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Summary / Summary in German

Ionizing radiation induces DNA double strand breaks (DSBs) in cell nuclei which represent the most
dangerous type of DNA lesions. Through error prone repair mechanisms they can lead to the formation
of chromosome rearrangements, favoring genomic instability and the development of cancer.
Movement of DSBs and surrounding chromatin domains is expected to influence DSB repair and
promote the formation of chromosomal translocations. Addressing this expectation, DSB mobility was
analyzed after heavy ion irradiation. To gain insight into influences of chromatin organization and
repair related factors on the dynamic behavior of DSB sites, knockdown or inhibition of repair proteins
and chromatin modifying proteins was used. Occurring changes in irradiation induced foci (IRIF)
mobility were examined either by immunofluorescent analysis of fixed samples or by live cell
microscopy.

Different mammalian cell lines deficient for the repair proteins Ku80, ATM and RAD50 were irradiated
with charged particles under a low angle to induce DSBs in a linear track which can then be visualized
by the accumulation of repair proteins. The dispersion of distinct focal accumulations of repair proteins
was determined in fixed samples over time points up to 18 hours. No spreading of repair proteins from
the linear track, exceeding a distance of 1 or 2 pum could be observed in all cell lines. These studies
confirmed published results of a high positional stability of DSBs in mammalian nuclei and moreover
showed an independency of mobility on those repair proteins on a um scale.

To visualize changes in DSB mobility on a sub-micron range confocal live cell microscopy was applied.
Human U20S cells stably expressing 53BP1-GFP as a surrogate marker of DSBs were used. DSB
mobility was expected to be influenced by a local decondensation of surrounding chromatin. Therefore
advantage was taken from low angle charged particle irradiation, known to trigger a pronounced
chromatin decondensation together with the induction of multiple complex DSBs in a um range,
depending on the linear energy transfer (LET) of the used ion. Tracking of IRIF was performed over
two hours determining a diffusional mobility of DSB containing chromatin in a range below 1 um per
hour. Diffusion kinetics could be described by models of subdiffusion or confined diffusion.

Depletion of ATP, the main source of energy in a cell system, was shown to reduce the observed foci
mobility around 65 %. The results validate the chosen setup to determine small scale changes in DSB
mobility by disturbances in the cellular system. Moreover, a strong energy dependence of chromatin
mobility was shown. Knockdown studies were used to determine the influence of chromatin modifying
proteins like the chromatin remodeler ACF1 which acts in the DNA damage response. No influence on
mobility was observed by knockdown of ACF1. Furthermore, influences of poly-ADP-ribosylation,
mediated by PARP and degraded by PARG were determined. Poly-ADP-ribosylation is known to be
involved in several DSB dependent signaling cascades, leading to a local decondensation. Mobility of

DSBs was found to be unchanged by knockdown or inhibition of either PARP or PARG. It can be
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expected that the chromatin structure in the surrounding of DSBs is altered only in the range of a few
nucleosomes (composing few nm) but that these changes do not influence mobility of DSB in a sub-
micron range as observed by this system.

Inhibition of ATM, a key component of DSB induced signaling cascades, resulted in a pronounced
confinement of DSB mobility reducing the sampled volume of foci around 3 fold from ~ 5 pum? in
controls to ~ 1.5 pm®. This confinement following ATM inhibition was confirmed using X-rays, proving
that the effect is not LET dependent and not restricted to densely ionizing radiation. It will be difficult
to pinpoint the applied mechanism as ATM phosphorylates several hundreds of substrates but it might
be attributed to a diminished radiation induced decondensation as ATM is known to act in
decondensation of heterochromatic areas by phosphorylation of Kap1.

Tethering of broken DNA ends at the break site as well as connections with further DNA strands by
Cohesin or the MRN complex were expected to stabilize DSBs. However, knockdown of MRE11, an
essential component of the MRN complex, as well as diminishing the Cohesin complex by knockdown
of SMC1 or NIPBL, the loading factor which mediates an interaction between Cohesin and DNA, did
not change kinetics of DSB mobility. This implies an independency of DSB mobility on DNA tethering
complexes in the observed spatial scale. As the Cohesin complex is known to act in sister chromatid
cohesion of HR repair during S and G2 phase, a U20S cell line expressing a cell cycle marker was used
to determine variations in mobility dependent of the cell cycle phase. Statistics need to be improved
but preliminary results marked a trend of an enhanced mobility in G2 compared to S/G1 phase in
controls but no differences in mobility regarding the cell cycle phase were obtained in cells diminished
of the Cohesin complex.

Knockdown of the nuclear matrix protein NuMA enhanced DSB mobility and an even stronger increase
in mobility (72 %) was seen after knockdown of Lamin A/C, the main structural components of the
nuclear matrix and lamina. Anchoring sites of the nuclear matrix for chromatin and DNA as well as a
matrix mediated structural organization of the nucleus are thought to act in stabilizing chromatin. It
needs to be determined if an enhanced DSB mobility arises from a nuclear wide enhancement of
chromatin mobility or is restricted to DSBs. To investigate interactions between the nuclear matrix and
repair proteins at sites of DSBs nuclear extractions were performed. The extraction removes DNA,
soluble proteins and chromatin from the cell nucleus, revealing proteins bound to the structural
components of the nuclear matrix. Immunofluorescent staining of repair proteins after X-ray
irradiation indicated the extraction of most repair proteins. However, MRE11 foci persist in the
nucleus, pointing to a direct interaction with nuclear matrix proteins.

This study discovered that DSB mobility can be enhanced or restricted by loss of single proteins like
ATM or Lamin A/C and future experiments will further investigate the interplay between DSB mobility,
repair related proteins and the nuclear matrix, addressing possible relations of mobility to repair

defects and the formation of chromosome rearrangements.
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Zusammenfassung

Durch ionisierende Strahlung entstehen DNA Doppelstrangbriiche (DSB) im Zellkern, die den
gefédhrlichsten Typ von DNA Schiden darstellen. Durch fehlerbehaftete Reparaturmechanismen kénnen
sie zu Chromosomenaustauschen fiihren, die genomische Instabilitdt und die Entstehung von Krebs zur
Folge haben konnen. Es wird angenommen, dass die Bewegung der DSB und der darum liegenden
Chromatindominen die Reparatur beeinflusst und die Entstehung von chromosomalen
Translokationen begiinstigt. Um diese Vermutung zu iiberpriifen wurde die Mobilitdt von DSB nach
Schwerionenbestrahlung untersucht. Zur Analyse, wie Reparaturproteine oder die Struktur von
Chromatin sich auf die Bewegung von DSB auswirken, wurden Reparaturproteine und Chromatin
modifizierende Proteine genetisch herunterreguliert oder inhibiert. Resultierende Anderungen der DSB
Bewegung wurden durch Immunfluoreszenz Analysen in fixierten Zellen und durch
Lebendzellmikroskopie bestimmt.

Unterschiedliche Sauger-Zelllinien denen Reparaturproteine wie Ku80, ATM oder RAD50 fehlen,
wurden mit Schwerionen unter einem niedrigen Winkel bestrahlt, wodurch DSB entlang einer linearen
Spur erzeugt werden. Durch Bindung von Reparaturproteinen in Form von ,Foci“ konnen diese
anschlief3end sichtbar gemacht werden. Die lineare Anordnung der DSB wurde in fixierten Proben
iiber einen Zeitraum von 18 Stunden beobachtet wobei keine Ausbreitung von DSB beobachtet werden
konnte die iiber eine Distanz von 1 bis 2 pm hinausging. Damit konnte eine hohe positionsbezogene
Stabilitat von DSB bestatigt werden die unabhéngig der erwdhnten Reparaturproteine ist.

Mit Hilfe von konfokaler Lebendzellmikroskopie konnten Anderungen der DSB Mobilitiit in einem Sub-
Mikrometer Bereich analysiert werden. Stabil in humane U20S Zellen transfiziertes 53BP1-GFP agierte
dabei als DSB Marker. Die Bestrahlung mit Schwerionen induziert viele komplexe DSB innerhalb
weniger um und ruft eine starke Dekondensation hervor, die die DSB Mobilitit beeinflussen konnte.
Uber einen Zeitraum von zwei Stunden wurde die Bewegung der DSB analysiert und eine
Diffusionsbewegung im Bereich von <1 um pro Stunde festgestellt. Die Diffusionsbewegung konnte
durch Modelle von Subdiffusion oder Eingeschrénkter Diffusion (confined diffusion) beschrieben
werden. Eine Verminderung des ATP Levels, dem Haupt-Energielieferanten der Zelle, verringerte die
DSB Mobilitit um 65 %. Dieses Ergebnis zeigt, dass der Experimentaufbau minimale Anderungen in
der Bewegung von DSB, die durch Storungen der Zellintegritit hervorgerufen werden, sichtbar
machen kann. Zudem zeigt das Ergebnis eine starke Energieabhédngigkeit der Chromatin Bewegung.
Der Einfluss von Chromatin modifizierenden Proteinen wie dem Chromatin ,Remodeler“ ACF1, der in
der Schadensantwort nach DSB Induktion wirkt, wurde mittels ,Protein Knockdown® untersucht.
Herunterregulierung des Proteins hatte keine Auswirkungen auf die DSB Mobilitdit. Weitere die
Chromatinstruktur beeinflussende Effekte, wie die Poly-ADP-Ribosylierung durch PARP, wurden

untersucht. Poly-ADP-Ribosylierung fithrt 1iiber Signalkaskaden ebenfalls zu einer lokalen
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Dekondensation und wird anschliefend durch PARG abgebaut. Die Mobilitit von DSB blieb
unverandert nach jeweiligem Knockdown oder Inhibition von PARP und PARG. Erwartete Struktur-
verdnderungen konnten moglicherweise im Bereich von nur wenigen Nukleosomen (wenige nm)
liegen, und damit keinen Einfluss auf DSB Mobilitdt im gemessenen submikrometer Bereich ausiiben.
Inhibition von ATM, hauptverantwortlich fiir die Signalweiterleitung als Schadensantwort, verursachte
eine starke Einschrdnkung der Mobilitdt. Dadurch wiirde das Volumen in dem sich ein Focus bewegt
um das dreifache gesenkt werden von ~5 um® in Kontroll-Zellen auf ~ 1.5 um®. Eine reduzierte
Bewegung nach ATM Inhibition wurde auch nach Rontgenbestrahlung bestitigt, wodurch eine LET-
Abhéngigkeit ausgeschlossen werden konnte. Den verantwortlichen Mechanismus zu erfassen ist
schwierig, da ATM mehrere hundert Proteine phosphoryliert. Jedoch konnte der Effekt auf einer
reduzierten Dekondensation beruhen, da bekannt ist, dass ATM iiber Phosphorylierung von Kap1 eine
Dekondensation heterochromatischer Bereiche bewirkt.

Der Verbindung von DNA Strdngen durch den Cohesin oder MRN Komplex wird eine Stabilisierung
von DSB zugeschrieben. Stringe konnen direkt durch Uberbriickung der DNA Enden stabilisiert
werden oder durch Vernetzungen mit anderen DNA Strdngen zusammen gehalten werden.
Herunterregulierung von MRE11, einer essentiellen Komponente des MRN Komplexes oder von
Komponenten des Cohesin Komplexes wie SMC1 oder NIPBL, hatte keine Auswirkungen auf die DSB
Mobilitdt. Diese scheint unabhingig von dieser Art der Verkniipfungen von DNA Strédngen zu
fungieren. Da Cohesin wihrend der Homologen Rekombination in der S und G2 Phase
Schwesterchromatide zusammenhaélt, wurde eine Zellzyklusabhingigkeit der Mobilitdt untersucht.
Dazu wurde eine Zelllinie mit integriertem Zellzyklusmarker verwendet. In ersten Ergebnissen, die
durch weitere Experimente bestitigt werden miissen, war ein Trend erkennbar, dass generell die DSB
Mobilitdt in der G2 Phase gegeniiber der S/G1 Phase erhoht ist. In Zellen bei denen der Cohesin
Komplex nicht funktional ist wurde jedoch keine Abhéngigkeit vom Zellzyklus festgestellt.

Die Herunterregulierung des Kernmatrix Proteins NuMA erhohte die Mobilitdt von DSB. Einen noch
groeren Anstieg der Mobilitdit (72 %) erzeugte der Knockdown von Lamin A/C, den
Hauptkomponenten der Kernmatrix und nuklearen Lamina. Um genauere Interaktionen zwischen
Kernmatrix- und Reparaturproteinen zu untersuchen wurden Zellen extrahiert. Diese ,Nukleare
Extraktion“ entfernt DNA, 16sliche Proteine und Chromatin aus dem Zellkern und setzt die Kernmatrix
frei. Durch Immunfluoreszenzfarbung von Reparaturproteinen nach Rontgenbestrahlung konnte die
Extraktion der meisten Reparaturproteine beobachtet werden. MRE11 hingegen blieb in Form von Foci
im Kern bestehen. Dieses deutet auf eine direkte Bindung von MRE11 an Kernproteine hin.

In dieser Arbeit konnte eine Abhingigkeit der DSB Mobilitdt von einzelnen Proteinen, wie ATM oder
Lamin A/C gezeigt werden und zukiinftige Experimente sollen das Zusammenspiel von DSB
Bewegung, Reparaturproteinen und der Kernmatrix in Bezug auf die Ausbildung chromosomaler

Translokationen und anderen Reparaturdefekten genauer untersuchen.
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Motivation

The organization of DNA and proteins in chromatin and its dynamics affect many biological processes
like cell division, gene regulation or DNA repair. The regulation of various cellular functions, mediated
by structural changes in chromatin represents a hot topic in a variety of biological studies. In the
context of DNA damage repair chromatin organization as well as damage induced modifications can
influence repair processes and repair kinetics are strongly dependent on chromatin compaction
(Goodarzi et al., 2008; Shi and Oberdoerffer, 2012).

DNA double strand breaks (DSBs) represent one of the most dangerous types of DNA lesions. They
arise from natural cellular processes as well as from external damaging agents like ionizing radiation.
Upon induction of DSBs a complex signal cascade leads to the recruitment of repair factors and
mediator proteins. The damage response includes chromatin alterations surrounding the break sites,
regulation of cell cycle arrest or as a last consequence the induction of apoptosis (Lukas et al., 2011b;
Sulli et al., 2012). Repair of DSBs is essential for cell survival and failure or incorrect repair can lead to
genomic instability and the development of cancer.

Homologous recombination (HR) and non homologous end joining (NHEJ) are two major classical
pathways of DSB repair. Whereas in HR DSBs are repaired by the use of an undamaged homologous
sequence as a template, in NHEJ a ligation of broken DNA ends takes place. Especially if multiple
breaks are present, NHEJ can lead to the formation of chromosome exchanges. It is yet unclear what
promotes the choice for DSB ends to be joined, but proximity and mobility of the ends are considered
to play an important role (Dion and Gasser, 2013). In yeast an aimed movement of individual DSBs
can be observed as DSBs move to the nuclear periphery and form repair centers in order to be repaired
(Lisby et al., 2003; Nagai et al., 2008; Oza et al., 2009). Moreover, a general enhanced chromosome
mobility was observed after ionizing radiation, enlarging the roaming volume of DSBs. This enhanced
mobility is expected to facilitate homology search as HR is the predominant pathway of repair in
budding yeast (Miné-Hattab and Rothstein, 2012).

In mammalian cells early investigations found a Brownian movement of chromatin in living cells
(Marshall et al., 1997). More recent work confirmed a diffusion on a small spatial scale and point out a
relatively stable position of DSB containing chromatin domains (Girst et al., 2013; Jakob et al., 2009a;
Soutoglou et al., 2007). In this context however movement of chromatin was found to be slightly
enhanced by the induction of DSBs and a local expansion of chromatin is seen after DNA damage (Falk
et al., 2007; Krawczyk et al., 2012; Kruhlak et al., 2006). This local decondensation of chromatin was
observed in the vicinity of DSBs induced by X-rays (Falk et al., 2007) and even more pronounced after
charged particle irradiation (Jakob et al., 2011; Miiller et al., 2013) and might contribute to the

enhanced mobility of broken chromatin.
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Analyzing dynamics of individual break ends, induced by restriction enzymes, revealed a dependency
on Ku80 to the ability of break ends to locally diffuse (Soutoglou et al., 2007). In a study on uncapped
telomeres further influences of repair proteins on chromatin mobility were shown. Uncapped telomeres
represent a very special form of damage that can be considered a sort of one ended DSB and is
processed accordingly (De Lange, 2005). A reduction in mobility of uncapped telomeres could be
observed in 53BP1 and ATM deficient cells compared to controls (Dimitrova et al., 2008). So far not
much is known about the physiological consequences or factors involved in radiation induced
chromatin dynamics.

Mobility of DSBs is considered to influence the frequency of chromosome rearrangements, especially in
the context of multiple DSBs in close proximity as induced by densely ionizing charged particles, used
for example in cancer treatment, creating a potentially important factor in carcinogenesis.

This study therefore addresses the role of repair factors and chromatin modifiers on mobility of DSB
containing chromatin domains. System of choice for analyses of mobility was a live cell approach with
human U20S cells, expressing fluorescently tagged repair proteins. SIRNA mediated knockdown or
inhibition of repair proteins or chromatin modifying proteins was used to elucidate influences on DSB
mobility. For induction of DSBs advantage could be taken from the local dose deposition of low energy
charged particles generated at the heavy ion accelerator facility of GSI (Helmholtzzentrum fiir
Schwerionenforschung). Substantial local decondensation as well as a high number of complex DSBs
in close proximity can be expected by this type of irradiation. By irradiation in a low angle, DSBs can
be visualized along the ion traversals of nuclei and mobility of DSBs can be tracked over several hours
(Jakob et al., 2003, 2009b).

Parts of the findings of this PhD thesis and according figures are published in (Becker et al., 2014).
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1. Introduction

1.1. Physical properties of ionizing radiation

Ionizing radiation is a form of radiation that carries enough energy to interact with an atom or
molecule and thereby liberate tightly bound electrons from the outer shell, causing the atom to become
positively charged (ionized). The characteristic of this ionization process is the local release of a large
amount of energy. Covalent bonds can be broken by the ionization process, leading to a disintegration
of molecules like DNA thus potentially creating severe biological damage. Moreover, ions and electrons
are produced which can lead to subsequent interaction processes creating further damage. A more
detailed overview about ionizing radiation and particle interactions with matter can be found e.g. in

(Alpen, 1990; Hall and Giaccia, 2006; Stabin, 2007a).

The energy deposited in matter is termed the dose (D). It is defined as the mean absorbed energy

(AE,ps) per mass unit (Am) with the unit Gray (Gy).

AE J
D=_—as|Gy=_" 1
A { y kg} (eq.1)

Ionizing radiation can be divided into sparsely ionizing radiation like photon irradiation (X-rays or
gamma rays) and densely ionizing radiation like particle irradiation (neutrons, alpha particles or heavy
ions).

Photon radiation is a form of electromagnetic radiation and mainly indirectly ionizing. Through
interaction processes of photons and matter electrons are released which can induce chemical and
biological damage to molecules by secondary ionizations. Photons do not contain any mass or electric

charge. Their energy is dependent on their wavelength A or frequency v by
E=hvo=— (eq.2)

h being the Planck constant and c the speed of light.

The interaction processes of photons with matter (Figure 1) are depending on their energy. At energies
below 60 keV the photoelectric effect is the most common interaction. At higher energies the Compton
Effect becomes more likely until the pair production predominates at energies higher than 10 MeV. By
the photoelectric effect the complete energy of the photon is transferred to the electron which is then

released from the atom. In contrast, by the Compton Effect a photon with high energy is scattered at
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an electron and transfers only part of its energy onto the electron which gets released from the atom.
Due to the loss of energy the photon is redirected from its original trajectory with a higher wavelength
so that the overall energy and momentum of the system is conserved. The scattered photon can then
interact with further electrons. Pair production only takes place at high energies. In this process an
initial energy exceeding 1.02 MeV is needed (twice the rest energy of an electron) as the photon is

converted into an electron and a positron.

Photoelectric effect Compton Effect hv - hy” Pair production
hv hv - E, hv ¢
@ .

Cge . v "
ife . ,:'O . e+

Figure 1 — Physical interaction processes of photons with matter.

hv = energy of the photon, represented by sinuous lines, EB = binging energy of the electron, hv' = photon energy after
interaction, e- = electron, e+ = positron. Solid line represents the track of electrons. Figure according to (Kiefer and Kiefer,
2003).

Electrons which are released from the atom by the processes described above can further interact with
matter and if the energy is high enough also induce ionization events. X-rays and y-rays are commonly
used photons in radiation biology and differ only in their origin not in its physical properties. In
sparsely ionizing radiation, ionization events are evenly distributed on a um scale whereas by densely
ionizing radiation, like heavy ions or low energy protons, atoms and molecules are mostly ionized
locally along the ion track. Protons, neutrons and heavy ion charged particles are an important
component of space radiation and exhibit drastic damage to DNA.

The dose deposition decreases from the center of the ion track proportionally to the square of the
radius (1/r%). For the same applied dose, the dose distribution pattern in matter differs for photons

and charged particles and is moreover dependent on the energy of the ion (Figure 2).
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Local Dose (Gy)

0
< K\“‘ﬂ
C 1 MeV/u

Local Dose (Gy)

Local Dose (Gy)

C 15 MeV /u C 200 MeV /u

Figure 2 - Dose distribution of X-rays and carbon ions of different energies.

A mean dose of 2 Gy is deposited in each scheme. Whereas for X-rays a homogenous dose distribution can be observed,
carbon ions deposit energy locally around the ion track. The dose maximum decreases with increasing energy and a higher

fluence of particles is needed to reach the same dose of 2 Gy at higher energies (Scholz, 2003).

