenous base, DNA methylation, base pair dimerization, bulky DNA
adducts formation, alkylation, DNA single or double strand breaks (Chakarov et al., 2014; Chatterjee
and Walker, 2017).
Ionizing radiation such as X-rays or heavy-ion beam can harm the organism’s genetic material
through its direct or indirect interaction with DNA (Figure 4) (Hall and Giaccia, 2012). The former
accounts for 30-40% of DNA damage; while the latter occurs 60-70% of DNA damage (Santivasi and
Xia, 2014). The direct interaction of IR with DNA occurs when secondary electrons, generated by a
radiation source, leads to ionization of the DNA molecule, which is the predominant process when
biological material is irradiated with high LET irradiation.
The indirect interaction is based on the formation of free radicals from water or other molecules in
the cell. In other words, ionizing radiation can usually induce water decomposition causing
ionization of water which then harms to DNA molecule. The interaction of IR with a water molecule
can be define as below:
H2O

H2O+ + e-

The reaction yielded an ion radical H2O+ that contains an unpaired electron which then reacts with
an another water molecule described as below:
H2O+ + H2O

H3O+ + OH•

As a result of the reaction, a highly reactive free radical OH• is produced having an unpaired
electron. The radical can then react with DNA molecule hence cause damage (Hall and Giaccia,
2012).
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Figure 4: Ionizing radiation induced direct and indirect DNA damage. IR induced DNA damage can be
divided in two groups: direct or indirect action. Direct action is the direct interaction between DNA molecule
and ionizing radiation, while indirect action requires free radicals formed by the interaction of ionizing
radiation with some molecules such as water (Figure based on (Hall and Giaccia 2012)).

Upon direct or indirect encounter of ionizing radiation with DNA, the consequences are frequently
base damages, single-strand breaks (SSBs), or less likely double-strand breaks (DSBs) (Arena et al.,
2014; Nickoloff et al., 2020). The estimated number of DNA lesions after 1 Gy of X-rays correspond
to about 40 DSBs, 1000 SSBs, and over 1000 base damages (Hall and Giaccia, 2012). DNA doublestrand breaks (DSBs) are the most deleterious type of DNA damage (Goodarzi and Jeggo 2013)
because misrepair or unrepaired DSBs lead to detrimental consequences such as mutation, cellular
senescence and apoptosis (Jackson and Bartek, 2009). The major IR induced DNA repair pathways
are base excision repair (BER), nucleotide excision repair (NER), and double strand break repair
which is subdivided as homologous recombination (HR) and non-homologous end joining (NHEJ).

1.4. Cell cycle and Cell-cycle checkpoint activation
In living eukaryotic cells, the vital process of cell division takes place in several steps within the cell
cycle; the gap phase 1 (G1), synthesis (S), the gap phase 2 (G2), and mitosis (M) phases. G1, S, and
G2 phase are together known as interphase, in which cells prepare for mitosis (M phase). During the
G1 phase, the cell grows, and organelles and protein content duplicate. In the following step, the S
phase, DNA is replicated. Following S phase, the cell progresses into G2 phase for the final
additional protein synthesis before entering M phase, in which the cell is divided in two daughter
cells. In some cases, inconvenient environmental conditions such as lack of extracellular nutrients
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can lead to an exit from the cell cycle into G0 phase. Cells enter this resting stage from G1 phase and
can stay in G0 for a couple of days, weeks, or even years (Alberts et al., 2002).
The regulation of the cell-cycle process is orchestrated by a complex of cyclin-dependent protein
kinases (CDKs) and cyclins (A, B, D, E). The accuracy of the cell-cycle progress is controlled by cellcycle checkpoints: G1, intra S and G2/M checkpoint (Figure 5) (Filho El-Aouar et al., 2017). If DNA
is damaged, the cell-cycle checkpoints induce cell-cycle arrest allowing cells sufficient time to fix
damaged DNA. On the other hand, DSB repair pathway choice is tightly affected by the cell-cycle
stages. For example, while NHEJ acts at the G1-, S- and G2-phase, HR only predominant in the S
and G2 phase of the cell cycle (Her and Bunting 2018).

Figure 5: Regulation of the cell cycle. Cell cycle progress is specifically regulated by cyclins and their
binding partners CDKs. In some cases, cells enter to G0 phase for resting (Figure based on Filho El-Aouar et
al., 2017).

1.5. DSB Response
In living organism, DNA double strand breaks are most deleterious type of DNA damage which can
be induced by ionizing radiation, or various chemical agents. Induction of DNA double-strand breaks
(DSBs) leads to an activation of a complex-network mechanism comprising post-translational
modifications, chromatin remodelling, cell cycle checkpoints activation, DNA repair, and apoptosis
(Nagaria et al., 2012; Chatterjee and Walker, 2017). DSBs formation initiates auto-phosphorylation
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of ataxia telangiectasia-mutated (ATM) triggering inactive complex of ATM dimer to an active
monomer form that phosphorylates many DSB response/repair proteins. MRN complex serves as
sensor for DSBs, respectively (Figure 6) (Nagaria et al., 2012). The MRN complex mediates
recruitment of PI3-kinase members including ATM and ataxia telangiectasia and Rad3-related
(ATR) to the damaged site (Lamarche et al., 2010).
Activation of kinases (ATM, ATR, and DNA-PK) act as a regulator of the cell cycle checkpoints
(Santivasi and Xia, 2014). ATR and ATM phosphorylate Chk1 and Chk2 (checkpoint kinases 1 and
2) respectively inducing phosphorylation of p53 at Ser20 however, ATM/ATR kinases can also
directly phosphorylates p53 at Ser15 which boosts transactivation of p53 (Christmann et al., 2003)
that plays a key role in cell cycle arrest, senescence and apoptosis (Figure 6) (Baran et al., 2013). p53
induces p21 leading to inhibition of the Cdk2-cyclin E-PCNA complex thus causing to the cell cycle
arrest at the G1/S phase.
An early response to induction of DSBs is the phosphorylation of the histone H2A variant serine 139
of H2AX in the vicinity of the break which serves as a DSB marker (Rogakou et al, 1999).
Phosphorylated H2AX is called H2AX. The phosphorylation event is mediated by DNA-PK, ATM,
and ATR. H2AX formation plays a role in the recruitment of repair factors, checkpoint proteins as
well as chromatin-remodeling complexes and proteins. These proteins include the MRN complex
(Mre11/Rad50/Nbs1), MDC1 (mediator of DNA damage checkpoint protein 1), RNF8 and RNF168
(E3 ubiquitin-protein ligase 8 and 168), and 53BP1 (p53-binding protein). After DSB repair, H2AX
disappears, which might be managed by histone exchange or a protein phosphatase (Van and Santos,
2018).
H2AX represents a marker for DSBs and can be quantified with several techniques to detect DNA
damage and repair. These techniques include antibody staining approach against H2AX for
immunofluorescence, flow cytometry, and Western-blot analysis. Amongst them, H2AX antibody
staining methods are superior to others because this technique offers more precise detection, as
usually each H2AX foci represents one DSB (Podhorecka et al., 2010).
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Figure 6: IR-induced DNA DSBs response signaling pathway. Cells respond to DSBs by activating
cascades: first MRN complex recognizes DSBs and facilitates recruitment of ATM and ATR kinases. These
kinases can phosphorylate many proteins to induce inhibition of the cell cycle, DSBs repair and apoptosis
(Modified from Christmann et al., 2003, Nagaria et al., 2012).

1.6. Double strand break (DSB) repair
DSBs repair is performed by two major pathways: homologous recombination (HR) and nonhomologous end joining (NHEJ) (Figure 7).

1.6.1.

Homologous Recombination (HR)

HR is an error-free repair mechanism based on a homology search between sister chromatids and
strand exchange at the DSB site and therefore limited to in the late S and G2 phase of the cell cycle
in mammalian cells. HR pathway consists of three fundamental stages, i.e. strand invasion, branch
migration, and Holliday-junction formation (Sancar et al., 2004). HR is initiated by the MRN
complex (MRE11-Rad50-NBS1) that detects and binds to the DSB ends. Beside damage recognition,
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the MRN complex recruits ATM (ataxia-telangiectasia mutated) to phosphorylate H2AX, supplying
a binding site for MDC1 (mediator of DNA damage checkpoint protein 1). ATM then
phosphorylates MDC1 stimulating the recruitment of RNF8 and RNF168 (E3 ubiquitin ligase Ring
Finger Protein 8 and 168). RNF8 and RNF168 ubiquitinate H2AX leading to the recruitment of the
BRCA1-BARD1 complex. This complex interacts with CtIP and MRN in order to initiate resection
in the early stages of HR (Aleksandrov et al., 2020).

Interaction of the MRN complex with CtIP

promotes short-range resection which later undergoes further lengthening by EXO1 (exonuclease 1)
and DNA2/BLM (DNA2/Bloom syndrome protein) to generate 3’ single-stranded DNA (ssDNA)
overhangs at the DSB ends which is protected by RPA (Replication protein A). BRCA2 (breast
cancer type 2 susceptibility protein) is recruited to the 3’ single-stranded DNA site and promotes
RPA exchange with RAD51, which creates a nucleoprotein filament, for the homology search and
invasion of homologous DNA strand, which is called displacement loop (D-loop), and the DNA is
lengthened by polymerase orChatterjee and Walker, 2017). Following D-Loop formation,
identical copies of chromatid are joined together by double Holliday junction (dHJ) that allows
branch migration (Punatar et al., 2017) promoted by RAD54 (Lans et al., 2012). the repair process is
completed by ligation (Chatterjee and Walker, 2017; Aleksandrov et al., 2020).

1.6.2.

Non-homologous end joining (NHEJ)

Non-homologous end joining (NHEJ) is the most prevalent DSB repair pathway, because, unlike HR,
NHEJ functions at any stage of the cell cycle phase. NHEJ is an error-prone repair mechanism and
does not require a homologoue sequence to repair DSB ends, but relies on direct ligation of DSB
ends instead. The pathway is initiated by recognition of DNA damage by the Ku70/80 heterodimer
that also binds to the DNA end to block its resection. Combination of Ku70/80 heterodimer and
DNA-PKcs (DNA-dependent protein kinase catalytic subunit) composes DNA-PK holoenzyme,
which then recruits and regulates the repair factors XRCC4 (X-ray cross complementing protein 4),
XLF (XRCC4-like factor), LIG 4 (ligase 4), and Artemis. Before initiation of ligation, ARTEMIS and
MRN complex are considered to process the damaged DNA ends (Lans et al., 2012). The
XRCC4/LIG 4 complex completes the repair process by performing ligating to DSB ends (Gent and
Burg 2007; Chatterjee and Walker, 2017).
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Figure 7: DSB repair by non-homologous and joining (NHEJ) and homologous recombination (HR).
NHEJ is initiated by binding of the Ku70/80 heterodimer to DSB ends. Ku complex and DNA-PKcs execute
the subsequent ligation of the DSB ends with the DNA ligase IV/XLF/XRCC4 complex. HR is initiated by
the MRN complex, which interacts with CtIP and starts short-length resection. Exo1, DNA2/BLM further
extends the resected site. Evolving 3' single-stranded DNA (ssDNA) overhangs are coated by RPA. Rad51 is
required for the homology invasion and strand exchange resulting in DNA synthesis, strand dissolution, and
repair (Figure based on (Lans et al., 2012)).
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1.7. Protein O-linked-N-acetylglucosaminylation (O-GlcNAcylation)
O-GlcNAcylation is a dynamic and reversible posttranslational modification (PTM) of nuclear,
mitochondrial and cytoplasmic proteins (Yang and Qian 2017). Proteins become O-GlcNAcylated on
serine (Ser) or threonine (Thr) residues that plays a crucial role in regulating various biological
processes such as activity, localisation, or stability of substrate proteins (Hart et al., 2011).
The hexosamine biosynthetic pathway (HBP) (Figure 9) shares reaction steps with glycolysis and
the HBP is very sensitive to nutrient, which consumes approximately 2-5 % of glucose and in
addition, glutamine, acetyl-coenzyme A (Ac-CoA) and uridine-5′-triphosphate (UTP) to produce the
nucleotide sugar UDP-GlcNAc. Glutamine fructose-6-phosphate amidotransferase (GFAT), the
rate-limiting enzyme of HBP, catalyzingthe transformation of fructose-6-phosphate (F6P) and
glutamine to glucosamine-6-phosphate and glutamate (Akella et al., 2019; Fardini et al., 2013).
O-GlcNAcylation is dynamically catalysed by only pair of enzymes O-GlcNAc transferase (OGT)
which uses UDP-GlcNAc as a substrate to attach GlcNAc (Figure 8) to the hydroxyl (OH-) group of
Ser/Thr residues. O-GlcNAcase (OGA) removes O-GlcNAc from O-GlcNAc modified protein
(Figure 9) (Hart et al., 2007).

