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1. Summary
The human genome contains around 1.2% protein coding sequences and over 50% repetitive elements.
Within the nucleus, it is packed together with proteins and RNAs and is highly organized as chromatin.
The lowest organization level is the DNA double helix wrapped around the core histones to form the
nucleosome, multiple nucleosomes form the beads on a string. Higher order chromatin structures on
the Mbp range have been termed the 1 Mbp domain or topologically associated domains (TADs), but
what lies in between the beads on a string and the higher order structures is not fully understood. DNA
maintenance processes like DNA replication and repair are dictated by many features of chromatin
organization, including structural organization, compaction level and epigenetics. DNA replication and
repair structures, such as the phosphorylated form of the histone variant H2AX, have been associated
with forms of structural chromatin organization. In the first part of the thesis, DNA replication and
repair were utilized to identify a possible basic unit of structural chromatin organization using superresolution microscopy. Therefore, single replicons were labeled by nucleotide incorporation and the
cells irradiated with X-ray radiation and stained for γH2AX. Both replicons and repair (nano)foci are
compared, considering their DNA content, size and localization. Despite their independent distribution
and the accompanied low probability of colocalization we were able to identify a surprisingly high
number of colocalizing replicons and repair (nano)foci. These were assumed to be most comparable,
since they are likely localized on the same chromatin structure. Direct comparison revealed that the
majority of foci exhibited an astonishing similarity, suggesting that replicons and repair (nano)foci
might indeed be based on the same basic unit of chromatin structure. This chromatin structure shows
sizes between 27.5-91.2 kbp for human and 61.6-118.6 kbp for murine cells. With a possible formation
of chromatin loops, this structure can be ranked between the beads on a string and higher order
chromatin structures like TADs or the 1 Mbp domain. The sizes are consistent with microscopy based
data (40-160 kbp) and comparable to Hi-C data (185 kbp) of chromatin structures.
Repetitive elements can be divided into interspersed elements, like the Alu and LINE1 elements, and
tandemly repeated DNA like satellite III. While Alu is associated with euchromatin, LINE1 and satellite
III are (predominantly) heterochromatic, with satellite III being located in pericentromeric
heterochromatin. The second part of the thesis focusses on the replication timing and repair kinetics of
these elements. Alu is replicated during early S-phase as expected for a euchromatic element, LINE1 is
replicated throughout S-phase, with the majority at the early to mid S-phase transition, while satellite
III is replicated exclusively during the mid to late S-phase transition. The repair kinetics of Alu and
LINE1 were similar to global DNA repair kinetics, while damage in satellite III persists longer. All of
this is compatible with replication and repair kinetics of the respective chromatin types and suggests
that repetitive elements are well integrated into the genome, despite their reputation as “junk” DNA.
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2. Zusammenfassung
Das menschliche Genom besteht zu ca. 1,2% aus Protein-codierenden Sequenzen und zu mehr als 50%
aus repetitiven Elementen. Innerhalb des Nukleus ist DNA dicht verpackt mit Proteinen und RNAs und
als Chromatin hoch organisiert. Das unterste Organisationslevel ist die DNA Doppelhelix, die sich um
ein Histon-Oktamer wickelt und das Nukleosom bildet. Mehrere aneinander gekettete Nukleosomen
bilden eine Art Perlenschnur, die beads on a string. Höhere Formen von Chromatin-Struktur wurden
beschrieben als 1 Mbp Domäne oder Kontakt-Domänen (TADs) in der Größenordnung von Mbp, aber
was zwischen den beads on a string und der 1 Mbp Domäne oder TADs liegt ist bis heute nicht
vollständig klar. DNA Replikation und DNA Reparatur werden durch z. B. Chromatin-Organisation,
Verdichtung und Epigenetik reguliert. Außerdem wurden Strukturen beider Prozesse, z. B. die
phosphorylierte Form der Histon-Variante H2AX, in Verbindung mit struktureller ChromatinOrganisation gebracht. Im ersten Teil dieser Thesis werden Replikation und Reparatur genutzt um eine
gemeinsame mögliche Grundeinheit der Chromatin-Struktur zu identifizieren. Dazu wurden einzelne
Replikons durch Nukleotid-Inkorporation markiert und Zellen bestrahlt um γH2AX zu färben. Trotz
ihrer

unabhängigen

Verteilung

und

der

damit

verbundenen

geringen

Co-lokalisations-

Wahrscheinlichkeit waren wir dazu in der Lage eine überraschend hohe Anzahl co-lokalisierender Foci
zu identifizieren. Diese sollten am besten miteinander vergleichbar sein, da sie wahrscheinlich auf der
gleichen Chromatin-Struktur positioniert sind. Im direkten Vergleich sind sich der größte Teil an
Replikons und Reparatur (Nano)Foci erstaunlich ähnlich, was darauf hindeutet, dass beide scheinbar
wirklich auf der selben Grundeinheit der Chromatin-Organisation basieren. Diese Grundeinheit hat
eine Größe von 27,5-91,2 kbp für menschliche und 61,6-118,6 kbp für murine Zellen, ist
möglicherweise in Form von Schlaufen (loops) organisiert und ist zwischen den beads on a string und
der 1 Mbp Domäne bzw. TADs anzusiedeln. Die Größen sind konsistent mit bereits beschriebenen
Mikroskopie-basierenden (40-160 kbp) und vergleichbar mit Hi-C-basierenden Daten (185 kbp).
Repetitive Elemente können in eingestreute (interspersed), wie Alu und LINE1 Elemente, und
hintereinander-wiederholte Elemente (tandem repeats), wie Satellit III, unterteilt werden. Alu ist
euchromatisch, LINE1 und Satellit III (mehrheitlich) heterochromatisch, wobei es sich bei Satellit III
um perizentrisches Heterochromatin handelt. Im zweiten Teil dieser Arbeit wird der ReplikationsZeitpunkt und die Reparatur-Kinetik dieser Elemente untersucht. Alu wird während der frühen, LINE1
während der gesamten S-phase repliziert, wobei der Großteil im Übergang zwischen früher und
mittlerer S-phase repliziert wird. Satellit III wird ausschließlich im Übergang zwischen mittlerer und
später S-phase repliziert. Die Reparatur-Kinetiken von Alu und LINE1 sind der globalen ReparaturKinetik ähnlich, während Schäden in Satellit III länger bestehen bleiben. Diese Beobachtungen sind
vereinbar mit denen für die entsprechenden Chromatin-Typen, was darauf hindeutet, dass repetitive
Elemente, trotz ihrem Ruf als „Schrott-DNA“, gut in das Genom integriert sind.
2

3. Preface
This thesis will address how chromatin organization influences processes like DNA replication and
DNA repair. For this, two separate projects were designed, the first one focusses on structural
chromatin organization based on replication and repair whereas the second one is about replication
and repair kinetics of repetitive elements, a major feature of the human genome. Therefore, there is a
general introduction about the common aspects, before the two projects are addressed separately. Each
of the two parts has an additional introduction, that aims to provide all information necessary for the
understanding of the individual projects. Each project will be discussed in its own chapter before a
general conclusion and outlook is given at the end of this thesis.
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4. General introduction
4.1. Chromatin organization
Genetic material, the DNA, is not naked within the cell nucleus. In fact, it is packed with proteins and
RNA, forming what is referred to as chromatin. Chromatin is folded in different organizational levels
beginning with the DNA double helix wrapped around the core histones forming the nucleosome. Each
nucleosome contains 8 histones, 2 copies of H2A, H2B, H3 and H4 plus ~147 base pairs (bp) of DNA
(Luger et al., 1997). Multiple nucleosomes with linker DNA in between form the “beads on a string”
structure, also referred to as the first order structure or 11 nm fiber. The linker histone H1, which is
not part of the nucleosome core particle, stabilizes the nucleosomes and the 11 nm fiber is assumed to
be further packed into the controversial 30 nm fiber. How exactly chromatin is folded to form the
30 nm fiber is unclear. There have been suggestions for different chromatin conformations and H1
seems to play an important role (Li and Zhu, 2015). It is also possible that several conformations might
exist simultaneously within a cell, reflecting different chromatin compaction levels in presence or
absence of H1 (Li and Reinberg, 2011). Chromatin folding beyond the 30 nm fiber seems highly
variable. Contact domains for example between promoters and transcriptional enhancers have been
described to form chromatin loops of sizes ranging from a few kbp and several Mbp. These contacts
can be mediated by architectural proteins such as cohesin or the CCCTC-binding factor CTCF (TarkDame et al., 2011). However, chromatin loop organization remains elusive. The highest organization
level of chromatin is reached in the form of highly condensed metaphase chromosomes. Every
chromosome exhibits different characteristics such as size, symmetry and banding patterns. The
banding patterns can be visualized by different methods such as Giemsa staining, resulting in a
“striped” pattern on chromosomes (G-banding, Francke, 1994). Staining of some repetitive elements
such as LINEs and SINEs also results in banding patterns individual for all chromosomes (Korenberg
and Rykowski, 1988). The organization of chromosomes is dependent on the cell cycle phase, as
chromatin is compacted into what is observed as “metaphase chromosomes” only for mitosis. During
interphase, chromatin is less condensed but still spatially organized as chromosomes are restricted to
certain volumes within the nucleus – the chromosome territories (Bolzer et al., 2005, Cremer and
Cremer, 2010).
Chromatin can be subdivided into eu- and heterochromatin. While euchromatin is in general
transcriptionally active chromatin, which is regularly transcribed, heterochromatin is largely inactive.
Heterochromatin can be subdivided into facultative and constitutive heterochromatin. Facultative
heterochromatin contains genes that need to be inactivated during development, and is therefore cell
type specific (Trojer and Reinberg, 2007).
Structural organization of chromatin and epigenetic marks, such as DNA methylation, histone
methylation or acetylation, mainly of histones H3 and H4, are closely related and influence chromatin
4

function. DNA methylation, tri-methylation of H3K27 and H3K9 are silencing marks and associated
with heterochromatin, H3K27me3 however is a feature of facultative heterochromatin, such as the
inactive X chromosome (Lachner et al., 2003, Plath et al., 2003, Silva et al., 2003). H3/H4 acetylation
and H3K4me3 are linked to active gene expression and are therefore associated with euchromatin
(Berger, 2007, Santos-Rosa et al., 2002). Additionally, epigenetic marks are also able to influence
chromatin compaction for example by recruitment of chromatin remodeling factors (Bannister and
Kouzarides, 2011).

4.2. DNA replication
Every time a cell divides, it is essential that all genetic material (DNA) is completely, correctly and only
once duplicated. This process of duplication is called DNA replication and takes place during the Sphase of the cell cycle. It is a highly organized process involving many factors and demanding precise
coordination.

Figure 1: Definition of commonly used DNA replication terms and scheme of a replication fork with the DNA replication
machinery.

DNA replication begins at so called origins of replication. Starting from each origin two replication
forks progress in a bidirectional manner (Huberman and Riggs, 1968), their replication machineries
(replisomes) duplicate a section of DNA (replicon). In bacteria, origins can be mapped and
characterized as they are well defined by sequence motives (Meijer et al., 1979, Fuller et al., 1984). In
eukaryotes replication origins are more elusive, especially in higher eukaryotes, the features of an
origin are rather unclear (Gilbert, 2001, Robinson and Bell, 2005, Dellino et al., 2013). The replisome
– on a molecular level - consists of a variety of factors, that are responsible for DNA replication. During
the replication process itself (Figure 1), DNA needs to be unwound by a helicase (mini chromosome
maintenance complex, MCM2-7, Bochman and Schwacha, 2009) and the single strand regions are
covered by a single strand binding protein (replication protein A, RPA, Fanning et al., 2006) for
stabilization and stimulation of further unwinding. A DNA polymerase (polymerase α, a primase) is
then recruited to start DNA synthesis by producing RNA-DNA primers, polymerase α is later replaced
by the more processive polymerase δ and ε (Hubscher et al., 2002). The proliferating cell nuclear
5