The path length of an ion in matter is dependent on its energy. For high energy charged particles like
heavy ions, many interactions are necessary to stop the particle. Each interaction leads to a deposition
of energy and the velocity of the particle is decreased. The most common interaction process is
electronic stopping through inelastic Coulomb interactions. The majority of the energy loss is usually
through 6-electrons which are released by interactions of atoms with the particle. Most &-electrons
have a low energy and therefore deposit their energy within a few nanometers surrounding the
primary ion thus creating a highly localized dose deposition along the ion track. The deposited energy
E per path length x is defined as the linear energy transfer (LET) which is proportional to the square of

the effective particle charge Z.¢ and its relativistic velocity B = v/c (Bethe, 1930; Bloch, 1930).

z
LET =— oc (eq.3)
B

The interactions are dependent on the velocity of the particle. When high energy charged particles
enter matter they interact rarely while the interactions increase with reduced velocity and energy. The
reduced velocity after energy deposition enables a longer subsequent interaction and thus greater
energy deposition. After a certain distance within the medium a drastic reduction of velocity and ion

energy is observed leading to a strong increase of the LET until the point of maximum dose deposition,
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termed the Bragg-peak (Figure 3). At the end of the track the particle starts to pick up electrons

whereby the effective charge decreases and the particle stops. The location of the sharp peak of energy

deposition is dependent on the energy of the ion, as ions with higher energy can penetrate further until

the final loss of energy (Figure 3).
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Figure 3 — Depth dose profiles of particles and photon

irradiation at different energies in water.

Heavy ions like carbon show an enhanced dose
deposition at the end of its track, the so called Bragg-
Peak whose depth is dependent on the ion energy.
Photons exhibit a shallow peak followed by
exponential decrease of energy deposition in matter

(Kraft, 2008).
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different energies in water.

Simulations of ions in matter show that at lower energies

more d-electrons are produced, enhancing the density of

ionization events around the ion traversal. A sketch of

the DNA provides a comparison of size. (Image courtesy

of M. Krédmer, GSI.)

Charged particles with different energies are used in cancer radiotherapy to achieve a dose deposition

in the desired depth. Normal tissue at the entrance site of the ion can be spared due to low energy

deposition and the maximum dose deposited at the Bragg-peak can be located to the tumor inside the

body.

The dose which is deposited in matter by charged particles depends on the LET, the fluence F of

particles and the density p of the target material. As biological material like cells or tissue consists

mostly of water, the density of water is typically used for dose calculations.

pm-g-J

1
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um ) p{ g

3
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(eq. 4)
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1.2. Biological effects of ionizing radiation

Ionizing radiation causes atoms and molecules to become ionized which can break or modulate
chemical bonds between molecules like the DNA or proteins. As the cell consists mostly of water, it
leads moreover to the production of highly reactive free radicals (O,:,H,O", OH-) though a dissociation

of water molecules:

H,0 — Hy0" 4 e, — H' +OH: +e7y

Free radical species and hydrated electrons undergo further reactions with each other and molecules
creating a large variety of radical species and by-products with a longer lifetime like H,O, that can
possibly damage DNA. The time window of the initial ionization process is 10> s and radicals mostly
have a lifetime of ~10"° s to 10®° seconds. While ionization processes of electrons can damage DNA
directly the induction of secondary damages by radicals is conferred to as an indirect action of ionizing
radiation (Figure 5) and further information of both processes can be found in (Hall and Giaccia,

2006; Stabin, 2007b).
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Figure 5 - Direct and indirect effects of ionizing radiation on DNA

Photons can directly interact with target material like DNA or molecules and induce ionizations or excitations which can alter
the biological integrity. Indirect damage is created when a photon interacts with other molecules in the cell, like water, and

creates reactive radicals which then damage the DNA (Hall and Giaccia, 2006).

In biological systems the DNA is the most critical target for radiation as it contains the genetic code for
cell survival and proliferation and is needed for cell integrity. Damaged proteins or RNA on the other

hand are available in multiple copies in a cell and undergo a turnover where they can be replaced.
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Ionizing radiation can produce a variety of damage to DNA strands like base damage, single strand
breaks (SSBs) or double strand breaks (DSBs) where the latter are the most critical for cell survival. To
keep their integrity cells have evolved several mechanisms to repair DNA damage.

Ionizing radiation effects on DNA vary with irradiation quality and LET (Asaithamby and Chen, 2011;
Hirayama et al., 2009). In photon irradiation around 70% of DNA damage comes from indirect
reactions thus mostly leading to SSB induction and base damage. In contrast, high LET radiation
creates a large amount (around 80 %) of direct damage and due to the physical properties of charged
particles many clustered DSBs are produced in close proximity.

The biological effectiveness of irradiation can be compared by cell survival assays. Irradiated with the
same dose cells show a higher survival rate after X-ray irradiation compared to high LET irradiation
(Figure 6). A quantitative parameter to describe the biological effect of different radiation qualities is
the relative biological effectiveness (RBE). It is defined as the ratio between the dose of a reference
radiation (D) (mostly X-rays) and the dose of an irradiation to be tested (D) that yields the same

biological effect (isoeffect).

D
RBE ,, = — (eq. 5)

test

In survival studies a RBE of >1 would result from a higher efficiency in cell killing for the test
irradiation, in case of Figure 6 carbon ions, compared to X-rays. However, for cell survival the RBE

depends on many parameters like dose, LET, cell type, fractionation or oxygen level (Alpen, 1990).
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Figure 6 - RBE measurement of carbon ions compared to X-rays

Cell survival after irradiation with X-rays and carbon ions of different doses is plotted and the RBE for cell survival is calculated.
Modified from (Schardt et al., 2010).
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Densely ionizing particles like heavy ions typically have a higher RBE than X-rays and show a more
linear survival curve compared to the linear quadratic curve of sparsely ionizing irradiation like X-rays.
The linear quadratic model of the survival (S) consists of a linear term (o) and a quadratic term ()

and describes the survival at a given dose (D) (Hall and Giaccia, 2006).

g — gD’ (eq. 6)

The linear term describes the initial slope which follows an exponential decrease as seen for densely
ionizing radiation. The quadratic term accounts for the bending of the curve and is dependent on the
repair capability of cells. The idea of the model evolved following results of chromosome aberration
studies. Induced DSB can be repaired incorrectly (described in more detail in the following section)
and result in chromosome exchanges like dicentric chromosomes which are lethal for the cell. The
probability of those exchanges was found to be proportional to the square of the dose.

Models of the linear quadratic term consider that the linear term comes from single lethal events which
rise proportional to the dose while in the quadratic term two lesions are needed to produce a lethal
damage. DNA repair deficient cell lines and irradiation with densely ionizing radiation both enhance
the quadratic term of cell survival. The a/p ratio describes the dose at which linear and quadratic
components of cell killing are equal. It represents an important quantity in radiotherapy to determine
the radio-sensitivity of a tissue type. Due to their physical and biological properties, leading to
increased cell killing abilities, heavy ions have proven to be an effective tool for radiotherapy (Durante

and Loeffler, 2010; Fowler, 1989).

1.3. Chromatin organization in the context of DNA damage

DNA in eukaryotic cells is highly organized. It is associated with proteins, mostly histones, building a
highly structured nucleoprotein complex called chromatin. Chromatin structure and DNA packing
regulate a number of essential cellular processes like transcription, cell division, differentiation or DNA
repair (Woodcock and Ghosh, 2010).

One main unity of the chromatin is the nucleosome, an octameric complex consisting of two molecules
of each of the core histones H2A, H2B, H3 and H4 (Luger et al., 1997). 146 bp of DNA is wrapped
around the nucleosome in approximately 1.7 turns. A DNA linker sequence of variable length between
each nucleosome connects the nucleosomes to a “beads on a string” conformation (Olins and Olins,
1974). For higher compaction the nucleosomes are then packed into chromatin fibers of 10 nm, 30 nm

or higher order structures. The most condensed state of chromatin is found during mitosis or meiosis
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when the individual chromosomes become visible. Packing density of chromatin is variable and in
interphase it can be divided into two main groups, the densely packed heterochromatin which contains
a low gene density and the more open, transcriptionally active chromatin areas of the euchromatin
which constitute around 75 % of the mammalian chromatin (Xu and Price, 2011). Alterations in
packing density are mediated by liker length, histone variants and posttranscriptional modifications
like acetylation, phosphorylation or methylation. Those modifications lead to the recruitment of
chromatin remodeling enzymes which act in nucleosome sliding, ejection or restructuring to control
condensation and relaxation of chromatin (Clapier and Cairns, 2009).

One of the best described radiation induced chromatin modifications is phosphorylation of the histone
H2AX (a subtype of H2A) at serin 139 (Rogakou et al., 1999). Referred to as yH2AX, it serves as a
reliable DSB marker (Rothkamm and Lobrich, 2003) and acts in the recruitment of repair proteins and
checkpoint control (Rothkamm and Horn, 2009).

Upon induction of DSBs, posttranscriptional protein modifications like methylation or acetylation also
lead to changes in the chromatin structure. Chromatin remodelers are recruited and act in DNA
damage response and signaling. The most intense structural change observed after DSB induction is a
local decondensation at sites of DSBs, which is supposed to facilitate recruitment and binding of repair

factors (Gontijo et al., 2003; Jakob et al., 2011; Miiller et al., 2013).

1.4. DNA repair factors and pathways

Exposed to ionizing radiation cells acquire DNA damage. DNA double strand breaks (DSBs) are
considered the most serious damage as genetic information can be lost at the break site. Due to
misrepair chromosome exchanges can occur, possibly leading to cell death, genetic instability and
cancer induction. However, cells developed several repair mechanisms to respond to DNA damage.
Two mayor DSB repair pathways are homologous recombination (HR) and non homologous end
joining (NHEJ) (Figure 7). NHEJ can be performed throughout the cell cycle whereas HR requires
homologous sister chromatids and is therefore only possible in S and G2 phase when the DNA is

duplicated.

Repair by NHEJ is initiated by binding of the Ku70/Ku80 heterodimer to break ends, which has
potential roles in stabilizing DNA ends. It protects against degradation of the ends and recruits the
DNA-dependent protein kinase catalytic subunit DNA-PKcs. Binding of DNA-PKcs to the DNA-Ku
complex results in activation of DNA-PKcs kinase activity which functions as a regulatory component
for further recruitment of repair and end processing proteins. Before ligation of ends most breaks are

processed by Artemis and other nucleases. Ligation of both strands is then mediated by Ligase IV while
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XLF and XRCC4 stimulate the ligation activity. This repair mechanism is the preferred one in all cell
cycle phases even though it is error prone. At the break site nucleotides can be lost during NHEJ repair
and fusion of wrong DNA ends is possible, leading to aberrations like deletions or chromosome
exchanges. NHEJ repair is reviewed in (Davis and Chen, 2013; Goodarzi and Jeggo, 2013; Misteli and
Soutoglou, 2009).

In contrast HR is error free as it uses sequence information from its homologue sister chromatid. The
MRN complex, formed by MRE11, RAD50 and NBS1, binds to the DSB and activates ATM kinase which
phosphorylates H2AX in an area of several mega base pairs, generating YH2AX. The mediator protein
MDC1 binds to yH2AX and recruits additional copies of MRN and ATM, acting in signal amplification
and spreading. ATM then activates CtiP, a nuclease which enables extensive resection. Resected single
stranded ends are bound by RPA which is afterwards replaced with RAD51 by BRCA2. RAD51 and
RAD52 mediate strand invasion into the homologous template where the DNA sequence is renewed by
DNA synthesis. HR repair is reviewed in (Brandsma and Gent, 2012; Chapman et al., 2012; Misteli and
Soutoglou, 2009).
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Figure 7 - NHEJ and HR, two mayor DNA repair pathways in mammals

Non homologous end joining (NHEJ) requires binding of Ku70/80 to DSB ends and phosphorylation by the kinase DNA-PKcs as
a signal cascade in which other repair proteins can process the DNA ends before Ligase IV fuses both ends together. In
homologous recombination (HR) the MRN complex binds to DNA ends and induces a signal cascade in which nucleases like
CtiP resect both strands. Strand invasion into a homologue sister chromatid, mediated by RAD51, ensures correct repair

without loss of genetic information (Brandsma and Gent, 2012).
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A multiplicity of repair factors and mediator proteins work together in DNA repair to maintain cell
integrity. DNA damage signaling can also result in cell cycle arrests to prevent damaged DNA from
duplication and the transfer to the daughter cells (Bartek and Lukas, 2007). If a cell received too much
damage to be repaired cell death can be induced as a DNA damage response (Surova and Zhivotovsky,
2013).

Upstream and downstream of DNA repair pathways several factors contribute to DSB recognition,
signaling and repair. In the following section selected proteins, which play major roles in experiments
of this PhD thesis are described in more detail. As chromatin organization has a strong effect on DNA

repair not only repair proteins but also chromatin modifying proteins are addressed in this section.

ATM (Ataxia telangiectasia mutated)

Named after the human genetic disorder ataxia telangiectasia (AT) the protein ATM was identified to
cause various diseases known as “genomic instability syndromes”. AT is characterized by cerebella
degeneration, leading to neuromotoric dysfunctions (ataxia), small dilated blood vessels
(telangiectasia), immunodeficiency, genomic instability and extreme sensitivity to ionizing radiation
and DSB-inducing agents (Shiloh, 2003).

ATM belongs to the phosphatidylinositol 3-kinase-like protein kinases (PIKK) family, which includes
ATR (ataxia telangiectasia and Rad3 related) and DNA-PKcs (catalytic subunit of the DNA-dependent
protein kinase) and has a major role in DNA repair. Initiated by binding of the MRN complex,
composing of MRE11l, RAD50 and NBS1, ATM kinase is recruited to the break site where
autophosphorylation of serine 1981 leads to the activation of ATM from an inactive dimer to an active
monomer (Bakkenist and Kastan, 2003). As a DNA damage response active ATM then phosphorylates
tremendous numbers of substrates, acting in cell-cycle arrest, apoptosis and DNA repair (Matsuoka et
al., 2007; Stracker et al., 2013). After X-ray irradiation most DSBs are repaired independently of ATM
but deficiency of ATM results in 10 — 25 % non repaired, persisting DSBs after 24 hours which
correspond to heterochromatic areas (Deckbar et al., 2007; Riballo et al., 2004). In those
heterochromatic areas ATM is involved in a local relaxation of chromatin after induction of DSB
through phosphorylation of KAP1 (Geuting et al., 2013; Goodarzi and Jeggo, 2012; Goodarzi et al.,

2008). This is assumed to facilitate recruitment of repair proteins and ongoing repair.
53BP1 (Tumor suppressor p53-binding protein 1)
53BP1 is a large (350 kD) multi-domain protein with binding affinity to the tumor suppressor p53. It

plays a key role in DNA damage response as it serves as a mediator protein in DSB signaling and

pathway choice.

Introduction 18



Upon induction of DSB 53BP1 accumulates at sites of lesions and forms large foci, colocalizing with
yH2AX and persisting during ongoing repair (Noon and Goodarzi, 2011). Its role in DNA repair is
shown by knockout studies in mice where deficiency of 53BP1 results in hypersensitivity to irradiation,
genomic instability and a defect in DNA repair (Ward et al., 2003). 53BP1 acts downstream of ATM
and yH2AX and gets phosphorylated by ATM and ATR, which is necessary for DNA repair but not
required for the recruitment of 53BP1 to DSBs (Goodarzi and Jeggo, 2013). The major factor required
for 53BP1 recruitment and binding is methylation of histone 4 (H4K20me2) (Botuyan et al., 2006).
Moreover the MRN complex, MDC1 and RNF168 contribute to the recruitment and retention of 53BP1
at the break site (Doil et al., 2009; Noon and Goodarzi, 2011). 53BP1 was long known to have a role
in damage signaling and also in G2/M checkpoint arrest after low dose radiation but the mayor impact
on DNA repair seems to result from defining DSB repair pathway choice. It blocks end resection by
restraining CtIP activity, inhibits end processing and promotes NHEJ (Zimmermann and De Lange,
2013). However, in G2 phase of heterochromatic DSBs it was also found to promote HR by interaction
with Kapl (Kakarougkas et al., 2013). Moreover it shows interactions with chromatin, influencing
mobility of dysfunctional telomeres. Deprotection of telomeres by deletion of TRF2 increases mobility
of telomeres, however, in the absence of 53BP1 this mobility is strongly decreased (Dimitrova et al.,

2008).

MRN complex (MRE11, RAD50 and NBS1)

The MRN complex, consisting of MRE11, RAD50 and NBS1 is one of the initial DSB sensors and acts in
end processing and tethering of DNA strands as well as signal transduction. It mediates recruitment
and activation of ATM resulting in phosphorylation and spreading of yH2AX (Figure 8).

The head domain of the complex is formed by a MRE11 dimer and two RAD50 ABC-ATPase domains
(MR complex) and exhibits DNA binding activity. MRE11 has endonuclease as well as 3'—5’
exonuclease activity and interacts with further nucleases like CtIP generating single stranded DNA
overhangs for strand invasion during HR repair (Paull and Gellert, 1998; Yun and Hiom, 2009).
RADS50 is a protein displaying both sequence and structural homology to structural maintenance of
chromosome (SMC) family members. Two long coiled coil domains of RAD50 with apical zinc-hook
dimerization motifs reach out of the complex and form a molecular clamp. Through binding and
hydrolyses of ATP at the RADS0 subunits a conformational change of the MR complex is generated
which opens and closes the clamp formation. In an ATP bound state the molecular bridges of RAD50
are closed and enable tethering of DNA strands and chromosomes (Figure 9) (Hopfner et al., 2002;
Lobachev et al., 2004a). Additionally the ATP driven conformation change increases DNA binding

activity and is essential for activation of ATM (Lammens et al., 2011; Lee et al., 2013).
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The third component of the MRN complex is NBS1 which stimulates DNA binding, unwinding of

double strands and MRE11 nuclease activity (Paull and Gellert, 1999). Moreover NBS1 is essential for

localization of the MRN complex to the nucleus and to DSBs (Desai-Mehta et al., 2001). Without

possession of own enzymatic activity but though protein interactions, like phosphorylation by ATM, it

serves as a mediator protein for the recruitment of repair proteins to DSBs (Lamarche et al., 2010).

Figure 8 - Functions of the MRN complex in DNA repair

a ATM activation

C End processing/tethering

A, B) The MRN complex, formed by MRE11, RAD50 and NBS1 recruits and activates ATM after induction of DSBs to induce a

signal cascade for the recruitment of repair proteins. C) By its nuclease activity and interaction with CtIP, MRN acts in strand

resection and end processing. Tethering of DNA strands or sister chromatids is accomplished by RAD50 coiled coils and can

keep broken strands in proximity to facilitate repair (Zha et al., 2009a).
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Figure 9 - MRE11 and RAD50 acting as an ATP driven molecular clamp

A MRE11 dimer and two RAD50 proteins with long coiled coil domains form a molecular clamp which can tether broken DNA

or chromosomes in its closed conformation. ATP binding at the RAD50 subunit induces a conformational switch of the

complex from an open to a closed form (Lammens et al., 2011).
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PARP / PARG (poly-ADP-ribose polymerase and poly-ADP-ribose glycosylase)

The human PARP superfamily consists of 17 members from which PARP1 has been most extensively
studied (Schreiber et al., 2006). PARP proteins are involved in many cellular processes like DNA
synthesis and repair, epigenetic and transcriptional regulations, inflammatory or immune response or
chromatin remodeling (Masutani and Fujimori, 2013). The characteristic enzymatic action is the poly-
ADP-ribosylation of various proteins as a signal cascade. Branched poly-ADP-ribose (PAR) chains are
synthesized by covalently attaching units of ADP-ribose hydrolyzed from nicotinamid adenine
nucleotid (NAD") to itself, acceptor proteins or existing PAR chains (Figure 10) (D’Amours et al.,
1999).
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Figure 10 — Chemical structure of a poly-ADP-ribose chain

Poly-ADP-ribose (PAR) is synthesized using NAD" (nicotinamid adenine nucleotid) as a donor of ADP-ribose units creating NAm
(nicotinamide) as a by-product. Glutamic acids residues of proteins function as covalent attachment sites of PAR. Hydrolysis by
PARG degrades the PAR chains afterwards. Varied from (Kim et al., 2005).

A PAR chain can reach up to 200 units with an average branch length of 20-25 residues and as PAR
holds twice the negative charge of DNA or RNA the branches create an electrorepulsive environment
leading to an opening of the chromatin structure (Thomas and Tulin, 2013). PAR chains are degraded
by poly-ADP-ribose glycohydrolase (PARG) and the dynamic turnover of PAR is essential for the
maintenance of genomic integrity (Gagné et al., 2008). Deficiency of PARG was shown to be lethal in
mice and downregulation by inhibition or siRNA treatment leads to an accumulation of PAR, resulting

in apoptosis and hypersensitivity to ionizing radiation (Cortes et al., 2004; Slade et al., 2011). In
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various pathways of carcinogenesis poly-ADP-ribosylation is acting in tumor suppression and inhibition
of PARP1 is commonly used during cancer treatment (Masutani and Fujimori, 2013).

Involved in different repair mechanisms like SSB repair and alternative (or backup) endjoining-
pathways of DSB repair (Hochegger et al., 2006; Mansour et al., 2010; Schreiber et al., 2006) PARP1
is one of the first proteins accumulating at sites of broken DNA (Haince et al., 2008). In the context of
DNA repair PARP1 is moreover involved in a decondensation of chromatin trough interactions with
histones, electrostatic interactions and the recruitment of chromatin remodeling enzymes like the
NuRD complex or ALC1 (Ahel et al., 2009; Chou et al., 2010; Kim et al., 2004; Thomas and Tulin,
2013).