Figure 8: Chemical structure of N-acetylglucosamine (GlcNAc) (Figure based on (Liu et al., 2011)).
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Figure 9: Protein O-GlcNAcylation and the synthesis of its substrate UDP-GlcNAc through the
hexosamine biosynthesis pathway (HBP). About 2-3 % of endogenous glucose is channelled into the
hexosamine biosynthesis pathway (HBP), which shares reaction steps up to fructose-6-P with glycolysis. The
rate limiting enzyme GFAT (glutamine: fructose-6-phosphate amidotransferase) transforms fructose-6-P to
glucosamine-6-P. HBP's end product is UDP-GlcNAc, a substrate of O-GlcNAc transferase (OGT). OGT
attaches GlcNAc to protein Ser/Thr residues, O-GlcNAcase (OGA) removes it (Figure based on (Fardini et al.,
2013; Hirosawa et al., 2018; Akella et al., 2019)).

All O-GlcNAcylated proteins are found to be potentially also modified by phosphorylation as both
modifications occur on Ser and Thr residues of proteins. Both modifications can affect each other, for
example, an increased level of O-GlcNAcylation leads to a decrease in the phosphorylation level
(Butkinaree et al., 2010). Therefore, the interplay between O-GlcNAcylation and phosphorylation
can play a role in regulating protein activity and stability (Hart et al., 2011; Zhong at al., 2015).
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1.7.1.

O-GlcNAcylation is part of the DNA Damage Response

Recent studies have shown that O-GlcNAcylation is not only responsive to nutrients but also
sensitive to cellular damage stimuli, such as heat stress (Zachara et al., 2004), oxidative stress
(Groves et al., 2017), and DNA damaging agents such as bleocin (Zachara et al., 2011). The
competitive relationship between O-GlcNAcylation and phosphorylation on aminoacid Ser/Thr
residues provides a link between O-GlcNAcylation and DNA-damage response since many DDR
proteins are known to be phosphorylated. For instance, Chen and Yu showed that phosphorylation
sites of MDC1 and H2AX (Ser139) are modified by O-GlcNAcylation upon DNA damage and
diminishing O-GlcNAcylation, promoted spreading of H2AX phosphorylation in response to laser
micro irradiation (Chen and Yu 2016). In addition, modifying O-GlcNAcylation was found to
regulate DSB repair after irradiation (Efimova et al., 2016; Efimova et al., 2019). O-GlcNAcylation
might also be associated with DDR through its effect on ATM activity; it was shown that increasing
O-GlcNAcylation supported ataxia-telangiectasia mutated (ATM) activation after irradiation (Miura
et al., 2012).
In addition, O-GlcNAcylation has been suggested to regulate chromatin dynamics by modifying core
histones (Sakabe et al., 2010; Dehennaut et al., 2014; Leturcq et al.,2017) or indirectly by its complex
relationship with the PcG (Polycomb-group) proteins and the TET (Ten-Eleven Transcription)
family proteins (Dehennaut et al., 2014; Leturcq et al., 2017; Efimova et al., 2019) For instance,
OGT is recruited to chromatin via its interaction with the member of TET family proteins to modify
histones (Dehennaut et al., 2014). As a consequence of these interactions, O-GlcNAcylation might
also modulate DSB repair by modifying chromatin architecture. However, the actual role of OGlcNAcylation on the chromatin status has been poorly defined.

1.8. Aim of study
Recent data show that O-GlcNAcylation influences DSB repair. Since this influence is not well
characterised, the purpose of this doctoral project was to study the influence of O-GlcNAcylation on
DSB repair in more detail. The key objectives of this study are:
1.

Dissecting the impact of O-GlcNAcylation on DNA DSB repair by quantifying break-end

rejoining in the specific cell cycle phases (G1 and S/G2) and revealing if this influences depending on
damage complexity,
2. Exploring the regulation of DSB repair mechanism by O-GlcNAcylation, e.g. whether OGlcNAcylation modulates DSB repair via NHEJ and/or HR,
3. Defining O-GlcNAcylation of DDR-related factors and investigate the impact of O-GlcNAcylation
on localization of DSB repair factor NBS1 at the break site, in response to irradiation,
4. Examining the effects of O-GlcNAcylation on the chromatin compaction states.
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2. Materials
2.1. Cell Culture Materials
2.1.1.

Cell Lines

Cell Line

Provider

HeLa CCL2

ATCC, Wesel, Germany

MCF-7

Leibniz Institute DSMZ, Braunschweig,
Germany

U2OS-2GFP-NBS1

2.1.2.

Kindly provided by Claudia Lukas, Faculty of
Health and Medical Sciences, University of
Copenhagen, Copenhagen, Denmark

Cell Culture Consumables

Reagents/Stuffs

Provider

Cell culture flasks t25, t75

BD Bioscience

Cell culture dishes 3.5, 10, 30 cm

Greiner Bio-One,
Frickenhausen, Germany

Cell scraper

TPP, Trasadingen, Germany

Glass bottom Petri dishes 3.5 cm

Greiner Bio-One,
Frickenhausen, Germany

2.1.3.

Cell Culture Medium, Additives and Reagents

Reagents/Stuffs

Provider

Accutase

Sigma Aldrich, St. Louis
Missouri, USA

Dimethylsulfoxide (DMSO)

Carl Roth GmbH + Co KG,
Karlsruhe, Germany

Dulbecco's Minimal Essential Medium with 0, 1.0, and 4,5 g/l
Glucose (DMEM)

Biochrom AG, Berlin,
Germany
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Reagents/Stuffs

Provider

Fetal calf serum (FCS)

Biochrom AG, Berlin,
Germany

Phosphate buffered saline (PBS)

Biochrom AG, Berlin,
Germany

2.2. Chemicals
Chemicals

Provider

2-Bromo-2-nitro-1,3-propanediol

Sigma Aldrich, St. Louis
Missouri, USA

3x Reducing Blue Loading Dye

Cell Signaling Technology, Frankfurt,
Germany

4′,6-diamidino-2-phenylindole (DAPI)

AppliChem, Darmstadt, Germany

Deconex 53 plus

Borer, Zuchwil, Switzerland

Diazolidinylurea

Sigma Aldrich, St. Louis
Missouri, USA

Di-Sodium hydrogen phosphate (Na2HPO4)

Sigma Aldrich, St. Louis
Missouri, USA

Ethylenediamine tetraacetic acid (EDTA)

Sigma Aldrich, St. Louis
Missouri, USA

Ethylene glycol-bis(β-aminoethyl ether)N,N,N′,N′-tetraacetic acid (EGTA)

Sigma Aldrich, St. Louis
Missouri, USA

Ethanol (99.8%),
Ethanol (absolut)

Carl Roth GmbH + Co KG, Karlsruhe

Glycerol

Merck, Darmstadt

Hepes

Merck, Darmstadt

HiMarkTM Pre-Stained Protein Standard

Life Technologies, Darmstadt, Germany

IGEPAL (NP-40)

Sigma Aldrich, St. Louis
Missouri, USA

Immersion oil

Merck, Darmstadt, Germany
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Chemicals

Provider

Isopropanol

Carl Roth GmbH + Co KG, Karlsruhe

Löffler’s methylene blue solution

Carl Roth GmbH + Co KG, Karlsruhe

Low fat milk powder

Carl Roth GmbH + Co KG, Karlsruhe

Magnesium chloride (MgCl2)

Carl Roth GmbH + Co KG, Karlsruhe

PageRuler™Plus Prestained Protein Ladder

Fermentas, Waltham, MA, USA

Paraformaldehyde

Carl Roth GmbH + Co KG, Karlsruhe

Pipes

Sigma Aldrich, St. Louis
Missouri, USA

Potassium Chloride (KCI)

Carl Roth GmbH + Co KG, Karlsruhe

Potassium Dihydrogen Phosphate (KH2PO4)

Merck, Darmstadt, Germany

Potassium hydroxide (KOH)

AppliChem, Darmstadt, Germany

RNase R4875

Merck, Darmstadt, Germany

Rotiphorese NF-Acrylamide/Bis-Solution 30%

Carl Roth GmbH + Co KG, Karlsruhe

SlowFade

Invitrogen (Thermo Fisher Scientific),
Waltham, MA, USA

Sodium Chloride

Merck, Darmstadt, Germany

Sodium dodecyl sulfate (SDS)

Carl Roth GmbH + Co KG, Karlsruhe

Sodium deoxycholate

Sigma Aldrich, St. Louis
Missouri, USA

Sucrose

Sigma Aldrich, St. Louis
Missouri, USA

Tri-Sodium citrate dihydrate

Merck, Darmstadt, Germany

TEMED

Merck, Darmstadt, Germany

Tris-Base

AppliChem, Darmstadt, Germany

Tris-HCl

Merck, Darmstadt, Germany

Triton-X-100

AppliChem, Darmstadt, Germany

Tween20

AppliChem, Darmstadt, Germany
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2.3. Buffers and Solutions
Buffers

Recipe

2xLaemmli Lysis Buffer

100 mM Tris-HCl pH 6.8
2% SDS, 20% Glycerin

Blocking Solutions (5%)

2.5 g low fat milk powder in 50 ml
1 × T-BST or, 2.5 g BSA in 50 ml
1x T-BST

3x Reducing Blue Loading Dye

3x Blue Loading Dye
10% DTT

1x SDS Running buffer

192 mM Glycine,
25 mM Tris-Base
0,1% SDS

Cytoskeleton Buffer

10 mM Pipes (pH 6.8), 100 mM
NaCl, 300 mM Sucrose, 3 mM
MgCl2.6H2O, 1 mM EGTA, 0.5%
Triton X-100

Cytoskeleton Stripping Buffer

10 mM Tris/HCL, 10 mM NaCl,
3 mM MgCl2.6H2O, 1% Tween 40,
0.5% Na-deoxycholat

DAPI Solution

1 μg/ml DAPI in PBS-/-

1x Methylene blue

10% (v/v) Löfflers Methylene blue,
5% (v/v) Methanol,
0,09% (w/v) Potassium hydroxide

Modified Streck Tissue Fixative

pH 5.7 150 mM 2-Bromo-2-nitro-1,3
propandiol, 108 mM
Diazolidinylurea, 10 mM Tri-NaCitrat.2H2O, 50 mM EDTA

PBS-/-

2,7 mM KCl, 1,5 mM KH2PO4,
137 mM NaCl, 7,9 mM Na2HPO4

PBS-T

0,1% Tween 20 in PBS-/-

2% PFA in PBS-/-

2 g Paraformaldehyde in 100 ml
PBS-/-
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Buffers