antigen (PCNA) serves as a loading platform for the polymerases to enhance their processivity
(Jonsson and Hubscher, 1997). Synthesis on the leading strand can be performed continuously, while
on the lagging strand further unwinding of the double helix takes place in the opposite direction of the
polymerase activity. This leads to discontinuous synthesis and the generation of so called Okazaki
fragments (Okazaki et al., 1968). These fragments are later ligated by a DNA ligase (DNA ligase 1,
Howes and Tomkinson, 2012).
DNA replication can be followed in vivo by observing replication factors such as PCNA, coupled to a
fluorescent protein (Leonhardt et al., 2000). In situ DNA replication can be visualized by immunodetection of replication factors themselves or incubation of cells with thymidine analogues such as
BrdU or EdU, which are then detected by antibodies or chemical reactions (Gratzner, 1982, Nakamura
et al., 1986, Salic and Mitchison, 2008). Both ways result in the observation of replication patterns,
which have a spatio-temporal chronology and are associated with different chromatin types. The first
pattern, also referred to as early S-phase pattern, is characterized by a large number of foci distributed
throughout the nucleus except the nucleoli and the nuclear periphery. During this S-phase stage mostly
euchromatin is replicated. During mid S-phase facultative heterochromatin is replicated, which is
located in the nuclear and nucleolar periphery whereas the late S-phase pattern is characterized by
larger and fewer foci in the nucleus, that are associated with constitutive heterochromatin (Okeefe et
al., 1992). The three replication patterns can be observed from cell cycle to cell cycle, in different cell
types and in different species. Furthermore, replication sites, that are active during the S-phase of one
cell cycle will, to some degree, maintain their replication timing in the following S-phase of the next
cell cycle (Sadoni et al., 2004). Additionally new replication sites will appear close to previously active
sites, suggesting the activation of neighboring origins in close proximity in a domino-like manner
(Sporbert et al., 2002).
But how is replication timing coordinated? Many factors have been suggested to contribute to this
process for example epigenetic composition, chromatin conformation and/or structural organization. It
has been suggested that euchromatin is replicated first due to its more open structure and higher
transcriptional activity, although the chromatin structure is probably more essential (Chagin et al.,
2010; Donaldson, 2005). These features might provide easier access to the replication machinery,
hence it is replicated early. In contrast, heterochromatin is more compact and less accessible to the
replication machinery making it less likely that replication initiates in this chromatin type. Epigenetic
marks have also been suggested to play a role in replication timing. As the epigenetic modifications
seldom come alone and influence each other, it can be challenging to identify which one of them
essentially influences DNA replication timing (Casas-Delucchi and Cardoso, 2011). A good example
and study object is the inactive X chromosome (Xi) in female cells, which is inactivated for dosage
compensation by the long non-coding RNA Xist (Xi specific transcript) during embryonic development
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(Brockdorff et al., 1991; Clemson et al., 1996). The Xi has a complex epigenetic make up of DNA
methylation, H3K27me3 and histone hypoacetylation (Norris et al., 1991, Plath et al., 2003; Silva et
al., 2003, Jeppesen and Turner, 1993). It is replicated in a certain time-frame during mid S-phase,
while the active X (Xa) is replicated throughout S-phase (Morishima et al., 1962). It has been shown
that disruption of Xist leads to lower levels of H3K27me3. Disruption of H3K27me3 in turn leads to
higher acetylation levels. Increasing the overall acetylation levels however does not have an effect on
H3K27me3 levels but affects the replication timing of the Xi, making histone hypoacetylation the major
regulator of the Xi replication timing (Casas-Delucchi et al., 2011).

4.3. DNA repair
Throughout life every organism is exposed to a multitude of damage inducing factors such as (UV-)
light, oxidative stress or ionizing radiation (for example X-ray for medicinal purposes). All of these
factors can induce DNA damage, the type and severity depends on exposure time and energy. If not
properly repaired, these types of damage can lead to mutations, cancer and in the worst case to
(cell)death. However, during evolution organisms learned to cope with DNA damage and developed
various repair mechanisms. These mechanisms involve many different proteins and are specialized to
specific types of damages.
If a cell encounters damage such as DNA double strand breaks (DSBs) it activates a whole signaling
cascade to recruit the repair machinery. The damage is recognized by kinases, mainly ATM (Ataxia
Telangiectasia Mutated) and DNA-PKcs (DNA-dependent protein kinase catalytic subunit), which will
phosphorylate the core histone H2A variant H2AX at the serine residue 139 within minutes (Burma et
al., 2001, Paull et al., 2000), which is then called γH2AX. Histone H2AX substitutes between 2 and
25% of the total H2A (core) population, depending on the cell type. The phosphorylation of H2AX is
thought to spread approximately 2 Mbp around a DSB and represents a central step in in DNA damage
response (Rogakou et al., 1998, Kinner et al., 2008).
There are two major pathways to repair DNA double strand breaks (Figure 2), which are (nonhomologous) end joining (NHEJ) and homologous recombination (HR), but NHEJ seems to be the
main DSB repair pathway (Rothkamm et al., 2003) throughout the cell cycle. During (canonical) NHEJ
the free DNA ends are bound by the DNA-PK holoenzyme (Ku70/80/DNA-PKcs), which is important
for DNA end protection, coordination, facilitation of end resection and ligation (Gottlieb and Jackson,
1993; Liang and Jasin, 1996, Smith and Jackson, 1999). In case of simple, blunt end breaks the ends
can be ligated by the XRCC4/Ligase 4/XLF complex (Grawunder et al., 1997, Nick McElhinny et al.,
2000). If the ends contain overhangs or other damage types are in close proximity the ends need
processing by the nuclease Artemis before ligation. This processing can lead to loss of DNA by end
resection (Mahaney et al., 2009). For repair by HR the MRN complex (Mre11/Rad50/Xrs2) is
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recruited to the DSB to keep the DNA ends in close proximity. The MRN complex is also involved in
resection of the ends together with CtIP (C-terminal binding protein-interacting protein) (D'Amours
and Jackson, 2002; Sartori et al., 2007). The single stranded regions are initially covered by RPA for
stabilization (Fanning et al., 2006). RPA is later replaced by Rad51, leading to a Rad51 covered
nucleoprotein filament. The filament finds the homologous sequence and invades the strand of the
sister chromatid forming a complex called holliday junction, where both resected ends anneal with the
homologous sequences (Baumann and West, 1998, Sung et al., 2003). In this formation, DNA
polymerases synthesize the missing sequences (Sneeden et al., 2013). Dissolving the holliday junction
is a highly complex process. Depending on the dissolving strategy homologous parts of the sister
chromatids can be exchanged (Matos and West, 2014).

Figure 2: DNA damage signaling upon detection of a DSB and the two main DSB repair pathways non-homologous end
joining (NHEJ) and homologous recombination (HR).

Because of their mechanistical differences the two repair pathways have different properties. The
rather straight forward NHEJ pathway is error prone due to the lack of a repair template, while during
HR the sister chromatids are used as a template to repair the damage in an error-free way. However,
due to its mechanism HR can only be utilized during late S-phase and G2, when the homologous
sequences from the sister chromatid are available (Rothkamm et al., 2003, Jackson and Bartek, 2009).
DNA repair can be monitored by observing factors involved in signaling or the repair mechanisms
themselves. γH2AX is a widely used damage marker, as it is thought to cover regions in the Mbp range,
making it an “easy-to-spot” target, to represent 1 DSB in 1 γH2AX focus and to be dephosphorylated
after the damage is successfully repaired (Rothkamm et al., 2003, Riballo et al., 1999, Rogakou et al.,
8

1999). Monitoring the kinetics of DSB repair leads to the observation that the repair includes a fast
and a slow component. The fast component is assumed to represent repair by NHEJ, while the
pathway of the slow component depends on the cell cycle phase. In G2 it is represented by HR while in
G1 it is represented by an altered pathway of the canonical NHEJ. Both slow components have in
common that the DNA ends need resection and that they are dependent on the nuclease Artemis and
the kinase ATM, suggesting that the slow component might represent the repair of more complicated
DSBs (DiBiase et al., 2000, Riballo et al., 2004, Beucher et al., 2009, Biehs et al., 2017). Moreover,
euchromatic regions seem to be repaired faster than heterochromatic regions. Potential reasons for this
could the more condensed state of heterochromatin, making it less accessible to the repair machinery,
higher damage complexity or repair pathway choice (Cowell et al., 2007, Goodarzi et al., 2008, Natale
et al., 2017, in press).
Taken together, chromatin organization and maintenance are all conserved and highly complex
processes. DNA replication and repair mechanisms and kinetics seem to be dictated by the underlying
chromatin features such as structure, compaction level and epigenetic marks. Although scientists have
answered many questions towards DNA replication, repair and chromatin organization over the years,
a full understanding is yet to be gained. How is chromatin organized between the beads on a string
and higher order structures in the Mbp range? What determines replication and repair dynamics and
kinetics? Are repetitive elements, which represent a large part of the genome, dominated by the
chromatin type they are associated with or do they follow an independent replication and repair
timing?

9

4.4. Aim of this thesis
This thesis aims to answer some of the above-mentioned questions and therefore contributes to our
view and understanding of the interplay between chromatin, DNA replication and DNA repair. The
thesis will focus on chromatin organization and genome maintenance. Two main processes, DNA
replication and DNA repair, which are key keepers of the genome, will be analyzed. In the first part
both processes will be utilized to get new insights into high resolution chromatin organization using
super-resolution microscopy. The second part will focus on genome maintenance especially on DNA
replication timing and DNA repair kinetics of repetitive elements via immuno-FISH and microscopic
analysis.
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5. Correlating DNA replication & repair structures as elementary units of chromatin
organization
5.1. Introduction
5.1.1. Chromatin structure
In the past decades, new methods have become available, which allow more detailed studies of
chromatin organization. Such techniques are for example 3C (chromatin conformation capture) and its
extensions. They are based on the isolation of chromatin contact domains, can involve sequencing
techniques (for example Hi-C) and allow to analyze if two or more pieces of chromatin are in contact
with each other. Using Hi-C a higher level of chromatin organization has been identified as so called
topological (ly associated) domains (TDs, TADs). These are areas of chromatin that, in the scale of
Mbp, interact with each other (Dixon et al., 2012) and are conserved among species and in many cases
bordered by the architectural protein CTCF. Chromatin organized within one TAD has the same
replication timing (Pope et al., 2014). Furthermore, active genes seem to be clustered with other active
genes and contact domains often exhibit the same epigenetic marks (Lieberman-Aiden et al., 2009,
Rao et al., 2014). While the concept of TADs is relatively new, other concepts of higher order
chromatin organization were described before. One of them is the 1 Mbp domain, which is based on
the observation of focal DNA replication structures, labeled by nucleotide incorporation (Nakamura et
al., 1986, Nakayasu and Berezney, 1989). These structures contain ~1 Mbp of DNA, are spatially
stable over several cell cycles and are thought to represent chromatin structures. It has also been
suggested that the 1 Mbp domain consists of aggregates of several 100 kbp domains/loops (Jackson
and Pombo, 1998, Ma et al., 1998, Berezney and Wei, 1998, Zink et al., 1999, Cremer et al., 2000).
TADs and the 1 Mbp domain are not mutually exclusive and might describe the same chromatin
structure.
The concept of loop formation is based on the concept that two chromatin regions come into contact
with each other and that the chromatin between those two regions is then looped out (Schleif, 1992).
Higher resolution Hi-C studies revealed thousands of previously undetected contacts, forming loops of
~ 185 kbp (Rao et al., 2014), although also mega-domains of 3 Mbp were observed. Contact domains
are often (but not always) accompanied by CTCF and/or cohesin component binding sites, suggesting
that they regulate chromatin looping. The most obvious contact domains are probably regulators and
promoters to facilitate gene expression. A prime example for active gene regulation is the β-globin
locus, where a locus control region (LCR) stands in direct contact with the β-globin genes, which are
40-60 kbp apart, enhancing their expression. The region in between is looped out. In cells where the βglobin genes are not expressed, there is no contact between the LCR and the genes (Tolhuis et al.,
2002). This is an example where the distance between the regulatory element and the genes is
relatively short, but they can also be separated by more than 1 Mbp (Dekker and Misteli, 2015).
11

In summary, chromatin looping and formation of higher order structures like the 1 Mbp domain and
TADs are the foundation of chromatin organization and are closely linked with chromatin function.
Nevertheless, chromatin folding and looping is not fully understood and needs further investigation.