ACF1 (ATP-utilizing chromatin assembly and remodeling factor 1)

The ACF complex of the ISWI family of chromatin remodelers consists of two subunits, ACF1 and the
ATPase SNF2H. Similar to the other ACF1 containing complex, CHRAC, it promotes nucleosome
sliding, catalyzes the deposition of histones and the relaxation of chromatin structure (Ito et al., 1999).
In densely packed heterochromatic areas this remodeling ensures correct replication and transcription
(Collins et al., 2002). ACF1 is conserved in many species, highly regulated during development and
performs specific tasks to ensure cell integrity. During development of Drosophila ACF1 (also known as
BAZ1A in mammals) was found to play a role in chromatin-mediated gene repression and the
regulation of chromatin structures like the formation of heterochromatin (Chioda et al., 2010). In
mammalian cells, besides its role in heterochromatic replication, ACF1 accumulates at Scel or laser
induced DNA damage sites and directly interacts with the repair protein Ku70 promoting DNA repair
(Lan et al., 2010). Moreover knockouts of ACF1 show enhanced sensitivity to ionizing radiation, a
compromised G2/M checkpoint and high apoptosis rates (Sanchez-Molina et al., 2011), proving a
direct involvement of ACF1 in DNA repair. The exact mechanism by which ACF1 provokes DNA repair
and checkpoint control is still unclear but its function in nucleosome assembly and spacing seems to be

required for NHEJ and HR in human cells (Lan et al., 2010).

Cohesin complex (SMC1 and NIPBL)

The Cohesin protein complex regulates cohesion and separation of sister chromatids during cell
divisions like mitosis or meiosis and during HR repair of DSBs. The complex contains the SMC
(structural maintenance of chromosomes) proteins SMC1 and SMC3 associated with SCC1, SCC3 and
other accessory factors. SMC proteins contain an ATPase domain and two coiled-coil stretches,
separated by a central hinge domain to form a ring structure which entraps sister chromatids by ATP

driven dimerization of the SMC proteins (Figure 11) (Dorsett and Strom, 2012). During the whole cell
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cycle progression different stably or dynamically bound nuclear Cohesin pools exist (Gerlich et al.,
2006) but for association with DNA the mammalian SCC2 analogue NIPBL (nipped-B-like protein) is
required to load Cohesin onto DNA (Bermudez et al., 2012). Cohesion regulates many cellular
functions like chromosome condensation, transcription and gen regulation, centromere organization
and even has an impact on DNA repair (Hagstrom and Meyer, 2003; Rudra and Skibbens, 2013).

After induction of DSBs Cohesin is recruited to break sites to assist repair by locally stabilizing sister
chromatids and facilitating homology search during HR in S/G2 phase (Wu and Yu, 2012). The sister
chromatid then provides a template for error-free DNA repair. Moreover cohesion is involved in
checkpoint activation (Bauerschmidt et al., 2010; Sjogren and Strom, 2010) and mediates pathways

choice between HR and NHEJ (Schir et al., 2004).
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Figure 11 — The Cohesin complex in maintaining sister chromatid cohesion

Cohesin is formed by SMC1, SMC3, SCC1 and SCC3. The SMC molecules contain an ATPase domain and long coiled coil
domains and are separated by a central hinge domain. An ATP driven conformational change forms a ring structure of

Cohesin which can bind DNA molecules to keep them in close proximity (Alberts et al., 2008).

1.5. Nuclear matrix - Composition and cellular function

A eukaryotic cell nucleus composes of several functional compartments like the intranuclear space
containing the genome, nucleoli, the nuclear matrix and the nuclear envelope which presents a
boundary to the rest of the cell. The nuclear envelope consists of an inner nuclear membrane (INM)
and an outer nuclear membrane (ONM), which are separated by a 40-50 nm perinuclear space (PNS).
Inside the nucleus the nuclear matrix acts in nuclear stabilization an provides an anchoring place for
DNA, proteins and nuclear pores, which stretch throughout the envelope for macromolecular
trafficking (Burke and Stewart, 2013).

The nuclear matrix/scaffold was first described over 50 years ago (Smetana et al., 1963) and can be
divided into two parts: the nuclear lamina and an internal nuclear matrix. They are composed of

structural proteins like Lamins and high amounts of ribonucleoproteins (RNPs), building a network of
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fibers inside the nucleus similar to the cytoskeleton. AT-rich DNA sequences called matrix attachment
regions (MARs) mediate interactions between DNA, chromatin and the nuclear matrix (Barboro et al.,

2012).
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Figure 12 — Nuclear structure and components

Schematic structure of a cell nucleus. The nuclear matrix is divided into the outer matrix (nuclear lamina) and the inner matrix,
both containing a filamentous protein meshwork composed of Lamin and other structural proteins. The nuclear matrix

provides stabilization as well as anchoring sites for chromatin domains (Linnemann and Krawetz, 2009).

Lamin

In human cells the nuclear matrix composition depends on cell types and varies between normal and
cancer cells (Lever and Sheer, 2010). However, the major components of the nuclear lamina are A-
type and B-type Lamins. Encoded by a single gene (LMNA) A-type Lamins include Lamin A, Lamin C,
Lamin C2 and Lamin AAO while B-type Lamins (Lamin B1 and B2) are encoded by two separate genes.
Posttranslational splicing and modifications create cell specific subtypes. Following incorporation into
the nuclear lamina Lamin A is proteolytic cleaved prom progerin, the truncated form of Lamin A
(Burke and Stewart, 2013). While die ONM consists of all types of Lamin, only Lamin A is found in the
INM (Neri et al., 1999). Expression levels of A-type Lamins differ is many cancer types like leukemia,
lymphoma or small cell lung and ovarian cancer (Gonzalez-Suarez et al., 2009a) and mutations of
LMNA lead to several disorders like Emery Dreifuss muscular dystrophy, cardiomyopathy or the
premature ageing disorder Hutchinson-Gilford progeria syndrome (HGPS) (Worman et al., 2010).
Moreover A-type Lamins were found to play a role in DNA damage repair as seen by increased
sensitivity to irradiation, increased genomic instability, compromised accumulation of 53BP1 to
damage sires and a hindered repair of dysfunctional telomeres (Gonzalez-Suarez et al., 2009b; Liu et

al., 2005; Redwood et al., 2011).
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NuMA (Nuclear Mitotic Apparatus Protein)

Several hundreds of proteins are known to be associated with the nuclear matrix (Mika and Rost,
2005). NuMA was found to play a main part in the nuclear skeleton as intermediate filaments like
Lamins, NuMA and hnRNPs (heterogeneous nuclear ribonucleoproteins) dominate the composition of
the inner nuclear matrix.

During mitosis NuMA tethers microtubules at the spindle poles and maintains the spindle apparatus for
proper chromosome alignment. The filamentous protein is distributed homogenously in the nucleus
during interphase and seems to be essential for the organization of chromosome domains possibly by
interactions with matrix attachment regions (MARs) (Radulescu and Cleveland, 2010). Moreover it
strongly interacts with RNA as nuclear extraction with RNase causes a drastic reduction of NuMA in
the nucleus while Lamins remain unaffected (Barboro et al., 2002). Its function in interphase is
expected to maintain the nuclear organization though its filamentous structure. However, studies
started to investigate further functions of NuMA like the link to DNA repair as it is phosphorylated by
ATM and ATR and following DSB induction the nuclear distribution of NuMA is rearranged in cells
with basal polarity (Matsuoka et al., 2007; Vidi et al., 2012).
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2. Material and methods

2.1. Cellular and biochemical methods

2.1.1. Cell culture and cell lines

All cell lines were grown in DMEM (Dulbecco “s Modified Eagle s Medium) with 10% FCS in 75 cm?
culture flasks or petri dishes under standard conditions (monolayer cultures, 95% air, 5% CO,, 37°C,
100% humid atmosphere). Passages were performed at 90% confluence by trypsin treatment for
5 min. U20S cells stably expressing 53BP1-GFP or NBS1-GFP cells (kindly provided by Dr. Claudia
Lukas Danish Cancer Society, Copenhagen, Denmark), described previously (Bekker-Jensen et al.,
2005; Lukas et al., 2003, 2004), were grown in selection media with 1 ug/ml puromycin. For the
U20S-G1/S-GFP cell line G418 was added to a final concentration of 400 ug/ml and for the double
mutant U20S-G1/S-GFP NBS1-cherry 400 pg/ml G418 and 1 pug/ml puromycin were used. Stock
cultures were stored in liquid nitrogen (-196°C) in culture medium enriched with 10% DMSO and 30%

FCS.

In this work following cell lines were used:

AG (normal human fibroblasts)

MEF (mouse embryonic fibroblasts)

U20S (human osteosarcoma cells)

U208S-53BP1-GFP (human osteosarcoma cells stably expressing 53BP1-GFP)

U20S-NBS1-GFP (human osteosarcoma cells stably expressing NBS1-GFP)

U20S-G1/S-GFP NBS1-cherry (human osteosarcoma cell line stably expressing a GFP-tagged cell cycle
marker (pPCORON1002-EGFP-C1-PSLD (GE Healthcare)) double transfected with NBS1-cherry)

2.1.2.siRNA mediated knockdowns

Knockdown of proteins was performed by siRNA treatment using the INTERFERin transfection kit
(PeqLab) according to the suggested protocol. Cells were seeded on round 30 mm glass coverslips 24
hours before treatment. Used proteins and according siRNA sequences are listed in Table 1. Efficiencies

of protein knockdowns were determined by western blot analyses 48 hours after treatment.
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Table 1 — used siRNAs for protein knockdown

Protein siRNA sequence End Incubation | Reference
concentration | time
PARG AAATGGGACTTTACAGCTTTG | 20 pmol 48 h (Blenn et al., 2006)
NIPBL CAAAAGAAGCAGAAGAAAA 20 pmol 48 h MWG siRNA design
SMC1 GCAAUGCCCUUGUCUGUGA 20 pmol 48 h MWG siRNA design
ACF1 AACACUGUGAAGCACAAGAUG | 20 pmol 48 h MWG siRNA design
MRE11 GGAGGUACGUCGUUUCAGA 20 pmol 48 h (Yuan and Chen, 2010)
NuMA GGCGTGGCAGGAGAAGTTC 40 pmol 48 h (Haren et al., 2009)
Lamin A/C | CUGGACUUCCAGAAGAACA 40 pmol 48 h (Elbashir et al., 2001)

2.1.3. Cell lysates and western blot analyses

For verification of knockdown efficiency, whole cell lysates of siRNA transfected cells were prepared
and western blotting with specific antibodies was used to detect the expression level of desired
proteins. For whole cell lysates cells were grown in @ 3.2 cm petri dishes for two days. Lyses was
carried out on ice by incubation in 70 pl 2x SDS-lysisbuffer (100 mM Tris-HCl (pH 6,8), 2 % (w/V)
SDS, 20 % (v/v) Glycerol). Cells were harvested and sheared mechanically by a 25G cannula. Lysates
were then incubated at 100°C for 5 min, centrifuged by 13000 G for 10 min at 4°C and the supernatant
which contains the proteins was stored at -20°C until for further usage. The protein content of the
supernatant was determined based on the protein assay according to Lowry (LOWRY et al., 1951) by
the protein assay kit of Bio-Rad according to their protocol. Western blot analyses were performed by a
standardized protocol (Fournier et al., 2004) with antibodies listed in Table 3. Quantification of

western blots was performed by ImageJ analyses.

2.1.4. Protein inhibition

For inhibition of proteins specific inhibitors were diluted in cell culture medium and cells were
incubated with inhibitor at least one hour before further treatment or analyses.

Caffeine (Sigma Aldrich) with an end concentration of 10 mM was used for inhibition of ATM
(Sarkaria et al., 1999) but as it partly inhibits all PIK-kinases (ATM, ATR and DNA-PK), this inhibition
was characterized as an unspecific inhibition. Specific inhibition of the ATM kinase activity was

performed by the selective inhibitor KU55933 (Merck Millipore) (Hickson et al., 2004) with an end

Material and methods 27



concentration of 15 uM. Poly-ADP-ribosylation was prevented by inhibition of PARP with the specific
inhibitor PJ34 (Sigma Aldrich) at a final concentration of 10 uM (Garcia Soriano F et al., 2001).

2.1.5. Nuclear matrix extraction

Cell extraction was performed by modifications of nuclear extraction protocols (Nickerson et al.,
1997).

For PFA mediated extraction cells were incubated 10 min on ice in cytoskeleton buffer (10 mM PIPES
(pH 6,8), 100 mM NacCl, 300 mM Saccharose, 3 mM MgCl,, 1 mM EGTA, 0,5 % (v/v) Triton X-100)
and 15 min on ice in cytoskeleton buffer containing 2 % PFA. Digestion of DNA was performed by 60
min incubation at 30 °C in cytoskeleton buffer containing 500 units/ml DNase I. Two washing steps in
cytoskeleton buffer and 10 min incubation in 0.5 % Triton X-100 completed the extraction.

For nuclear extraction without PFA cells were incubated 5 minutes on ice in cytoskeleton buffer and
cytoskeleton stripping buffer (10 mM Tris HCl, 10 mM NaCl, 3 mM MgCl,, 1 % Tween, 0,5 % (w/v)
Na-deoxycholate, pH 7,4) respectively, followed by 30 to 60 minutes digestion in DNasel containing
digestion buffer (10 mM Tris HCIl, 10 mM NacCl, 5 mM MgCl,, 0.5 mM AEBSF, 100 units/ml DNasel) at
37°C. Fixation was carried out for 30 min with modified Streck Tissue Fixative (150 mM 2-Bromo-2-
nitro-1,3-propandiol, 108 mM Diazolidinylurea, 10 mM Tri-Natriumcitrat-Dihydrat, 50 mM EDTA, pH

5.7) before antibody staining (described in the following section).

2.2. Irradiation with x-rays and heavy ions

For photon irradiation an X-ray tube (Isovolt Titan 320-13) (GE Sensing & Inspection Technologies
GmbH, Ahrensburg, Germany), operated at 250 kV and 16 mA was used. The X-ray beam was
additionally filtered by 1 mm Cu and 1 mm Al to remove low energy photons. Doses-rates laid between
1 and 2 Gy/min.

Charged particle irradiation was performed at the accelerator facility of the GSI Helmholtszentrum fiir
Schwerionenforschung using different ion species with LET values as reported in Table 2. Choice of
ions used in the experiments was mainly determined by the availability of beamtime at the accelerator.
Cells were plated on @ 30 mm glass plates in petri dishes and irradiated with a fluence of 2x10°
particles/cm® vertical or in an angle of 15° to visualize ion traversals trough the cell nucleus (Jakob et
al., 2003). During irradiation the cell bearing glass plates were kept without medium for a short period

of 1-3 min.
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Table 2 — UNILAC accelerated ions and corresponding energies and LET values

Ion LETyy0 (keV/um) Dosis (Gy) Energy on target (MeV/u)
Uranium (U) 15000 48 4.7
Lead (Pb) 13500 43 4.7
Gold (Auw) 13000 41 4.6
Tin (Sn) 7880 25 5.1
Chromium (Cr) 2630 8.4 6.5
Titanium (Ti) 2180 6.9 7.2
Calcium (Ca) 1800 5.7 7.7
Carbon (C) 170 0.5 9.9

2.3. Microscopy and mobility analyses

2.3.1. Immunofluorescence microscopy

For Immunofluorescence staining cells were fixed at room temperature (RT) in 2% paraformaldehye in
PBS for 15 min and permeableized for 10 min in 0.5% triton X-100 in PBS, if not mentioned otherwise.
Two washing steps with PBS were carried out before storage of samples in 0.4% BSA at 4°C. Staining
of MRE11 requires extraction of soluble proteins. Therefore cells were incubated with cytoskeleton and
cytoskeleton stripping buffer and fixed for 30 min with modified Streck Tissue Fixative as described
previously (Jakob et al., 2003). For staining of poly-ADP-ribose (PAR) cells were fixed in ice-cold 10%
trichloroacetic acid (TCA) for 10 min, followed by successive washings in 70%, 90% and absolute
ethanol at -20°C for 5 min each (Biirkle et al., 1993).

Antibody staining was performed in 0.4% BSA, first and second antibody both incubating one hour at
RT. Washing steps in PBS were carried out between and after antibody incubation. DNA was stained
for 20 min by 1 pg/ml DAPI solution and cells could be kept at 4°C in 0.4 % BSA afterwards for several
days. Used primary and secondary antibodies are listed in Table 3 and Table 4.

Microscopic analysis of fixed samples was carried out on a Nikon confocal microscope (Eclipse Ti with
Yokogawa CSU1-XI spinning disk unit and Andor DU iXON+ 888 EMCCD camera). Possible
wavelength for excitation are 405 nm, 488 nm, 561 nm and 647 nm and an 60x oil objective (Nikon

CFI PLAN APO VC 60XH) or an 100x oil objective (Nikon CFI PLAN APO VC 100XH) was used.
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Table 3 — used primary antibodies

Antigen

Species Company Dilution
(clone)
ACF1/BAZ1A Rabbit Bethyl

WB 1:2000

(A301-318A) Laboratories
PATM IF 1:200

Mouse Rockland
(p1981) WB 1:1000
B-Actin

Rabbit Abcam WB 1:5000
(ab34731)
CENPF Rabbit Novus IF 1:750
Ku 80

Rabbit Chemicon IF 1:100
(ab1357)
Lamin A/C

Mouse Upstate WB 1:3000
clone 14
MRE11

Mouse Abcam WB 1:750
(ab214)
NBS1

Rabbit Abcam IF 1:300
P95 (ab23996)
NIPBL (C-9)

Mouse Santa Cruz WB 1:400
sc-374625
NuMA

Mouse Abcam WB 1:1000
(ab36999)
PAR

Mouse Oncogene IF 1:200
(Ab-1)
PARG

Mouse Millipore WB 1:500
(D8B10)
PARP

Rabbit Cell Signaling WB 1:1000
(46D11)
RPA/p34 Thermo

Mouse IF 1:300
(Ab-1) Cl. 9HS8 Scientific
SMC1 Rabbit Cell Signaling WB 1:1000
Tubulin Mouse Sigma WB 1:8000
Vinculin

Mouse Abcam WB 1:10000
(ab18058)
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Table 4 - used secondary antibodies.

Conjugate Antigen Species Company Dilution
HRP Mouse Sheep GE Healthcare WB 1:10000
HRP Rabbit Donkey GE Healthcare WB 1:10000
Alexa-488 Mouse Goat Molecular Probes IF 1:400
Alexa-488 Rabbit Goat Molecular Probes IF 1:400
Alexa-568 Mouse Goat Molecular Probes IF 1:400
Alexa-568 Rabbit Goat Molecular Probes IF 1:400
Atto 647 Mouse Goat Sigma Aldrich IF 1:200
Atto 647 Rabbit Goat Sigma Aldrich IF 1:200

2.3.2. Live cell microscopy

For live cell analyses of irradiation induced foci (IRIF) U20S-53BP1-GFP cells were seeded on
@ 30 mm glass plates and irradiated by charged particle or X-ray irradiation. Cells were then
transferred into a spinning disc confocal microscope (Nikon Eclipse Ti with Yokogawa CSU X1)
equipped with a temperature controlled chamber stably adjusted to 37°C and 5 % CO,. 10 to 20 XY
positions were selected. At each time-point and position a Z-stack of 5 to 15 slices at a distance of 0.3
or 0.5 um was recorded during time intervals of 2 to 10 minutes. Excitation levels were kept below

7.5 uW in order to avoid bleaching and cellular stress.

2.3.3. Analyses of IRIF mobility

For quantitative analyses of IRIF mobility the signal to noise ratio of microscope images was increased
by deconvolution. Translational movement or rotation of cells was stabilized in 3D by cross correlation
method using Huygens essential software (Scientific Volume Imaging). As deformation of cells would
result in enhanced movement of IRIF, cells showing higher degrees of nuclear deformation were not
included in measurements of foci mobility. To analyze movements of single IRIF, representing foci
were manually defined in each cell nucleus to train Huygens object tracker, which then detects the
distance from track origin in 3D over all time frames by center of mass detection of each selected
object. Identified tracks of foci movement can be corrected manually afterwards to minimize tracking
mistakes. As representative readout the mean square displacement (msd) was used resulting from the

squared distance from the track origin at a given time (eq. 7). Msd values of all cells in one experiment
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were averaged and plotted against time for each experiment where n represents the number of nuclei
analyzed. Several foci were scored per nucleus. As comparison some selected image series were also
analyzed by tracking foci in 2D with a maximum projection map. To validate tracking analyses by
Huygens essential software some experiments were analyzed by manual tracking of foci with M-TrackJ

ImageJ Plugin (Meijering et al., 2012).
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3. Results

Ionizing radiation induces DNA double strand breaks (DSBs) in cell nuclei, which can lead to the
formation of chromosome rearrangements through error prone repair mechanisms. In mammalian cells
DSB containing chromatin domains are positional stable over several hours and exhibit only diffusive
mobility in a submicron scale (Jakob et al., 2009b; Soutoglou et al., 2007). However, a slight increase
of mobility arises by the induction of DSBs (Krawczyk et al., 2012) and might influence the repair
fidelity, pathway choice and the formation of translocations. As it is yet unknown which factors
contribute to a positional stability or alter movement kinetics, this study determines the influence of
different chromatin modifying proteins, known to be activated by the DNA damage response, on
mobility of DSBs. Radiation induced local decondensation in the vicinity of DSBs (Miiller et al., 2013)
might be one factor enhancing DSB mobility. Therefore, this study induces DSBs by charged particle
irradiation, known to trigger a pronounced DNA decondensation.

Parts of the results and according figures are published in (Becker et al., 2014).

3.1. Mobility of DSBs after heavy ion irradiation

Accumulations of repair proteins at DSBs are used as marker for DNA damage response and repair.
The most commonly known and used marker for DSB repair is YH2AX. Even single DSBs are marked by
yYH2AX and can then be detected by immunofluorescent antibody staining. Charged particle irradiation
induces multiple DSBs in a cell nucleus, detectable by repair protein accumulations along the particle
tracks. The amount of induced DSBs increases with increasing linear energy transfer (LET) of the used
ion species. Even though movement of DSBs is limited to a small scale Brownian movement of
chromatin (Marshall et al., 1997), DSB mobility is in question to influence correct repair by NHEJ. This
is remarkable as in some exceptions nuclear spreading of repair proteins over several um was found
(Figure 13) (Jakob et al., 2009a and unpublished results).