Recipe

RIPA lysis buffer (for IP)

20 mM Tris-HCl, 150 mM NaCl,
1% NP-40, 0.5% Na-deoxycholate
(w/v), 0.1% SDS, 1 mM EDTA, 50
µM PUGNAc, protease and
phosphatase inhibitors

10x TBS Buffer

1,37 M NaCl, 200 mM Tris-Base
pH 7.6

1x TBS-T Buffer

1x TBS pH 7,6, 0,1% Tween20

1x Turbo Transfer-Buffer

200 ml 5x Turbo Transfer Buffer
(BioRad), 700 ml Millipore,
200 ml Ethanol (absolute)

2.4. Inhibitors and siRNA
Inhibitor

Provider

B02 (RAD51 Inhibitor)

Cayman Chemicals, Hamburg, Germany

PhosphoStop

Roche, Mannheim

Protease Inhibitor Cocktail

Roche, Mannheim

PUGNAc (OGA Inhibitor)

Sigma-Aldrich, Munich, Germany

ST060266 (OGT Inhibitor)

TimTec, Newark, DE, USA

Gene

siRNA Sequence

Provider

RAD51

GAGCUUUGACAAACUACUUCdTdT

Eurofins Genomics,
Ebersberg, Germany
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2.5. Kits
Kits

Provider

DC Protein Assay

BioRad, Münich, Germany

Dynabeads Protein G
Immunoprecipitation Kit

Invitrogen (Thermo Fisher Scientific),
Waltham, MA, USA

HiPerFect Transfection

Qiagen, Hilden, Germany

Luminescent ATP detection Assay Kit

Abcam, Cambridge, UK

Pierce™ ECL plus Westernblotting
Substrate

Thermo Fisher Scientific, Waltham, MA, USA

2.6. Software
Software

Provider

AndorIQ software v 1.10

Andor Bioimaging Division

FUSION software

Peqlab

FlowJo V7

Tree Star, Inc.

Gen5 1.00.14

Biotek Instruments, Inc.

GraphPad Prism software Version 8

San Diego, CA, USA

Image J 1.52a

University of Wisconsin, USA

LAS AF

Leica

Microsoft Office Word, Excel Version 2016

Microsoft Corporation, Redmond, WA, USA

StackReg plugin

Philippe Thévenaz, Lausanne, Switzerland

SPCImage Version 6.4

Becker & Hickl, Berlin, Germany

Softmax Pro 7.0

Molecular Devices, LLC
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3. Methods
3.1. Cell Culture and cell freezing/thawing procedure
All cell lines were cultured in 25 or 75 cm2 cell-culture flasks containing appropriate culture medium
and incubated in a humidified incubator with (5%) CO2 at 37 °C. In this study the following cell lines
were used:
o

HeLa CCL2: The human cervix epitheloid carcinoma cell line HeLa CCL2 was cultivated
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(FCS) and 4.5 g/l glucose, stable glutamine and Na-pyruvate.

o

MCF-7: The human breast cancer cell line was grown in DMEM supplemented with 20%
FCS and 4.5 g/l glucose, stable glutamine and Na-pyruvate.

o

U2OS NBS1-2GFP: Human osteosarcoma cells stably expressing NBS1 tagged with GFP
were grown in DMEM supplemented with 20% FCS and 4.5 g/l glucose, stable glutamine
and Na-pyruvate.

Cells were passaged twice a week, when cells reached approximately 80% of confluency. For
passaging, cells were detached by incubating them 5 min at 37°C with 2 ml accutase/75 cm2 culture
flask 1/10 of the cells were reseeded per passage. and medium was changed every two or three days.
If required the cell number was determined with an electronic cell counter (Z2 Coulter Counter,
Beckmann Coulter, Krefeld).
For long term storage, cells were further stored in the liquid nitrogen. Briefly, cells were grown to
approximately 80% confluency as described above and centrifuged at 110 × g for 10 minutes at 4 °C.
After centrifugation, the cell pellet was resuspended in medium containing 10% dimethylsulfoxid
(DMSO) and 30% fetal calf serum FCS to reach one million cells per ml. 2 ml suspension were
transferred into cryotubes (Greiner Bio-One, Frickenhausen, Germany). Cryotubes were then placed
into a freezing container (Corning CoolCell LX) and cooled down to -80 °C with a mean decrease in
temperature of 1 °C/minute. The cryotubes were transferred into a nitrogen tank with a temperature
of -196 °C at least 24 h after cool-down.
To thaw cell, they were removed from liquit nitrogen and immediately placed into a 37°C water
bath. After thawing, cells were transferred into 20 ml growth medium and centrifuged at 110 × g for
10 minutes. The cell pellet was resuspended in growth medium and cultivated in 75 cm2 cell culture
flask. After thawing, cells were cultivated for at least 2 weeks before starting the experiment and
cells were subcultured up to maximum passage 20.

3.1.1.

Cell seeding for experiments

For all experiments, the cell lines were seeded in 35, 100 mm petri dishes or 25 cm 2 cell culture
flasks one or two days before the experiment. The following table shows the seeding conditions for
different approaches (Table 1).
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Technique

Cell Line

Seeding

Plate Type

Density
HeLa CCL2

1.2x105

Immunofluorescense

MCF-7

2.5x105

35 mm Petri dishes

Live Cell Imaging

U2OS-NBS1-2GFP

1.2x105

35 mm glass bottom Petri
dishes

FLIM

HeLa CCL2

1.2x105

35 mm glass bottom Petri
dishes

FACS

HeLa CCL2

106

T-25 flasks

Clonogenic survival

HeLa CCL2

2.5x105

T-25 flasks

Immunoprecipitation

HeLa CCL2

106

100 mm Petri dishes

Table 1: The cell lines were used with different densities according to the experiment.

3.2. Inhibitor treatment and siRNA transfection
Inhibitors were added to the cell culture medium and mixed by pipetting up and down at indicated
concentrations as described below.

3.2.1.

O-GlcNAc transferase (OGT) or O-GlcNAcase Inhibitors

ST060266 is an O-GlcNAc transferase (OGT) inhibitor that blocks the attachment of O-GlcNAc
sugar pieces to the substrate protein (Gross et al., 2005), whereas PUGNAc is an effective OGlcNAcase (OGA) inhibitor that removes O-GlcNAc from O-GlcNAc modified proteins
(Haltiwanger et al., 1997).
O-GlcNAc transferase (OGT) inhibitor ST060266 or O-GlcNAcase (OGA) inhibitor PUGNAc were
dissolved in 100% DMSO to prepare a stock solution of 10 mM or 100 mM respectively and stored
at -20 °C up to one month. For all experiments, cells were treated with 12.5 µM of ST060266
(OGTi), 100 µM of PUGNAc (OGAi) or dimethyl sulfoxide (DMSO) (control) for 24 h prior to the
experiment and maintained during the experiment.
3.2.2.

Inhibition of RAD51

B02 is a specific inhibitor of RAD51, which inhibits DNA strand exchange activity of this key HR
factor RAD51 (Huang et al., 2012). B02 was dissolved in 100% DMSO to prepare a stock solution of
100 mM and stored at -20 °C up to three months. Cells were treated with 50 µM of B02 inhibitor 30
min before irradiation and maintained up to 10 h after irradiation.
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3.2.3.

RAD51 knockdown

Using RNA interference, the RAD51 gene was silenced by transfecting HeLa CCL2 cells with
RAD51 specific siRNA to a final concentration of 50 nM. After transfection, the cells were incubated
for 48 h. Transfection was performed on the same day as seeding according to the HiPerFect
protocol. siRAD51 was dissolved in 1x siMAX universal buffer from 6 mM HEPES, 20 mM KCl,
0.2mM MgCl2; pH 7.3. For transfection, 12 µl HiPerFect transfection reagent were used per 35 mm
Petri dish.

3.3. Irradiation of the cells in petri dishes or cell culture
flasks
All irradiation experiments were performed at the irradiation facility of GSI (GSI Helmholtz Centre
for Heavy Ion Research, Darmstadt).

3.3.1.

X-Ray irradiation

Irradiation of cells was performed with an X-ray tube (X-ray tube MXR 320-26, Seifert, Germany)
at a voltage of 250 kV and a current of 16 mA; the radiation dose rate was controlled with SN4
Dosimeter (PTW Freiburg, Germany). Cells were irradiated with X-rays doses of 1, 2, 6, or 10 Gy in
35 mm, 100 mm petri dishes, or 25 cm2 cell culture flasks.

3.3.2.
Heavy ion irradiation at the UNILAC (The Universal
Linear Accelerator)
Heavy ion irradiation was carried out with different particles including carbon (12C), iron (56Fe), or
helium (4He) (Table 2). For the irradiation, Petri dishes were placed in a special magazine (Figure 10)
containing medium and inhibitors (OGT or OGA inhibitor), and the all samples were irradiated
perpendicularly. The Petri dishes were lifted by a robotie arm out of the magazine for the iradiation.
Following irradiation, cells were fixed at certain time points and stored at +4 °C for
immunofluorescence staining.
Ion

Primary

LET [keV/µm]

Energy

Fluence

Dose [Gy]

[particles/cm2]

[MeV/u]
12

C

11.4

170

5x106

1.3

56

Fe

11.4

2875

5x106

23

He

3.6

82

5x106

0.6

4

Table 2: Characteristic properties of different ions at the UNILAC.
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(a)
Figure 10: Sample preparation for charged particle irradiation at the UNILAC. Magazines were filled
with cell culture medium containing OGTi, OGAi and DMSO. (a) Petri dishes are placed into the magazines
and irradiated perpendicular at the UNILAC facility.

3.4. Immunocytochemistry Methods
3.4.1.
The

Paraformaldehyde (PFA) fixation

fixation of cells

for

immunofluorescence

staining was

carried

out with

paraformaldehyde (PFA) fixation buffers. The initial steps include removal of cell culture
medium and subsequent washing with PBS at room temperature (RT). Then, cells were fixed
with 2% paraformaldehyde in PBS for 15 min and permeabilized for 10 min with 0.5 % Triton X-100
in PBS, thereafter cells were washed with PBS two times for 5 min and stored at +4°C in 0.4 % BSA.
To avoid contamination in long-term storage, cells were stored in 0.4% BSA with 0.02% sodium
azide at +4°C.

3.4.2.

STRECK fixation

Cells were fixed with STRECK fixation buffers to remove soluble and cytoskeleton proteins
according to Jakob et al. (Jakob et al., 2003). First, the cell culture medium was removed and the cells
were washed with PBS on ice. After that, cells were incubated with Cytoskeleton Buffer for 5 min on
ice and then incubated with Cytoskeleton Stripping Buffer for 5 min on ice, followed by washing the
cells with PBS three times for one minute. Cells were incubated with Streck tissue Fixative for 30
min at RT and permeabilized for 10 min in 0.5 % Triton X-100 in PBS, then washed with PBS for 5
min and stored in 0.4% BSA at +4°C.

3.4.3.

Antibody Staining for immunofluorescence analysis

For immunofluorescence staining, the primary and secondary antibodies (Table 3) were diluted with
0.4% BSA in PBS, 60 µl were added to the samples and incubated in the dark at RT. To spread the
antibody solution uniformly in Petri dishes, samples were covered by thin round plastic film. The
cells were incubated with primary antibodies for one hour followed by washing with PBS three times
for 5 min. Next, secondary antibodies were applied for 45 min, then washed with PBS three times for
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5 min and DNA was counterstained with 1 μ g/ml DAPI (4`,6-Diamidin-2-phenylindol) solution for
15 minutes. After rinsing quickly with millipore to remove salt residues, SlowFade was applied and
the cells were covered by glass coverslips.