5.1.2. DNA replication and repair observed with super-resolution microscopy
Conventional light microscopy underlies the limit of resolution (diffraction limit, Abbe limit), which is
roughly 200 nm, depending on the wavelength (Abbe, 1873, Rayleigh, 1896). In the past decades, new
optical (super-resolution) microscopy techniques have been developed to overcome this limit.
Examples are 3D structured illumination microscopy (3D-SIM, Gustafsson et al., 2008) with a
resolution down to 100-130 nm in xy dimensions or stimulated emission depletion (STED, Schmidt et
al., 2008) microscopy with a resolution of about 20-100 nm in xy dimensions (Schermelleh et al.,
2010). Super-resolution microscopy opened new possibilities to investigate processes within the cell in
more detail and has been used to study DNA replication and repair processes.
DNA replication foci have been studied using different microscopy techniques including 3D-SIM,
revealing that with increasing resolution the number of replication foci also increased from ~1000 in
confocal microscopy to over 5000 in 3D-SIM. These replication foci have an average diameter of 120
nm and represent single replicons, as calculations based on replication fork speed, genome size and Sphase duration reveal that around 5000 replicons need to be active at any given time to replicate the
whole genome (Baddeley et al., 2010, Chagin et al., 2016). Additionally, replicons have been
suggested to underlie the local organization of chromatin structure in the sense that per chromatin
loop only one origin of replication is activated (Lob et al., 2016).
Using 3D-SIM γH2AX foci observed with conventional microscopy could be resolved into clusters of
smaller γH2AX (nano or sub)foci of 100-200 nm in diameter, questioning if one γH2AX focus really
represents one DSB (Lopez Perez et al., 2016, Natale et al., 2017, in press). The Ku protein complex
has been suggested as a more reliable DSB marker as it is directly associated with the DSB ends
(Britton et al., 2013). Co-staining with phospho-Ku70 and terminal desoxynucleotidyl transferase
mediated dUTP nick end labeling (TUNEL) has revealed that multiple γH2AX (nano)foci, arranged in a
cluster, are accompanied by single DSBs. This suggests that γH2AX (nano)foci and clusters represents
different units of chromatin organization and that (nano)foci arise from discontinuous phosphorylation
of H2AX within the clusters (Natale et al., 2017, press).
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5.2. Aim of this study
Different levels of spatial chromatin organization have been shown from the DNA double helix
wrapped around the core histones to form nucleosomes up to topologically associated domains in the
range of Mbp. Chromatin folding in between has been described as loop formation but is not yet fully
understood.
Both replicons and γH2AX (nano)foci have been associated with forms of local chromatin organization.
Both structures show focal patterns of similar sizes in super-resolution microscopy, raising the question
if they might be based on a common structural unit. We started an experiment based on both human
and murine cells, co-stained replication and repair structures within the same nucleus and studied
them using super-resolution imaging (3D-SIM) in order to investigate similarity between both
structures and to possibly identify an elementary unit of chromatin organization.
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5.3. Material & Methods
5.3.1. Cell culture
Cultures of C2C12 mouse myoblasts (ATCC CRL-1772), HeLa Kyoto (Erfle et al., 2007, a gift from Jan
Ellenberg) and HeLa (ATCC CCL-2) cells were grown at 37 °C and 5% CO2 in DMEM supplemented
with 50 µg/ml gentamycin, 20 mM L-glutamine and 10% FCS for HeLa and HeLa Kyoto cells or 20%
FCS for C2C12 cells. For experiments involving immunofluorescence stainings cells were grown on
glass coverslips.

5.3.2. Irradiation
For X-ray irradiation cells were exposed to single doses of 2 and 5 Gy (90 kV, 33.7 mA) using a GE
ISOVOLT Titan E X-ray machine.

5.3.3. Simultaneous visualization of replication and repair structures
Cells were pulse labeled with 10 µM CldU for 15 min, then grown for 10 hours without any treatment
and irradiated with 2 or 5 Gy X-ray. At 30 min post irradiation cells were fixed with 3.7%
formaldehyde/1x PBS for 15 min, then permeabilized with 0.7% Triton X-100/1x PBS and blocked
with 1% BSA/1x PBS for 30 min. Incubation with the primary antibodies mouse anti histone H2AX
phospho Ser139 (clone JBW301, 05-636, Upstate/Millipore, 1:800) and rabbit anti BrdU (600-401C29, Rockland/Biomol, 1:500) was performed together with 50 U/ml DNaseI in 1x DNase buffer (30
mM Tris-HCl, pH 8, 33 mM MgCl2, 1 mM β-mercaptoethanol) and 2% BSA at 37 °C for 1 h. Detection
with the secondary antibodies, goat anti mouse IgG Alexa Fluor 488 (A11029, Invitrogen/Thermo
Fisher Scientific, 1:800) and goat anti rabbit IgG Alexa Fluor 594 (111-585-144, Jackson
ImmunoResearch, 1:500) followed in 1% BSA/1x PBS for 1 h at room temperature. DNA
counterstaining was performed with DAPI (20 ng/ml) for 10 min and the coverslips mounted in
VectaShield (Vector Laboratories) and sealed with nail polish.

5.3.4. Maximum colocalization control
Cells were irradiated with 2 or 5 Gy X-ray, 30 min post irradiation they were fixed with 3.7%
formaldehyde/1x PBS for 15 min, then permeabilized with 0.7% Triton X-100/1x PBS and blocked
with 1% BSA/1x PBS for 30 min. Incubation with the primary antibody mouse anti histone H2AX
phospho Ser139 (clone JBW301, 05-636, Upstate/Millipore, 1:800) in 1% BSA/1x PBS was performed
at room temperature for 1 h. Detection with the secondary antibodies (simultaneously) goat anti
mouse IgG Alexa Fluor 488 (A11029, Invitrogen/Thermo Fisher Scientific, 1:800) and donkey anti
mouse IgG Alexa Fluor 594 (715-585-151, Jackson ImmunoResearch, 1:800) followed in
1% BSA/1x PBS for 1 h at room temperature. DNA counterstaining was performed with DAPI
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(20 ng/ml) for 10 min and the coverslips mounted in VectaShield (Vector Laboratories) and sealed
with nail polish.

5.3.5. Microscopy
Super-resolution microscopy was performed with a DeltaVision OMX V3 (GE Healthcare) 3D
structured illumination microscope using a 100x/1.4 immersion objective UPlanSApo (Olympus) and
z-spacing of 125 nm.
Confocal imaging was performed using a Perkin Elmer VoX-1000 Spinning Disk microscope with a
60x/1.4 NA/oil CFI Apochromat TIRF objective.

5.3.6. Image analysis of super resolution images
For segmentation of replication foci, the protocol used was originally described by Chagin et al., 2015
and Chagin et al., 2016. In brief, the images were converted into 16bit images. Replication foci were
thresholded in ImageJ with the autothreshold using the triangle method on the stack histogram, the
thresholded image was combined with the original image via Image calculator (method: min) creating
a new image that contains the intensities of the original image but only in the thresholded areas. This
new image and the corresponding other channels were then imported into the image analysis software
Perkin Elmer Volocity 6.3 and converted into volumes. The pixel dimensions of the images were set to
the specifications of the 3D-SIM images (x/y: 0.039 µm and z: 0.125 µm). The following steps also
include the segmentation of repair foci (described by Natale et al., 2017, in press): Find objects
("nucleus") using the DAPI channel, method "Intensity" (set manually to the optimal value), use fill
holes in object/dilate/erode until the object optimally fits the nucleus, exclude objects by size <500
µm3. Find objects ("replicons") using the 594 channel, method "Intensity" (lower limit: 1, upper limit:
65535), separate touching objects, exclude "replicons" not touching "nucleus". Find objects ("repair
foci") using the 488 channel, method "SD" (lower limit: set to optimal value for all cells that are to be
compared), separate touching objects (object size guide 0.00019 µm, filter population: volume
> 0.00152 µm3), exclude "repair foci" not touching "nucleus". For the distance/colocalization
measurements the following steps were added to the protocol: Measure distances (from: "repair foci"
to "replicons"), compartmentalize (divide "repair foci" between "replicons" where sub-populations are
nearest by centroid, restrict to items within 0.1 µm). Example images are shown in Figure 3.
The DNA content of foci were determined via the DAPI intensities and the genome size was calculated
as indicated in Figure 4.
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Figure 3: Segmentation of replicons and repair (nano)foci. Repair (nano)foci are segmented in Volocity using SD thresholding.
Replicons are thresholded using ImageJ autothreshold, generating a “mask”, that is then overlayed with the original
intensities. The overlay is imported into Volocity for segmentation (different colors refer to different objects). Objects
detected outside the nucleus will be excluded. To identify colocalizing replicons and repair (nano)foci, objects are
compartmentalized with a maximum distance of 0.1 µm between centroids.

Figure 4: Calculation of focus DNA content based on the DAPI signal intensity and the genome size. The DNA content of the
nucleus is equal to the (diploid) genome size of the cell line. The DNA content of a focus is then calculated as the fraction of
the total DAPI intensity within a focus multiplied with the genome size. Adapted from Natale et al., 2017, in press.
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5.3.7. Characterization of global X-ray repair kinetics
HeLa, HeLa Kyoto and C2C12 cells were exposed to 2, 5 or 10 Gy X-ray radiation, fixed 30 min, 3 h or
24 h after irradiation with 3.7% formaldehyde/1x PBS for 15 min and permeabilized with
0.7% Triton X-100/1x PBS for 15 min. After blocking with 1% BSA/1x PBS for 30 min, the cells were
incubated with the primary antibody mouse anti histone H2AX phospho Ser139 (clone JBW301, 05636, Upstate/Millipore, 1:800) in 1% BSA/1x PBS for 1 h and the secondary antibody donkey anti
mouse IgG Cy5 (715-175-150, Jackson ImmunoResearch, 1:500) also in 1% BSA/1x PBS for 1 h. DNA
counterstaining was performed with DAPI (1 µg/ml) for 10 min and the coverslips mounted in Mowiol
4-88/2.5% DABCO and allowed to harden at room temperature overnight.

5.3.8. High content imaging and image analysis for global X-ray kinetics
Samples were imaged using a high content imaging system (Perkin Elmer Operetta) with a
40x/0.95 NA air objective. Images were then analyzed using the Harmony Software (Perkin Elmer)
with the following steps: Input image: individual planes, basic flatfield correction. Find nuclei: channel
DAPI, method B (or C for C2C12). Select population: remove border objects from nuclei. Calculate
morphology properties: area, roundness. Select population: filter nuclei by property, roundness >0.9,
area >70 µm2 (or roundness >0.8 for C2C12). Calculate intensity properties: channel DAPI. Calculate
intensity properties: channel Cy5.

5.3.9. S-phase characterization and growth curve of HeLa cells
Human HeLa cells were seeded into p100 cell culture dishes with a cell number of 3*105 per dish.
During the next 4 days one dish per day was harvested by trypsinization and counted using a
Neubauer chamber. For S-phase characterization cells were pulse labeled with CldU (100 µM) for
15 min, fixed with 3.7% formaldehyde/1x PBS for 15 min, then permeabilized with 0.7% Triton X100/1x PBS for 15 min and blocked with 1% BSA/1x PBS for 30 min. Incubation with the primary
rabbit anti BrdU (600-401-C29, Rockland/Biomol, 1:500) was performed together with 50 U/ml
DNaseI (D5025, Sigma-Aldrich) in 1x DNase buffer (30 mM Tris-HCl, pH 8, 33 mM MgCl2, 1 mM βmercaptoethanol) and 2% BSA at 37 °C for 1 h. Detection with the secondary antibody goat anti rabbit
IgG Alexa Fluor 594 (111-585-144, Jackson ImmunoResearch, 1:500) followed in 1% BSA/1x PBS for
1 h at room temperature. DNA counterstaining was performed with DAPI (1 µg/ml) for 10 min and the
coverslips mounted in Mowiol 4-88/2.5% DABCO and allowed to harden at room temperature
overnight.
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5.3.10. High content imaging and image analysis for S-phase characterization
Samples were imaged using a high content imaging system (Perkin Elmer Operetta) with a
40x/0.95 NA air objective. Images were then analyzed using the Harmony Software (Perkin Elmer)
with the following steps: Input image: maximum projection, basic flatfield correction. Find nuclei:
channel DAPI, method C. Select population: remove border objects from nuclei. Calculate intensity
properties: channel DAPI. Calculate morphology properties: area, roundness. Select population: filter
nuclei by property, roundness >0.9, area >75 µm2. Calculate intensity properties: channel Alexa Fluor
594. Select population (S-phase positive cells): filter by property, Alexa Fluor 594 intensity mean
>350.
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5.4. Results & Discussion
5.4.1. S-phase characteristics and DNA repair kinetics of HeLa, HeLa Kyoto and C2C12 cells
HeLa, HeLa Kyoto (both human, cervix, adeno carcinoma, female) and C2C12 (mouse, muscle,
myoblast, female) are cell lines, which are in general well characterized. However, they have been
used in different fields and we started our studies by summarizing and compiling published and
unpublished data sets for DNA replication dynamics and DNA repair kinetics for the used cell lines.

Figure 5: S-phase characteristics of HeLa, HeLa Kyoto and C2C12 cells. Images show representative cells in early, mid or late Sphase (by nucleotide pulse labeling), scale bar 5 µm. Genome size of HeLa cells was determined by SKY analysis (data from
Natale et al., 2017, in press). HeLa Kyoto and C2C12 genome size were generated using a high-resolution cytometer setup. All
S-phase data for HeLa Kyoto and C2C12 cells from Chagin et al., 2016.