It is yet unknown what influences the dynamics or positional stability of DSBs even though several
studies found hints on influences of repair proteins like Ku80 or 53BP1 and determined contributions
of cell cycle or chromatin organization (Dimitrova et al., 2008; Krawczyk et al., 2012; Soutoglou et al.,
2007). As an interplay between mobility of DSBs and the formation of chromosome rearrangements is

considered, the dynamic behavior of DSB was analyzed in more detail during this work.
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A) B)

AT h-tert

Figure 13 - Positional stability and spreading of DSBs after charged particle irradiation

A) Hela cells 10 min and 5 hours after irradiation with U (LET: 14300 keV/pm) and stained for yH2AX (Jakob et al., 2009a). In
few cases a spreading of YH2AX foci can be observed. B) AG and AT h-tert cells irradiated with U (LET: 14300 keV/um) and
stained for RPA and 53BP1 18 hours after irradiation. Cells of the specific AT h-tert cell line show a strong diffusion of repair
foci compared to AG cells. (Images: courtesy of B. Jakob.)

Ku80 is one of the first repair proteins binding to DSBs and was shown to enhance mobility of free
DNA ends (Soutoglou et al., 2007). The question remains whether Ku80 moreover influences the
motion of DSB containing chromatin domains. To address this question, mouse embryonic fibroblasts
(MEF) with a functional deficiency of Ku80 were used to determine changes in DSB distributions after
several time points compared to non-deficient MEF cells. Tracks of ion traversals were marked by the
repair proteins XRCC1 or NBS1 together with yH2AX 15 minutes post irradiation. XRCC1 and NBS1
are early binding repair proteins, accumulating in small distinct foci, facilitating the detection of small
changes in the irradiation pattern. YH2AX however marks broader areas around DSBs. Enhanced
mobility of DSBs can lead to a deformation of the linear track pattern (Jakob et al., 2009a) or a wider
distribution of focal repair protein accumulations (Figure 13).

Absence of functional Ku80 was proven by fixation 5 minutes after irradiation and staining for Ku80.
In deficient cells no accumulation of Ku80 at sites of DSBs could be observed while wildtype cells show
an accumulation of Ku80 along the ion traversals colocalizing with yH2AX (Figure 14). Further
experiments determined that recruitment kinetics of NBS1 or XRCC1 in MEF Ku80”" and wt cells did
not differ (data not shown), therefore bearing no influence on the formation of the linear track pattern
of repair foci. Microscopic analyses of protein tracks did not reveal differences in foci mobility between
cell lines 15 minutes after irradiation (Figure 14). It can be concluded that even though Ku80
influences mobility of free DNA ends it does not influence mobility of DSB containing chromatin
domains to a larger extent of few um. Longer time lines of observation or a different approach might

reveal further insights on the interplay of Ku80 and chromatin dynamics.
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Figure 14 - Influence of Ku80 on chromatin mobility after charged particle irradiation

MEF cells lacking functional Ku80 protein are compared to wildtype MEF cells. Cells are irradiated with Sn (7880 keV/um)
under a low angle, fixed after 5 or 15 min and stained for Ku80, XRCC1, NBS1 and yH2AX. Deficiency of functional Ku80 is
assured in MEF Ku807 cells from a lack of Ku80 accumulation at damage sites. NBS1 and XRCC1 do not show differences of

irradiation pattern in both cell lines.

Early repair factors like XRCC1, mostly involved in SSB or base damage repair do not persist at the
break site until repair is completed. To visualize DSBs over several hours longer persisting DSB repair
proteins like 53BP1, RPA or yH2AX can be used together with charged particle irradiation. Vertical ion
irradiation of cells leads to distinct repair foci, marking up to hundreds of DSBs, depending on the LET.
In case of an ATM deficient cell line a large spreading of repair proteins was observed after several
hours (Figure 13B). ATM is one of the main players in DSB repair and signaling and loss of ATM
strongly diminishes repair (Shiloh, 2003). To determine if the loss of ATM causes this enhanced
mobility of DSBs, irradiation patterns of RPA and 53BP1 foci after charged particle irradiation were
compared in a different ATM deficient cell line. In human fibroblasts (NFF) serving as a control RPA
and 53BP1 accumulate in distinct foci at sites of ion traversals. Those foci of repair proteins were
found to stay quite stable in the nucleus over 18 hours (Figure 15). However, also in the ATM deficient
cell line the irradiation pattern after 3 to 18 hours did not vary from control cells (Figure 16). No long
range mobility in a pm range or fusion events of IRIF and no spreading of single foci into multiple ones
was observed. Therefore it could be concluded that the broad spreading of repair foci in the ATM

deficient cell line used in the experiment of Figure 13B is based on different factors than loss of ATM.
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Figure 15 — Positional stability of irradiation induced repair proteins in human fibroblasts

Human fibroblasts irradiated vertical with C (170 keV/um) fixed 3 and 18 h after irradiation. DSBs are marked by RPA (green)
and 53BP1 (red), DNA is stained by Topro 3 (blue). No spreading of foci can be observed.

ATM ™
3h

ATM ™"

18h

Figure 16 — ATM deficiency does not induce a spreading of IRIF

AT cells were irradiated vertical with C (170 keV/um) and stained for RPA (green) and 53BP1 (red) after 3 and 18 hours

incubation time. IRIF show a positional stability during the observed time frame. DNA is marked by Topro 3 (blue).

Despite a general positional stability of repair foci in some cells higher mobility of DSBs was observed
(Aten et al., 2004; Jakob et al., 2009a). The parameters leading to enhanced mobility are still in
question. Dynamics of chromatin structure might account for mobility of DSBs as well as for positional

stability. However, as charged particle irradiation induces clusters of high numbers of DSBs a
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connection between individual broken DNA strands can be expected, possibly leading to a stabilization
of DNA breaks in the surrounding chromatin. The MRN complex is known to tether broken DNA
strands by a molecular clamp structure of MRE11 and RAD50. By this complex both DNA ends of a
DSB can be hold together. Moreover a longer range stabilization of separate DNA strands like sister

chromatids during HR repair is possible by the complex of MRE11 and Rad50 (Figure 17).
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Figure 17 — Schematic view of DNA tethering by the MRN complex

MRE11 and RAD50 build a complex to tether DNA strands either in short range at individual DNA ends of a break or in a

longer range between sister chromatids (Williams et al., 2008).

To determine if this tethering influences the diffusion of DSBs, irradiation patterns of RAD507" cells
were analyzed. Loss of the tethering mechanism by deficiency of RAD507" was expected to diminish
short range, as well as the longer range connections between broken DNA strands, leading to enhanced
diffusion of DSBs. Staining with RPA or 53BP1 17 hours after irradiation did not reveal enhanced
spreading of repair foci or changes in the irradiation pattern observed by vertical (Figure 18) as well as

angular irradiation (data not shown).

RAD50™
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Figure 18 — Positional stability of repair proteins in RAD50 deficient cells

RAD507" cells were irradiated with Au (13000 keV/um) and stained for RPA (green) and 53BP1 (red) 2 and 17 hours post-

irradiation. No focal spreading can be observed. DNA is marked by Topro 3 (blue).
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Loss of RAD50 did not induce mobility of DSBs at a scale observable by foci distribution. Even though,
a dependency on a smaller spatial scale can not be excluded. Further analyses using a live cell imaging
approach to track movement of repair proteins elucidated influences of tethering complexes as well as

repair or chromatin modifying proteins on DSB mobility in a submicron range.

3.2. Mobility characteristics of DSBs after X-ray and heavy ion irradiation

3.2.1. Experimental setup

For detailed determination of DSB mobility and its characteristics a live cell approach was used
following charged particle irradiation. First the cell system as well as microscopic settings had to be
established. In order to track repair foci cells need to be transfected with fluorescently marked repair
proteins to detect DSBs. 53BP1 was chosen as a marker protein as it serves as a known and reliable
marker of DSBs colocalizing with yH2AX and persisting during ongoing repair (Noon and Goodarzi,
2011). Changes in the shape and size of the nucleus should be minimal during microscopy in order to
follow mobility of individual foci. Moreover, long range mobility of whole cells needs to be avoided to
detect single cells over a time period of several hours. In first studies it became clear that mouse
embryonic fibroblasts (MEF), transiently transfected with 53BP1-GFP undergo strong nuclear
deformations during live cell analysis, which hampers foci tracking. In comparison normal human
fibroblasts (AG) are relatively stable but due to their limited ability to be transfected they did not
provide a good cell system. U20S cells however are easy to grow and to transfect, they keep their
shape and size and provide a well-established human cell system. Transient transfections cause cellular
stress which was avoided by usage of a U20S cell line stably transfected with 53BP1-GFP.

By FACS analyses of U20S-53BP1-GFP cells a cell cycle distribution around 50 % G1 and 20 % G2 was
measured 24 hours after seeding. Similar results were observed by CENPF staining after exposure to
1 Gy X-ray irradiation and 2 hours of live cell analyses (Figure 20). CENPF serves as an
immunofluorescent cell cycle marker as is expressed during late S and G2 phase, binds to kinetochores
during mitosis and is degraded afterwards (Liao et al., 1995). U20S cells can not be synchronized in

Gl by contact inhibition like AG cells. Therefore the cell cycle
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distribution is expected to be similar in every experiment as similar
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seeding times were applied.

Figure 19 - Cell cycle distribution of U20S-53BP1-GFP cells
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The cell cycle distribution reveals 51% G1, 26% S and 23% G2 phase cells observed by

0 ‘ - : ‘ FACS measurement carried out one day after plating of cells

Results 38



Figure 20 — CENPF marked cell cycle phases of U20S 53BP1-GFP cells

Cells are exposure to 1 Gy X-rays, fixed after 2 hours of live cell analyses and stained for CENPF (red) and Dapi (blue). CENPF

marks cell cycle phases (no signal - G1, weak signal - S and strong signal - G2) and reveals 20 % G2 phase cells.

By 24 hours of live cell imaging it was confirmed that cells behave and divide normally and no
enhanced apoptosis or other form of cell death occurred. To reduce stress induction during live cell
microscopy, laser intensity, exposure time, Z-stack dimensions and frame rate were kept as low as
possible. Laser intensity was kept below 7,5 uW with an exposure time of maximum 200 ms to avoid
photobleaching and 5 to 15 slices at a distance of 0.3 or 0.5 pm were recorded in a frame rate between
2 and 5 minutes, depending on overall observation time.

DSBs were induced either by X-ray or charged particle irradiation and accumulating 53BP1 foci were
tracked over 2 hours in average. Irradiation patterns of 1 Gy X-rays and high LET irradiation compared
to untreated cells are shown in Figure 21. Untreated cells contain several nuclear 53BP1 bodies
marking replication-stress-induced DNA lesions (Lukas et al., 2011a). X-ray irradiation induces

separated DSBs while linear tracks of clustered DSBs result from charged particle irradiation.

A) B) C)

Figure 21 - Irradiation pattern in U20S-53BP1-GFP cells

A) Control cell during normal cell conditions. B) Cell 20 minutes after irradiation with 1 Gy X-rays. C) Cell 20 minutes after low
angle irradiation with Pb (13500 keV/um).
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For X-ray induced DNA damage a high percentage of DSBs are repaired during the first hours after
induction (Lobrich et al., 2010) which limits the possible observation time. Charged particle irradiation
has several advantages for analyses of foci mobility. Due to a defined linear irradiation pattern which
results from low angle irradiation, irradiation induced foci (IRIF) can be distinguished from pre-
irradiated accumulations of repair proteins which might exhibit different dynamics. Moreover, repair
of DSBs is slower due to the high complexity of breaks why breaks can be observed over several hours.
However, many DSBs are repaired by a fast component during the first hours as well (Tommasino et
al., 2013) and translocations can be expected to occur. An observation time of few hours revealed to
be sufficient to determine changes in chromatin dynamics after various treatments.

A local chromatin decondensation was observed at the break site after the induction of DSB by charged
particles or X-rays (Falk et al., 2007; Jakob et al., 2011; Miiller et al., 2013). This relaxation is
suggested to affect IRIF mobility. The pronounced decondensation seen after charged particle
irradiation thus might be helpful to elucidate contributions of chromatin modifying proteins on DSB
mobility.

For tracking of radiation induced foci translational as well as rotational mobility in xy plane can be
compensated using stabilization software. Deformation as well as rotational movement in z dimension
can not easily be corrected by rigid body transformation, thus cells showing those effects were
excluded from analyses. Huygens essential software was used for deconvolution of images and cell
stabilization. Huygens essential particle tracker was used for motion detection of IRIF. The tracking
algorithm uses manual parameter selection followed by automatic processing of tracks in 2D or 3D. To
ensure correct tracking of foci the system was compared to manual detection of foci mobility by
“ImageJ — M-TrackJ” (Meijering et al., 2012). In both systems, from the intensity weighted center of
each focus over time, the mean square displacement (msd) (described in more detail in the next
chapter) is calculated and plotted against time. Tracks estimated by Huygens essential particle tracker
where checked for inconsistencies by visual inspection. Only correctly identified tracks were used for
the analysis.

Comparison of both systems revealed similar results. An example of foci tracking by Huygens software
is shown in Figure 22 and results of both systems are compared in (Figure 23). As manual tracking by
ImageJ M-TrackJ is only possible in two dimensions and more time consuming analyses of further
experiments were all carried out by Huygens essential particle tracker.

By tracking of IRIF in samples fixed prior to microscopic analyses the error was determined which can
result from live cell observations and tracking. U20S-53BP1-GFP cells were irradiated with chromium
ions and foci were tracked prior to fixation and in fixed cells of the same sample afterwards. While in
living cells a msd of DSB mobility around 1 pm was found after 100 min, fixed cells show a msd below

0.1 pm in the same time frame (Figure 24), marking the expected error for these kind of experiments.

Results 40



0.8

0.6

0.4

0.2 1

0 0.2 0.4 0.6 0.8 1 um

Figure 22 — Mobility measurement of 53BP1 IRIF in U20S-cells.

A) 2D maximum projection of a U20S cell nucleus after irradiation with Cr ions (LET: 2360 keV/um) showing 53BP1-GFP
accumulation along the ion trajectory at sites of DSBs. Colored tracks of 53BP1 foci demonstrate foci mobility within three
hours of observation. B) Magnification of two exemplary tracks of 53BP1 mobility. C) Mobility of 53BP1 foci (selected in B)

over three hours showing a random walk behavior in a spatial scale below 1 um).
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Figure 23 — Comparison of two particle tracking programs. Figure 24 — Tracking of DSB in fixed samples

Foci of a 2D maximum projection of U20S NBS1-GFP cells,
irradiated with Au ions (LET: 13000 keV/um) were tracked
over 2 hours with either Huygens essential software (blue line
n = 6) or Image) M-Track]J (orange line n = 6) and the msd is
plotted over time. Results reveal comparable mobility and

standard deviation.

Msd plots of U20S-53BP1-GFP cells after irradiation with
Cr (LET: 2630 keV/um). Living cells (blue) (n = 11) show a
msd around 1 pym after an observation time of 100 min
while fixed cells from the same sample (green) (n = 7)
show a msd around 0.1 um in the same time frame. Errors

represent SEM.

3.2.2. Mobility of 53BP1 and NBS1 foci after X-ray irradiation

U20S 53BP1-GFP cells were chosen for analyses of DSB mobility. However, to determine the influence
of repair and chromatin related proteins on mobility of chromatin domains a dependency of 53BP1 as
DSB marker needed to be excluded. 53BP1 was shown to influence mobility of uncapped telomeres as
deficiency of 53BP1 led to a decreased mobility (Dimitrova et al., 2008). Expression of GPF tagged
53BP1 in a wildtype cell causes overexpression of 53BP1. By comparison of IRIF mobility in U20S cells
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stably expressing 53BP1-GFP and NBS1-GFP it was determined if 53BP1 overexpression influences
kinetics and range of foci mobility. Irradiation was performed by 1 Gy X-rays and foci were tracked
over one hour. NBS1 cells have the disadvantage to create smaller foci and show a high background
level of NBS1 accumulation making it a difficult task to distinguish between preirradiated and
irradiation induced foci. However, besides differences in foci size, the diffusion kinetics and msd were
found to be in the same range. Therefore an influence of 53BP1 overexpression on irradiation induced

DSB mobility could be excluded.

—A— NBS1 .
—a— 53BP1

msd (um?2)

0 20 40 60
time (min)
Figure 25 - 53BP1 and NBS1 foci exhibit similar mobility characteristics.

Msd plots of U20S cells expressing either 53BP1-GFP (blue) (n = 7) or NBS1-GFP (orange) (n = 9) irradiated with 1 Gy X-ray

show no significant variation between IRIF mobility of both cell lines. Errors represent SEM.

3.2.3. Dynamic behavior of IRIF

Irradiation induced foci (IRIF) dynamics measured over two hours display mobility that is indicating a
random walk in a submicron range (Figure 23). Few exceptions are found where single foci extend
mobility over longer distances (few pm) in the cell nucleus or undergo fusion with other foci.

Random walks and diffusion of particles can be described by the mean square displacement (msd)
which represents the average of the squared distance (Ar”) a particle is displaced from its origin in a
given time frame (t). With N being the number of particles and r;(t) — r;(0) the vector distance of the

given time interval.

msd (At) = (r?( >=<% y > (eq. 7)

'M

For normal diffusion the msd has a linear dependency on time and yields a constant diffusion

coefficient (D) corresponding to the Einstein-Stokes equation with the spatial dimension (d).
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msd (At) = (r’(t)) = 2dDAt (eq. 8)

For a 3 dimensional system this results in

D msd(At) msd(At)
~2dAt  BAt

(eq. 9)

To distinguish between different dynamic behaviors like normal or confined diffusion the curvature of
a msd plot can be used. If the diffusion coefficient varies over time, a bending of the slope arises. A
bending downward is seen in cases of confined mobility whereas an upwards curvature indicates
directed motion (Dion and Gasser, 2013).

If the mobility is constrained to a certain radius (r.) the msd changes to

lim msd(At)=r? (eq. 10)

At—o0

and confined mobility can be described by (eq. 11) (Jegou et al., 2009).

_ 2dD,A

()

msd(At)=<rcz>* 1-exp (eq. 11)

This equation takes into account the diffusion coefficient D.and the confinement radius r.. Confined
mobility results from restriction of mobility to a defined volume, trapping in a certain domain or by
tethering to a nuclear structure (Platani et al., 2002). In contrast, subdiffusion which exhibits a similar
bending of the msd, is caused by viscoelasticity of the surrounding medium, obstruction by immobile
obstacles and binding events (Guigas et al., 2007; Lukacs et al., 2000). It occurs in various biological
systems and recently also the mobility of IRIF was shown to follow anomalous subdiffusion (Girst et

al., 2013), commonly defined via a power-law dependent increase of the mean square displacement
msd(At) = TAt” (eq. 12)

with a < 1; where o represents the anomality parameter and I the transport coefficient.
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By analyzing the msd plots of 53BP1 foci in irradiated U20S cells dynamics were found which can be
described as both, either subdiffusional movement or confined diffusion (Figure 26B). However,
independent experiments revealed variations in the extent of mobility (Figure 26A). These variations
occur in heavy ion as well as in photon irradiated samples and might be attributed to influences of the
cell lot and cultivation time used, as the experiments were executed over a longer time period. To keep
the impact of this variability on the obtained results as low as possible repeated measurements in
independent experiments were carried out for each condition and only results of contiguous

experiments were directly compared.
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Figure 26 — Mobility of DSBs can be described by the model of confined diffusion or subdiffusion.

Plots show the msd of four individual experiments of U20S 53BP1-GFP cells measured over 100 minutes. Errors represent SEM.
A) Two independent experiments using 1 Gy X-ray irradiation (blue and green) are compared to experiments where carbon
(170 keV/um) (red) or chromium ions (2630 keV/um) (black) were used for irradiation. In A) data is fitted for confined
diffusion. B) Msd plots after C ion and X-ray irradiation fitted for subdiffusion (red line) and confined diffusion (blue line)
show equally good fits.

Generally, good correlations of both types of fits (R*> < 0.97) were obtained for 53BP1 mobility of
U20S cells. Exemplary one carbon irradiated and one X-ray irradiated wildtype are fitted to
subdiffusion and confined diffusion (Figure 26B). For the X-ray irradiated wildtype of Figure 26B both
fits describe the curve similarly well (R? = 0.99 for subdiffusion vs. 0.97 for confined mobility). The
carbon irradiated U20S cells of Figure 26 also acts as a reference in analyses of poly-ADP-ribosylation
(chapter 3.2) and displays mobility kinetics similar to the average of all measured wildtype cells (data
not shown). Therefore its kinetics are described in more detail, exemplary representing mobility of
U20S cells after irradiation.

By taking a subdiffusive mobility into account a fit correlation of 0.996 for R*> was observed and an a
value of 0.89 + 0.01 calculated. The a parameter close to one points to a mobility similar to normal
diffusion. Fitting to confined diffusion reveals a R* value of 0.995 as well. The diffusion coefficient lay

at 4.32 + 0.09 x10° um?/s and the confinement radius, revealing the restriction of mobility was
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1.5 £ 0.08 pym. These data provide insight into the dynamics of IRIF, locally diffusing in a restricted
environment.

Different ion species with different LET values ranging from C (170 keV/um) to U (15000 keV/um)
were used for analyses of mobility as well as X-ray induced DNA damage. No indication for a direct
LET effect on mobility was found during those experiments. This is consistent with the previously
described msd values for nickel ions (LET: 3430 keV/um) and low LET photons (X-rays) which are in
the same range (Jakob et al., 2009b).