Antibody

Provider

Host Species

Type

Stock

Dilution

[mg/ml]
O-GlcNAc
CTD100.6

Santa Cruz

mouse

primary

0.2

1:500

O-GlcNAc
RL2

Santa Cruz

mouse

primary

0.2

1:200

H2AX
Ser139

Millipore

mouse

primary

1

1:500

CENP-F

Novus
Biologicals

rabbit

primary

2.5

1:750

53BP1

Abcam

rabbit

primary

1

1:400

mouse Alexa
488conjugated

Invitrogen

goat

secondary

2

1:400

rabbit Alexa
568conjugated

Life
Technologies

donkey

secondary

2

1:400

Table 3: The primary and secondary antibodies were used for immunofluorescence staining at indicated
concentrations.

3.5. Microscopic Techniques
3.5.1.

Confocal Microscopy

Immunofluorescence analysis of the samples was performed using a confocal Laserscanning System
Leica TCS SPE microscope with 63x Objective (oil immersion) combined with lasers in the
excitation wavelengths 405, 488, 561, and 640 nm. For the intensity measurements, images of one
experiment were acquired with the same settings immediately after antibody staining. Quantification
of DSB re-joining was done with manual counting of H2AX foci visualised with
immunofluorescence staining, and the data were corrected by subtracting the number of background
foci of non-irradiated cells. For micronucleus (MN) analysis, DNA was visualized by DAPI staining
and micronuclei were quantified by analysing 150-250 cells. A cell was considered to contain
micronuclei was determined with respect to certain morphologic characteristics. These were: the
diameter of MN was less than 1/3 of the main nucleus, the colour of MN was the same as, or lighter

25

than the “main” nucleus, the distance of MN was close to the “main” nucleus and, a “main” nucleus
may have more than one MN.

3.5.2.

Online Microscopy

A microscope (OLYMPUS IX71) equipped with a 35 kV X-ray system operating at 80 mA and
yielding a dose about 1 Gy/s, was implemented to monitor NBS1-2GFP recruitment using an
UPlanFL60x/1.2 water or 100x/1.4 oil immersion objective according to Jakob et al. (Jakob et al.,
2020). The live cell images were acquired using AndorIQ software (Vers.1.10) within 45 min after
irradiation and data analysis was done with Image J software associated with the StackReg plugin.

3.5.3.

Fluorescence-lifetime Microscopy (FLIM)

For fluorescence life time microscopy (FLIM) (OLYMPUS IX71), cells were stained with 1 µM
Hoechst 34580 for one hour before the measurement and the medium was exchanged after the
incubation period. However, OGT or OGA inhibitors were maintained during the experiment. The
confocal images were recorded at 512x512 frame size using single photon counting (TCSPC, a DCS
120 scan head; Becker & Hickl, Berlin, Germany) according to Abdollahi et al. (Abdollahi et al.,
2018). A stage climate chamber (Tokai Hit, Fujinomiya-shi, Shizuoka, Japan) was used to keep the
temperature at 37°C, humidity and CO2 (5%) stable. Laser power was set to yield 105–106 photons/s
and the collection time was 30s in FIFO mode. The lifetime images were calculated with SPCImage
software (Version 6.4) and analyzed with Image J software.

3.6. Biochemistry Techniques
3.6.1.

Cell Viability Assay

In order to determine toxicity of OGT and OGA inhibitors in HeLa cells, a luminescent ATP
detection assay was performed. The assay is based on the detection of the total cellular ATP level
which mirrors cell viability. The total level of cellular ATP was detected by measuring the light
according to the reaction (below), which is proportional to the ATP concentration of the cell.
ATP + D-Luciferin + O2 →Oxyluciferin + AMP + PPi + CO2 + Light
To avoid well-to-well cross talk, and to enhance luminescence signals, cells were grown in a 96
white well plate. Briefly, 1.2 x 104 HeLa cells/well were seeded in 100 µl media and allowed to
adhere for 24 h in 5% CO2 at 37 oC. Cells were treated with different concentrations of inhibitors
ranging between 0-25 µM for OGT inhibitor ST060266 and 0-100 µM for OGA inhibitor PUGNAc.
The ATP assay was run according to the manufacturer’s protocol. Briefly, all ATP dilution series (0,
0.0001, 0.001, 0.01, 0.1, 1, 10 or 100 µM final concentration) were used to determine the ATP
concentration in the cell culture wells. For cell lysis, 50 µl of detergent (ready to use in the kit) was

26

applied with shaking at 600-700 rpm for 5 min. The well plate was incubated 10 min in the dark and
read in the luminescence reader (SpectraMax i3x, Molecular Devices LLC, San Jose, CA)

3.6.2.

Protein extraction with Laemmli lysate

Laemmli lysis buffer was used to prepare protein extracts for SDS gel electrophoresis. In the process,
all the steps were performed in ice cold condition. First, medium was poured and cells rinsed with
PBS. Per 35 mm Petri dish 100 µl 2xLaemmli lysate buffer in the 35 mm petri dishes and cells were
scrapped off with a rubber policeman. The lysate was run 10 times through a 25G needle to shear
DNA and incubated 10 min at 950C. As a final step, samples were centrifuged 13000xg for 10 min at
40C and transferred to the fresh tubes.

3.6.3.

Protein extraction with RIPA lysate buffer

For the immunoprecipitation experiment, proteins were extracted with RIPA lysis buffer and all
steps were performed on ice cold. 1 tablet of protease and 2 tablets of phosphatase inhibitors were
added to the per 10 mL lysis reagent to avoid degradation of proteins and phosphorylation 50 µM of
PUGNAc (OGA inhibitor) was also added to the buffer right before the experiment. 300 µl of
1xRIPA buffer was applied for 5 min to the cells in 100 mm petri dishes with gentle shaking. Cells
were scraped with a rubber policeman and their DNA was fragmented by sonication 30 s, 50%
intensity. The procedure was followed by centrifugation at 14000xg for 10 min at 40C.

3.6.4.

Detection of protein concentration with Lowry Assay

The protein concentration of cell exract was determined a with The Detergent Compatible (DC)
Protein Assay. The detection of the protein concentration is based on a colour change, which is
proportional to the protein concentration. To determine the protein concentration a standard curve
was developed using bovine serum albumin (BSA) in the range of 0-1 mg/ml. In a 96 well plate, 5 µl
of each sample was mixed with 25 µl of AS reagent and 200 µl of reagent B for 15 min by shaking in
dark condition. Samples were read in an ELISA reader at 690 nm absorbance.

3.6.5.

Immunoprecipitation

Immunoprecipitation (IP) was performed with Dynabeads Protein G Immunoprecipitation Kit to
pull down cellular O-GlcNAcylated proteins. On account of this, O-GlcNAc RL2 antibody or isotype
control IgG1 was coupled with Dynabeads Protein G with rotation for 20 min at RT. The amount of
antibody and magnetic beads used were 10 µg of antibody/mg of protein and 1 mg of beads per 8 µg
of the antibody. 1 or 2 mg of the protein were incubated in the tubes with antibody-conjugated
magnetic beads with rotation for 1 h at RT. The samples were placed in a magnetic rack and washed
with washing buffer (provided by the kit). Afterwards, beads were mixed with 40 µl of 3x blue
loading buffer containing DTT (Dithiothreitol) and the target antigen was eluted by boiling the
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samples for 15 min. Magnetic beads were separated from samples using a magnetic rack and 15 µl of
the eluted protein solution were loaded on an SDS gel.

3.6.6.

Immunoblotting

Western blot analysis was carried out to detect specific proteins of a sample extract. Proteins were
resolved in either self-made SDS-polyacrylamide gels or ready to use polyacrylamide gels, depending
on the size of protein different acrylamide concentration of the gels (4–6% or 10%) were used.
Proteins identified by Lowry assay were then mixed with 1:2 ratios of 2x SDS Laemli buffer
containing β -mercaptoethanol and incubated for 3 min at 95 0C to further denature proteins.
Usually, equal amount of protein was loaded (10-20 µg/lane). Electrophoresis was performed at a
constant current of 45 mA for about 45 min or until the dye front reached the bottom of the gel.
Following SDS-PAGE electrophoresis, proteins were transferred to nitrocellulose membrane (GE
Healthcare, Chicago/BioRad, Munich) using Trans-Blot Turbo Blotting System (BioRad). The SDSgel and the nitrocellulose membrane are assembled into a sandwich along with whatman filter papers
(Figure 11). In the blotting apparatus, negatively charged proteins migrate towards the anode hence,
proteins successfully transfer to the membrane. Using 1x transfer buffer, proteins were transferred at
constant voltage of 25 V and, current of 0.5 mA for 45 min. Immediately after blotting, the
membrane was blocked in either 5% BSA in TBS-T or 5% low fat milk in TBS-T, depending on the
antibody type, for 1 h at RT.

Figure 11: A schema of gel transferring system. In the system, the protein transferring from the gel to the
membrane occurs in the electric field (Modified from Trans-Blot Turbo Blotting System Instruction Manual).
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The primary and HRP (horseradish peroxidase) conjugated secondary antibodies (Table 4) were
diluted with blocking solution and the membrane was washed after each staining step three times 5
min with 1xTBS-T. The membrane was incubated with primary antibody overnight at +4 0C and
with secondary antibody for 1 h at RT with gentle rotation. Following washing steps, the membrane
was incubated with enhanced chemiluminescent (ECL) reagent for 5 min in the dark at RT. A
chemiluminescent signal occurs due to the oxidation of the Lumigen PS-3 Acridin substrate by HRP.
This signal was detected with FUSION FX7TM containing a CCD camera using FUSION software.
The intensity of the band was evaluated with ImageJ software. As a loading control, -tubulin or
vinculin antibodies were used and signal of the protein of interest was normalised to the signal of the
loading control.

Antibody

Provider

Host
Species

Type

Stock

Dilution

[mg/ml]

O-GlcNAc
CTD100.6

Santa Cruz

mouse

primary

0.2

1:500

RAD51

Abcam

rabbit

primary

1.802

1:5000

RPA

Santa Cruz

mouse

primary

0.2

1:200

BRCA1

Santa Cruz

mouse

primary

0.2

1:200

CtIP

Santa Cruz

mouse

primary

0.2

1:200

MDC1

Invitrogen

rabbit

primary

0.92

1:200

HRP goat

LI-COR

Rabbit or

secondary

1:10000

mouse
Table 4: The primary and secondary antibodies were used for western blotting at indicated concentrations.

3.6.7.

FACS Analysis

In order to distinguish cell cycle stages after B02 treatment, flow cytometry analysis was performed
in single cell suspensions of fixed HeLa cells. In this experiment at least 106 cells were analysed for
each condition.

3.6.8.

Sample preparation and fixation

HeLa cells were seeded as described (Table 1) and maintained for 48 h. 50 µM of B02 treatment was
applied for 30 min and cells were exposed to 2 Gy X-ray. 10 h after irradiation, cells were detached
with 1 ml of accutase and combined with 4 ml media. Cells were carefully separated by pipetting to
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obtain single cells. Cell suspension were spun down at 110xg for 10 min at +4°C and resuspended
with 1+20 ml PBS. After centrifugation, cells were resuspended with 1 ml ice cold 70% ethanol and
stored at -20°C till the day of the FACS measurement.

3.6.9.

Propidium-Iodide (PI) Staining

Approximately 106 cells were taken from EtOH fixed cells and centrifuged at 500xg for 10 min at
+40C then resuspended in 1 ml PBS. The cell suspensions were centrifuged again and cells were
resuspended in 425 µl PBS. Samples were incubated with 50 µl of 10 mg/ml RNAse (end
concentration 1.05 mg/ml) for 20 min at 37°C. 25 µl of PI solution (1 mg/ml) was added at an end
concentration of 50 µg/ml and briefly incubated. Samples were further filtered for FACS analysis.