HeLa cells were marked for S-phase positive cells by nucleotide incorporation and subsequent
immunofluorescent staining. In parallel doubling time was determined by growth curve analysis.
Replication data of all three cell lines including genome size are summarized in Figure 5. Replication
patterns of HeLa cells were as expected very similar to HeLa Kyoto, where the early S-phase pattern
shows small foci distributed in the nucleus, except for the nucleolus, the mid S-phase pattern is
concentrated in the nucle(ol)ar periphery and the late S-phase pattern shows fewer, but larger foci. S19

phase duration and doubling time were slightly longer than in HeLa Kyoto. Data for replication fork
speed and inter origin distance of HeLa cells are not yet available, but are currently investigated.
Mouse C2C12 cells show in principle the same replication patterns. During mid S-phase the inactive X
(Xi) is replicated, which can be recognized by the large spots in the nuclear periphery. C2C12 cells are
quasi tetraploid and therefore have two Xi (Casas-Delucchi et al., 2011). While these cells have a
larger genome size, they have the same doubling time and almost the same S-phase duration as HeLa
Kyoto, they seem to compensate by a lower inter origin distance and higher replication fork speed
(Chagin et al., 2016).
To study DNA repair kinetics upon ionizing irradiation all three cell lines were irradiated with 2, 5 or
10 Gy X-ray, fixed after 0.5 h, 3 h or 24 h and then stained for the repair marker γH2AX. Slides were
imaged and analyzed with a high content screening system. At 0.5 h post irradiation with all doses the
γH2AX signal in C2C12 cells was characterized by a high number of foci everywhere in the nucleus
(Figure 6A), at 3 h the number of foci decreased and at 24 h only few but distinct foci were visible.
These observations are consistent with what could be observed for HeLa cells (Figure 6 and for
example Barton et al., 2014). In unirradiated cells the γH2AX signal was found in a part of the
population only. It was less intense and less structured in comparison to irradiated cells. This suggests
that the γH2AX signal in unirradiated cells arises from S-phase, as previously published (Turinetto and
Giachino, 2015). In C2C12 cells some signal was also found in the nucleolus, which is most likely and
artefact from the immunofluorescence staining. Following the γH2AX signal intensity at the three
increasing X-ray doses, it increased in all three cell lines. Over time the signal decreased constantly
(Figure 6B, statistics of all data are summarized in Table S 1). At 3 h post irradiation with 2 Gy HeLa
Kyoto cells show a change in signal, which would not be expected like this, as it was not observed in
the higher doses. The signal for 3 h post irradiation is lower than at the 24 h time-point, but expected
to be in between 0.5 h 24 h. In a repetition of the experiment (data not shown) we observed the
expected trend, making the values shown here biological irregularities. We also studied the cell cycle
distribution of all data sets by measuring DAPI intensity distribution and could observe that a part of
the cell populations was arrested in G2 phase and that the higher the dose, the more cells were
arrested in G2 (Figure 7A). We could observe that the size of nuclei at 24 h post irradiation was larger
in comparison to the other time-points or unirradiated cells, which was especially pronounced after
irradiation with 10 Gy and coincides with cell cycle arrest in G2 (Figure 7B). It has previously been
suggested that the decondensation allows the DNA repair machinery to access damaged chromatin,
supports damage signaling and promotes control for damage of the whole genome (Murga et al., 2007,
Ziv et al., 2006). However, we observe that the DAPI intensity increases with increasing nucleus size,
and that the increase of both properties exceeds that of unirradiated G2 cells (Figure 7C). Since the
DNA content should not change from an unirradiated G2 cell to an irradiated G2 cell, the increase in
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DAPI signal is unexpected. It is possible that DAPI can access DNA better in less condensed chromatin,
which would result in an increase in DAPI intensity. However, during DNA repair, parts of the broken
ends are resected and then newly assembled. The total DNA content could therefore exceed that of an
unirradiated G2 cell, because the resected fragments are not yet abolished and new fragments are
already present. If this change in DNA content is noticeable or if the increase in DAPI intensity is based
on better DNA accessibility is unclear and should be further investigated.

Figure 6: Repair kinetics of HeLa, HeLa Kyoto and C2C12 cells. Cells were irradiated with 2, 5 or 10 Gy X-ray, fixed after the
times indicated, then stained for γH2AX and imaged and analyzed with a high content imaging system. A) representative
images of cell irradiated with 2 Gy. Dashed line indicates the borders of the nuclei. Scale bar 5 µm B) Relative change in γH2AX
fluorescence intensity. Data are normalized to the median of the unirradiated cells. For statistical analysis representation see
Figure S 1. Data shown are from one experimental replicate, n = 764 on average (min = 212 cells for C2C12 5Gy 24h,
max = 2015 cells for HeLa unirr).
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Figure 7: Cell cycle analysis and size distribution of HeLa, HeLa Kyoto and C2C12 cells. Cells were irradiated with 2, 5 or 10 Gy
X-ray, fixed after the times indicated, stained for γH2AX, imaged and analyzed with a high content imaging system. A) Cell
cycle distribution by DAPI intensity. Data were normalized to the highest frequency value. B) Nucleus size distribution (µm2).
Dashed line indicates where the y-axis was broken. C) DAPI intensity versus nucleus size (µm2) for cells 24 h post 10 Gy in
comparison to unirradiated cells. Data from one experimental replicate are shown, n = 764 on average (min = 212 cells for
C2C12 5Gy 24h, max = 2015 cells for HeLa unirr).

5.4.2. Replicons and repair (nano)foci analyzed by super-resolution microscopy
Both replication and repair structures have been associated with structural chromatin organization. In
order to find out if they represent the same basic unit of chromatin organization we compared them
within the same cell. Staining a single replication or repair factor is not enough for this approach since
we are not interested in those factors but in chromatin. For DNA replication nucleotide incorporation
and staining and for DNA repair structures γH2AX is the best option since both will cover large areas of
chromatin and not only a single protein. To analyze chromatin labeled by replicons and repair
(nano)foci within the same cell we designed the experiment in a way, that both structures were not
influencing each other. It would be problematic for example if an active replication fork is hit by the
irradiation leading to its collapse. Therefore, we labeled replication structures in the cells by nucleotide
incorporation and allowed them to run out of S-phase by incubating them for 10 h before proceeding
to irradiation. The time in between replication labeling and irradiation corresponds to the average Sphase length of HeLa Kyoto and C2C12 cells and allows us to ensure that the cells are not in the same
(labeled) S-phase. Nevertheless, it is possible that cells labeled in mid or late S-phase had already
proceeded to G1 during irradiation. We started our analysis by visually comparing replicons with
repair (nano)foci. Imaging with 3D-SIM allowed the generation of images with different resolutions,
from (pseudo) widefield to deconvolved, which is comparable to confocal resolution, and superresolution (Figure 8A). We observed, that large focal structures in pseudo-widefield could be resolved
into clusters of smaller structures, revealing thousands of foci for both replication and repair. Replicons
and repair (nano)foci looked very similar in all three cell lines. Number of replicons per nucleus
fluctuated between different S-phase stages. For HeLa cells 3300-5492, for HeLa Kyoto 4136-5368 and
for C2C12 4275-5802 replicons were counted (Figure 8B and Table S 2). Numbers for late S-phase
were always lower than in mid S-phase. Our results are in good agreement with the numbers described
for C2C12 and HeLa Kyoto cells by Chagin et al., 2016. The number of repair (nano)foci is naturally
highly dependent on the X-ray dose, with higher doses a higher number of DSBs are induced and
therefore more H2AX is phosphorylated. For doses of 2 and 5 Gy 1260-2181 repair (nano)foci were
counted for HeLa cells, 1701-2558 for HeLa Kyoto and 2443-3187 for C2C12 cells (Figure 8B and
Table S 2). The number of repair (nano)foci from Natale et al., 2017 (in press) for HeLa cells
irradiated with 2 or 5 Gy were higher, nevertheless our results are still within the same range. C2C12
cells had the highest number of repair (nano)foci, which is supported by the larger genome size of
C2C12 cells in comparison to HeLa and HeLa Kyoto cells and by the fact that they accumulate the most
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γH2AX signal in Figure 6, suggesting that these cells are more sensitive to X-ray irradiation although
the comparison is difficult since they are from another species.

Figure 8: Replicons and repair (nano)foci of HeLa, HeLa Kyoto and C2C12 cells imaged with super resolution microscopy (3DSIM). A) Experimental approach and replication and repair foci in three resolution levels. Cells in S-phase were labeled by
nucleotide incorporation (CldU) for 15 min, washed, allowed to grow for 10 h, then irradiated with 2 or 5 Gy X-ray and fixed
after 0.5 h followed by immunostaining for CldU and γH2AX. Pseudo-widefield and deconvolved images were generated from
the 3D-SIM imaging data. Cropped regions show resolution increase in more detail and examples of the segmentation.
Different colors refer to individual objects. Scale bar 5 µm. B) Number of replicons and repair (nano)foci per nucleus in superresolution (3D-SIM). A summary of statistics is given in Table S 2.
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5.4.3. Defining colocalization for 3D-SIM
The use of high resolution imaging systems challenges the definition of colocalization, because the
higher the resolution, the more difficult it is to see two close structures actually colocalizing. It is
therefore necessary to assess how colocalization is to be defined in those systems. Steric hindrance
might be a reason for interruptions in signals of continuous structures, if the resolution is high enough
and the molecules used for labeling are potentially too large (e. g. antibodies). This raises the question
if the focal patterns observed in super-resolution images of for example γH2AX arise from the antigen
being inaccessible to the antibody. Additionally, we wanted to know if other structures in close
proximity to γH2AX foci are accessible to the respective antibody and if colocalization is at all possible
in 3D-SIM. We therefore analyzed different staining combinations imaged with 3D-SIM and could
observe that several factors such as the architectural protein CTCF, histone modifications (Natale et al.,
2017, in press) and nucleotides incorporated during S-phase can be found close to γH2AX foci. They
can be localized even within γH2AX focus clusters or overlapping/colocalizing with γH2AX. Example
images for γH2AX co-stained with CTCF (kindly provided by Alexander Rapp) and γH2AX co-stained
with a nucleotide from our experiments are shown in Figure 9.

Figure 9: Antigen accessibility within γH2AX focus clusters in HeLa cells. A) γH2AX 24 h post 10 Gy X-ray irradiation and
corresponding CTCF signal. Images were kindly provided by Alexander Rapp. B) γH2AX 0.5 h post 5 Gy X-ray irradiation, costained with the nucleotide CldU, incorporated 10 h before irradiation. Scale bar 5 µm in full images, 0.5 µm in cropped
regions.

We conclude that antigen accessibility is given and that colocalization, at least to some degree, is
possible in 3D-SIM imaging. To estimate the degree of colocalization we can expect using 3D-SIM, we
designed a control that would give us structures as close to one another as possible. For this HeLa cells
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were irradiated with 2 and 5 Gy X-ray and fixed after 0.5 h. The cells were incubated with a primary
antibody specific for γH2AX and then with two differently labeled, polyclonal secondary antibodies,
one red, one green, simultaneously. In this way, the primary antibody will be detected by a green and
red labeled secondary antibody, which results in a staining of the same structures with two colors
within the same cell (Figure 10A/B). We could observe that red and green repair (nano)foci
overlapped quite well and that red and green structures correspond to one another. We assume that
the slight difference between them may be a result of steric hindrance and competition of the two
secondary antibodies. Since red and green signals correspond to each other, the number of red and
green repair (nano)foci should be within the same range, although slight differences may be possible.
Indeed, the number of repair (nano)foci was very similar and not significantly different for the two
colors with 2076 (green) and 2014 (red) for 2 Gy and 2972 (green) and 3063 (red) for 5 Gy (Figure
10C and Table S 3). We also calculated the global Pearson´s correlation coefficient for red and green
repair (nano)foci to quantify the degree of colocalization within the whole cell. This calculation
revealed a high Pearson´s correlation coefficient of 0.75 for 2 Gy and 0.71 for 5 Gy, considering the
resolution.

Figure 10: Control to define colocalization in 3D-SIM images. A) Experimental approach. HeLa cells were irradiated with 2 or 5
Gy X-ray, fixed after 0.5 h and stained for γH2AX. For detection of the primary antibody two secondary antibodies conjugated
with different fluorophores were used simultaneously to label γH2AX in two distinct colors. B) Representative images of a cell
irradiated with 5 Gy X-ray. Scale bar 5 µm in full images, 0.5 µm in cropped regions. C) Number of repair (nano)foci labeled in
the respective colors. D) Global Pearson´s correlation coefficient calculated between green and red labeled repair (nano)foci.
E) Distance between (compartmentalized) red and the corresponding green labeled repair (nano)foci. Images show examples
for colocalizing (black) and non-colocalizing foci (grey) with the respective centroid to centroid distance in µm. F) Volume or
DNA content of (compartmentalized) red foci divided by the volume or DNA content of the corresponding green labeled foci.
A summary of statistics is given in Table S 3.
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In order to identify colocalizing red and green foci, that correspond to the same structure, the
segmented foci were compartmentalized with a maximum distance (centroid to centroid) of 0.1 µm,
since foci with a greater distance were identified as clearly adjacent and not colocalizing (an example
is shown in Figure 10E). Foci with a distance below 0.1 µm will be referred to as colocalizing foci. This
value is below the resolution of 3D-SIM, but still valid due to the use of different fluorophores. The
distance between colocalizing red and green foci was ~ 62 nm for both X-ray doses. To determine the
similarity between colocalizing foci, we measured the volume and the DNA content by using the DAPI
intensities and the genome size (for details on the calculation see Figure 4). Dividing the DNA content
or volume of the red focus by the respective value of the corresponding green focus should result in a
value of 1 for perfectly identical foci. We measured a volume ratio of 1.077 and a DNA content ratio of
1.076, indicating that the red foci are slightly larger than the green foci, which results in a slightly
higher DNA content. This slight deviation might be a result of the optical differences of the fluorophore
wavelengths.
The way of analysis and the observations served then as a maximum colocalization control for the
identification and comparison of replicons with repair (nano)foci.