3.2.4. Depletion of ATP

The main source of energy in every cell is adenosine triphosphate (ATP), a nucleotide containing three
phosphate groups. From adenosine monophosphate (AMP) or adenosine diphosphate (ADP) it is
produced by redox reactions during cellular respiration like glycolysis or the citric acid cycle. By
hydrolysis to ADP energy can be transferred to enzymes utilized in cell metabolism, motility or signal
transduction. Moreover ATP is incorporated in nucleic acids. Enzymes like kinases or chromatin
remodelers depend on the availability of ATP and depletion of ATP causes a reduction of cellular
functions up to occurring cell death.

Energy starvation in early stages of ATP depletion influences both, the movement of undamaged
chromatin (Clapier and Cairns, 2009) as well as mobility of IRIF. Mobility of IRIF is diminished
(Krawczyk et al., 2012) and chromatin was shown to be more condensed after ATP depletion (Gorisch
et al., 2004). This system provides an excellent tool to explore the extent in which cellular processes

can influence mobility of 53BP1 foci.
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Figure 27 — ATP depletion causes drastic reduction of foci mobility

A) Msd plot of IRIF in control cells (blue) (n = 16) and cells which were depleted for ATP 30 min prior to Cr irradiation (LET:
2360 keV/um) (orange) (n = 7). Errors represent SEM. B) Live cell observations of U20S-53BP1-GFP cells depleted for ATP 30
min prior to Cr irradiation (LET: 2360 keV/um). 2D maximum projection reveals foci formation and degradation during 105

min of live cell microscopy.

Results 45



For wildtype U20S 53BP1-GFP cells a msd of 0.7 pm2/h for the first 55 min was measured (Figure
27A). Depletion of ATP was performed by incubation in cell culture medium containing 10 mM sodium
azid and 50 mM 2-desoxyglucose. Starting depletion 30 minute prior to irradiation with chrome ions
ensured a low remaining level of ATP in the cell to ensure the formation of repair foci. However, by
further incubation in ATP depletion medium, those foci were losing intensity and vanished between 30
to 90 minutes after irradiation as observed by live cell microscopy (Figure 27B). The inability of repair
proteins to accumulate at DSBs indicates a proceeding in energy starvation as observed before
(Kruhlak et al., 2006). Tracking of irradiation induced 53BP1 foci demonstrated a drastic reduction of
mobility around ~66 % after one hour compared to the msd of untreated cells (Figure 27). The
diffusion coefficient D was strongly reduced from 6.5 = 0.6 x10” pm?/s to 1.5 = 0.1 x10” um?/s. The
obtained results confirm that metabolic perturbation can lead to pronounced differences in IRIF
mobility which can be detected by the experimental approach and validate the experimental

composition.

3.3. Poly-ADP-ribosylation and the chromatin remodeler ACF1

3.3.1. ACF1 does not influence chromatin mobility

Chromatin remodelers maintain cell integrity and regulate many cellular processes by rearranging,
moving or ejecting nucleosomes in an ATP-dependent manner. These alterations influence chromatin
structure and thus possibly mobility of DSB containing chromatin domains. To determine if the
dramatic reduction of IRIF mobility observed after ATP depletion can be attributed to the absence of
radiation-induced local remodeling, ACF1 was downregulated. ACF1 is a chromatin remodeler of the
ISWI family known to participate in DSB repair and the relaxation of chromatin structure (Collins et
al., 2002; Lan et al., 2010). By siRNA treatment ACF1 expression was reduced around 80 % (Figure
28B). No differences in recruitment of 53BP1 could be observed after knockdown of ACF1 and tracking
of IRIF revealed a msd in the same range like wildtype cells. Even though it might be slightly reduced,
it was found not to be statistically significant by 5 % level of students t-test (Figure 28). In conclusion,

knockdown of ACF1 does not influence mobility of IRIF on a scale observed by the used system.
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Figure 28 — Knockdown of ACF1 does not change mobility of IRIF

A) Msd plots of control (blue) (n = 23) and ACF1 downregulated (green) (n = 11) U20S-53BP1-GFP cells irradiated with with Cr
(LET: 2360 keV/um). Errors represent SEM. Tracking of 53BP1 foci reveals no difference in movement kinetics. B) Western blot

indicates 80 % reduction of ACF1 expression 48h after siRNA treatment. Actin is used as loading control.

3.3.2. Chromatin mobility is not altered by poly-ADP-ribosylation

To investigate if a mediator protein involved in a wider spectrum of repair processes upstream of
chromatin remodeling complexes has a more pronounced impact on DSB mobility the effect of the
radiation-induced poly-ADP-ribosylation was analyzed.

Poly-ADP-ribose polymerase 1 (PARP1) synthesizes long branched chains of poly-ADP-ribose (PAR),
covalently attached to proteins and histones as response to DNA damage (D’Amours et al., 1999;
Haince et al., 2008). These chains, acting as a signal cascade, are afterwards degraded by poly-ADP-
ribose glycohydrolase (PARG) and the dynamic turnover of PAR is essential for the maintenance of
genomic integrity (Gagné et al., 2008). Poly-ADP-ribosylation plays a role in several repair pathways
and influences chromatin organization through multiple pathways. Because of this versatile role, its
influence on mobility of DSB containing chromatin domains was determined.

Inhibition of PARP1 is used for sensitization in cancer treatment and specific inhibitors are
commercially available. Efficiency of the applied inhibitor PJ34 was confirmed by treatment of cells
with H,0,. By incubation with H,O, single strand breaks are produced where PARP1 binds. PAR is
synthesized and can be detected by immunofluorescence staining. Inhibition of PARP prevents the
formation of PAR as shown in Figure 29. To prevent the degradation of PAR, in a separate experiment
PARG was downregulated by usage of siRNA. Only a low amount of around 10 % of the original
endogenous protein level remained after knockdown. This reduction is sufficient to prevent
degradation of PAR after treatment with H,O,as seen by immunofluorescent staining of PAR (Figure

29).
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Figure 29 - Functional essay of inhibition of PARP and knockdown of PARG after H,0, treatment

U20S cells were treated with 1 uM H,0, for 5 min. After indicated recovery times cells were fixed and stained for PAR (green)
and DNA (blue). PAR is not produced after inhibition of PARP (10 uM PJ34) (left bottom). Compared to wildtype cells PAR is
not degraded in cells knocked down of PARG. B) Western blot showing 90 % knockdown efficiency of PARG. Actin serves as

loading control.

Tracking 53BP1 foci after irradiation with carbon or chrome ions revealed that the extent of DSB
mobility is not influenced by changes in poly-ADP-ribosylation. Neither inhibition of PARP nor
knockdown of the antagonist PARG induced significant alterations in chromatin mobility (Figure 30).
It can be concluded that even though poly-ADP-ribosylation is known to effect chromatin structure,
those alterations are not sufficient to vary mobility of DSB containing chromatin in the observed spatial

scale.
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Figure 30 - Influence of poly-ADP-ribosylation on DSB mobility

A) Comparison of the msd of IRIF in cells after inhibition of PARP (blue) (n = 15) and controls (black) (n = 17). Cells were
irradiated with C (LET: 170 keV/um). B) Msd of IRIF in cells after knockdown of PARG (blue) (n = 15) and non-treated controls
(black) (n = 11). Cells were irradiated with Cr (LET: 2360 keV/um). Both plots show an independence of poly-ADP-ribosylation
on DSB mobility. Errors represent SEM.

3.4. Inhibition of ATM confines mobility of broken chromatin sites

3.4.1. ATM alters mobility of high LET irradiation induced DSBs

Induction of DSBs activates several signal cascades to promote DNA repair. Initiated by binding of the
MRN complex, ataxia-telangiectasia mutated (ATM) kinase is recruited and acts as a main player in
DNA damage signaling. Phosphorylation by ATM regulates recruitment of repair proteins, cell cycle
arrest, apoptosis and changes in chromatin structure. Therefore the influence of ATM on DSB mobility
was determined. In order to address this question specific ATM inhibition as well as a more general
inhibition of PIKK kinases was applied. Caffeine inhibits PIKK family proteins dependent on its
concentration. PIKK family proteins include ATM, ATR and DNA-PKcs, all acting in DNA damage
signaling (Shiloh, 2003). The used concentration of 10 mM caffeine inhibits mainly ATM and to a
lesser extent ATR. DNA-PKcs has a higher 1Cs, value for caffeine and should be only slightly affected by
this treatment (Sarkaria et al., 1999). Tracking of IRIF revealed a strong bending of the msd curve,

starting about 30 min after irradiation due to treatment with caffeine (Figure 31).
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To determine if the kinase function of ATM accounts for this effect specific inhibition of ATM by 15 pM
Ku55933 was applied. Efficiency of inhibition was tested by irradiation of U20S-53BP1-GFP cells with
1 Gy X-rays and subsequent immunostaining for auto-phosphorylation of ATM at serine 1981 (pATM).
Control cells exhibit a strong pATM signal, colocalizing with 53BP1 and marking sites of induced DSBs.
Inhibition of ATM hampers phosphorylation and the recruitment of phosphorylated ATM to DSBs
(Figure 32).

53BP1 pATM

Figure 32 — ATM inhibition observed by immunofluorescent staining of U20S-53BP1-GFP cells

U20S-53BP1-GFP cells irradiated with 1 Gy X-rays, fixed after 30 min and stained for pATM (red) and DNA (blue). Efficiency of
ATM kinase inhibition (ATMi) was show by loss of pATM signal compared to wildtype cells (wt).

Even though ATM is a central player in the DNA damage response and affecting yYH2AX formation as
well as MDC1 recruitment, 53BP1 foci still form after inhibition of ATM activity. However, a delay in

the recruitment of 53BP1 was observed after charged particle as well as after photon irradiation (data
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not shown). Live cell microscopy started in average 30 minutes post irradiation, a time when all 53BP1
foci already accumulated and measurements were not influenced from this delay.

Tracking of individual 53BP1 foci after irradiation with Cr (LET: 2630 keV/um) displays a drastic
reduction in the msd from 1.0 um? in control to 0.53 pm® in ATM inhibited cells at the end of an
observation period of 100 minutes (Figure 33). Compared to the reduced movement after treatment
with caffeine the effect is even more pronounced after specific inhibition of ATM and a bending of the

msd curve can be observed from the beginning on.
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Figure 33 - Influence of ATM on DSB mobility after charged particle irradiation

A) Msd plots of control (solid squares) (n = 11) and ATM inhibited cells (open squares) (n = 31) after irradiation with Cr (LET:
2630 keV/um). Fits for subdiffusion (eq. 12) (red lines) and confined diffusion (eq. 11) (blue lines) were applied. B) Bar graphs
show a highly significant reduction of the average msd after 100 min observation time for ATM inhibited cells compared to

controls after irradiation with Cr. Errors represent SEM in both figures.

By applying a fit for subdiffusion a drop of the o value from 0.72 = 0.03 in wildtype to 0.56 = 0.02 in
ATM inhibited cells was obtained. Inhibition of ATM seems to provoke a strong hindrance to the
subdiffusional behavior of foci as seen by the reduced o value and the change of the diffusion
coefficient D, from 5.1 x10” pm?/s for wildtype cells to 4.6 x 10> um?/s. Fits for subdiffusion as well
as for confined diffusion both match the experimental data with a similar R*> (R®*= 0.98 for
subdiffusion vs. 0.99 for confined mobility in ATM inhibited samples and R* = 0.98 for subdiffusion vs.
0.96 for confined mobility in wildtype cells).

Using the model of confined motion, the predicted confinement radius for DSB mobility in wildtype
cells was 1.05 = 0.07 pm while ATM inhibition resulted in a confinement to a much smaller radius of
0.73 = 0.01 ym in the corresponding experiment (for comparison see Figure 49). This reduction of the
confinement radius leads to a reduction of the sampled volume within the cell nucleus by a factor of

three (4.85 pm® vs. 1.63 pm?®).
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3.4.2. Effect of ATM inhibition after X-ray irradiation

Heavy ion irradiation induces of high numbers of DSBs in close proximity which was shown to lead to
a hyperactivation of ATM (Meyer et al.,, 2013). To examine if the reduction of mobility in ATM
inhibited cells is dependent on radiation quality comparative studies were performed by the induction
of isolated DSBs with 1 Gy of photon irradiation (X-rays).

Individual 53BP1 foci after irradiation with 1 Gy X-rays were tracked and analyses of msd plots
confirmed a confinement in mobility due to inhibition of ATM also in the case of low LET irradiation

(Figure 34).
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Figure 34 — Mobility of X-ray induced damage is reduced after inhibition of ATM

A) Msd plots of control (solid squares, n = 21) and ATM inhibited cells (open squares, n = 11) irradiated with 1 Gy X-rays. Fits
for subdiffusion (eq. 12) (red lines) and confined diffusion (eq. 11) (blue lines) are applied. B) Bar graphs of the msd after

100 min observation time show a significant decrease in the msd of ATM inhibited cells. Errors represent SEM in both figures.

In this experiment mobility of wildtype cells was found to be lower than in most other experiments and
slightly better described by a confined diffusion than by subdiffusion (R* = 0.99) vs. (R* = 0.97). ATM
inhibition leads to a more pronounced confinement of DSB mobility and a change in the resulting
diffusion coefficient from 7.1 +0.3 x 10° um?/s in wildtype to 5.6 + 0.1 x 10° um%*/s in ATM
inhibited cells indicating a stronger confinement over time as observed after irradiation with chrome
ions (Figure 33). Resulting confinement radii were found to be in the same range in both experiments
after inhibition of ATM yielding 0.71 + 0.01 pm after irradiation with X-rays and 0.73 = 0.01 pm after
charged particle irradiation. Meanwhile the confinement radius in wildtype cells after X-ray irradiation

was 0.90 = 0.01 pm proving a reduction in the sampled volume from 3.05 um?to 1.5 pm®.
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Taken together the experiments show a significant decrease in mobility of DSB containing chromatin
domains due to inhibition of ATM, independent on the used irradiation quality. The msd after photon
irradiation was reduced in case of control as well as for ATM inhibited cells. As described in chapter
3.2.3. variations in the extent of mobility between individual experiments might be attributed to
influences of culturing conditions. The fact that ATM strongly reduces mobility independent on
irradiation quality proves the importance of this finding and opens new questions determining the

mechanism of action, which might be attributed to changes in chromatin structure.

3.5. Tethering of DNA strands by Cohesin or the MRN complex

Not only accumulation of repair proteins or a change in the chromatin density surrounding the DSB,
but also a direct interaction of DNA strands could account for differences in mobility kinetics.
Tethering of DNA strands is a known mechanism in processes like mitosis, transcription or gene
regulation. By binding of protein complexes DNA strands like sister chromatids are kept in close
proximity, a function which can be expected to influence mobility of DSBs. Two mayor complexes act
in tethering of DNA strands and play a role in DNA damage repair (Dorsett and Strém, 2012;
Thompson, 2012): the Cohesin complex, which maintains sister chromatid cohesion and helps strand
invasion in HR repair (Wu and Yu, 2012) and the MRN complex that is known to tether broken DNA

strands (Lammens et al., 2011).

MRE11 kd MRE11 kd

Figure 35 — Knockdown of MRE11 hampers recruitment of MRE11 to DSBs

Efficiency of siRNA mediated knockdown of MRE11 is proven by immunofluorescent staining of MRE11 in U20S cells treated
with 2 Gy X-rays and fixed after 15 minutes incubation. While yH2AX foci (red) still form MRE11 (green) recruitment is strongly
reduced. Nuclei are stained by Dapi (blue).
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Loss of one of those tethering complexes was expected to locally decrease chromatin stability,
especially in the surrounding of multiple DSBs as induced by heavy ion irradiation. To test this
hypothesis MRE11, a key component of the MRN complex and SMC1, part of the backbone of the
Cohesin complex were knocked down in independent experiments. By siRNA treatment a 5 fold
reduction of the respective protein levels was reached as shown by western blot analyses (Figure 36).
Knockdown efficiency of MRE11 was moreover proven by immunofluorescence staining (Figure 35).
Photon irradiation causes the recruitment and accumulation of MRE11 at DSBs. Recruitment of MRE11
prevented the accumulation of MRE11 to the break site in 75 % of cells and remaining cells showed
strongly reduced accumulation of MRE11. Accumulation of the repair protein yH2AX was not
impaired.

53BP1 accumulates in distinct foci and no differences of this accumulation could be observed in cells
depleted of MRE11 or SMC1 (data not shown). Tracking of 53BP1 foci after irradiation with lead
(LET: 13500 keV/pm) revealed no significant differences in mobility of wildtype compared to
knockdown cells (Figure 36).

Likewise, knockdown of the human SCC2 analogue loading factor NIPBL to prevent loading of the
functional Cohesin complex onto DNA, showed no increased movement compared to wildtype or

SMCI1 depleted cells (Figure 37).
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Figure 36 — Tethering of DNA strands does not influence DSB mobility

A) Mean square displacement (msd) of 53BP1 foci after irradiation with Pb (LET: 13500 keV/pm) is plotted against time for
control (blue) (n=11), SMC1 knockdown (red) (n = 11) and MRE11 knockdown cells (green) (n = 10). Errors represent SEM. B)
Western blots of U20S cells 48h after knockdown of SMC1 and MRE11 with Tubulin as loading control. No difference in
mobility of DSBs occurs due to knockdown of SMC1 or MRE11.
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Figure 37 — Knockdown of NIPBL does not increase the msd of radiation induced 53BP1 foci

Msd plots of 53BP1 foci after irradiation with U (15000 keV/um) is plotted against time for wildtype (blue) (n = 25) and NIPBL
knockdown cells (green) (n = 18). Errors represent SEM. B) Western blot of U20S cells knocked down of NIPBL, 48h after
siRNA treatment.

3.5.1. Cell cycle analyses

The Cohesin complex is known to act cell cycle dependent (Dorsett and Strom, 2012). As cohesion of
sister chromatids during HR takes place only in S/G2 phase, knockdown of SMC1 is expected to cause
a stronger effect on DSB mobility during these stages of the cell cycle. MRE11 can tether proximal ends
of DSBs as well as DNA strands. Likewise, an increased importance of MRE11 is expected during cell
cycle phases in which sister chromatids are available. During HR repair sister chromatids can be
tethered to the unrepaired break either by MRE11 or Cohesin.

To determine the cell cycle phase during live cell microscopy, advantage was taken from a double
transfected cell line. These U20S cells were stably expressing a GFP-tagged cell cycle marker together
with the tagged repair protein NBS1-cherry. NBS1 was proven to exhibit mobility in the same range as
53BP1 (chapter 3.1.3) thus acting as a comparable cell system for mobility studies. The cell cycle
marker in the used U20S-G1/S-GFP NBS1-cherry cells consists of a GFP-tagged version of the
localization domain (PSLD) of helicase B. By phosphorylation of this domain a transport between the
nucleus and cytoplasm is mediated. During G1 phase the GFP-tagged domain is found inside the cell
nucleus while in late G1/early S Phase a translocation to the cytoplasm stars which is completed in G2
phase (Figure 38) (Gu et al., 2004). Together with the fluorescently tagged repair protein NBS1 this

system allows a cell cycle dependent observation of DNA damage.
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NBS1-cherr

Figure 38 — Simultaneous determination of cell cycle phase and DSB sites

Immunofluorescent images (maximum projection) of U20S-G1/S-GFP NBS1-cherry cells after irradiation with
U (15000 keV/um). Cell cycle phases can be revealed by PSLD-GFP distribution in the cell nucleus (green) as well as the

accumulation of NBS1 along the ion traversals (red).

To first test the new cell system independent on cell cycle phase, knockdowns of MRE11 as well as
double knockdown of SMC1 and NIPBLE to prevent formation, as well as loading of the Cohesin
complex were performed in U20S-G1/S-GFP NBS1-cherry cells. After irradiation with uran ions
mobility of occurring NBS1 foci was determined (Figure 39). Tracking NBS1 foci in these cells,
independent of cell cycle phase, confirmed an independency of DSB mobility on tethering of DNA
strands. In the new cell system of U20S-G1/S-GFP NBS1-cherry cells foci mobility was higher
compared to U20S-53BP1-GFP cells. Double transfection causes cellular stress why this cell line
responds more sensitive to radiation or light emission during microscopy, exhibiting enhanced mobility

and deformation effects.

1.6 - T wt

—a— NIPBL + SMC1 kd
—o— Mrell kd

1.2

0.8

msd (um2)

0.4

0 20 40 60

time (min)

Figure 39 — DSB mobility in U20S G1/S-GFP NBS1-cherry cells

A) Msd plot revealing mobility of U20S-G1/S-GFP NBS1-cherry cells irradiated with U (15000 keV/um) independent on cell
cycle phase. Plots show mobility of cells after knockdown of MRE11 (n = 6) (green), double knockdown of NIPBL and SMC1
(n=12) (red) or control cells (blue) (n = 13). Error bars represent SEM.
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U20S-G1/S-GFP NBS1-cherry cells analyzed for DSB mobility in Figure 39 were plotted separately
regarding their cell cycle to investigate a possible influence of the cell cycle phase on chromatin
mobility. Only cells, which could be clearly assigned to a cell cycle phase, were used. Wildtype cells
were divided into a group containing G1 and S phase cells and one group containing G2 phase cells.
Cells knocked down in NIPBL and SMC1 were divided into a group of G1 and a group of G2 phase
cells. As foci mobility already varies between individual cells for each cell the median mobility of all
foci was plotted (Figure 40). Due to a low number of cells which could be clearly assigned to one cell
cycle phase no plot of cells knocked down in MRE11 is shown.