3.7. Clonogenic Survival Experiment
The influence or radiosensitivity of O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA)
inhibitors were tested with colony formation assays according to Puck and Marcus (Puck and
Marcus, 1955). First, plating efficiency (PE), which is a measure of colony formation from a single
cell, was determined specifically for each inhibitor and their solvent DMSO: 0.3 (DMSO), 0.25
(OGTi and OGAi), respectively. Approximately 50.000 HeLa cells were cultivated in T25 flask and
treated with OGTi or OGAi inhibitor for 24 h and irradiated with 0, 1, 2, 3, 4, or 6 Gy of X-rays.
Immediately after irradiation, cells were trypsinized and reseeded in triplicate for each dose in the
presence of OGTi, OGAi, or DMSO. The number of seeded cells after irradiation was calculated to
obtain 100 colonies according to the formula below:

𝐼 [𝑚𝑙] =

100
𝐶𝑒𝑙𝑙𝑠/𝑚𝑙 × 𝑆 × 𝑃𝐸
Equation 4

Where I represents volume of the cells to be seeded, S shows expected survival and PE is the plating
efficiency. The cells remained in cell culture for 10 days, then were fixed and stained with methylene
blue solution. To determine clonogenic survival, colonies containing 50 or more cells were counted
manually and the fraction of cell survival (SF) was calculated based on the equation below:

𝑆𝐹 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
Equation 5
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The relative fraction of surviving cells (S relative) were calculated by dividing SF of irradiated or
mock irradiated cells with SF at non-irradiated cells according to the equation below:

𝑆 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =

𝑆𝐹 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑
𝑆𝐹 𝑛𝑜𝑛 − 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑

Equation 6

This data was plotted against the irradiation dose to obtain survival curves. In addition, overall
radiosensitivity was estimated with the mean inactivation dose, which was calculated according to
Fertil et al. (Fertil et al., 1984).

3.8. Statistical Analysis
Standard deviation (SD), or standard error of the mean (SEM) of two independent experiments was
calculated with the following equations:

𝒙𝟏,𝟐 =

𝒔𝟏,𝟐 = √

𝑵𝟏 ∗ 𝒙𝟏 + 𝑵𝟐 ∗ 𝒙𝟐
𝑵𝟏+𝑵𝟐

𝑵𝟏 ∗ (𝒔𝟐𝟏 + (𝒙𝟏 − 𝒙𝟏,𝟐 )𝟐 + 𝑵𝟐 ∗ (𝒔𝟐𝟐 + (𝒙𝟐 − 𝒙𝟏,𝟐 )𝟐
𝑵𝟏 + 𝑵𝟐
𝒔𝒙 =

𝒔𝟏,𝟐
√𝑵𝟏 + 𝑵𝟐

Equation 7

𝒙𝟏,𝟐 is the combined mean of experiments 1 and 2,𝒙𝟏 the mean of data in experiment 1,𝒙𝟐 the
mean of data in experiment 2, N1 the sample size in experiment 1, N2 the sample size in experiment
2, s1,2 the combined SD of experiment 1 and 2, s1, SD of experiment 1, s2 the SD of experiment 2, and
sx the standard error of the combined mean. However, for clonogenic survival experiment, all data
from two independent experiments were pooled and the mean and SD calculated. In addition,
statistical analysis for p value determined with t-test using GraphPad Prism 8 (GraphPad Software)
or Excel 2016 (Microsoft Office) was used.
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4. Results
4.1. O-GlcNAcylation is effected by glucose concentration of
the medium
Protein O-GlcNAcylation is regulated via the hexosamine biosynthetic pathway (HBP) that is
associated with environmental nutrient availability including glucose, glucosamine, and glutamine.
In particular, high glucose conditions have been suggested to be enhancers for O-GlcNAcylation,
yielding more UDP-GlcNAc that is the substrate of the OGT enzyme (Fardini et al., 2013). In order
to confirm that variation of the glucose concentration affects O-GlcNAcylation, cellular OGlcNAcylation was quantified with an immunoblot analysis. For this purpose, HeLa cells were
grown for 48 h in cell-culture medium containing different concentrations of glucose: physiological
glucose concentration (5.5 mM), high glucose concentration (25 mM), or medium without glucose
(0 mM).
The results suggested that O-GlcNAcylation is highly correlated with ambient glucose
concentration, observing enhanced cellular O-GlcNAcylation upon high glucose treatment.
Compared to low and non-glucose treatment high glucose treatment of HeLa cells showed a ~2-fold
increase of O-GlcNAcylated proteins (Figure 12).

(a)

Figure 12: High glucose treatment promotes cellular O-GlcNAcylation. (a) Immunoblot analysis of OGlcNAc (left) and its quantification (right) at indicated conditions. Data was normalised to the high glucose (25
mM) signal.
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4.2. Determining the optimal OGT and OGA inhibitor
concentrations
The protein O-GlcNAcylation is regulated by a pair of enzymes O-GlcNAc transferase (OGT) that
attaches a GlcNAc moiety onto the Ser/Thr residues of amino acid, and removal of the GlcNAc is
catalysed by O-GlcNAcase (OGA) enzyme (Hart et al., 2007). To modulate cellular
O-GlcNAcylation, OGT inhibitor ST060266, acting as a suppressant of O-GlcNAcylation, and OGA
inhibitor PUGNAc, which elevates the O-GlcNAcylation, were applied in HeLa cells for the
experiments.
In order to determine the optimal inhibitor concentration, the toxicity of OGT and OGA inhibitors
was investigated with a luminescence ATP assay, which assesses cell viability via detection of the
total cellular ATP level. In this experiment, OGA inhibitor PUGNAc and OGT inhibitor ST060266
were tested at a range of concentrations 0-1000 µM and 0-50 µM for 48 h in HeLa cells, respectively.
Nonspecific effects of DMSO were checked as a control. In addition, efficiency of the inhibitors was
tested with an immunoblot analysis of O-GlcNAcylated proteins.
The ATP assay demonstrated that treatment with OGA inhibitor PUGNAc did not display
considerable cytotoxicity in the tested concentration range in HeLa cells, the cell viability remained
similar to control-treated cells (Figure 13a). However, as PUGNAc is dissolved in DMSO and since
a concentration of DMSO > 0.5 % is not desirable, the efficiency of PUGNAc was evaluated up to
100 µM within an immunoblot analysis. As expected, treatment with OGA inhibitor PUGNAc
increased the O-GlcNAcylation level in a concentration-dependent manner. A 2.3-fold increase of OGlcNAcylation was observed at a concentration of 100 µM PUGNAc compared to control cells
(Figure 13b).
OGT inhibitor ST060266 showed a cytotoxic effect above 12.5 µM that reduced cell viability 1.4-fold
at 20 µM and 2.5-fold at 50 µM (Figure 13c). Therefore, to inhibit OGT 12.5 µM ST060266 was
used. 10-12.5 µM ST060266 suppressed O-GlcNAcylation by 50 % as revealed by a western blot
analysis of O-GlcNAcylated proteins (Figure 13c).

(a)
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(b)

(c)
Figure 13: OGA and OGT inhibitors affect O-GlcNAcylation. HeLa cells were treated with OGT
(ST060266) or OGA (PUGNAc) inhibitor with the indicated concentrations for 48 h to evaluate their
cytotoxicity by a luminescence ATP assay, and their efficacy on O-GlcNAcylation by immunoblotting. Image J
software was used for quantification of the western signals. (a) Data indicates the cellular ATP concentration,
which represents cell viability, in OGA (left) or OGT (right) inhibitor treated cells (data: mean±SEM, n=1, 3
replicates). (b, c) Western blot analysis of O-GlcNAcylated proteins after treating the cells with OGA or OGT
inhibitor.
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4.3. High and low LET radiation differently induces OGlcNAcylation
In order to understand if O-GlcNAcylation occurs at the sites of X-ray induced DSBs, colocalization
of O-GlcNAc and DSB marker 53BP1 were examined shortly (20 min) after 1 or 10 Gy X-rays in
MCF-7 cells. Using fluorescence confocal microscopy, DSB sites were visualised with a 53BP1
antibody and O-GlcNAcylation was examined with an O-GlcNAc (CTD0110.6) antibody.
Upon X-ray irradiation, DSB site specific O-GlcNAcylation was not observed. Instead, a global
increase of O-GlcNAcylation was detected within the nucleus in a radiation-dependent manner
(Figure 14a). The fluorescence signal of O-GlcNAc is significantly increased after 1 Gy (1.3-fold) and
a more pronounced increase was observed after 10 Gy (1.8-fold) X-ray irradiation compared to nonirradiated cells (Figure 14b). Similar to MCF-7 cells, nuclear wide O-GlcNAcylation was also
observed in X-ray irradiated HeLa cells (Figure 14c). Although site specific O-GlcNAcylation was
not observed at X-ray induced DSBs, the radiation-dependent increase of nuclear O-GlcNAc
indicates that this increase is triggered by DNA damage.

(a)

(b)

35

(c)
Figure 14: Nuclear O-GlcNAcylation is promoted after X-rays. O-GlcNAc and DSBs were visualized by
immunofluorescence staining; 53BP1 served as a DSB marker. DNA was counterstained with DAPI. (a)
Typical images of O-GlcNAc within nuclei of MCF7 cells 20 min after X-ray irradiation. (b) Quantification of
the integrated fluorescence intensity of the O-GlcNAc signal. Data was normalized to the integrated intensity
of the non-irradiated (control) sample.Data: mean±SEM, two independent experiments, 25 nuclei per
experiment. Statistics: t-test, (**) p<0.01, (****) p<0.0001, scale bar 10 µm. (c) Representative images of
nuclear O-GlcNAc within HeLa cells 20 min after X-ray irradiation.

Because global O-GlcNAcylation was observed after sparsely ionizing radiation (X-ray) in MCF-7
and HeLa cells, it was considered that higher local DNA damage induced by densely ionizing
radiation might give a higher chance to visualize local O-GlcNAcylation at DSBs. Unlike upon X-ray
irradiation, O-GlcNAc decorated DSBs were detected by immunofluorescence staining 20 min after
Fe-ion irradiation (2875 keV/µm, fluence 5x106 p./cm2, 23 Gy) in HeLa cells (Figure 15a). Intensity
profiles confirmed the colocalisation of GlcNAc and the DSB marker 53BP1 (Figure 15b).
Quantifying GlcNAc decorated 53BP1 foci revealed that about 80% 53BP1 foci colocalise with OGlcNAc foci (Figure 15c). In addition, the overall nuclear O-GlcNAc signal was also significantly
increased 20 min post iron-ion irradiation (Figure 15d), similar to the observation in X-ray irradiated
cells (Figure 14b). Taken together, nuclear O-GlcNAcylation is upregulated upon DNA damage by
ionizing radiation. Yet, O-GlcNAcylation specifically at DSB sites was only observed at DSBs
induced by high LET radiation.
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(a)

(b)

(c)

(d)