5.4.4. Replicons and repair (nano)foci as elementary units of chromatin organization
Next, we tested whether we could identify replicons and repair (nano)foci that colocalize in the same
way as red and green repair (nano)foci in the maximum colocalization control. Calculations to
determine how much of the genome is covered by replicons or repair (nano)foci (sum of DNA content
of all foci in one nucleus divided by DNA content of the nucleus) revealed that for C2C12 cells
maximally 7.53% were covered by replicons and 6.4% covered by repair (nano)foci (Table S 4), which
is of course highly dependent on the X-ray dose. For the human cell lines the percentages were even
lower, for HeLa cells 4.26% for replicons, 3.1% for repair(nano)foci and for HeLa Kyoto 6.29% for
replicons and 3.54% for repair (nano)foci. Since both replication and repair structures are in our
experiment more or less independent and the genome coverage is so low the probability of them
colocalizing is likely not very high, which was confirmed by visual inspection, as only occasionally
replicons would overlap with repair (nano)foci.
Before we started this kind of analysis we assumed we can observe one out of three options. 1) we
would find replicons and repair (nano)foci in the same position and they would have the same size, 2)
we would find them in the same position but their sizes would be completely different or 3) they
would not colocalize and they would have different sizes. Visual inspection alone was not effective
enough to identify colocalization. Since the compartmentalization approach with a maximum distance
of < 0.1 µm gave accurate results for the maximum colocalization control, images with simultaneously
stained replicons and repair (nano)foci were analyzed in the same way. Indeed, we could identify
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colocalizing foci, defined by a maximum distance (centroid to centroid) of < 0.1 µm (Figure 11A). We
then determined the fraction of replicons colocalizing with a repair (nano)focus. The fraction increased
with increasing X-ray doses as expected and was 0.83-1.1% for HeLa cells irradiated with 2 Gy, 1.331.49% for HeLa cells irradiated with 5 Gy, for HeLa Kyoto 1.27-1.85% and 2.19-2.41% and for C2C12
cells 1.61-1.94% with 2 Gy and 1.93-2.79% with 5 Gy irradiation (Figure 11B). Even with the highest
fraction in C2C12 cells only around 120 out of 4275 replicons colocalize with a repair (nano)focus in
one cell.

Figure 11: Replicons and repair (nano)foci can colocalize. A) Representative images of replicons and repair (nano)foci and
colocalizing replicons and repair (nano)foci (cropped regions) in HeLa, HeLa Kyoto and C2C12 cells. Arrowheads point to
colocalizing foci. Scale bar 5 µm in full images, 0.5 µm in cropped regions. B) Percentage of replicons that colocalize with repair
(nano)foci, meaning replicons with a repair (nano)focus within 0.1 µm distance (centroid to centroid).
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Nevertheless, almost all analyzed cells contained colocalizing foci and in total we could analyze a high
number of colocalizing foci. As described for the maximum colocalization control we calculated the
DNA content of all foci (Figure 12A, Table S 6). The DNA content of replicons was 27.5-38.2 kbp for
HeLa cells, 39.4-55.4 for HeLa Kyoto and 61.6-106 kbp for C2C12 cells. The DNA content of repair
(nano)foci was 71.2-91.2 kbp for HeLa cells, 83.3-85.8 kbp for HeLa Kyoto and 104.6-118.6 kbp for
C2C12 cells. For the DNA content calculations, we use the genome size in G1, which would be double
if the cells were in G2. In the worst case this means that our DNA content calculations are off by factor
2, if all cells were in G2. This however does not affect the comparison between replicons and repair
(nano)foci since the same genome size was used to calculate their DNA content. The average interorigin distance for HeLa Kyoto and C2C12 cells is between 160 and 190 kbp. A replicon should
therefore have the same DNA amount, but our calculations give only around half of this size. The time
a replicon needs to replicate the given DNA amount (lifetime) is estimated to be 33 to 57 min (mouse,
human), based on inter-origin distance and replication fork speed (Chagin et al., 2016). Our labeling
time by nucleotide incorporation was 15 min, which corresponds to less than half the time needed to
replicate a full replicon. This might explain the difference between fiber data and super-resolution
microscopy data. Besides this, the sizes measured from DNA fibers might well result in different DNA
amounts from replicons in nuclei, since measurements on stretched fibers are likely more precise than
on folded chromatin within the nucleus. The DNA dye used to estimate the DNA amount however does
not influence the calculations negatively since we don´t observe a difference in DNA amount using
different DNA dyes (Alexander Rapp, personal discussion). Despite these difficulties, the measurement
of DNA content based on the intensity of the DNA dye, gives a good estimate within the same order of
magnitude given by DNA fiber analysis. The DNA content of repair (nano)foci for HeLa cells irradiated
with 10 Gy X-ray calculated by Natale et al., 2017 (in press) was around 40-160 kbp (median 75 kbp).
Since we do not observe a massive difference between cells irradiated with 2 and 5 Gy X-ray doses,
also not in their volume (Figure S 2), we can assume that the DNA content of individual repair
(nano)foci is independent of the dose. Our data on HeLa cells are exactly within that range and the
same applies to HeLa Kyoto and C2C12 cells. On a global level the DNA content of replicons seemed
slightly smaller than that of repair (nano)foci but was nevertheless in the same order of magnitude.
Next, we looked only at colocalizing replicons and repair (nano)foci, since we expect those to be the
most comparable in context of chromatin organization, if they are localized on the same basic
chromatin structure. As described before we calculated the DNA content and divided the DNA content
of replicons (red labeled) by that of repair (nano)foci (green labeled) (Figure 12B). For the maximum
colocalization control the ratio was close to 1. The variation of values for colocalizing replicons and
repair (nano)foci was higher, but the median values were 0.37-0.56 for HeLa, 0.81-1.2 for HeLa Kyoto
and 0.42-1.02 for C2C12 cells. This fits to what we observed before, that the DNA content of replicons
tends to be slightly smaller than that of repair (nano)foci. However, we find that the resemblance in
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size between both structures too remarkable to be random. We also examined the volume of replicons
and repair (nano)foci in the same way, this analysis gave similar results (Figure S 2).

Figure 12: DNA content of replicons and repair (nano)foci. A) DNA content of replicons and repair (nano)foci in HeLa, HeLa
Kyoto and C2C12 cells. Significant differences in DNA content between replicons from different S-phase stages and between
repair (nano)foci from different X-ray doses were detected (p < 0.05) due to extremely high n numbers (n > 58500). B) Ratio
of DNA content of replicons colocalizing with a repair (nano)focus in comparison to the maximum colocalization control
shown in Figure 10. A summary of statistics is given in Table S 6.

Replicons labeled by nucleotide incorporation will always represent a mixture of longer and shorter
stretches of chromatin since origins of replication do not all start at the same time. Some will have
been already active before the nucleotide was added, so they are labeled completely for the duration of
the labeling (unless they finish during the labeling time), others will start during the incubation time,
which means they will be shorter. However, if the time for nucleotide incorporation is exceeded,
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adjacent replicons are already activated leading to merging of neighboring replicons and artificially
larger objects and replicon sizes. Thus, with the 15 min labeling time, we made a safe choice, which
might lead to underestimation of the replicon size but more importantly we do not overestimate them.
This would also explain the size difference between replicons and repair (nano) foci. Based on our
observations we can assume that replicons and repair (nano)foci are based on the same chromatin
structure, that dictates their sizes. Rao et al 2014 studied chromatin interaction using Hi-C and
describe loops of sizes around 185 kbp which is higher than what we observe, but very close to the
inter-origin distance (188.7 kbp for HeLa Kyoto and 161.7 kbp for C2C12 cells). Assuming that only
one origin of replication per chromatin loop is activated, as suggested by Lob et al., 2016, the
described loops in both studies might be the same. Using Hi-C to study chromatin contacts has the
great advantage of a high resolution and knowing the “identity” of the sequence in contact but they
investigate enriched and conserved peaks in a full cell population and not only single cells. It may be
that loops in the smaller range are more dynamic and that larger loops are sub-divided into smaller,
more dynamic loops. Both cannot be detected in Hi-C studies. Studying chromatin structures with
super-resolution microscopy the way we do might be unconventional but has the advantage of not
being limited to conserved chromatin structures in populations, since the images represent a “snapshot” of single cells that allow to capture all chromatin structures – dynamic or conserved. DNA
replication is the only process that regularly accesses all of the genome and can therefore label every
chromatin segment during every cell cycle. Thus, it is likely that labeling DNA replication by nucleotide
incorporation without exceeding the pulse length would allow to visualize chromatin organization in a
microscopic approach. γH2AX may not be the best option to detect single double strand breaks in super
resolution imaging, but for studying chromatin organization it is well suited. The single repair
(nano)foci in a cluster have been proposed to be either single nucleosomes or clustered DNA damage
due to the ion beam irradiation (Lopez Perez et al., 2016). Alternatively, they might be caused by
γH2AX spreading being limited by the underlying chromatin structure, leading to discontinuous
phosphorylation of H2AX around a single DSB (Natale et al., 2017, in press). Since we and Natale et
al. used X-ray radiation to damage the cells, which is commonly accepted not to cause complex
damage compared to ion beams, we assume to observe discontinuous phosphorylation. This is also
supported by the afore mentioned TUNEL and phospho-Ku70 stainings by Natale et al.,2017 (in press)
indicating that γH2AX (nano)foci cluster and not single(nano)foci correspond to single DSBs. If γH2AX
spreading is limited by the underlying chromatin structure, and our observations suggest that
progression of DNA replication underlies the same restriction, the question is what acts as a boundary.
A potential candidate could be CTCF, as it is crucial for efficient γH2AX spreading/clustering and DNA
damages response (Natale et al., 2017, in press). CTCF knockout is lethal during embryonic
development (Moore et al., 2012). It has also been shown that interference with CTCF binding sites or
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CTCF knockdown, especially in combination with knockdown of components of the cohesin complex,
has severe effects on chromatin loop organization (Sanborn et al., 2015, Tark-Dame et al., 2014).
These observations stress the importance of CTCF and cohesin as architectural proteins for chromatin
function and organization. Not all of the contact domains identified by Rao et al., 2014 or Dixon et al.,
2012 are accompanied by CTCF/cohesin binding sites, proposing that they are not always involved in
chromatin loop formation and that other factors might play a role. New chromatin models suggest that
cohesin and possibly CTCF bind chromatin and then extrude it until they encounter a boundary, which
can be another cohesin complex or CTCF (Fudenberg et al., 2016, Sanborn et al., 2015, Dekker and
Mirny, 2016). These models can recapitulate Hi-C maps, predict changes by altered CTCF binding sites
and apparently work best with chromatin loops of sizes between 100-200 kbp. It has also been
suggested that TADs are stable and conserved forms of chromatin organization, while loops within
TADs are rather dynamic and temporary (Dekker and Mirny, 2016).
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5.5. Conclusions
Predictions of inter-origin distances of 140-300 kbp made by Lob et al., 2016 reflect experimental data
of 188.7 kbp in HeLa Kyoto perfectly. Hi-C data gave chromatin loops of ~ 185 kbp (Rao et al., 2014).
The 1 Mbp domain is assumed to consist of clusters of 100 kbp sized domains or loops (Cremer et al.,
2000). Microscopy data from Natale et al., 2017 (in press) result in 40-160 kbp sized elementary
structural units of DNA repair and our data are in the same range for both replication and repair
structures. All these predictions and observations strongly point to the existence of an elementary unit
of chromatin organization in this order of magnitude. Taken together we propose that replicons and
repair (nano)foci correspond to the same basic unit of chromatin structure. This unit is to be ranked
between the beads on a string and higher order chromatin structures such as Mbp ranged TADs and
could be present in cells in the form of loops with an architectural factor maintaining their shape and
size (Figure 13).

Figure 13: Model of chromatin organization from the DNA double helix to chromosome territories, with chromatin loops
labeled by replicons and repair (nano)foci restricted by a structural protein like CTCF and/or cohesin.