In wildtype cells a tendency of G2 cells to exhibit higher mobility than S/G1 cells can be observed
(Figure 40A). A comparison between G1 and G2 phase in NIPBL and SMC1 knockdown cells showed
relatively high variations between individual cells and no clear cell cycle phase dependency (Figure
40B). To obtain reliable statistics for individual cell cycle phases higher numbers of cells and
experiments are needed and cell cycle dependent results can only serve as preliminary data so far.
However, by the introduction of this cell cycle revealing cell system further studies can contribute to

the observed characteristics of DSB dynamics regarding influences of the cell cycle.
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Figure 40 - Cell cycle specific determination of foci mobility

Msd plots of U20S-G1/S-GFP NBS1-cherry cells irradiated with U (15000 keV/um) tracked for NBS1 depending on cell cycle
phase. Error bars represent SEM. A) DSB mobility of wildtype cells in G2 phase (blue) (n = 5) and during S/G1 phase (red)
(n = 3). B) DSB mobility of cells after double knockdown of NIPBL and SMC1 during G1 phase (orange) (n = 3) compared to G2
phase (blue) (n = 3).

3.6. Interplay between nuclear matrix proteins and IRIF mobility

The nuclear matrix or skeleton is a filamentous structure inside the nucleus similar to the cytoskeleton.
It accounts for nuclear stability and some of its structural elements are moreover related to DNA
repair. The main part of the outer nuclear matrix is composed of Lamin A/C, which also occupies the
inner nuclear matrix in reduced levels together with NuMA, other nuclear matrix proteins and

ribonuclear proteins. By eliminating parts of the nuclear matrix it was intended to diminish stability
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and function of the nuclear skeleton to investigate its influence on chromatin dynamics. Knockdown of
Lamin A/C led to 9 % remaining protein level as observed by western blotting (Figure 41). By this
treatment mainly stability of the outer nuclear lamina should be affected. Knockdown of NuMA was
found to reduce the proteins level around 76 % (Figure 41) and is expected to diminish stability of the
inner nuclear matrix.

Knockdown of Lamin strongly affects cell viability and cells tended to deform and detach from the
surface after loss of Lamin A/C (data not shown). However, 53BP1 still accumulated at sites of DNA
breaks after X-ray irradiation. While knockdown of NuMA revealed only a slight enhancement (31 %)
of DSB mobility treatment with siRNA against Lamin A/C provokes a significant increase in mobility
(72 % after 130 minutes) (Figure 41). Knockdown of NuMA resulted in an enhanced o value from
0.61 = 0.01 in control to 0.72 + 0.02 and the slope is better described by subdiffusion (R* = 0.98)
than confined diffusion (R*> = 0.93). In contrast, cells knocked down of Lamin A/C exhibit the same o
value as non-treated cells (0.60 =+ 0.01). However, the diffusion coefficient is raised from
4.5 + 0.2 x10”° pm?/s in wt cells to 8.1 + 0.2 x10®° pm?/s after knockdown of Lamin A/C while the
diffusion coefficient is only slightly affected by knockdown of NuMA (3.6 = 0.2 x10° um?%/s). Even
though the diffusion coefficients differ, cells are displaying a similar confinement radius after
knockdown of NuMA (1.01 + 0.06 pm) or Lamin A/C (1.04 = 0.02 um). In both cases the radius is
enhanced around 25 % compared to the wildtype cells (r. = 0.80 = 0.02 um) leading to an increase in
the sampled volume by the factor of 2 (2.1 um® in wt vs. ~ 4.5 um?® after knockdown of NuMA or
Lamin A/C). However, those experiments remain preliminary results and need to be repeated. Further

investigations should reveal more details on the interplay between nuclear matrix and DSB repair.
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Figure 41 - Influence of nuclear matrix proteins on DSB mobility

A) Msd plot of tracked 53BP1 foci after irradiation with 1 Gy X-rays in wildtype cells (black) (n = 8) compared to cells knocked
down in NuMA (blue) (n = 8) or Lamin A/C (n = 5) (orange). A significant difference between wildtype and Lamin A/C
depleted cells was observed. Error bars represent SEM B) Western blot reveals knockdown efficiency of Lamin A/C
(91 % reduction) and NuMA (76 % reduction).
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3.7. Nuclear matrix interactions with repair proteins

A contribution of the nuclear matrix to repair of DSBs was investigated by an approach independent on
mobility analyses. Nuclear extractions were performed using DNA digestion and extraction of unbound
proteins from the cell nucleus. Following such a procedure electron microscopic studies revealed a
network of highly structured branched fibers, connected to the nuclear lamina — the nuclear matrix
(Nickerson et al., 1997). By immunofluorescent microscopy removal of DNA as shown by the absence
of DAPI straining can be visualized. RNA is not extracted by this approach and remaining RNA can be
observed by propidium iodide (PI) staining, marking RNA containing nucleoli after extraction
procedures. This staining pattern was used as a positive control for complete digestion of DNA during
extraction studies.

By applying a nuclear extraction protocol with PFA mediated fixation prior to DNase | digestion
(chapter 2.1), matrix-binding nuclear proteins could be visualized by immunofluorescence staining
(Figure 42). In first experiments the extraction of histones was elucidated after complete extraction of
DNA, proven by the absence of Dapi and PI staining. Histone 3 (H3) staining together with staining of
the phosphorylated form of ATM following nuclear extraction in U20S cells is shown in Figure 42. As
expected histone H3 was found in the whole cell nucleus in control cells without DNase I digestion.
After removal of DNA a low level of homogenous distributed H3 remained in the nucleus. However, in
the same experiment distinct foci of pATM mark sites of naturally occurring DSBs in control cells,
which could not be observed after digestion with DNase |. Only a low background level of pATM was

not extracted from the nucleus after digestion of DNA and remained visible (Figure 42).

Dapi H3

Pl
ctrl.

Figure 42 — Nuclear extraction of U20S cells

pATM merg

Unirradiated U20S cells were fixed with PFA and a nuclear extraction was performed with (extr.) and without (ctrl.) DNase |
digestion. Cells are stained for Dapi (blue), histone 3 (green), PI (red) and pATM (yellow). Extracted cells show the absence of
DNA but a background of H3 and pATM remain visible.
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During this experiment many unirradiated U20S cells already showed high DNA damage levels as seen
by accumulations of repair proteins like pATM, 53BP1 or MRE11. DNase | digestion and extraction
removed focal accumulations of pATM but focal accumulations of 53BP1 and MRE11 as well as a
sprinkled nuclear background of both proteins remained visible (Figure S 1 and Figure S 2). In
contrast, MDC1 is found in the whole cell nucleus in control cells and is extracted completely after
digestion of DNA (Figure S 2).

PFA cross-links proteins mostly by a -CH,- linkage between primary amino groups and nitrogen atoms
in proteins or DNA. This cross-linking prior to DNA digestion can influence the extraction of proteins
from the cell nucleus. Proteins might be cross-linked to proteins of the nuclear matrix if they are in
close proximity even though no natural interaction occurs. To avoid a misinterpretation of interactions
between repair proteins and the nuclear skeleton the extraction protocol was modified to complete
DNase I containing extraction of proteins prior to fixation of cells. Moreover, irradiation was applied to
visualize accumulations of repair proteins at DSBs. In U20S cells soluble proteins were extracted by
applying two extraction buffers (Streck 1 and 2, see methods for details). Irradiation with 2 Gy X-rays
leads to the accumulation of repair proteins like 53BP1 or pATM, clearly visible in distinct foci after
protein extraction without digestion of DNA (Figure 43). However, combining extraction and DNA
digestion led to almost complete loss of both proteins in the cell nucleus (Figure 43).

53BP1 Pl

Dapi pATM

extr. extr. extr.

Figure 43 - Labeling of 53BP1 and pATM after nuclear extraction.

U20S cells were irradiated with 2 Gy X-rays and incubated for 20 minutes. Nuclear extraction was applied (extr.), removing
repair proteins 53BP1 (green) and pATM (yellow). Upper row (ctrl.) served as a control without DNase | digestion. Absence of
DNA staining by Dapi (blue) and DNA/RNA straining by PI (red) reveal completeness of DNA digestion.

To further investigate contributions of the nuclear matrix to the recruitment and accumulation of

repair proteins, other proteins known to accumulate at sites of broken DNA were analyzed.

Results 60



Accumulation of MRE11 and formation of YH2AX at DSBs was clearly visible after irradiation with 2 Gy
X-rays (Figure 44). By nuclear extraction and digestion of DNA, histones are removed together with
DNA, visualized by the absence of YH2AX inside the nucleus. However, it was observed that focal
accumulations of MRE11 remained inside the nucleus after extraction and removal of DNA (Figure

44). MRE11 foci were reduced in number but a subset remained visible.
Dapi Mre11

Figure 44 — Immunofluorescent labeling of repair proteins after nuclear extraction.

Pl H2AX

extr. extr.

U20S cells 20 min post irradiation with 2 Gy X-rays. Nuclear extractions were applied (extr.) compared to controls (ctrl.)
without digestion of DNA. A subset of MRE11 foci (green) remains after extraction while yH2AX (yellow) is completely
removed. Absence of DNA (blue) and DNA/RNA straining by PI (red) reveal completeness of extraction.

PFA mediated fixation prior to DNA digestion leads to a low remaining level of 53BP1, pATM and
histone 3 in the nucleus while almost complete removal of all these proteins can be seen by digestion
without prior PFA fixation. It can be suggested that cross-linking of proteins by PFA impairs the
efficient proteins extraction. To prevent this influence following studies were all carried out by DNA
digestion prior to fixation. However, nuclear extractions of U20S cells also revealed some cases where
53BP1 is not extracted completely but remains inhomogenously scattered throughout the nucleus
(Figure S 3). The nuclear matrix consists of several filamentous proteins like Lamins or NuMA. By
immunofluorescent staining of NuMA parts of the nuclear matrix were visualized serving as a control
of the remaining nuclear matrix following extraction. Without extraction a homogenous nuclear
distribution of NuMA was found during interphase of U20S cells. Extraction of DNA and proteins leads
to a strongly reduced immunofluorescence signal of NuMA (Figure 45) most probably revealing

protein levels contributing to the filamentous network of the nuclear matrix.
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Figure 45 — NuMA signal is reduced after nuclear extraction of U20S cells

U20S cells after nuclear extraction (extr.) and controls without DNase | digestion (ctrl.). Cells are stained for Dapi (blue),
NuMA (green), PI (red) and yH2AX (yellow). Extraction is complete as shown by removal of DNA and histone yH2AX. NuUMA

levels are reduced after extraction.

Nuclear extraction and digestion of DNA prior to fixation of cells causes cellular stress and cells detach
from the surface with increasing extraction time. Therefore the extraction time, DNase | concentration
and buffer conditions needed to be optimized ensuring complete digestion and extraction of DNA
without the induction of cell death and detachment from the surface. To determine if human
fibroblasts (AG) show less detachment from the surface by extraction, experiments were carried out
under the same conditions in AG cells. No differences were found in AG cells compared to U20S cells
following the extraction treatment and a similar retention of radiation induced MRE11 foci could be
observed (Figure S 4). However, by staining of NuMA differences in the protein localization pattern
were observed without extraction. An inhomogenous distribution of NuMA throughout the cell
population was found. Cells were exhibiting either a strong and homogenous staining as seen in U20S
cells, a weak homogenous signal or in few cases a distribution of NuMA in distinct foci (Figure 46).
The appearance of each pattern could not be related to size or DNA content of the nucleus and is not
induced by DSBs as cells were not exposed to irradiation. By DNase I mediated nuclear extraction the
signal was reduced compared to the strong homogenous pattern but remained and focal accumulations

of NuMA could only be detected in few cases (Figure S 5).
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NuMA

Figure 46 — Distribution of NUMA in U20S compared to AG cells

U20S and AG cells were extracted without DNase | digestion and fixed afterwards. Staining of DNA (blue) and NuMA (green)
reveals a different distribution pattern of NuMA in both cell lines. While U20S have a homogenous distribution of NUMA, AG

cells show moreover focal distribution and differences in staining intensity.

As knockdown of NuMA and Lamin A/C resulted in an enhanced mobility of IRIF (Figure 41) the effect
of those nuclear matrix proteins on binding and recruitment of repair proteins was determined. NuMA
and Lamin A/C were knocked down by siRNA treatment in different experiments. In some cells
knockdown of Lamin A/C resulted in strong nuclear deformations (Figure 47). Cells were irradiated
with 2 Gy X-rays and nuclear extractions were performed. A reduced recruitment of 53BP1 to DSBs in
cells deficient for Lamin A/C was described in the literature (Gonzalez-Suarez et al., 2009b). However,
only a slight reduction in 53BP1 foci could be observed in cells knocked down in Lamin (Figure 47)
compared to untreated cells (Figure 43). 53BP1 recruitment seems to be independent on NuMA as no

differences in the recruitment could be observed after knockdown of NuMA (Figure S 6).
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Figure 47 — Extraction of U20S cells following knockdown of Lamin A/C

U20S cells 48 hours after knocked down of Lamin A/C were irradiated with 2 Gy X-rays and incubated for 20 minutes. Cells
were treated with extraction buffer (ctrl.) and DNase | digestion (extr.) before fixation and stained with Dapi (blue), Pl (red),
53BP1 (green) and pATM (yellow).
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Foci formation of pATM was not impaired, neither by knockdown of NuMA nor of Lamin (Figure S 6
and Figure 47) and extraction of proteins and DNA revealed no differences in remaining levels of
53BP1 and pATM as both vanished to a large part similar to the observation in wildtype cells (Figure
43). The influence of downregulated nuclear matrix proteins on the retention of MRE11 following
nuclear extractions needs to be determined in future experiments.

The results prove that the approach of nuclear extraction combined with immunofluorescent labeling
of repair proteins provides a helpful tool to investigate interactions between repair-related proteins
and the nuclear matrix. The interaction of MRE11 with insoluble structures of the nuclear matrix gives
first insights into dependencies of repair proteins on the nuclear matrix and further studies can provide

more insight into these interactions.
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4. Discussion

In eukaryotes DNA is highly organized and packed in the nucleus by the formation of chromatin, a
highly structured nucleoprotein complex. Different condensation states of chromatin regulate essential
cellular processes like cell division, gene regulation or DNA repair (Woodcock and Ghosh, 2010). In
the context of DNA repair chromatin structure is known to strongly influence repair kinetics, pathways
and repair efficiency (Goodarzi et al., 2008; Shi and Oberdoerffer, 2012). An interplay between
chromatin structure and DSB repair was moreover demonstrated by the fact that densely packed
chromatin areas relax upon DSB induction, which is expected to facilitate the accumulation of repair
proteins at sites of broken DNA (Gontijo et al., 2003; Goodarzi et al., 2010). The DSB induced
relaxation or decondensation of chromatin is mediated by various proteins like chromatin remodelers
and comes along with the relocation of heterochromatic DSBs to euchromatic areas (Falk et al., 2007;
Jakob et al., 2011; Price and D’Andrea, 2013).

Chromosome aberrations like rearrangements favor the development of cancer and can arise by error
prone repair of DSBs. It is not yet clear what contributes to their formation. Besides the repair
mechanism, current studies consider that movement of chromatin, proximity of induced DSBs and the
overall chromatin organization all contribute to the formation of chromosome rearrangements (Dion
and Gasser, 2013; Jezkova et al.,, 2014; Roukos et al., 2013). Already a higher probability for
chromosomal translocations between proximal chromosome territories could be demonstrated in
interphase (Meaburn et al., 2007; Parada and Misteli, 2002). In this context the roaming volume of
DSBs is expected to determine interactions between individual DNA ends, leading to the formation of
translocations (Parada and Misteli, 2002).

Dynamics of DSBs but also of undamaged chromatin were observed in yeast as well as in mammalian
cells. An enhanced chromatin mobility was found by the induction of DSBs which might be related to a
local decondensation of chromatin (Krawczyk et al., 2012). DSBs are embedded in the context of
chromatin and thus the motion characteristics of DSBs come along with the general mobility of
chromatin. In budding yeast a high mobility of DSBs is seen as DSBs form repair centers at the nuclear
periphery (Lisby et al., 2003; Nagai et al., 2008; Oza et al., 2009). Recent studies in budding yeast
moreover relate enhanced chromosome mobility following DSB induction to a facilitated homology
search for HR repair, which is the predominant repair pathway in yeast (Dion et al., 2012; Miné-
Hattab and Rothstein, 2012). In mammalian cells several studies described a Brownian movement of
chromatin (Marshall et al., 1997) which is slightly enhanced by the induction of DSBs (Krawczyk et al.,
2012). However, a general positional stability of DSBs over several hours is shown (Jakob et al.,
2009a; Soutoglou et al., 2007), besides few exceptions were enhanced mobility was found (Aten et al.,

2004).
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4.1. Characteristics of DSB mobility

It is still largely unknown which factors influence chromatin mobility. Therefore this study addressed
contributions of DNA repair and chromatin modifying proteins on DSB mobility in mammalian cells. A
spreading of repair proteins observed in fixed samples of charged particle irradiated cells gave
indications of an enhanced chromatin mobility in specific cell lines (Figure 13) (Jakob et al., 2009a
and unpublished results of B. Jakob). While in most cells 18 hours after irradiation remaining tracks of
ion traversals were still visible showing a positional stability of DSBs, in some cells a spreading of DSBs
over few um was visible.

To determine a possible influence of repair proteins and chromatin modifying proteins on the dynamic
behavior of DSBs, knockdown, inhibition or deficiency of selected repair proteins was used and the
mobility of DSBs analyzed. Charged particle irradiation under a low angle as well as X-ray irradiation
was used to induce DSBs. In analyses of fixed samples the broadening of the linear irradiation track of
repair proteins was used to measure mobility of DSBs at different time points. To determine more
detailed mobility kinetics in a submicron range live cell microscopy of GFP-tagged repair proteins was

used similar to previous studies (Jakob et al., 2009b; Krawczyk et al., 2012).

The used the mean square displacement (msd) (eq. 7) is well established to measure mobility of
particles or IRIF (Dion and Gasser, 2013). As described in chapter 3.2, U20S cells, stably expressing
53BP1-GFP were used for detection of DSB mobility in living cells. They provide a reliable cell system
with relatively stable nuclear shape, where siRNA mediated knockdown of proteins is easily possible.
The fluorescent-tagged repair protein 53BP1 serves as a well known DSB marker for tracking mobility
of DSB containing chromatin domains. As the absence of the repair mediator protein 53BP1 was shown
to reduce mobility of uncapped telomeres (Dimitrova et al., 2008) comparison of DSB mobility with
NBS1-GFP ensured that mobility of IRIF was not influenced by the overexpression of 53BP1 (Figure
25) which is in line with previously described results (Krawczyk et al., 2012).

During this thesis, IRIF were found to undergo a diffusive mobility, which can be described by either
subdiffusion or confined diffusion similarly well (Figure 26). This result is in line with observations of
a subdiffusive type of DSB mobility found by other groups (Girst et al., 2013). Subdiffusion occurs in
most biological systems due to viscoelasticity of the surrounding medium, obstruction by cell
organelles or other cellular obstacles and binding events (Guigas et al., 2007; Lukacs et al., 2000).
Mathematically it belongs to the anomalous diffusion, defined by the power law term o (eq.12) which
is <1 for subdiffusion, 1 in normal diffusion and >1 in super-diffusion. Measured wildtype U20S cells
showed a terms between 0.54 and 0.89 with an average of 0.64. These results are in accordance with
other findings of subdiffusive DSB mobility and were suggested to support the rejoining of DSB ends

compared to a normal diffusion as ends diffuse in a more restricted volume (Girst et al., 2013).
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DSB mobility could also be described by the confined mobility model. Especially inhibition of ATM led
to a strong confinement and mobility kinetics are better described by confined mobility after inhibition
of ATM (Figure 34). Confined mobility is characterized by a defined restrictive space or domain were
particles are trapped but can also result from tethering of particles to immobile structures (Platani et
al., 2002). For mobility of DSBs a maximal confinement is given by the size of the cell nucleus but
restrictions can also be mediated on a smaller scale through chromatin structure and nuclear protein
interactions. By matrix attachment sites (MARs) chromatin is tethered to the nuclear lamina (Parada
and Misteli, 2002) which can induce a confinement of chromatin mobility.

By fitting observed mobility kinetics to the model of confined mobility the diffusion coefficient D and
confinement radius r. (eq.11) were determined. The diffusion coefficient of a particle moving in a
random Brownian walk is directly proportional to the initial slope of the msd graph (Dion and Gasser,
2013). In the displayed experiments in U20S cells it ranged between 7x 10 um?®/s and 2x10* pm?*/s
for wildtype cells. Together with the diffusion coefficient a confinement radius around 1 pm in average
was determined, predicting the maximum radius the DSB will travel. The average distance and
diffusion coefficients were in a range similar to observations of other studies in mammalian cells
(Krawczyk et al., 2012; Kruhlak et al., 2006; Roukos et al., 2013). However, absolute values might
depend on the time-regime and methods of evaluation.

Compared to yeast, mammalian diffusion coefficients are generally lower (Miné-Hattab and Rothstein,
2013). In budding yeast cells diffusion coefficients from 5x10* pum?/s to 10 pm?/s were found
(Miné-Hattab and Rothstein, 2013). Their nuclei have a far smaller volume than mammalian nuclei.
Therefore, in human cells DSB can explore a much smaller percentage of the nuclear volume compared
to yeast cells (Chubb and Bickmore, 2003; Miné-Hattab and Rothstein, 2013). DSB mobility was
attributed to a facilitated homology search in budding yeast as they use HR repair as the major
pathway (Miné-Hattab and Rothstein, 2012). The lower mobility of DSBs in mammals could probably
be attributed to the predominant use of NHEJ repair, independent of the cell cycle (Lieber, 2010;
Thompson, 2012). However, further factors were expected to be involved in the regulation of
chromatin and DSB mobility in both systems. This expectation was confirmed for mammalian cells

during this work, showing an influence of repair proteins and nuclear matrix proteins on DSB mobility.