Figure 15: O-GlcNAcylation occurs at DSBs induced by Fe-ion irradiation. (a) Representative image
shows Fe-ion induced co-localization of O-GlcNAc (green) and 53BP1 (red) acquired with confocal
fluorescence microscopy (scale bar 10 µm). (b) Intensity profiles of O-GlcNAc and 53BP1 signal along the
yellow line in (a). (c) Quantitative analysis of 53BP1 foci decorated with O-GlcNAc per nucleus (%) (Data:
mean ± SD, n=50 nuclei, 2 independent experiments). (d) The graph shows relative integrated fluorescence
intensity of the O-GlcNAc signal, which was normalized to the non-irradiated (control) value (Data: mean ±
SEM, n=25 nuclei, 2 independent experiments). P values are based on t-test analysis, asterisks indicate
p<0.001 (***).
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4.4. O-GlcNAcylation is involved in the DSBs repair after X-ray
irradiation
Earlier studies suggest that O-GlcNAcylation regulates DSBs repair (Efimova 2015, and 2019).
However, so far it is not known whether O-GlcNAcylation regulates certain DSB-repair pathways.
To study how O-GlcNAcylation affects DSB repair in more detail, O-GlcNAcylation was modulated
by OGT or OGA inhibition and DSB repair was analysed by quantifying foci of the DSB marker
H2AX in HeLa cells in dependence of the cell cycle. The different cell-cycle phases were identified
with CENP-F staining, which gives a clear signal in S, G2, and M phase cells and a very weak signal
in G1 phase (Landberg et al.,1996). OGT inhibitor (OGTi) ST060266, which supresses OGlcNAcylation, and OGA inhibitor (PUGNAc), which promotes O-GlcNAcylation, were applied
(Figure 16a).
First, it was analysed whether OGTi or OGAi impact on the induction of H2AX foci upon
irradiation, as this would distort the analysis of DSB-repair capacity 24 h after irradiation
(Figure 16b). Thus, H2AX foci were quantified 15 min post 1 Gy X-ray irradiation. The cell-cycle
phases were distinguished by coimmunostaining centromere protein F, which accumulates in S, G2
and M cell-cycle phases (Landberg et al., 1996). The inhibitor treatment did not display any effect on
the induction of H2AX foci in G1 (~10 foci) and S/G2 (~17-18 foci) phase cells (Figure 16c).
Blocking O-GlcNAcylation by treating the cells with OGTi impaired DSB rejoining (17±0.9 foci)
while OGAi treatment improved DSB repair (4±0.7 foci) compared to non-treated cells (10±0.81
foci) in S/G2 phase cells (Figure 16d). DSB repair in G1 phase was not influenced by modulating OGlcNAcylation, as the numbers of remaining H2AX foci were mostly identical (Figure 16d),
indicating that O-GlcNAcylation regulates DSBs repair mainly in the S/G2 phase cells.
The competitive relationship between O-GlcNAcylation and phosphorylation of the amino acids
Serine and Threonine (Hart et al., 2011) provides putative links between O-GlcNAcylation and DNA
damage response. One of these links was revealed by Chen and Yu who showed that OGlcNAcylation of H2AX prevented the spreading of H2AX phosphorylation in response to laser
micro-irradiation-induced DNA damage (Chen and Yu, 2016). As initial H2AX foci numbers were
not affected by O-GlcNAcylation, the influence of O-GlcNAcylation on H2AX foci size and their
intensity were detected 24 h after irradiation in S/G2 cells. Consistent with Chen's and Yu's
observation, preventing O-GlcNAcylation (OGTi) showed significantly larger H2AX foci (0.6±0.03
µm2) compared to non-treated (DMSO) (0.4±0.02 µm2) cells (Figure 16e). Moreover, inhibiting OGT
led to enhanced H2AX focal signal (778±60) compared to DMSO treated S/G2-phase cells (514±47)
(Figure 16e).
The correlation of O-GlcNAcylation and DDR was further supported by clonogenic survival assays
of X-ray irradiated cells. In accordance with the repair data, clonogenic survival assays revealed that
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blocking O-GlcNAcylation (OGTi) displayed increased radiation sensitivity while promoting
O-GlcNAcylation (OGAi) showed more radiation resistance compared to non-treated cells (Figure
16f). This finding is confirmed by the mean inactivation dose (MID), which was calculated according
to (Fertil et al., 1984). The MID for DMSO was 2.58 Gy, for OGTi treated cells 2.04 Gy, and for
OGAi treated cells 2.75 Gy. Collectively, O-GlcNAcylation plays a key role in DSB repair at S/G2
phase cells and affects cell survival. OGT- mediated O-GlcNAcylation impacts not on formation but
on the appearance of H2AX foci implying phosphorylation sites of H2AX might compete with OGlcNAcylation.

(a)

(b)
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Figure 16: O-GlcNAcylation modulates DNA DSB repair in S/G2 phase and cell survival after X-rays.
(a) Schematic O-GlcNAcylation reaction indicating the point of attack of OGA inhibitor PUGNAc (OGAi) and
OGT inhibitor ST060266 (OGTi). (b) Representative images of H2AX foci in O-GlcNAcylation modulated
G1 (left) and S/G2 phase (right) cells 24 h post 6 Gy irradiation (c) The average number of radiation-induced
ɣ H2AX foci is shown in CENP-F negative G1 (left) and CENP-F positive S/G2 (right) phase cells 15 min
after 1 Gy and (d) 24 h after 6 Gy X-ray irradiation (data: mean ± SD of 2 independent experiments, n=50
cells, scale bar 10 µM). Data were corrected by subtracting the number of background foci of non-irradiated
cells. (e) Quantitative analysis of integrated fluorescence intensity of H2AX foci and the foci size in S/G2
phase cells 24 h after irradiation (data: mean ± SEM of 2 independent experiments, n=30 nuclei). (f) Survival
of OGTi, OGAi, or non-treated HeLa cells irradiated with 1, 2, 3, 4, and 6 Gy of X-rays (data: mean ± SEM of
2 independent triplicate experiments. P values were determined with a t-test, asterisks indicate p<0.05 (*),
p<0.01 (**), p<0.001 (***), and p<0.0001 (****); n. s.: not significant.

4.5. O-GlcNAcylation impacts DSB repair kinetics after heavyion irradiation
The data previously indicated that nuclear O-GlcNAcylation is increased upon X-ray and Fe-ion
irradiation (Figure 14b and 15d). Specific O-GlcNAcylation at DSBs occurred only upon induction of
complex DNA damage with Fe-ion irradiation (Figure 15a). Consequently, the question arose if
O-GlcNAcylation is linked to the processing of complex DNA damage induced by charged particles.
The kinetics of DSB repair in dependence of functional O-GlcNAcylation was examined up to 24 h
after charged particle irradiation. HeLa cells were or were not treated with OGTi or OGAi as
described before (Figure 16a) and irradiated perpendicularly with C-ions (1.3 Gy, 5 x 106 p./cm2, 168
keV/µm) or He-ions (0.66 Gy, 5 x 106 p./cm2, 82 keV/µm). DSB-repair kinetics were analysed up to
24 h after irradiation in dependence of the cell cycle by quantifying immunofluorescence stained
H2AX (H2AX foci assay) (Figure 17a).
The findings indicated that manipulating O-GlcNAcylation, with OGT and OGA inhibitors, did not
affect the number of heavy-ion induced H2AX foci (15 min time point) in all analysed cell-cycle
phases (G1: ~8 foci, S/G2: ~14-15 foci) (Figure 17b), which is similar to the observations for X-ray
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induced DNA damage (Figure 16c). However, in case of the particle irradiation, the initial values are
not representing single DSBs but rather tracks with clusters of DSBs. In G1-phase cells, only
preventing O-GlcNAcylation had a minor effect on DSB rejoining (Figure 17b). However, in S/G2
phase cells, diminishing O-GlcNAcylation by blocking O-GlcNAc transferase (OGT) significantly
slowed down DSB repair kinetics (8±0.5 foci) compared to non-treated (4.5±0.4 foci) cells 24 h after
irradiation. Conversely, boosting protein O-GlcNAcylation by inhibiting O-GlcNAcase (OGA)
resulted in decreased number of H2AX foci (2±0.38 foci) within 24 h after C- and He-ion irradiation
(Figure 17b). The induction of micronuclei evaluated 24 h after C- and He-ion irradiation indicated
that OGT inhibition (OGTi) led to increased levels of micronuclei (Figure 17c) suggesting impaired
DSB repair before mitosis as a consequence of O-GlcNAcylation deficiency (OGTi). In all, OGlcNAcylation dramatically modulates DSB repair kinetics in S/G2 phase cells after C- and He-ion
irradiation. Lack of O-GlcNAcylation (OGTi) disturbs the integrity of the chromosome before
entering the mitosis after charged particle irradiation, indicated by an increase in micronuclei.
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Figure 17: O-GlcNAcylation is required to repair heavy-ion induced DSBs in S/G2 phase. (a) Typical
images of H2AX in the time points 0, 0.25, 2, 4, 10, and 24 h post C-ion irradiation in G1- and S/G2-phase
cells (Scale bar 10 µm). (b) DSB repair kinetics in CENP-F negative G1 (left) and positive S/G2 phase cells
(right) at indicated time points after C and He-ion irradiation (Data: mean ± SEM; 50 nuclei per condition of 2
independent experiments from C- and He-ion combined data, respectively). Data were corrected by subtracting
the number of background foci of non-irradiated cells. P value was determined using t-test; asterisks indicate
p<0.05 (*), p<0.001 (***) and p<0.0001 (****); n. s.: not significant. (c) The fraction of micro nuclei (M.N.) in
OGTi, OGAi, or control (DMSO) cells 24 h after particle (1.3 Gy carbon and 0.66 Gy helium) irradiation
(Data: mean ±binomial error at least 150 cells per condition of a single experiment).

4.6. O-GlcNAcylation controls DSB repair pathway choice
The observed repair modulation of O-GlcNAcylation, which is mainly in S/G2 phase, points at a
preferential regulation of homologous recombination (HR) by O-GlcNAcylation. Homologous
recombination (HR) is an error-free DSBs repair pathway relying on sister chromatid as a template
in the S and G2 phase of the cell cycle therefore it doesn’t function at the G1 phase of the cell cycle
(Scully et al., 2019). In order to study whether HR is regulated by O-GlcNAcylation, the HR
pathway was suppressed either with gene silencing of the key HR factor RAD51 by RNAi or by
using the RAD51 inhibitor B02 in combination with OGT or OGA inhibitors.

4.6.1.
B02 treatment causes accumulation of replication
damage
To disrupt HR pathway, the experiment was first carried out with B02 treatment in OGT or OGA
activity blocked HeLa cells and exposed to C-ion irradiation (fluence 5 x 106 p./cm2, LET 168
keV/µm). DSB repair was evaluated by quantifying H2AX foci 15 min and 10 h after C-ion
irradiation. B02 treatment alone and B02 in the presence of OGT or OGA inhibitor (OGTi+B02,
OGAi+B02) showed an unexpectedly high number of H2AX foci 10 h after irradiation in CENP-F
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positive cells (Figure 18a). Presumably, this is due to replication stress caused by B02 that leads an
increased number of γH2AX foci in S-phase cells and to an S-phase arrest. Cell cycle phases were
distinguished by flow-cytometry analysis of HeLa cells that were treated with B02 for 10.5 h. These
cells showed an increased fraction of S-phase cells independent of irradiation with 2 Gy X-rays
(Figure 18b). B02 treated cells showed no G2 arrest upon irradiation, most likely since they were
already arrested in S phase, while non-treated cells displayed a partial G2 arrest upon irradiation.
Therefore, in B02 treated cells far more S-phase cells are in the CENP-F positive population than in
non-treated cells distorting the numbers of radiation induced H2AX foci. Unfortunately, due to
excessive accumulation of H2AX foci after heavy-ion irradiation in B02 pre-treated HeLa cells
(Figure 18a), DSB repair was unable to be assessed by counting individual foci.

(a)
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(b)
Figure 18: B02 treatment led to an excessive amount of H2AX foci due to replication stress. OGlcNAcylation manipulated HeLa cells were co-inhibited with B02 inhibitor 30 min before irradiation. (a)
Visualization of DSB repair at indicated conditions with H2AX foci in G1 (CENP-F negative) and S/G2
(CENP-F positive) cells 10 h after 1.3 Gy C-ion irradiation (scale bar 10 µm). (b) FACS analyses of cell cycle
distribution in B02 or control treated HeLa cells 10 h after 2 Gy X-ray irradiation.