Further controls would be to test whether the DNA content of replicons changes, when they are labeled
by varying labeling times, for example 15, 30 or 60 min for human cells. A labeling time with 60 min
corresponds to the replicon lifetime in HeLa Kyoto and might already lead to labeling of adjacent
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replicons and therefore to larger objects if they merge. Depending on the outcome it might be
interesting to repeat the whole experiment with simultaneous staining of replicons and repair
(nano)foci within the same cell with a longer labeling time and a higher X-ray dose, for example
10 Gy, which increases the chances of colocalizing foci. This experimental design might result in even
stronger similarity of replicons and repair (nano)foci, supporting the here described results and the
existence of a common underlying chromatin structure.
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6. DNA repair kinetics and replication timing of repetitive elements
6.1. Introduction
6.1.1. Repetitive elements in humans and mice
In many species, large parts of their genome are comprised of repetitive elements. For humans, the
proportion is estimated to be more than 50%, which stands in contrast to only around 1.2% coding for
proteins and for mice around 40% with 1.4% protein coding sequences (Shapiro and von Sternberg,
2005, Lander et al., 2001, Mouse Genome Sequencing et al., 2002). Despite their abundance, their
function is not completely understood. The discussions about their usefulness have been going on for
decades (for example Orgel and Crick, 1980, Doolittle and Sapienza, 1980), though more and more
studies describe functions of repetitive elements (reviewed in Shapiro and von Sternberg, 2005). We
will give examples thereof in the individual chapters of the repetitive elements.
There are different types of repetitive elements in the mammalian genome. Some are transposable
elements like long interspersed nuclear elements (LINEs), short interspersed nuclear element (SINEs)
or LTR retrotransposons, others are highly repetitive elements like satellites or telomeric repeats. These
highly repetitive elements occur in tandem repeats, meaning a certain sequence unit is adjacently
repeated for multiple times, which can result in DNA regions with the same sequence pattern in the
order of Mbp, while LINEs and SINEs are scattered across the genome mostly as single copies (Vissel
and Choo, 1989, Prak and Kazazian, 2000).

6.1.2. Satellite DNA
Satellite DNA is located in heterochromatic regions, such as the pericentromere and the centromere.
Human satellite III and mouse major satellite are examples of pericentromeric heterochromatin while
human α-satellite and mouse minor satellite can be found in centromeres (Jarmuz et al., 2007, Mouse
Genome Sequencing et al., 2002, Guenatri et al., 2004, Wu and Manuelidis, 1980, Waye and Willard,
1986, Joseph et al., 1989, Wong and Rattner, 1988).
Mouse major satellite DNA reaches up to 8 Mbp with AT rich 234 bp units. It is localized in
pericentromeric regions of all chromosomes, except for the Y chromosome. In interphase nuclei, major
satellite DNA can be found colocalizing with "DAPI bright spots". These “spots” are called
chromocenters, which consist of clusters of heterochromatic regions of several chromosomes (Mouse
Genome Sequencing et al., 2002, Guenatri et al., 2004).
Satellite III in humans has a 5 bp unit size and its presence was shown in 7 autosomes (chromosomes
1, 9, 13, 14, 15, 21 and 22) and the Y chromosome (Jarmuz et al., 2007).
Despite their location in constitutive heterochromatin and the general assumption that this chromatin
type is not transcriptionally active, pericentromeric satellites (and also centromeric) have been shown
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to be transcribed in various instances (Saksouk et al., 2015), suggesting that there might be more to
them than just “junk”.
Valgardsdottir et al., 2008 reported transcription of human satellite III in response to different stress
factors, such as for example UV-C, DNA damaging chemicals, osmotic imbalance, oxidative stress and
hypoxia. They discuss that next to a possible role in stabilizing pericentromeric chromatin regions
(Jolly et al., 2004), satellite III transcripts might be involved in a general process to recover from stress
including alternative splicing and modulation of gene expression of factors, that are important for
stress response.
In early embryonic development of mice, major satellite DNA is transcribed during a restricted period
of time (2-cell to 8-cell stage). This time-point coincides with the formation of chromocenters.
Interference with this transcription leads to developmental arrest, suggesting that the transcripts are
involved in the stabilization of heterochromatin (Probst et al., 2010).

6.1.3. Interspersed elements
LINEs and SINEs are retrotransposons. These are DNA elements that are distributed by a copy-andpaste mechanism, where the sequence is first transcribed into RNA, then converted to cDNA and
integrated into a new position into the genome (Cordaux and Batzer, 2009).
LINEs are wide spread in many eukaryotic species. The only active member of the family, LINE1, is
simultaneously the only autonomous retrotransposon in humans (Beck et al., 2011). It consists of a
consensus sequence of around 6000 bp, including two open reading frames encoding for proteins that
are necessary for retrotransposition (Feng et al., 1996, Mathias et al., 1991, Martin et al., 2003,
Khazina et al., 2011). LINE1 alone makes up around 17% of the human genome and can be found in
AT-rich and gene poor/heterochromatic regions. It is therefore associated with G banding and DAPI
bright bands of metaphase chromosomes (Lander et al., 2001, Korenberg and Rykowski, 1988).
A member of the short interspersed nuclear element (SINE) family is the Alu element with a 280 bp
consensus sequence. Alu is specific to primates but similar SINEs can be found in other organisms, such
as B1 in rodents (Quentin, 1994). The Alu sequence, in contrast to LINE1, does not encode for proteins
but contains a RNA Polymerase III promoter (Lander et al., 2001). Additionally Alus are thought to
utilize the LINE1 derived proteins for retrotransposition (Dewannieux et al., 2003). Alus comprise with
over 1 million copies around 10% of the human genome and can be found in gene-rich/euchromatic
regions and correspond to R banding of metaphase chromosomes (Korenberg and Rykowski, 1988).
LINE1 and Alu activity is a double-edged sword. Due to their ability to “jump” into any position of the
genome, LINE1 and Alu are a potential thread towards genome stability. By direct insertion of the
transposable element into or close to a gene they can interfere with gene activity, disrupt exons and
even influence splicing (Beck et al., 2011). Additionally, because they are so abundant, their sequences
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may be used in homologues recombination in a non-allelic fashion, leading to insertions or deletions in
the damaged region (Burwinkel and Kilimann, 1998, White et al., 2015). Both LINE1 and Alu
(disruptive) insertions have been found in tumor suppressor genes in several cancer types (Lee et al.,
2012).
On the other hand, there have been examples where Alu and LINE1 activity is beneficial or functional
for the organism. While mostly silenced in somatic cells, LINE1 activity can occur and is required at
specific times during early embryonic development (Beraldi et al., 2006). Untimely reactivation
however can lead to severe defects such as male infertility (Barau et al., 2016).
Alu transcripts can be found in the nucleolus. Depletion of those transcripts leads to a disruption of the
nucleolus and decreased rRNA transcription while enrichment leads to the formation of larger nucleoli
accompanied by an increase in rRNA transcription. The authors suggest that the Alu transcripts play an
important role in regulating the nucleolar function (Caudron-Herger et al., 2015).
The mobilization of LINEs and Alus can also lead to genomic diversity. The LINE1 derived proteins are
able to transfer other sequences (not only LINEs and Alus) to new positions. These events can give rise
to new proteins and protein functions. An impressive example for this is the combination of two genes,
coding for the proteins CypA (Cyclophilin A) and TRIM5-α (tripartite motif-containing protein 5 α), in
owl monkeys. TRIM5-α usually blocks HIV-1 (human immunodeficiency virus type 1) infection,
whereas CypA is utilized by HIV-1 to prevent the host from blocking the infection. The fusion created a
TRIM5-CypA fusion protein, which allows resistance towards HIV (Sayah et al., 2004).
In summary, repetitive elements make up a large part of the genome of many organisms. Although
they have been previously described as “junk” DNA, more and more studies are published nowadays,
that describe functions of repetitive elements. In fact, their importance might still be underestimated.
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6.2. Aim of this study
Genome preservation by complete DNA duplication (DNA replication) prior to mitosis and by correct
DNA repair (via various mechanisms) is of most importance for an organism and this includes the
preservation of repetitive elements. While most studies on DNA repair or replication did not focus on
repetitive elements, we tried to fill part of this gap by investigating DNA replication timing and DNA
repair kinetics in a selection of repetitive elements (pericentromeric satellites, LINEs and SINEs).
Depending on the associated chromatin type or the GC content there might be differences in both
aspects. To analyze the DNA damage repair kinetics upon ionizing radiation we previously used γH2AX
as a damage marker in a genome wide ChIP-Seq approach (Natale et al., 2017, in press). Our data
suggested that γH2AX coverage in specific repetitive DNA elements changes over time. Since repetitive
elements are not always well represented in genome wide sequencing data we were following a
microscopic approach to investigate their replication and repair dynamics. The basis for this approach
is the combination of a γH2AX immunofluorescence staining with fluorescence in situ hybridization
(together immuno-FISH, for example Solovei and Cremer, 2010) to visualize DNA damage/replication
sites and specific sequences simultaneously in the same cell.
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6.3. Material & Methods
6.3.1. Cell culture
Cultures of C2C12 mouse myoblasts (ATCC CRL-1772) and HeLa cells (ATCC CCL-2) were grown at
37 °C and 5% CO2 in DMEM supplemented with 50 µg/ml gentamycin, 20 mM L-glutamine and 10%
FCS for HeLa cells or 20% FCS for C2C12 cells. For experiments involving immuno-stainings cells were
grown on glass coverslips.

6.3.2. Irradiation
For X-ray irradiation cells were exposed to single doses of 2 Gy (90 kV, 33.7 mA) using a GE ISOVOLT
Titan E X-ray machine.

6.3.3. Probe generation for fluorescence in situ hybridization
Probes for Alu elements were generated by first amplifying Alu elements from HeLa genomic DNA
(gDNA) via PCR using specific Alu primers, followed by a labeling PCR with the same primers, biotinlabeled dUTP and the previous PCR product (diluted 1:50 in ddH2O) as DNA template. The product of
the labeling PCR was then purified with the QIAquick PCR Purification Kit (Qiagen). Mouse major
satellite probes were generated by PCR using C2C12 genomic DNA and specific MaSat primers. All
PCR reaction and cycling conditions are listed in Table 1 and Table 2.
AluF

GGATTACAGGYRTGAGCCA (Liu et al., 1993)

AluR

RCCAYTGCACTCCAGCCTG (Liu et al., 1993)

MaSatF

AAAATGAGAAACATCCACTTG (Frauer et al., 2011)

MaSatR

CCATGATTTTCAGTTTTCTT (Frauer et al., 2011)

Table 1: PCR reaction conditions for generation of FISH probes.

PCR reactions

Alu (template)

Alu (labeling)

MaSat

PCR buffer*

1x

1x

1x

dATP/dGTP/dCTP

0.2 mM each

0.2 mM each

0.4 mM each

dTTP

0.2 mM

0.15 mM

-

dUTP-biotin

-

0.05 mM

0.08 mM

primer F/R

1 µΜ each

1 µM each

0.2 µM each

Taq polymerase**

1.5 µl

1.5 µl

1 µl

DNA template

100 ng gDNA

1 µl 1:50 PCR product

100 ng gDNA

Final volume

to 50 µl

to 50 µl

to 50 µl

*10x PCR buffer: 100 mM Tris-HCl pH 8.3, 500 mM KCl, 15 mM MgCl2
**Cardoso Lab, TU Darmstadt, Germany
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Table 2: PCR cycling conditions for generation of FISH probes.

PCR cycling conditions

Alu

MaSat

Initial denaturation

94 °C for 4 min

98 °C for 10 min

1. Denaturation

94 °C for 1 min

98°C for 1 min

2. Annealing

*57 °C/65 °C for 1 min

56 °C for 1 min

3. Extension

72 °C for 3:30 min

72 °C for 2 min

No. of cycles steps 1. - 3.

35

35

Final extension

72 °C for 10 min

72 °C for 5 min

*temperature for template PCR/temperature for labeling PCR
The probes for LINE1 and for chromosome 1 specific satellite III were generated by nick-translation of
plasmids containing the respective sequences: pLRE-eGFP (Garcia-Perez et al., 2010, a gift from John
V. Moran, LRE wildtype LINE1 element) and pUC 1.77 (Cooke and Hindley, 1979, chromosome 1
specific satellite III). Both probes were labeled with biotin-labeled dUTP during nick translation. The
nick translation reaction conditions were 50 mM Tris-HCl pH 8, 5 mM MgCl2, 0.5 mg/ml BSA, 10 mM
β-mercapto-ethanol, 0.04 mM dUTP-biotin, 0.05 mM each dATP/dGTP/dCTP, 0.32 U DNaseI (D5025,
Sigma-Aldrich), 10 U Klenow fragment (M0210, New England BioLabs Inc.), 1 µg plasmid DNA in a
total volume of 100 µl. The reaction was incubated for 90 min at 15 °C and stopped with 5 µl 0.5 M
EDTA.
All probes were sheared with a Covaris S220 (according to the manufacturer’s instructions: 150 bp
program in microTUBEs, 520045, Covaris Inc.) in 50-65 µl aliquots, to reduce the fragment size. The
probe amounts (see below) needed for FISH were then ethanol precipitated with sodium acetate,
washed with 70% EtOH, air dried at room temperature, dissolved in hybridization solution with
formamide (50-70% formamide, 2x SSC, 10% dextran sulfate, pH7) for Alu and LINE1 FISH on
metaphase spreads or without formamide (10 mM Tris-HCl, 3 mM MgCl2, 50 mM KCl, 10 µg/ml
gelatin, 2x SSC, Celeda et al., 1992 and Celeda et al., 1994) for FISH on interphase nuclei and satellite
III and MaSat FISH on metaphase spreads. The probe amounts needed per FISH sample were 250 ng
LINE1 probe + 1 µg fish sperm DNA, 200 ng Alu probe + 1 µg fish sperm DNA, 50 ng satellite III
probe or 5 µl MaSat PCR reaction + 1 µg fish sperm DNA per sample. For FISH on interphase nuclei
the probes were dissolved in 15 µl hybridization solution and for metaphase spreads in 30 µl
hybridization solution. After dissolving the probes, they were denatured at 80 °C for 5 min.
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6.3.4. Preparation of metaphase spreads
For the preparation of metaphase spreads, HeLa and C2C12 cells were treated with 0.1 µg/ml
colcemid for 2 h. Cells were harvested by trypsinization and incubated with 75 mM KCl (hypotonic
shock) for 20 min at RT. Fixation followed in drop-wise added ice-cold methanol:acetic acid (ratio 3:1)
and incubation for 30 min on ice. This step was repeated 2 times. For chromosome spreading, the cell
suspension was dropped onto a wet microscopy slide from a height of approximately 25 cm. The slide
was then air dried overnight. For metaphase FISH the slides were rehydrated in ddH2O for 10 min,
digested with 0.005% pepsin (165 U/ml, P6887, Sigma-Aldrich) in 0.01 M HCl for 10 min at 37 °C,
then dehydrated in 70 and 100 % ethanol for 5 min each and again air dried overnight.