During this study different ion species as well as photon irradiation were used for the induction of
DSBs. For example low angle irradiation with chromium ions with a LET of 2630 keV/um and a
fluence of 2x10° particles/cm?® corresponds to an absorbed dose of 8.4 Gy. As ion traversals are
randomly distributed, the majority of cells will receive two to three traversals but the actual dose of a
single cell can vary as it depends on the number and length of tracks. By using X-ray irradiation a
homogeneous dose distribution is applied and induced DSBs are not expected to be clustered but

separated from each other. 1 Gy photon irradiation induces around 20 DSBs (Lobrich et al., 2010). In
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contrast by charged particle irradiation several DSBs per um can be induced along the trajectory by
carbon irradiation with a LET of 170 keV/um and hundreds of DSBs per pm by the heavier ions used in
this study (Jakob et al., 2003, 2009b; Kase et al., 2008). No systematic dependence of DSB mobility on
irradiation quality was found. This result is in line with earlier published results comparing IRIF
mobility after X-ray and Ni ion irradiation (Jakob et al., 2009b). However, variations in the extent of
mobility were found between individual experiments (Figure 26). The variations might be attributed to
the used cell charge and cultivation time, as the experiments were executed over a longer time period.
To reduce the influence of this variability on the interpretation of obtained results, only measurements
of contiguous experiments were compared.

In experiments using depletion of ATP prior to charged particle irradiation a strong energy dependence
of foci mobility could be shown (Figure 27). ATP serves as the main source of energy and cellular
functions depend on its availability. In accordance with the observed results other studies have shown
that mobility of PML bodies as well as of IRIF was reduced following depletion of ATP (Heun et al.,
2001; Krawczyk et al., 2012). This goes along with a compaction of chromatin and reduced chromatin
expansion after the induction of DSBs (Kruhlak et al., 2006). These chromatin related changes might
be connected to missing chromatin remodeling as chromatin remodelers are ATP dependent (Clapier
and Cairns, 2009). In addition to the shown dependency of mobility on the energy metabolism of the
cell, the measurements validated the experimental setup and tracking mechanism and illustrated the
range in which changes of DSB mobility can be reduced by disturbance of cellular integrity. Analyses of
fixed samples complete the validation of the experimental setup, showing possible setup dependent

variations in the msd curves in a range below 0.1 pum/hour.

4.2. Role of repair proteins and chromatin modifiers on DSB mobility

4.2.1. Chromatin modifications

Mobility of DSBs is expected to go along with mobility of surrounding chromatin and the impact of
DSB mediated chromatin alterations on the movement of damaged DNA was determined. Dense
chromatin areas might act as a constricting environment and a local decondensation was shown upon
induction of DSBs, possibly enhancing mobility of DSBs compared to undamaged chromatin (Goodarzi
and Jeggo, 2012; Krawczyk et al.,, 2012). Several cellular proteins like chromatin remodelers are
known to influence changes in chromatin structure after ionizing radiation and therefore serve as
potential mediators of DSB mobility (Price and D’Andrea, 2013).

Chromatin remodelers are a class of proteins involved in the regulation of chromatin and act by

histone rearrangements and exchanges or sliding and eviction of nucleosomes during the whole cell
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cycle (Xu and Price, 2011). Essential cellular functions like gene regulation, transcription, cell division
or DNA repair are maintained though this organized remodeling of chromatin (Clapier and Cairns,
2009). Remodelers are separated into 4 large families, each consisting of several proteins, acting solo
or in complex on chromatin rearrangements (Bao and Shen, 2007). They consist of an ATP binding
domain and utilize energy to mediate structural changes (Clapier and Cairns, 2009). The deficiency of
chromatin remodeling by depletion of ATP might be one factor leading to a reduced mobility of DSBs
(Figure 27). After the induction of DSBs several chromatin remodelers are recruited to the damage site
and act in signaling cascades to mediate ongoing repair (Price and D’Andrea, 2013). The local
relaxation of chromatin observed following induction of DSBs is only one action mediated by
chromatin remodelers acting in DNA repair (Price and D’Andrea, 2013). The chromatin remodeler
ACF1 is one of the mammalian remodelers known to have a direct role in DNA repair (Lan et al., 2010;
Sanchez-Molina et al., 2011). It is recruited to DNA damage sites after laser irradiation and cells
deficient of ACF1 show a higher sensitivity to ionizing irradiation, a compromised G2/M checkpoint
and enhanced apoptosis (Sanchez-Molina et al., 2011). Besides its remodeling activity ACF1 was found
to be involved in NHEJ repair as it is required for the accumulation of Ku70/80 at DSBs (Lan et al.,
2010).

By knockdown of ACF1 the influence of DNA repair mediated chromatin remodeling on mobility of
DSB containing chromatin was determined. Tracking of 53BP1 foci revealed a slight reduction in the
slope of the msd curve after knockdown of ACF1, which however was not significantly below the wt
(Figure 28). As multiple chromatin remodeler complexes are involved in the promotion of chromatin
rearrangements during DNA repair (Price and D’Andrea, 2013), possibly working in part redundantly,
it is likely that knockdown of a single remodeler is not sufficient to account for larger changes in
chromatin structure, promoting DSB mobility. This is in line with findings that inhibition of the
remodeler TIP60 alone did not lead to differences in mobility of IRIF (Krawczyk et al., 2012).
Moreover, it can be assumed that the chromatin remodeler only mediates changes in chromatin
structure in a range of few nucleosomes and does not affect the general chromatin organization to a
larger extent. However, the drastic reduction of mobility observed after ATP depletion (Figure 27)
might be at least partly related to multiple chromatin remodeling processes in the surrounding of DSBs
and further studies depleting multiple chromatin remodeling complexes would be needed to determine

remodeling dependent changes in DSB dynamics.

Enzymatic cascades of various proteins mediate changes in chromatin structure. In this context poly-
ADP-ribosylation by PARP1 was expected to have a pronounced effect on chromatin structure as it is a
mediator of DNA damage repair upstream of most remodeling complexes and several pathways are
known in which PARP1 and its poly-ADP-ribosylation mediate changes in chromatin structure. PARP1

is one of the first proteins recruited to DNA damage sites (Haince et al., 2008). The attachment of

Discussion 69



poly-ADP-ribose (PAR) moieties on PARP1 and other acceptor proteins like histones and DNA repair
factors serves as a signaling instrument for the recruitment of repair factors as well as chromatin
remodeling proteins to the damage site (Thomas and Tulin, 2013). Poly-ADP-ribose glycohydrolase
(PARG) degrades the PAR chains afterwards and the dynamic turnover of PAR is needed for the
proceeding of DNA repair, checkpoint control, apoptosis and the maintenance of genomic integrity
(Gagné et al., 2008).

One of the earliest characterized effects of PARP1 on chromatin structure was poly-ADP-ribosylation of
histones, leading to a destabilization of nucleosome interactions with DNA and a disruption of
chromatin structure (Huletsky et al., 1989). Poly-ADP-ribose holds twice the negative charge of DNA,
resulting in an electrorepulsive interaction with DNA. The negative charges of poly-ADP-ribose are
thought to directly loosen interactions within nucleosomal arrays and promote a removal of histones
from DNA (Thomas and Tulin, 2013). Moreover, it has been shown that active PARP1 modifies and
removes histone H1 which facilitates local chromatin relaxation (Kim 2004). Changes in chromatin
structure are not only mediated by PARP1 itself but also through a poly-ADP-ribose promoted
recruitment of chromatin remodeling enzymes like the NuRD complex or ALC1 (Ahel et al., 2009;
Chou et al., 2010). Price et al. recently presented the model of a PARP1 dependent transient formation
of a repressive chromatin structure mediated by NuRD, ALC1 and the Kapl/HP1 complex. A
subsequent opening of the chromatin structure after rapid release of these factors is thought to be
mediated by the degradation of PAR through PARG (Price and D’Andrea, 2013). By those different
mechanisms, PARP1 and PARG were shown to possess complex roles in the chromatin response after
DNA damage.

Surprisingly inhibition of PARP as well as diminishing degradation of poly-ADP-ribose by knockdown
of PARG had no significant influence on DSB mobility (Figure 30). The unaffected mobility can not be
related to incomplete inhibition or knockdown as a high efficiency of both was observed by western
blot and a functional immunofluorescence assay (Figure 29). This suggests that the resulting changes
in chromatin structure by the radiation induced PARylation have either only minor effects on the
compaction or act locally restricted and thus do not influence mobility of DSB containing chromatin in

the observed range.

4.2.2. Tethering of DNA strands

A similar explanation might apply to the absence of a measurable increase in DSB mobility by the
knockdown of SMC1 or MRE11 (Figure 36). Tethering of DNA strands is expected to stabilize DSBs in
the surrounding chromatin (Dorsett and Strom, 2012; Thompson, 2012). The probed MRN and

Cohesin complexes which have DNA tethering functions both also act in the DNA damage response and
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are recruited to DSBs upon ionizing radiation. Therefore, stabilization of DNA by those complexes can
be expected after the induction of DSBs. Especially following charged particle irradiation, known to
induce high number of clustered DSBs in close proximity a stabilization of broken DNA strands might
be of great relevance for correct repair.

The MRN complex tethers DNA strands by long coiled coil domains of RAD50 acting as a molecular
clamp to connect broken chromosomes during recombination and repair (Hopfner et al., 2002;
Lammens et al., 2011; Lobachev et al., 2004b). A MRE11 nuclease dimer and two RAD50 proteins
build the ATP driven head domain of the complex (Figure 48A). Therefore, in mobility analyses studies
knockdown of MRE11 as well as a RAD50 deficient cell line were used to prevent the formation of the
tethering complex.

RADS50 contains a globular ATPase domain and long coiled-coil domains, important for binding of DNA
which terminate in a Zn-hook motive (Hopfner et al., 2002). The Zn-hook of RAD50 acts as a
dimerization domain that can either intramolecularly link two Rad50 monomers of the same complex
or intermolecularly link two MRN complexes, creating bridges of DNA up to a distance of 1200 A
(Hopfner et al., 2002). Binding of RAD50 to DNA straightens the coiled-coils, favoring intermolecular
Zn-hook dimers by which juxtaposed coiled-coils of RAD50 molecules were found to interact and
tether DNA ends within a distance of 100 nm (Figure 48B) (Moreno-Herrero et al., 2005). This
mechanism provides a long-range tethering of DNA by the MRN complex expected to transiently tether

broken chromosomes (Lammens et al., 2011).
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Figure 48 — Tethering of DNA strands by the MRN complex

A) Schematic structure of the MRN complex and its tethering function by Zn-hook and coiled coils of Rad50 (Williams et al.,
2010). B) Schematic view of intra- or intermolecular tethering of DNA strands by the MRN complex (Moreno-Herrero et al.,
2005).
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Through its tethering properties the MRN complex is often referred to hold broken DNA strands in
close proximity to facilitate repair (Van Gent and Van der Burg, 2007; Zha et al., 2009b) similar to
Ku70/80. However, different structural properties underlie both complexes. While Ku70/80 forms a
ring structure around broken DNA and two Ku70/80 proteins are thought to interact across the break
site the MRN complex can also interact with surrounding DNA strands and stabilize the DSB within the
chromatin.

Loss of Rad50 was expected to enhance DSB mobility, which could then be observed in fixed samples
by a change in the ion induced DSB pattern over time. To visualize changes in the irradiation track a
focal movement of few pum is needed. However, no changes in the distribution of repair foci could be
observed in the Rad50 deficient cell line (Figure 18). Moreover, by life cell analyses no influence of
MRE11 knockdown on DSB mobility in a range below one pm was found (Figure 36). Both results
point to a positional stability of DSBs, independent on the MRN complex. In line with this result, also
no dependency of the MRN complex on a distribution of free DNA ends was observed (Soutoglou et
al.,, 2007). Stabilization of complex breaks or connections with sister chromatids during HR repair
might not be sufficient to mediate mobility changes in a range observed by the applied approach.
Moreover, different protein complexes like the analyzed Cohesin complex could work redundantly and
reduce the effect expected from knockdown of the MRN complex.

Cohesin also consists of a similar structure like the MRN complex containing an ATPase domain and
two coiled-coil stretches by which it tethers DNA strands like sister chromatids for HR repair (Dorsett
and Strom, 2012; Wu and Yu, 2012). It was shown, that in yeast which utilized HR as the main repair
pathway, Cohesin constrains the mobility of RAD52 foci (Dion et al., 2013), opening the question if a
similar effect might affect mobility in mammalian cells as well.

The heterodimer of two SMC (structural maintenance of chromosomes) proteins SMC1/SMC3 displays
the major subunit of the Cohesin complex forming a ring structure which entraps sister chromatids by
ATP driven dimerization (Alberts et al., 2008). Loss of SMC1 would prevent the complex formation
and was expected to destabilize DNA strands leading to an enhanced DSB mobility. Cohesin is
maintained in different stably or dynamically bound pools in the nucleus (Gerlich et al., 2006) but for
association with DNA NIPBL (nipped-B-like protein) is required to load Cohesin onto DNA (Bermudez
et al., 2012). Knockdown of NIPBL prevents loading of the complex and tethering of DNA strands will
be diminished. However, mobility of DSBs did not depend on complex formation or loading of the
complex onto DNA as observed by knockdown of SMC1 or NIPBL (Figure 36, Figure 37).

The recruitment and binding of Cohesin to DSBs is limited to the S/G2 phase of the cell cycle (Sjogren
and Strom, 2010; Wu and Yu, 2012). In S/G2 phase it is then expected to facilitate homology search
and stabilization of sister chromatids during HR repair (Wu and Yu, 2012). As Cohesin acts in DNA
damage response in a cell cycle dependent way, diminishing the Cohesin complex should affect mainly

cells in S or G2 phase. A cell cycle distribution of 51 % G1, 26 % S and 23 % G2 phase was found in
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U20S cells 24 hours after seeding as used for live cell studies (Figure 20). Under these conditions
around 50 % of the cells can be expected not to be influenced by tethering of Cohesin as they are in G1
phase during irradiation. However, it was not possible to distinguish two populations exhibiting
different movement kinetics as expected if Cohesin would only influence mobility of S and G2 phase
cells.

A different cell system of U20S-G1/S-GFP NBS1-cherry cells was applied which allows to discriminate
the cell cycle phases during live cell imaging. This cell system was tested by tracking of NBS1 foci.
Using this cell line, the general small scale DSB mobility and the afore obtained results showing an
independency of DSB mobility on DNA tethering complexes (Figure 36) were confirmed (Figure 39).
As those cells express a GFP tagged cell cycle marker, cell cycle specific analyses of DSB mobility were
performed to determine if tethering of DSBs is influencing mobility in dependency of cell cycle phases.
Moreover, by this system a general influence on the cell cycle phases on DSB mobility was determined.
By investigation of cell cycle phase dependent mobility after knockdown of SMC1 and NIPBL no trend
of a dependency of mobility to a cell cycle phase could be revealed (Figure 40B). In wildtype cells a
tendency of G2 cells to exhibit higher mobility than S/G1 cells could be observed (Figure 40A). An
enhanced mobility during G2 phase could be related to a homology search or differences in the
chromatin state. Krawczyk et al. showed a reduced DSB mobility in S-phase cells compared to G1 and
G2 phase (Krawczyk et al., 2012) being in line with the observed effect of a lower mobility of S and
G1 phase cells compared to G2 (Figure 40A). However, due to limitations in the numbers of observed
cells the statistics are very low for these preliminary results and experiments need to be repeated.

In general, the used cell system of U20S-G1/S-GFP NBS1-cherry cells was found to provide a useful
tool to investigate DSB mobility at different cell cycle phases, enabling future experiments to provide

more detailed results.

4.2.3. Repair proteins Ku80 and ATM

The Ku heterodimer of Ku70 and Ku80 is one of the first proteins binding to DSBs and essential for
NHEJ repair (Davis and Chen, 2013). By its ring structure it binds specifically to DNA ends where it is
referred to hold ends in close proximity (Downs and Jackson, 2004; Walker et al., 2001). An enhanced
mobility of free DNA ends was observed in cells deficient of Ku80 (Soutoglou et al., 2007) which might
be related to missing stabilization of DNA ends by loss of Ku80. The exact mechanism by which Ku80
reduces mobility of DNA ends is still unknown but is expected to be mediated by the structural
interaction of two Ku70/80 dimers binding to the two ends of a DSB (Soutoglou et al., 2007; Walker et
al., 2001). To determine if Ku70/80 mediates DNA stability only at the break site or in addition in the
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surrounding chromatin, the influence of Ku80 on mobility of DSB containing chromatin after charged
particle irradiation was analyzed.

Retention of Ku80 at the break site depends on complexity of DNA damage. In simple DSBs Ku80 only
remains at the break site around 20 min while it persists over several hours at complex lesions
(Reynolds et al., 2012). A prolonged retention of Ku80 was expected following heavy ion irradiation,
which induces multiple complex DSBs in close proximity, possibly enhancing stabilization of DNA. Loss
of Ku80 would then result in a reduction of stability, leading to enhanced diffusion rates of DSBs in a
um range. However, by analyses of linear DSB patterns induced by ion traversals, a strong positional
stability of the irradiation pattern could be observed, both in wildtype as well as in Ku80 deficient
mouse cells 15 min after irradiation (Figure 14).

By labeling of individual DNA ends Soutoglou el al. have shown that loss of Ku80 enhanced mobility
from an average of 50 nm/min to more than 80 nm/min and after 24 hours separation of broken ends
was increased from 200 nm in wildtype to >500 nm in Ku80 deficient cells. However by a time scale
of 2 hours no differences in mobility of free ends were observed between wildtype and cells deficient
in Ku80 (Soutoglou et al., 2007). An increase in mobility on a 100 nm scale would be too small to
detect differences in the irradiation pattern as multiple DSBs are marked by GFP, compared to a
visualization of two breaks ends by different colors as used by Soutoglou el al. Changes in a um range
are needed to visualize mobility of DSBs from analyses of track structure. Loss of Ku80 was found not
to cause this long scale movement of DSBs (Figure 14) indicating that stabilization of DNA breaks by
Ku80 is limited to a smaller spatial scale. Longer observation times of several hours might reveal
changes in diffusion patterns of DSBs if loss of Ku80 enhances the general diffusion of DSBs. To
determine influences of Ku80 on diffusion kinetics of DSBs in a smaller spatial scale live cell imaging
was performed in Ku80 deficient mouse cells. However, those cells exhibit strong movement and
nuclear deformations after transient transfection with 53BP1-GFP. Tracking of individual repair foci
was therefore nearly impossible using this approach. Future studies with other cells knocked down of
Ku80 might be used for live cell analyses to elucidate a stabilization effect of Ku80 on DSB containing

chromatin.

In earlier studies an enhanced spreading of DSBs over several hours was observed in a AT h-tert cell
line (Figure 13) (unpublished results of B. Jakob). In this PhD thesis it was now determined if the
effect was mediated by the absence of ATM. Usage of a different ATM deficient cell line did not
replicate the observed results and no spreading of foci was observed even after several hours (Figure
16), proving that deficiency of ATM does not lead to an enhanced DSB mobility. To determine if
deficiency of ATM induces smaller changes in DSB mobility live cell analyses were performed. By these
experiments, a strong reduction in mobility of 53BP1 foci occurred due to inhibition of ATM (Figure

33). ATM is a mayor signaling protein in the DNA damage response, responsible for YH2AX formation
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as well as recruitment of MDC1. Nevertheless, following induction of DSBs 53BP1 foci still form after
inhibition of ATM activity. It was shown that phosphorylation of 53BP1 by ATM does influence repair
capacity but is not required for the recruitment of 53BP1 (Goodarzi and Jeggo, 2013) which depends
mainly on methylation of histone 4 (H4K20me2) (Botuyan et al., 2006).

A strong confinement of DSB mobility was found following inhibition of ATM (Figure 33). The msd
was reduced from 1.0 pm?® in control to 0.53 pum? in ATM inhibited cells after 100 min observation
time following charged particle irradiation (Figure 33). As specific inhibition of the kinase function of
ATM was applied, not the presence of ATM in the nucleus, but the phosphorylation of substrates by
ATM accounts for the observed effect. The resulting confinement radii were discriminated being
1.05 = 0.07 um in wildtype cells while ATM inhibition resulted in confinement to a much smaller
radius of 0.73 = 0.01 ym, leading to a reduction of the sampled nuclear volume by a factor of 3 (4.85
um® vs 1.63 pm®). A visual comparison of both confinement radii is given in Figure 49. This reduction
in the sampled volume is expected to be sufficient to change pairing and interaction events of DSB
ends, leading to the formation of chromosomal aberrations as these formations not only dependent on
chromosome size or gene density but moreover on proximity (Bickmore and Teague, 2002). In this
context the roaming volume of DNA breaks is thought to strongly influence pairing events and

aberration rates (Dion and Gasser, 2013; Krawczyk et al., 2012; Roukos et al., 2013).

Confinement radius r,

wt 1.05 pm

ATMi = 0.73 pm

Figure 49 — The sampled volume of IRIF is reduced after inhibition of ATM.

A) U20S-53BP1-GFP cell after low angle irradiation with C (170 keV/pum). B) Magnification of the cell nucleus. Confinement
radii are marked by dotted lines. For simplification, both radii are exemplarily shown in the same nucleus. 3D confinement

volumes in ATM inhibited cells are decreased by a factor of 3 compared to the reference volumes of non-treated cells.

Moreover a strong disturbance of a random walk is seen by reduced o values using the subdiffusive
model and a change of the diffusion coefficient D. from 5.12x10° um?/s for wildtype cells to
4.58x10” um?/s in ATM inhibited cells. To examine if the confinement of mobility is mediated by the

induction of high numbers of DSBs in close proximity from heavy ion irradiation further experiments
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following X-ray irradiation were performed. The confinement of DSB mobility due to inhibition of ATM
was confirmed by X-ray irradiation excluding that only high numbers of DSBs are responsible for ATM
dependent changes in mobility. A hyperactivation of ATM was found to be induced by heavy ion
irradiation (Meyer et al., 2013) possibly contributing to an enhanced effect of ATM after charged
particle irradiation compared to X-ray induced DSBs.