4.6.2.

O-GlcNAcylation modulates DSB repair through HR

Due to the issues with accumulating replication damage after BO2 treatment, the repair experiment
was repeated 15 min and 8 h after 2 Gy X-rays using RAD51 gene silencing approach (Figure 19a).
The quality of the RAD51 knockdown was evaluated by western blot analysis that demonstrated
about 70-80% effective RAD51 gene silencing at the time and 8 h after irradiation (Figure 19b). The
number of IR induced H2AX foci 15 min after 2 Gy X-ray irradiation was not affected by changing
the level of protein O-GlcNAcylation (OGTi or OGAi) and/or RAD51 depletion (RAD51 kd)
(Figure 19c). As expected, HR defects caused by RAD51 depletion did not exhibit any effect on DSB
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repair in G1- phase cells (Figure 19d). However, compared with mock treated cells, RAD51 kd,
OGTi+RAD51 kd, or OGAi+RAD51 kd cells displayed increased numbers of H2AX foci 8 h after
irradiation in S/G2 phase cells (Figure 19d) implying that a considerable fraction of DSBs were
repaired through HR in this population of the cells. As observed before (Figure 16d), suppressing OGlcNAcylation (OGTi) caused a defect in DSB rejoining, detected by finding more remaining
H2AX foci (12 ±0.6) than in non-treated cells (5±0.48) (Figure 19d).
Of note, no further impairment was observed upon blocking O-GlcNAcylation in RAD51 depleted
cells (OGTi+RAD51 kd) suggesting that OGT dependent DSB repair requires HR utilization.
Conversely, supporting O-GlcNAcylation with inhibition of OGA activity in RAD51 depleted cells
(OGAi+RAD51 kd) still allowed DSB rejoining in S/G2 phase cells to a degree similar to mock
treated cells, which might be an indication of a bypass of HR pathway and repair DSBs by different
repair mechanism (Figure 19d).
Altogether, the data suggested that HR pathway relies on OGT-mediated O-GlcNAcylation to
proceed DSB repair. Yet, in HR deficient cells, continuous O-GlcNAcylation (OGAi+RAD51 kd)
might overcome HR and shift the DSB repair to alternative repair pathway(s). In conclusion, the
regulation of HR by O-GlcNAcylation is a manner of O-GlcNAcylation level.
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Figure 19: HR is regulated by O-GlcNAcylation. OGAi or OGTi treated HeLa cells RAD51 depleted
(RAD51 kd) or mock depleted (mock kd) by RNAi were irradiated with 2 Gy X-rays and fixed at indicated time
points after irradiation. (a) Representative images of H2AX foci 8 h post X-ray exposure in O-GlcNAcylation
manipulated RAD51 depleted G1 (top) and S/G2 phase cells (bottom) (Scale bar 10 µm). (b) Validation of
RAD51 knockdown in HeLa cell extracts using western blot analysis (left) and its quantification (right).
Immunoblot signals were quantified with Image J software and signal was normalised to its onset time points.
(c) The mean value of H2AX foci in G1 and S/G2 phase cells 15 min after irradiation (d) and 8 h after X-ray
irradiation, respectively. Mean±SEM of 2 independent experiments; 50 nuclei per condition were analysed.
(c and d) P values are based on t-test analyses, asterisks indicate p<0.0001 (****); n. s.: not significant.

4.7. Diminishing O-GlcNAcylation affects NBS1 retention to the
DSB site
NBS1 is a member of the MRN complex, which recognizes DSBs. Importantly, MRN complex
functions in the early steps of DNA end resection in cooperation with CtIP in the HR process
(Lamarche et al., FEBS letter, 2010). Wang et al., reported that O-GlcNAcylated histone H2B at
S112 interacts with the early DSB-repair protein NBS1 and promotes NBS1 recruitment to the DSB
site (Wang et al.,2015). Unlike Wang et al., live-cell imaging approach was implemented to check if
OGT inhibition effects the recruitment and binding of NBS1 to DNA-damage sites induced by Xrays. OGTi pre-treated U2OS cells expressing NBS1-2GFP were exposed to 1 Gy X-ray irradiation
and monitored within 45 min after irradiation (Figure 20a); image analysis was done with ImageJ
software by evaluating the intensity of NBS1 foci; cell movement was corrected by using StackReg
plugin.
The analysed data indicated that regardless of OGTi treatment, accumulation of NBS1 at DSBs site
displayed similar recruitment kinetics within 15 min after irradiation at half-maximum recruitment
time of around 300-400 s (Figure 20b). Intriguingly, abolishing protein O-GlcNAcylation (OGTi)
caused earlier release of NBS1 accumulation over the time frame 15-45 min after irradiation,
indicated by a decrease in relative intensity compared to solvent (DMSO) treated cells, which
brought a significant deviation (t-test) of the two curves at later times (t>30 min) (Figure 20b).
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Taken together, inhibition of O-GlcNAcylation did not delay recruitment of NBS1 to DSBs, but led
to a more transient binding at later times after irradiation.

(a)

(b)
Figure 20: OGTi is not delaying NBS1 recruitment but leads to a loss of NBS1 binding at radiation
induced DSB sites. Using online microscopy, the recruitment of NBS1-2GFP to DSBs induced by 1 Gy Xrays in OGTi or DMSO treated U2OS cells expressing NBS1-2GFP was observed within 45 min after
irradiation. (a) Exemplary images of NBS1-2GFP accumulation (scale bar 10 µm) and (b) normalized intensity
values of NBS1-2GFP protein accumulation at DNA damage sites. The data show mean±SEM of two
independent experiments, with 20 nuclei each. Statistical analysis by t-test: >30 min (*) p<0.05.

4.8. CtIP, BRCA1, and MDC1 are targets of O-GlcNAcylation in
response to X-ray irradiation
O-GlcNAcylation is known for its competitive relationship with phosphorylation at residues of
amino acid Ser and Thr at the same, distinct, or adjacent sites, which plays a regulative role in
numerous cellular processes (Hart et al., 2011). Because the competitive occupation on Ser and Thr
residues, certain DNA damage response or repair factors can be assumed to be potential target of O-

50

GlcNAcylation. To achieve more detail how O-GlcNAcylation might influence HR process,
phosphorylated HR relevant factors were screened for their O-GlcNAcylation status.

To uncover

the O-GlcNAcylation status in response to irradiation, immunoprecipitation (IP) experiments were
performed within HeLa cell extract using O-GlcNAc RL2 antibody coupled with Protein G magnetic
beads. For this purpose, phosphorylated DSB repair factors, which are mainly involved in HR,
including BRCA1, RAD51, RPA, and CtIP (Cortez D. 1999; Yun M and Hiom K, 2009; Flott et al.,
2011; Byrne and Oakley 2019) were examined after 10 Gy of X-rays or without irradiation. In
addition, since MDC1 was shown to be O-GlcNAcylated upon ionizing radiation (Chen and Yu,
2016) it was selected as a positive control. Nuclear and cytoplasmic proteins were extracted 1 h after
irradiation to study possible O-GlcNAcylation of CtIP and MDC1 and 2 h after irradiation to
determine O-GlcNAcylation of RPA, RAD51, and BRCA1. The chosen time points represent those
when the selected proteins show their peak level upon DNA damage (Bakr et al., 2015; Shi et al.,
2008; Bee et al., 2013; Barton et al., 2014). In a subsequent western analysis with a different OGlcNAc-specific antibody (CTD110.6) the success of the immunoprecipitation was examined. The
protein extracts of irradiated and non-irradiated cells that were used for the immunoprecipitations
(Figure 21a left) and the immunoprecipitates themselves (Figure 21a right) proofed to be O-GlcNAc
positive. This signal was specific, since immunoprecipitations with unspecific IgG1 antibody showed
no or hardly any signal despite the one of the heavy and light chain of the antibody used for the
precipitation.
Consistent with Chen and Yu’s observation (Chen and Yu 2016), about a 4-fold increase of
O-GlcNAcylated MDC1 was observed 1 h after 10 Gy X-ray irradiation which further validated IP
quality (Figure 21b). In addition to MDC1, CtIP and BRCA1 were also modified by OGlcNAcylation in a radiation dependent manner; 2.5 times more O-GlcNAcylated CtIP and 2.4 times
more O-GlcNAcylated BRCA1 was detected upon 10 Gy X-ray irradiation (Figure 21c, d). Neither
for MDC1 nor for CtIP or BRCA1 were non-specific bands detected in the sample of the IgG1
control precipitation at the corresponding protein size, proving specific precipitation of MDC1, CtIP,
and BRCA1 with O-GlcNAc antibody (Figure 21b-d). The HR relevant factors RPA and RAD51
were present in the protein extracts prepared 2 h after irradiation, however, they were not detected
in the pool of O-GlcNAcylated proteins (Figure 21e, f).
Collectively, these results suggest that within the observed time window RPA and RAD51 are no
major targets of O-GlcNAcylation; CtIP, BRCA1, and MDC1 are radiation dependent targets of
O-GlcNAcylation, which might be required to fulfil their functions.
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Figure 21: CtIP, BRCA1, and MDC1 are modified by O-GlcNAcylation in response to DNA damage.
HeLa cells were irradiated with or without 10 Gy X-rays and proteins were extracted with RIPA lysis buffer 1
or 2 h after irradiation. Cell extracts were immunoprecipitated with O-GlcNAc RL2 or control IgG1
antibodies. (a) Immunoblot analysis of O-GlcNAcylated proteins using an O-GlcNAc CT110.6 antibody in the
irradiated and non-irradiated cell extract before (left) and after (right) IP with the O-GlcNAc specific antibody
RL2. (b) Imunoblot analysis and its quantification within the pool of O-GlcNAcylated proteins of MDC1 and
(c) CtIP 1 h after irradiation as well as (d) BRCA1, (e) RPA, and (f) RAD51 2 h after irradiation. Data
represent mean±SEM of 2 independent experiments, the signal intensity of irradiated samples was normalised
to the signal of non-irradiated samples.

4.9. OGT and OGA can participate in regulating the chromatin
status
According to recent reports, O-GlcNAcylation regulates the chromatin compaction status by
interfering with other post-translational modifications of histones and indirectly by its complex
relationship with the Polycomb-group (PcG) proteins and the TET family proteins (Dehennaut et
al., 2014). Besides direct regulation of DSB repair, O-GlcNAcylation might indirectly impact on the
repair process by modulating the chromatin compaction status and thus, affecting accumulation of
repair factors around DSB sites. As an approach to uncover the role of O-GlcNAcylation on
chromatin remodelling, fluorescence lifetime microscopy (FLIM) was performed, using the
chromatin-compaction sensor Hoechst 34580, a DNA dye (Abdollahi et al., 2018). FLIM was
performed in living OGTi, OGAi, or control (DMSO) treated HeLa cells.
Figure 22a shows an example of intensity (left) and lifetime (right) images of Hoechst 34580 of living
HeLa cells treated with OGTi, OGAi, or DMSO. The FLIM measurement revealed that compared to
DMSO treated cells (1176 ± 12 tm (ps)) enhancing the level of protein O-GlcNAcylation by OGAi
treatment led to an increased fluorescence lifetime (1212 ± 14 tm (ps)) indicating global chromatin
relaxation. In contrast to this, significant reduction of the mean fluorescence lifetime of Hoechst
34580 was observed in O-GlcNAcylation prevented cells (OGTi) (1113 ± 16 tm (ps)), indicating an
OGTi induced global chromatin compaction (Figure 22b).
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The results obtained bring forward an additional level of regulation of DSB repair by O-GlcNAcdependent modulation of the chromatin state.