6.3.5. Fluorescence in situ hybridization on metaphase chromosomes
Equilibration of metaphase spreads was performed with the respective hybridization solution (with
formamide for Alu and LINE1 probes, without formamide for chromosome 1 specific satellite III and
mouse major satellite probes, composition described above) at room temperature for 30 min. The
solution was removed before combining probes with the metaphase spreads in a humid chamber,
denaturation was performed at 70-80 °C in a water bath for 5 min and the hybridization followed
overnight at 37-42 °C. Post hybridization washing steps were done with 2x SSC and 0.1x SSC at 42 °C.
Slides were blocked with 1% BSA/4x SSC for 30 min and FISH probes detected with streptavidin Alexa
Fluor 488 (S11223, Molecular Probes/Thermo Fisher Scientific, 1:800) in 1% BSA/4x SSC for 30 min.
DNA counterstaining was performed with DAPI (1 µg/ml) for 10 min and the coverslips mounted in
Mowiol 4-88/2.5% DABCO and allowed to harden at room temperature overnight.

6.3.6. Combination of replication staining (EdU Click reaction) or immunofluorescence
staining of γH2AX with fluorescence in situ hybridization
Cells were pulse labeled with 10 µM EdU for 15 min or irradiated with 2 Gy X-ray radiation. For
replication stainings fixation with 3.7% formaldehyde/1x PBS followed directly after the pulse labeling
and for irradiated cells 30 min, 3 h or 24 h post irradiation. The cells were permeabilized and predenatured with 0.5% Triton X-100 in 1x PBS for 15 min, 0.1 M HCl for 15 min and 0.5% Triton X100/1x PBS for 15 min.
EdU was detected as described in the supplier’s instructions using the EdU Click-594 ROTI kit (7776.1,
Carl Roth) for imaging. The dye azide was used in final dilution of 1:2000.
For immuno-staining of γH2AX, irradiated cells were blocked with 1% BSA/1x PBS for 30 min,
incubated with the primary antibody mouse anti histone H2AX phospho Ser139 (clone JBW301, 05636, Upstate/Millipore, 1:200) in 1% BSA/1x PBS for 1 h and incubated with the secondary antibody
donkey anti mouse IgG Cy5 (715-175-150, Jackson ImmunoResearch, 1:250) in 1% BSA in 1x PBS for
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1 h. Both stainings were post-fixed with 1% formaldehyde/1x PBS for 10 min before proceeding with
FISH.
The cells were equilibrated with hybridization solution without formamide (composition as described
above) at room temperature for 30 min. The solution was removed before combining the probes with
the cells in a humid chamber, samples were denatured at 80 °C in a water bath for 5 min and
hybridized overnight at 42 °C. Post hybridization washing steps were done with 2x SSC and 0.1x SSC
at 42 °C. FISH probes were detected with streptavidin Alexa Fluor 488 (S11223, Molecular
Probes/Thermo Fisher Scientific, 1:800) in 1% BSA/4x SSC for 30 min. DNA counterstaining was
performed with DAPI (1 µg/ml) for 10 min and the coverslips mounted in Mowiol 4-88/2.5% DABCO
and allowed to harden at room temperature overnight.

6.3.7. Microscopy
Confocal imaging was performed using a Perkin Elmer VoX-1000 Spinning Disk microscope with a
60x/1.4 NA/oil CFI Apochromat TIRF objective or using a Zeiss Axiovert 200 with a 100x/1.4/oil NA
Plan-Apochromat objective (metaphase spreads).

6.3.8. Image analysis for repair kinetics of repetitive elements
Image analysis was performed using the image analysis software Perkin Elmer Volocity 6.3. The
following steps in the measurements tab were used to segment γH2AX foci and satellite regions (see
also Figure 14B):
Find objects ("nucleus") using the DAPI channel (method "automatic", minimum object size: 400 µm3),
fill holes in object, dilate with 2 numbers of iterations, fill holes in object. Find objects ("repair foci")
using the Cy5 channel, method "SD"(lower limit: set to optimal value for all cells within one
condition", minimum object size: 0.3 µm3), remove noise from objects with fine filter, separate
touching objects (object size guide: 0.3 µm, filter population: volume > 0.3 µm3), exclude "repair foci"
not touching "nucleus". In case of satellite images: Find objects ("satellite") using the 488 channel,
method "SD" (lower limit: set to optimal value for all cells within one condition", minimum object size
0.3 µm3), remove noise from objects with fine filter, separate touching objects (object size guide: 1 µm,
filter population: volume > 0.3 µm3), exclude "satellite" not touching "nucleus".
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6.3.9. Colocalization analysis for replication timing of repetitive elements
To analyze at which S-phase stage the respective repetitive elements are replicated, the cells were
categorized into early, mid or late replication patterns using the pattern of the EdU signal. For
quantification of the degree of colocalization the Hcoeff was used as described by Herce et al., 2013.
Therefore, a nucleus mask was created based on the DAPI channel using ImageJ (Gaussian blur with
sigma=2-10, autothreshold with method=Otsu, erode with 10 iterations, dilate with 10 iterations,
Gaussian blur with sigma=1). Then, using Priithon a local median filter was applied to the channels
that are to be compared. This removes background. Afterwards the Hcoeff is calculated for each plane.
For the graphs a mid-nuclear section of each image was selected. The steps with example images are
shown in Figure 14A.

Figure 14: Hcoeff analysis and segmentation of γH2AX foci. A) steps of the colocalization analysis with example images for
replication studies. The DAPI channel is used to generate the nuc(leus) mask. Only within the nuc mask the other channels are
filtered while maintaining the original intensities, everything outside the nuc mask is set to zero. Colocalization factors are
then calculated from the filtered images. B) steps of the segmentation of γH2AX foci. The DAPI channel is used to segment
the nucleus, γH2AX foci are segmented (different colors refer to different objects). Objects outside the nucleus are excluded.
Intensities etc. from all channels are then measured within the segmented focus/nucleus.
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6.4. Results & Discussion
6.4.1. Repetitive elements and their localization in chromatin
First, we verified that our probes were specific to the respective repetitive elements and visualized
their chromatin association by hybridizing the probes to metaphase chromosomes of human HeLa and
mouse C2C12 cells.
Alu elements are associated with gene-rich, euchromatic regions, R banding and DAPI-poor banding.
Alu banding patterns can be used to identify chromosomes, since the pattern is individual for every
chromosome (Korenberg and Rykowski, 1988). Hybridization of the Alu probe (Figure 15) showed the
FISH signal in distinct bands as expected, which would allow the identification of individual
chromosomes. Line profiles showed a drop in DAPI intensity when the Alu intensity increased. Alu was
therefore anticorrelated to DAPI banding in chromosomes as it is described in the literature. In contrast
to Alu elements, LINE1 elements are located in AT-rich (hetero)chromatin and therefore related to G
banding and DAPI-bright regions (Korenberg and Rykowski, 1988). As expected the LINE1 signal in
Figure 15 exhibited a banding pattern and the line profiles showed that major increases in DAPI
intensity correlated to increases in LINE1 intensities except for centromeric regions.
Satellite III DNA in humans and major satellite DNA in mice belong to constitutive heterochromatin.
Both satellites are pericentromerically located. The pUC 1.77 probe is specific to the satellite III regions
of human chromosome 1. In a diploid cell line 2 signals can be expected. HeLa cells however are
aneuploid. SKY analysis (Natale et al., 2017, in press) showed that chromosome 1 can be expected
approximately 4 times per cell. In our metaphase FISH, more than 4 hybridization sites were visible,
which were located close to the centromere of the chromosomes as expected. The probe hybridized to
a large chromosome, which was most likely chromosome 1 and to at least one smaller chromosome.
Celeda et al., 1994 showed a similar result under similar hybridization conditions and suggested that
the pUC 1.77 probe has additional minor binding sites to most likely chromosomes 9, 16 or Y as
chromosome 9 and Y also have a satellite III repeat. Since the HeLa cell line was derived from a female
patient this cell line does not have a Y chromosome. It can therefore be excluded. Chromosome 16 has
not been reported to have a satellite III region, however, it contains a satellite II region. Satellite II has
a consensus sequence, that is rather similar to satellite III, though with more sequence variations
(Warburton et al., 2008), which could explain the pUC 1.77 probe binding to this region. Satellite II is,
like satellite III, pericentromeric heterochromatin and will therefore not interfere with the quality of
our analysis.
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Figure 15: Metaphase FISH for Alu, LINE1 and satellite III (chromosome 1) in human cells and major satellite in mouse cells. Cell
cultures (human HeLa and mouse C2C12) were enriched for mitotic cells by colcemid treatment and after metaphase
preparation spread onto glass slides. FISH for Alu and LINE1 was performed under more stringent conditions (with
formamide) whereas FISH for satellite III and major satellite was performed without formamide and therefore under less
stringent conditions. Arrowheads point to the hybridized regions of the satellite III FISH. Merged images are enhanced from
the regions surrounded by dashed squares. Arrows in the merged images show the position and direction of the line profiles
(blue line = DAPI, green line = FISH). Scale bar in full images 5 µm, in cropped regions 2 µm.

Under more stringent conditions (hybridization with formamide) the probe might not hybridize to
those minor binding sites. In contrast to satellite III regions in human chromosomes all telocentric
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mouse chromosomes have a major satellite region (Broccoli et al., 1990, Kipling et al., 1991, Pertile et
al., 2009, Kalitsis et al., 2006). FISH on C2C12 cells, which are female, showed a signal close to one
edge in all chromosomes, where the mouse centromere is located, as expected.

Figure 16: Colocalization of DAPI with Alu and LINE1 elements in human cells. A) Representative images of HeLa cells
hybridized to FISH probes specific for Alu or LINE1 elements and the corresponding DAPI signal. Scale bar 5 µm.
B) Colocalization analysis of FISH and DAPI signal at the three S-phase stages. Error bars show the standard error of the mean,
which is extremely small (see table below graph). Data are from 2-3 independent experiments, n indicates the total number of
cells analyzed, sd refers to the standard deviation and sem to standard error of the mean.

Both Alu and LINE1 make up a large percentage of the genome. With up to a million copies (Lander et
al., 2001) the distribution in interphase nuclei is expected to be all over the nucleus. In order to
determine how they correlate with DAPI stainings in a less condensed chromatin state than that of
metaphase chromosomes we hybridized the Alu und LINE1 probes to interphase nuclei and measured
the degree of colocalization using the Hcoeff (Figure 16). A Hcoeff value above 1 describes a
colocalization between two signals, whereas a value below 1 is considered a more random distribution
(for more details see 6.3.9). As expected both elements were found all over the nucleus but are
excluded from the nucleoli. The Alu signal distribution showed a more homogenous signal with spots
with low intensity. In contrast to that the LINE1 distribution in the nucleus was characterized by
alternating patches of very bright and rather weak intensities. It seemed to correspond more to the
DAPI signal distribution than Alu and colocalization analysis confirmed this observation. The mean
Hcoeff was 1.39 for Alu/DAPI and 1.67 for LINE1/DAPI indicating positive correlation. For Alu this
seems different from the situation in metaphase chromosomes, where it is mostly excluded from DAPI
bright regions but can be explained by the high copy number, extensive distribution and the less
condensed chromatin state. For LINE1 the Hcoeff was higher and thus showed a stronger colocalization
as already suggested by visual inspection. Therefore, the chromatin association of Alu and LINE1
observed in metaphase chromosomes can to some degree be observed also in interphase nuclei.
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6.4.2. DNA replication timing of repetitive elements
Different chromatin types are usually replicated during different times of S-phase. The repetitive
elements we analyzed are located in different chromatin types, which led to the question whether we
can observe differences in their replication timing. To address this question human HeLa and mouse
C2C12 cells were incubated with EdU to label replication. After EdU detection and FISH for the
respective repetitive elements, the degree of colocalization between the repetitive element and EdU
was determined by Hcoeff analysis (for details see Figure 14). For the euchromatic Alu element a
replication during early S-phase would be expected. The rather homogenous distribution in the
nucleus corresponded best to the early replication pattern, while the more peripheral mid and late Sphase patterns seemed to surround the Alu signal (Figure 17). In fact, the colocalization analysis
showed a mean Hcoeff of 1.59 for early S-phase, which indicates positive correlation. For mid and late
S-phase, the Hcoeff was below 1. This suggested that Alu is replicated during early S-phase.