Dense chromatin areas in the environment of DSB might be one cause of a confinement and
suppression of mobility. A strong decondensation was observed after the induction of DSBs by charged
particle irradiation (Jakob et al., 2011; Miiller et al., 2013) as well as by y-rays (Falk et al., 2007). This
is assumed to facilitate recruitment of repair proteins and ongoing repair. ATM was proven to act in
the local decondensation of heterochromatic areas upon induction of DSBs through phosphorylation of
KAP1 (Geuting et al., 2013; Goodarzi and Jeggo, 2012; Goodarzi et al., 2008). Moreover, an ATM
dependent decondensation was also observed after the induction of DSBs by X-rays (Ziv et al., 2006)
proving that a missing chromatin relaxation due to inhibition of ATM can mediate chromatin mobility
independent on irradiation quality. Also the enhancement of chromatin mobility after induction of
DSBs (Krawczyk et al., 2012) was proposed to be caused by decondensation, leading to a reduction in
the structural confinement of DSB mobility.

Deficiency of KAP1 mediated decondensation by inhibition of ATM would therefore constrain mobility
of DSBs by structural properties of chromatin. A fraction of long persisting DSBs associated with
heterochromatic regions arise by inhibition of ATM, both after X-rays as well as carbon ion irradiation
(Goodarzi and Jeggo, 2012; Goodarzi et al., 2008; Jakob et al., 2011). For those heterochromatin
associated breaks 24h after the DSB induction Krawczyk et al. described a decrease in mobility
(Krawczyk et al., 2012). Even though in both experiments inhibition of ATM led to a reduced mobility
different mechanisms ought to apply. At early time points 53BP1 foci can not be considered to belong
mainly to heterochromatic areas, which comprises around 20 % of the chromatin, as seen at later time
points due to differences in the repair kinetics (Goodarzi et al., 2008). In addition it was shown that
53BP1 can only penetrate into heterochromatic areas after their decondensation (Jezkova et al., 2014).
At later time points (24h), persisting foci as observed by Krawczyk et al. (Krawczyk et al., 2012) are
expected to be mainly associated to heterochromatic areas due to slower repair kinetics (Goodarzi and
Jeggo, 2012; Goodarzi et al., 2008). However, so far it is not known whether ATM only affects
decondensation in heterochromatic areas or also in euchromatic areas as 80 % of the observed DSBs
after irradiation are expected to belong to euchromatic areas (Goodarzi et al., 2008).

As there exist a plethora of phosphorylation substrates of ATM which act in cell-cycle arrest, apoptosis
and DNA repair (Matsuoka et al., 2007) it will be not an easy task to find the effectors responsible for

changes in chromatin and DNA mobility.
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4.3. Interactions between the nuclear matrix and DSBs

4.3.1. Nuclear matrix proteins influence DSB mobility

The nuclear matrix acts in stabilizing the shape and internal organization of nuclei and contains
anchoring sites for chromatin or DNA. The so called matrix attachment regions (MARs) in the DNA
mediate interactions between DNA, chromatin and the nuclear matrix (Barboro et al., 2012) and are
expected to constrict mobility of chromatin during interphase (Parada and Misteli, 2002).

The main components of the nuclear matrix are A-type and B-type Lamins acting together with other
structural proteins like spectrins or NuMA (Simon and Wilson, 2011). Lamin filaments are distributed
throughout the nucleoplasm but mainly concentrate at the inner nuclear membrane (INM) forming the
lamina, a 15-20 nm thin meshwork exhibiting structural as well as important signaling and regulatory
functions (Burke and Stewart, 2013). In the context of DNA repair mutations or loss of A-type Lamins,
encoded by the LMNA gene, are leading to increased sensitivity to ionizing radiation and defects in
DSB repair (Gonzalez-Suarez et al., 2009b; Liu et al.,, 2005; Singh et al., 2013). Moreover, an
abnormal nuclear morphology, a rearranged organization of chromatin, loss of heterochromatic
markers and proteasomal degradation of HP1a and b was found in Lamin A/C deficient cells (Broers et
al., 2005; Chaturvedi et al., 2012).

By mobility analyses an enhancement in DSB mobility around 31 % could be seen after knockdown of
NuMA which was even more pronounced (72 %) after knockdown of Lamin A/C (Figure 41). As the
nuclear matrix is mediating nuclear stability, chromatin organization and chromosomal anchoring to
the nuclear matrix, it was expected that chromatin mobility is restricted by functions of nuclear matrix
proteins. A dependency of DSBs mobility on nuclear matrix proteins could moreover be suggested by
interactions with repair mediating proteins and the observed influence of Lamins on DNA repair and
the formation of chromosomal aberrations (Gonzalez-Suarez et al., 2009b; Redwood et al., 2011). The
higher effect due to knockdown of Lamin A/C can result from the fact that Lamins constitute the main
part of the nuclear matrix and lamina, providing binding sites for chromatin and regulatory molecules
(Burke and Stewart, 2013). By disruption of these binding sites chromatin might be destabilized and
exhibit enhanced mobility within the nucleus. Especially the strongly enhanced diffusion coefficient
from 4.5+0.2 x10° pm?/s in wt cells to 8.1+0.2 x10®° um?/s after knockdown of Lamin A/C is
remarkable and suggests a direct effect on chromatin mobility. The findings are confirmed by a recent
publication of Mahen et al., showing an enhanced mobility of 53BP1 foci in LMNA”" mouse cells
(Mahen et al., 2013).

NuMA plays a role in the maintenance of spindle poles during mitosis but by its coiled coil structure is
assembles into filaments distributed throughout the nucleus during interphase (Harborth et al., 1999).

There it has been proposed to be essential for the creation of chromosome domains either by
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organizing chromatin, by interaction with MARs or by providing a substrate for intranuclear processes
(Radulescu and Cleveland, 2010). MARs are 300-1000 bp long AT rich DNA regions promoting
interactions between chromatin and the nuclear matrix. They function in the organization of
chromatin loops, have potential roles in gene expression or replication and are specifically bound by
Lamins and to a lesser amount by NuMA (Barboro et al., 2012; Ludérus et al., 1994). Through their
interaction with MARs NuMA and A-type Lamins are expected to influence anchoring of chromatin to
the nuclear matrix and thereby mediate chromatin stability. Both, the interaction with anchoring sites
as well as the overall structural properties of the nuclear matrix, strongly influencing chromatin
organization are suggested to explain the observed enhancement of mobility following knockdown of
NuMA or Lamin A/C.

It needs to be determined if the knockdown mediated disruption of the nuclear matrix affects the
overall mobility of chromatin or if the effect is restricted to DSB containing chromatin domains. By
FRAP measurements a decrease in the mobile fraction of Lamin A was found after induction of DSBs
together with an direct interaction between YH2AX and Lamin A (Mahen et al., 2013). Even though
Lamin A/C does not accumulate at sites of DSBs (Mahen et al., 2013) these findings as well as a repair
defect in Lamin A/C deficient cells suggest an enhanced interaction between the nuclear matrix and
DSBs compared to undamaged chromatin.

In dysfunctional telomeres a dependency of A-type Lamins was found on NHEJ mediated fusion rates
which were reduced by a factor of four compared to wildtype cells (Gonzalez-Suarez et al., 2009b).
The effect was pointed to a decreased 53BP1 level in Lamin deficient cells (Gonzalez-Suarez et al.,
2009b) as 53BP1 depletion was shown to reduce mobility of uncapped telomeres and their fusion rates
(Dimitrova et al., 2008). Mobility of deprotected telomeres was not determined in LMNA”" cells but a
reduced mobility of telomeres due to loss of Lamin A/C would be contradictory to the observed
enhanced mobility of IRIF. A determination of telomere mobility in Lamin A/C deficient cells would
shed more light onto these questions, possibility revealing different mechanisms for mobility and
fusion of DSBs and telomeres in dependence of Lamin A/C.

53BP1 protein levels are supposed to be stabilized by A-type Lamins preventing their degradation by
the proteasome and this effect could be rescued by reconstitution of 53BP1 into Lamin A/C-depleted
cells (Gonzalez-Suarez et al., 2009b). In the shown experiments, using knockdown of NuMA or Lamin
A/C overexpression of 53BP1-GFP was used for mobility analyses explaining why no compromises in
53BP1 foci accumulations were observed.

The obtained results clearly show that mobility of DSBs is enhanced following depletion of nuclear
matrix proteins. To address the mechanism by which the nuclear matrix acts on DSB repair and
mobility, nuclear extractions were performed, visualizing direct interactions of repair proteins and

nuclear matrix proteins.
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4.3.2. Nuclear extractions reveal interactions of repair proteins with the nuclear matrix

Protocols adapted from nuclear skeleton preparation in electron microscopic studies (Nickerson et al.,
1997) were used to extract DNA and proteins (Figure 41, Figure S 1, Figure S 2). Soluble proteins
were extracted, cells were fixed by PFA and DNA was digested and extracted afterwards. Staining for
DNA and RNA revealed a strong reduction of DNA signal following extraction while RNA remains
inside the nucleoli. Extraction of DNA and proteins is depending on buffering conditions, DNase I
concentration and time of digestion and small variations in the extraction occurred between individual
experiments. However, only experiments in which the digestion of DNA was nearly completed,
indicated by the absence of Dapi signal, were used for analyses. Extraction of proteins from the nucleus
can be divided into three groups: soluble proteins which are easily extractable by detergents, the
chromatin compartment from which components are released upon DNA digestion and the insoluble
nuclear matrix, which is resistant to detergent extraction as well as DNA digestion (Abad et al., 2007).
By the used nuclear extraction soluble as well as chromatin bound proteins are expected to be
withdrawn from the nucleus.

In first experiments using nuclear extraction, the repair mediator protein MDC1 was found to be
removed completely (Figure S 2) while a low background level of histone H3 and pATM remained in
the nucleus (Figure 42). In early studies histones were shown to be removed by nuclear extraction and
digestion of DNA (Nickerson et al., 1997). Possible explanations for the remaining H3 level are an
incomplete extraction and DNA digestion as well as cross-linking of proteins by PFA fixation prior to
digestion of DNA. DNA staining was almost completely removed, indicating a complete digestion of
DNA and extraction pointing to an influence of PFA fixation prior to DNA extraction. To prevent
fixation dependent influences further experiments were performed by extraction and digestion of DNA
prior to cellular fixation. In those experiments, the complete extraction of histones could be visualized
by staining for yH2AX with is removed from the nucleus completely after nuclear extraction (Figure
44).

MDC1 is a repair mediator protein involved in signal amplification and checkpoint control following
induction of DSBs (Coster and Goldberg, 2010). It mediates repair by protein interactions and does not
contain a DNA binding motive itself (Jungmichel et al., 2012). No interaction with Lamins or other
proteins of the nuclear matrix are known for MDC1. Binding of MDC1 to repair proteins or chromatin
at sites of DSBs seems not to prevent extraction, explaining the complete removal from the nucleus.
Similar results are obtained for pATM, which is extracted completely from the nucleus following
nuclear extraction (Figure 43). Even by nuclear extraction using fixation with PFA prior to digestion of
DNA pATM was removed to a great extent (Figure 42). The observed differences for pATM between

both extraction protocols confirm an incomplete extraction due to protein cross-linking of PFA.
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ATM binds to DNA and chromatin and interacts with several proteins like the MRN complex which is
necessary for activation of ATM and its kinase function (Lee et al., 2013). In Lamin A/C deficient cells
no differences in the expression of ATM was found. The same applies for other repair proteins like
MDC1, DNA-PK, MRE11, NBS11, Ku70 or yH2AX for which no detectable differences in the cellular
levels could be observed (Gonzalez-Suarez et al., 2009b). Also ATM dependent phosphorylation of p53
was not altered in Lamin A/C deficient cells (Redwood et al., 2011). By complete extraction of pATM
from the nucleus it can be concluded that no direct interaction between pATM and the nuclear matrix
exists even though some nuclear matrix proteins like NuMA are phosphorylation substrates of ATM
(Matsuoka et al., 2007).

By immunofluorescent staining of NuMA following nuclear extraction the remaining amount of NuMA
was visualized serving as a control of the remaining nuclear matrix. A chromatin associated fraction of
NuMA was shown in a different cell system, not involved in the formation of the stabilizing nuclear
matrix (Abad et al., 2007). This fraction is removed from the nucleus by nuclear extraction as observed
in experiments with U20S cells (Figure 45). The fraction of NuMA which remains associated with the
nuclear matrix after extractions depends on RNA as NuMA strongly interacts with RNA and combined
extraction with RNase treatment was shown to cause a drastic reduction of NuMA levels while Lamins
remain unaffected (Barboro et al., 2002). Therefore care has to be taken not to remove RNA by
RNases.

In U20S cells a homogenous distribution of NuMA could be seen in untreated cells, diminished in
intensity following nuclear extraction (Figure 45). Experiments were also carried out with normal
human fibroblasts revealing differences in the NuMA pattern in controls (Figure 46). AG cell showed
either a strong and homogenous staining of NuMA as seen in U20S cells, a weak homogenous signal
or in few cases a distribution of NuMA in distinct foci. In the literature different distribution patterns of
NuMA were described, mostly related to developmental stages, cell type dependent and sometimes
coming along with altered chromatin organization (Abad et al., 2007). Independent on the NuMA
pattern observed in U20S and AG cells, after nuclear extraction a homogenous distribution of NuMA is
found in the cell nucleus (Figure 45, Figure S 6) revealing parts of the nuclear matrix, which are not
extracted by the used protocols.

Following PFA fixation and nuclear extraction of X-ray irradiated cells, the repair proteins 53BP1 and
MRE11 showed a low background signal and in some cases focal accumulations (Figure S 1 and Figure
S 2). Using nuclear extraction without PFA fixation prior to DNA digestion still revealed focal
accumulations of MRE11 (Figure 44). 53BP1 was removed from the nucleus in most cases (Figure 43)
but few exceptions were seen in which an inhomogenous pattern of 53BP1 maintained throughout the
nucleus (Figure S 3). The remaining protein in few experiments can not be attributed to incomplete

extraction as DNA and yH2AX staining completely vanished (Figure S 3). By comparison with MDC1,
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which is extracted completely it can be concluded that the extraction is protein dependent and most
probably mediated by differences in nuclear matrix interactions. MRE11 foci were reduced in number
but a subset remained visible after extraction, which was moreover confirmed by the use of a different
cell line (Figure S 4). This finding suggests that MRE11 not only binds directly to DNA strands but
moreover exhibits binding interactions with filamentous structures of the nuclear matrix. The detailed
mechanism and purpose of these interactions is unknown and needs to be determined. It is yet unclear
if the association is maintained through the MRN complex and associations of RAD50 coiled coils or by
the MRE11 protein itself. Similar results of retention of repair proteins in the nuclear matrix fraction
after extraction were shown by staining for XRCC1 and poly-ADP-ribose after treatment with H,0,
(Kubota et al., 2009). Cells were fixed by methanol/acetone in these experiments and retention of
XRCC1 seems to be independent of treatment with H,0,.

Knockdown studies of Lamin A/C and NuMA were expected to reveal further insights in the
interactions of repair proteins with the nuclear matrix. The cellular level and recruitment of 53BP1 to
DSBs was shown to be reduced in cells deficient for Lamin A/C due to a proteasome mediated
degradation of 53BP1 (Gonzalez-Suarez et al., 2009b). However, by experiments of this thesis, only a
slight reduction in 53BP1 foci could be observed in cells knocked down in Lamin (Figure 47). This
might be attributed to remaining levels of Lamin A/C following knockdown. Knockdown efficiency was
around 89 % as determined by western blot analyses (Figure S 7). 53BP1 recruitment was not altered
after knockdown of NuMA (Figure S 6) and foci formation of pATM was not impaired, neither by
knockdown of NuMA nor of Lamin (Figure S 6 and Figure 47). As expected knockdown of NuMA or
Lamin A/C did not reduce the extractability of repair proteins compared to wildtype cells (Figure 43).
Further experiments are needed to determine the influence of nuclear matrix protein knockdowns on
the interaction with MRE11. A direct interaction of MRE11 with nuclear matrix proteins is assumed
and a reduced retention of MRE11 in the nucleus would be expected by knockdown of these nuclear
matrix proteins. As it remains largely unknown what influences the extraction and retention of repair
proteins further experiments are required. By the use of heavy ion irradiation defined tracks of DSBs
are created in the cell nucleus at which repair proteins accumulate (Figure 21). Taking advantage of
this irradiation combined with nuclear extractions more detailed analyses of repair protein interactions
with the nuclear matrix can be maintained, as it can be determined if the retention of repair proteins is

DSB dependent or found in the whole cell nucleus.
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5. Conclusions and outlook

Proximity and movement of DSBs are considered to play an important role in the formation of
chromosome aberrations, which favour the development of cancer (Dion and Gasser, 2013). Therefore
in this PhD thesis mobility of DSBs was analyzed in a human cell system to address the influence of
repair and chromatin related factors on the mobility of DSB containing chromatin.

Charged particle irradiation was used to induce multiple DSBs at a defined linear track. By analyses of
irradiated and fixed cells no changes in the track structure of DSBs were obtained by depletion of
selected repair proteins like Ku80, ATM or RADS50, pointing to a stable position of DSB over several
hours, independent on the aforementioned repair factors. To visualize the temporal and spatial aspects
of DSB mobility in more detail live cell microscopy of IRIF was applied.

Findings revealed that mobility of DSB containing chromatin domains is mostly independent against a
series of small scale chromatin remodeling processes as seen by knockdown of ACF1, PARP and PARG.
Even tethering of damaged DNA strands by the MRN complex or the Cohesin complex did not
influence mobility of IRIF in the observed spatial scale. The confinement of mobility due to inhibition
of ATM gives new hints into the regulation of mobility, possibly maintained by the organization of
chromatin as ATM promotes local decondensation mechanisms (Geuting et al., 2013; Ziv et al., 2006).
An enhancement in the diffusion coefficient and confinement radius of IRIF due to knockdown of
Lamin A/C and NuMA provides important information about the interplay between the nuclear matrix,
chromatin and DSB mobility. Additional nuclear extraction studies, revealing the insoluble nuclear
matrix protein meshwork, moreover provided a useful method to determine direct interactions
between repair proteins and the nuclear matrix. This opens up new opportunities for further
investigations of DSB dependent matrix interactions and their role in maintaining positional stability of
DSBs or influences on repair capacity and pathways. Future studies using charged particle irradiation,
inducing a defined linear track of DSBs, will help determine a dependency of interactions between
repair proteins and nuclear matrix proteins on DSBs.

Results obtaining changes in DSB mobility prove that by loss of individual proteins DSB mobility can
be strongly affected and consequences on cell viability, repair capacity and genomic stability need to
be determined. The findings also raise new questions regarding the mechanism by which ATM or
Lamin A/C influence chromatin dynamics. Future experiments are expected to reveal details of these
mechanisms and analyze further contributions of repair related proteins on IRIF dynamics. Moreover,
extended studies should reveal an impact of the cell cycle phases on mobility of chromatin and DSBs
using the introduced cell system of U20S-G1/S-GFP NBS1-cherry cells. To detect a contribution of
enhanced DSB mobility on the formation of chromosomal aberrations, translocation rates following
irradiation should be determined in cells showing enhanced DSB mobility as seen by knockdown of

Lamin A/C or NuMA.
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Appendix

Supplementary Figures

Dapi 53BP1

Figure S 1 — 53BP1 persists in nuclei after nuclear extraction

U20S cells after nuclear extraction (extr.) and controls without DNase | digestion (ctrl.). Cells are fixed by PFA prior to DNase |
digestion and extraction. Staining of DNA by Dapi (blue), 53BP1 (green), Pl (red) reveals complete extraction and a retention

of 53BP1 in the nucleus following extraction.

MDCA

extr.

Figure S 2 — Nuclear extraction is protein specific

U20S cells after nuclear extraction (extr.) and controls without DNase | digestion (ctrl.). Cells are fixed by PFA prior to
extraction. Cells are stained for Dapi (blue), MDC1 (green), Pl (red) and MRE11 (yellow). Complete extraction of MDC1 is seen

while MRE11 foci and background signal remain following extraction.
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Figure S 3 — Nuclear extraction of U20S cells shows incomplete removal of 53BP1

U20S cells after nuclear extraction (extr.) and controls without DNase | digestion (ctrl.). Cells are stained for Dapi (blue),

53BP1 (green), PI (red) and yH2AX (yellow). While extraction removes yYH2AX from the nucleus 53BP1 signal remains.

extr. YUR

Figure S 4 - Nuclear extraction of AG cells after 2 Gy X-rays

AG cells irradiated with 2 Gy and extracted 20 min afterwards. By nuclear extraction (extr.) yH2AX is removed from the
nucleus while MRE11 remains in focal accumulations. Cells extracted and controls without DNase | digestion (ctrl.) are stained
for Dapi (blue), MRE11 (green), PI (red) and yH2AX (yellow).
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Figure S 5 — Distribution of NUMA in AG cells after nuclear extraction

AG cells after nuclear extraction (extr.) and controls without DNase | digestion (ctrl.). Cells are stained for Dapi (blue), NuUMA
(green) and PI (red). While NuMA shows cell specific distribution pattern in control cells most cells show a homogenous

background of NuMA following nuclear extraction.

Figure S 6 — Nuclear extraction of U20S cells knocked down of NuMA

U20S cells knocked down of NuMA were irradiated with 2 Gy X-rays and incubated for 20 minutes. Nuclear extraction was
applied (extr.) and controls treated without DNase | digestion (ctrl.). Cells are stained for Dapi (blue), 53Bp1 (green), PI (red)

and pATM (yellow). 53BP1 and pATM accumulate in foci at sites of DSBs in controls and signal is absent after extraction.
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Figure S 7 - Western blot revealing knockdown efficiency of NuMA and Lamin A/C

Knockdown of U20S cells treated with siRNA against NUMA or Lamin A/C for 48 hours. Analyses reveals 89 % knockdown
efficiency for Lamin A/C and 87 % knockdown efficiency for NUMA (compared to wildtype).
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