(a)

(b)

Figure 22: OGT and OGA activity play a regulative role on the chromatin compaction state. Living
HeLa cells were treated with OGT inhibitor (OGTi), OGA inhibitor (OGAi), or DMSO (control) for 24 h and
DNA was stained with Hoechst 34580. (a) Typical photon (left) and fluorescence lifetime images on a colorcoded scale (1050–1232 ps), (right). Scale bar: 10 µm. (b) Quantification of relative fluorescence lifetime of
Hoechst 34580 in OGTi, OGAi or control (DMSO) cells. The absolute value of fluorescence lifetime was
normalized to control values. For each condition, data represent mean ± SEM of two independent experiments
with 25 nuclei each. p values are based on t-test analyses; asterisks indicate *** p < 0.001 and **** p < 0.0001.
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5. Discussion
O-GlcNAc was first identified by Torres and Hart using bovine milk galactosyltransferase to
examine N-acetylglucosamine residues in lymphocytes (Torres and Hart 1984). Since its discovery in
the early 1980s, PTM O-GlcNAcylation was shown to be involved in numerous cellular functions
including cell signalling and transcription (Hart G., 2014). However, its significance on the DNAdamage response has only recently been appreciated. Besides its direct regulative role on the activity
of target proteins, O-GlcNAcylation affects phosphorylation controlled processes as it competes with
phosphorylation (Hart et al., 2011; Hart G., 2014).
Although it is clear that O-GlcNAcylation is an important modulator to DNA-damage response
(Efimova et al., 2015; Chen and Yu 2016; Efimova et al., 2019), the underlying regulative functions of
GlcNAcylation in DNA-damage response are not completely uncovered. In this study the impact of
O-GlcNAcylation on the DDR, DSB repair and chromatin status were investigated using wide
variety of techniques. Different quality of irradiation was also applied in order to analyze differences
of O-GlcNAcylation and its impact on DSB repair.
In the present work, O-GlcNAcylation connected DSB repair pathway choice was further elaborated,
which favors HR pathway by modifying NBS1, MDC1, BRCA1 and CtIP, and by potentially altering
chromatin conformational status. Many of the data of this thesis have been recently published
(Averbek et al., 2021).

5.1. Increased O-GlcNAcylation in response to ionizing
radiation
Exposing cells to different qualities of ionizing radiation led to an enrichment of O-GlcNAcylation in
the nucleus (Figure 14, 15). O-GlcNAcylation increased within the whole nucleus after irradiation
with sparsely ionizing X-rays, showing no correlation with ionizing radiation induced foci. As X-ray
causes low ionization density and more homogenous distribution of DNA lesions, these observations
might be due to global O-GlcNAcylation within the X-Ray irradiated cell nuclei. To come up with
precise O-GlcNAc accumulation around DSB, densely ionizing radiation was considered as a unique
approach. In the line with Chen and Yu (Chen and Yu, 2016), the results further confirmed that OGlcNAc was obviously formed at the DSB site when cells were irradiated with densely-ionizing ironion irradiation. The reason for this is that DNA damage is induced locally along the ion trajectory,
thus facilitating the recruitment of a high amount of DSB repair relevant factors within the damaged
site. As demonstrated that a number of these factors became O-GlcNAcylated upon irradiation,
including MDC1 (Chen and Yu, 2016), CtIP and BRCA1. Like other PTMs, O-GlcNAcylation is
involved in the early steps of DNA damage response machinery by activating or recruiting repair
factors.
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O-GlcNAcylation plays a regulative role on the various protein functions by competing
phosphorylation at the same, adjacent or distinct site of amino acid Ser/Thr residues (Zhong et al.,
2015). For instance, upon DNA damage, PI-3 kinases phosphorylate the hydroxyl group of Ser and
Thr, which might also be a target of O-GlcNAc simultaneously. Recent evidence demonstrated that
OGT accumulates to the DNA damage region where H2AX and MDC1 modified by OGlcNAcylation at their phosphorylation sites, which can prevent spreading of H2AX (Chen and Yu
2016). This observation is consistent with the data that suppression of OGT led to bigger and
intensive H2AX foci 24 h after X-irradiation in S/G2 phase cells (Figure 16e). This points that OGlcNAcylation might relate to DNA damage response in a OGT-dependent manner.

5.2. Targeting O-GlcNAcylation modulates DSB repair
Cell-cycle specific experiments within this thesis indicated that O-GlcNAcylation regulates DSB
repair in S/G2-phase cells while it has no significant impact on G1-phase cells after both low and
high-LET irradiation (Figure 16d, 17b). This implies that O-GlcNAcylation modulates the DSBrepair pathway HR, which is active in S and G2 phase only (Scully et al., 2019). The data on G1 cells
argues against a major regulation of NHEJ by O-GlcNAcylation, which was described by Wang et
al. (Wang et al., 2015). Compared to non-treated S/G2 cells, suppressing O-GlcNAcylation (OGTi)
significantly decreased DSB repair (X-rays: 1.7-fold; carbon/helium ions: 1.8-fold), while enhanced
O-GlcNAcylation (OGAi) promoted DSB repair (X-rays: 2.6-fold; carbon/helium: 2.3-fold).
However, unlike local induction of O-GlcNAcylation at the DSB site after heavy-ion irradiation, the
observed repair modulation by O-GlcNAc is not strictly dependent on DNA damage complexity.
Targeting O-GlcNAcylation displays similar repair affect after both high- and low-LET irradiation.
Improved DSB rejoining in O-GlcNAc-enhanced cells (OGAi) emphasizes the importance of OGlcNAcylation on the potential protection of the cells from radiation. By contrast, suppressing OGlcNAcylation by inhibiting OGT (OGTi) displayed remarkable radiosensitization of HeLa cells,
which is in agreement with previos findings demonstrated by Efimova et al. (Efimova et al., 2019).
This may suggest that OGT can be used as an alternative radiosensitizing agent in future clinical
trials for cancer therapy. In addition, inhibiting O-GlcNAcylation (OGTi) showed higher frequencies
of micronuclei than non-treated cells after high-LET irradiation (Figure 17c), indicating increased
DNA damage before M phase.
Knocking down RAD51, it was suggested whether DSB repair via HR pathway might be regulated
by O-GlcNAcylation, combining OGT inhibitor with RAD51 depletion by RNAi showed no
additional disruption of DSB repair after X-ray (Figure 19d). This result suggests that OGT and
thus O-GlcNAcylation is required in DSB repair by HR at the S/G2 stage and combining a RAD51
knockdown with OGA inhibitor potentially shifts DSB repair away from HR to another repair
pathway in the S/G2 phase. Indeed, it was recently reported that blocking OGA activity disrupts
NHEJ pathway through the potential inhibition of deglycosylation of NONO and Ku70/80 complex
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(Cui et al., 2021). Given this point, it may be speculated that suppressing OGA in RAD51 depleted
cells shifts DSB repair to e.g. alternative non-homologous end joining repair (alt-NHEJ) (Caracciolo
et al., 2019).

5.3. Certain DDR factors are modulated by O-GlcNAcylation
NBS1, a component of the MRN (MRE11/Rad50/NBS1) complex, has been suggested to interact
with CtIP and promote DNA end resection in the HR process (Wang et al., 2013). To test if
O-GlcNAcylation affects recruitment of NBS1 to X-ray induced DSBs, the binding capacity of NBS1
to DSB was tracked in the absence of OGT in living cells. The findings indicated that inhibiting
OGT did not affect early recruitment kinetics of NBS1, pointing to no distortion in damage sensing
by OGT. The calculated half maximal recruitment time for NBS1 was around 300–400 s, which is
consistent with the recruitment time measured previously for X-rays (Jakob et al., 2020), but slower
than for heavy ion irradiation, pointing to an LET-dependent acceleration of NBS1 foci formation (Tobias
et al., 2013).

Yet, suppressing O-GlcNAcylation (OGTi) attenuated retention of NBS1 at X-ray induced DSB at
later times (15-20 min after IR), which is in good agreement with the observation that
O-GlcNAcylation of histone H2B facilitates recruitment of NBS1 at the DNA damage site (Wang et
al., 2015). As a consequence of the transient binding of NBS1, 5’ to 3’ resection of DNA strands
might be disrupted in the absence of OGT, hence leading to a HR defect.
As an integral approach, the link between O-GlcNAcylation and HR pathway was further dissected
with immunoprecipitation experiments. Apart from MDC1, which was known to be O-GlcNAcylated
on its phosphorylation site upon DNA damage (Chen and Yu, 2016), it was identified that the HR
relevant factors CtIP and BRCA1 are O-GlcNAc-modified in response to irradiation (Figure 21c, d).
Given that, the results strengthen the idea of HR regulation by O-GlcNAcylation. Upon DNA damage,
O-GlcNAcylation may promote activity, stability or localization of BRCA1 and CtIP, thus promoting
DSB repair by HR.

5.4. Targeting O-GlcNAcylation to modify chromatin compaction
state
Besides direct regulation of protein activity, another potential layer of the regulation is via
modification of chromatin e.g. by modifying histones (Sakabe et al., 2010). Chromatin conformation
is a core factor to regulate DSB-repair pathway choice and recruitment of DNA-damage response
proteins (Falk and Hausmann 2020; Clouaire and Legube 2015), which was assumed to be affected by
OGT and OGA activity. Therefore, DSB repair pathway choice by O-GlcNAcylation was also
investigated by analysing chromatin compaction status, which points to O-GlcNAcylation mediated
chromatin reorganization (Figure 22). Indeed, Lercher et al. speculated that O-GlcNAcylation of
H2A/H2B dimer in the nucleosome might promote OGT dependent open chromatin state (Lercher
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et al., 2015). The finding suggests that preventing O-GlcNAcylation by inhibiting OGT causes more
condensed chromatin (Figure 22b), approving the putative proposed model (Lercher et al., 2015). On
the contrary, inhibiting OGA induces chromatin relaxation (Figure 22b). Thus, this data suggests
that beyond direct regulation of repair factors by O-GlcNAc, O-GlcNAcylation may also impact
DNA-damage response by modulating the chromatin status. This is supported by earlier findings
that OGT and OGA modulate recruitment, stability and activity of key chromatin modifiers and
remodelling complexes (Dehennaut et al., 2014, Leturcq et al., 2017, Efimova et al., 2019).

5.5. Conclusion and Outlook
This work revealed underlying mechanisms of how O-GlcNAcylation controls DNA-damage
response upon irradiation. O-GlcNAcylation represents a mechanism to direct DSB repair pathway
choice in the late S/G2 phase of the cell cycle. The data showed that blocking OGT activity slowed
down DSB repair and increased radiation sensitivity, bringing insight toward a novel therapeutic
approach for cancer therapy. Importantly, supressing O-GlcNAcylation is useful approach to block
DSB repair also after low and high LET irradiation, which potently promotes apoptosis in cancer
cells.
In conclusion, O-GlcNAcylation mostly involved in the early events after DSB formation by
interfering NBS1, MDC1, BRCA1 and CtIP. O-GlcNAcylation is essential tool to facilitate HR
progression through DNA end resection by dynamically modifying BRCA1 and CtIP. In sum, OGlcNAcylation influences early DNA damage response upon ionizing radiation in several ways
including promoting HR in the S/G2 phase of the cell cycle, by favouring the localization of DNAdamage response factors at DSB sites, by influencing radiation sensitivity and by reorganizing
chromatin architecture. Therefore, O-GlcNAcylation contributes in multiple ways to genome
stability.
This and several other recent studies have enlightened the role of O-GlcNAcylation in the context of
DNA-damage response. Nonetheless, further investigation is still required to discover molecular
details of O-GlcNAcylation within DNA-damage repair. Achieving this, O-GlcNAcylation sites of
DDR factors can be screen with proteomic approaches.
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