Figure 17: DNA replication timing of human Alu elements. HeLa cells were pulse labeled with EdU, fixed, stained for EdU and
hybridized to the probe (FISH). A) Representative images of the cells at the three S-phase stages. Scale bar 5 µm.
B) Colocalization analysis of FISH and EdU signal at the three S-phase stages. Error bars show the sem. Data are from 3
independent experiments, n indicates the total number of cells analyzed, sd refers to the standard deviation and sem to
standard error of the mean.

LINE1 is associated with heterochromatic regions and therefore expected to replicate later than Alu,
possibly in mid or even late S-phase, where heterochromatin is usually replicated. When comparing the
replication patterns with the corresponding LINE1 signal we observed that the LINE1 signal
surrounded early S-phase patterns (Figure 18A). When the early pattern progressed to less
homogeneous signal the overlap with LINE1 increased, but with further progression towards the end of
mid S-phase the overlap seemed to be reduced. This trend was also reflected in the Hcoeff
quantifications (Figure 18B). The strongest colocalization was measured in both early and mid S-phase
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while the colocalization with late S-phase patterns was lowest. For late S-phase the value was still
indicating a weak correlation, so there might be a proportion of LINE1 replication also during late Sphase. This led to the conclusion that LINE1 elements are mainly replicated during the early to mid Sphase transition.

Figure 18: DNA replication timing of human LINE1 elements. HeLa cells were pulse labeled with EdU, fixed, stained for EdU
and hybridized to the probe (FISH). A) Representative images of the cells at the three S-phase stages. Scale bar 5 µm.
B) Colocalization analysis of FISH and EdU signal at the three S-phase stages. Error bars show the sem. Data are from 3
independent experiments, n indicates the total number of cells analyzed, sd refers to the standard deviation and sem to
standard error of the mean.

Human satellite III and mouse major satellite DNA is strongly heterochromatic and major satellite DNA
is known to be replicated in the second half of S-phase (late S-phase, Guenatri et al., 2004; Wu et al.,
2005). The late S-phase pattern in mouse is characterized by large, horse-shoe shaped spots in the
nucleus, that colocalize with the DAPI-rich chromocenters and major satellite DNA. Our results (Figure
19) are in good agreement with these previous findings, as the Hcoeff shows the highest colocalization
between major satellite DNA and the late replication pattern whereas for major satellite DNA and the
early pattern the Hcoeff indicates no correlation.
The FISH signal of human satellite III in interphase nuclei (Figure 20 and Figure 23) was detected as a
spot pattern. As described already in the metaphase FISH more than 4 spots per nucleus were
observed. As already mentioned we can assume that the minor binding sites described by Celeda et al.,
1994 are located in pericentromeric satellites of chromosomes, they do not interfere with our analysis.
We observed that the satellite III signal overlapped with the larger spots of replication signal already at
the end of mid but also in late S-phase. The same trend is reflected in the colocalization measurement.
There was no colocalization with the early replication pattern, but a clear colocalization with mid and
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late replication patterns (Figure 20). We can therefore assume that the human satellite III is replicated
at the mid to late S-phase transition.

Figure 19:DNA replication timing of mouse major satellite DNA. C2C12 cells were pulse labeled with EdU, fixed, stained for
EdU and hybridized to the probe (FISH). A) representative images of the cells at the three S-phase stages. Scale bar 5 µm.
B) Colocalization analysis of FISH and EdU signal at the three S-phase stages. Error bars show the sem. Data are from 3
independent experiments, n indicates the total number of cells analyzed, sd refers to the standard deviation and sem to
standard error of the mean.

It is generally believed that transcriptionally active (eu)chromatin is replicated during early S-phase,
facultative chromatin in mid S-phase and constitutive heterochromatin during late S-phase (Okeefe et
al., 1992). While this view is fundamentally true for most parts, it cannot be seen as a strict fact.
Centromeric DNA (mouse minor satellite and α-satellite), which is considered constitutive
heterochromatin, has been shown to replicate throughout S-phase (Weidtkamp-Peters et al., 2006,
Erliandri et al., 2014). A similar observation has been made for human telomers (Arnoult et al., 2010).
In replication timing studies on the human genome (Woodfine et al., 2004) a positive correlation
between early replicating regions with high GC and Alu content could be found. Similarly, regions with
a high LINE1 and low GC density corresponded to late replicating timing. In our findings, Alu
replicates during early S-phase, which is in good agreement with these findings. However, we found
that LINE1 is replicated mostly during the early to mid S-phase transition. At first glance this stands in
contrast to the above described findings. LINE1 is an interspersed element meaning it occurs here and
there, but with preference to AT rich regions, based on the preferential cleavage site TTTT/A of the
LINE1 endonuclease (Feng et al., 1996), and hence heterochromatin. A small proportion of LINE1 can
probably also be found in euchromatin, leading to overlap of the LINE1 signal with the early
replication pattern. However, this small proportion cannot outcompete the heterochromatic LINE1 and
plays only a minor role in replication timing. Another aspect that could bias our results is that the
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LINE1 signal, due to high LINE1 abundancy, is to be found basically all over interphase nuclei. An
abundant signal will naturally show higher correlations with another abundant signal, like the early Sphase pattern, than with a more focal signal, like the late S-phase pattern. Nevertheless, we see a clear
difference between Alu, which is also quite extensively distributed, and LINE1 replication timing.

Figure 20: DNA replication timing of human satellite III DNA. HeLa cells were pulse labeled with EdU, fixed, stained for EdU
and hybridized to the probe (FISH). The probe is specific for human satellite III of chromosome 1. A) representative images of
the cells at the three S-phase stages. Scale bar 5 µm. B) Colocalization analysis of FISH and EdU signal at the three S-phase
stages. Error bars show the sem. Data are from 3 independent experiments, n indicates the total number of cells analyzed, sd
refers to the standard deviation and sem to standard error of the mean.

Woodfine et al., 2004 studied the replication timing in a genome-wide microarray approach, then
examined chromosome 22 in more detail and compared their data with genome-wide sequencing
information to assess among others GC content, Alu or LINE1 density. They found that early
replication timing correlates with high GC content and enrichment in Alu elements, while sequences
with high LINE1 density replicate late. Chromosome 22 is a chromosome, which, according to their
own data and other studies (Lob et al., 2016), replicates rather early. Additionally, they concentrate on
the long arm of the chromosome, missing the (peri)centromeric region, which also contains a satellite
III region. In genome-wide approaches repetitive elements, especially tandem-repeats like satellites,
can be challenging and are not always well represented. This was one of the reasons why we chose a
microscopic approach to study replication timing specifically in repetitive elements. We observed that
satellite III regions replicate after LINE1 during mid to late S-phase. Considering Woodfine et al., 2004
(and many other genome-wide studies) - for technical reasons - lack the satellites, they also lack
regions, replicating later than LINE1. Although of course there might be other sequences outside the
satellites replicating after LINE1, their definition of “late” replication timing might be biased and early
and late replication timing should be interpreted in relative and not absolute terms. Taking all of this
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into account, our microscopy data and the above-mentioned genome-wide data complement each
other, agreeing that - in relative terms - Alu rich sequences (or Alu itself) replicate earlier than LINE1
rich sequences (or LINE1 itself). While for highly repetitive sequences like satellites microscopic
approaches have an advantage over genome-wide studies, the genome-wide studies have a better
resolution and information on the sequence identity.
We could show that human satellite III is replicated at the mid to late S-phase transition and reproduce
that major satellite replicates during late S-phase. Although replication patterns in both humans and in
mice are separated in early, mid and late S-phase, the definition of the respective patterns is not
exactly the same. Notably the chromatin structure in human and mouse cells is different, which
becomes very clear by the absence of chromocenters in human cells. Late replication in mice (here and
in other studies for example Casas-Delucchi and Cardoso, 2011) is defined by huge spots, that
colocalize with the pericentromeric major satellite DNA. Late replication in humans however is defined
by larger spots (though clearly smaller than in mice) that are more disperse and smaller in numbers
compared to early and mid S-phase patterns. This late replication pattern is very similar to the one
observed in mouse cells at the very end of S-phase after the replication of chromocenters (WeidtkampPeters et al., 2006). The “late” replication pattern in mice from this study is hence more comparable to
a transition pattern from mid to late S-phase in the human cells. In this context, we observe that
pericentric heterochromatin, such as human satellite III and mouse major satellite, is replicated at a
similar time (relative to the remaining chromatin) and therefore conserved throughout these two
species. We observed that the human satellite III colocalizes also with some of the larger spots in late
replication patterns. However, the spots in late S-phase are not all covered by satellite III, which raises
the question what else is replicated at this time-point. Since satellite III is not present in all
chromosomes, but only a subset of 7 autosomes plus the Y chromosome and we use a probe specific to
chromosome 1, it might be that other satellite (types) replicate at the same time or shortly after the
satellite III regions. To address this matter pericentromeric regions of all chromosomes should be
analyzed for their replication timing. It is also possible that the very late replicating chromatin is not a
single chromatin type but rather consists of a mixture of different heterochromatin types, like
centromeric, pericentromeric satellites or even telomers from different chromosomes.
Assuming a domino-like activation of origins combined with origin firing probabilities and different
chromatin types replication patterns observed in microscopy could be reproduced in simulations (Lob
et al., 2016). They compare experimental data with their simulation and could show that stochastic
origin activation in combination with the domino-model lead to the replication patterns commonly
observed. If we follow this model and combine it with our data on repetitive elements, replication
could progress like this: replication starts at origins in euchromatin. Replication forks progress and
neighboring origins are activated in a “domino-like” fashion, Alu elements are being replicated within
the euchromatic fractions of the cells, as observed. Activation of the neighboring origins can also
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promote replication of centromeric regions as observed in experimental data (Weidtkamp-Peters et al.,
2006) to a small part already in early S-phase, if their respective origins are close enough to
euchromatic origins. A part of LINE1 is replicated now as well. Progressing origin activation gets closer
to more heterochromatic regions. Facultative heterochromatin is replicated, along with it more LINE1
elements and other centromeric and telomeric regions. Finally, origins in pericentromeric
heterochromatin are activated, facilitating replication of major satellite and satellite III DNA, like we
and others could show (Guenatri et al., 2004; Wu et al., 2005). There might still be parts of the DNA
that have not been replicated yet. Possibly their firing probability is very low, which leads to a very late
replication. They might need to be enhanced by active neighboring origins to fire at all.
In context of the loop structure described in the first part of this thesis only a single origin of
replication will be activated per loop. Due to their size, it is unlikely that Alu and LINE1 elements have
their own origins of replication and their own replication timing. Despite their abundancy Alu and
LINE1 elements will always be accompanied by other sequences on a loop structure. It is therefore
much more likely that their replication timing is dictated by the activation of the individual origin on
the loop and the associated chromatin type, which is what we observed. However, there are stretches
of DNA with an extremely high density of LINE1 elements, for example a 100 kbp long region on the
human X chromosome consists to 89% of LINE1 sequences (Lander et al., 2001). These regions might
be worth further investigations towards replication timing. Pericentromeric satellites on the other hand
can occupy stretches of several Mbp (Vissel and Choo, 1989). Hence, they are likely to occupy their
own loops with their own replication origins. This would explain the distinct replication pattern and
the rather synchronized replication timing within one satellite, when origins of adjacent loops are
activated within a short time-frame. Theoretically it is possible that loops containing pericentromeric
satellite sequences are larger and therefore would be replicated by fewer origins, but we saw no
indication that replicons are larger in size at the late S-phase stage.

6.4.3. DNA repair kinetics of repetitive elements
To analyze DNA repair kinetics in repetitive elements the cells were irradiated with ionizing radiation
(X-ray) and fixed at an early (0.5 h), an intermediate (3 h) and a late (24 h) time-point with
subsequent γH2AX immuno-FISH staining under formamide-free conditions. Omitting the use of
formamide improved the γH2AX staining quality dramatically, while still maintaining specific in situ
hybridization. However, formamide free conditions are less stringent and allow more unspecific
binding, as observed for the satellite III FISH on metaphases (Figure 15) and on interphases (Figure
23). For Alu, LINE1 and major satellite DNA FISH no difference in specificity could be observed with or
without formamide.
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Figure 21: DNA repair kinetics of human Alu elements. HeLa cells were irradiated with 2 Gy X-ray, fixed after the time
indicated and then stained for γH2AX and hybridized to the probe (FISH). A) representative images of the cells at different
time-points post irradiation. Scale bar 5 µm. B) relative change of percentage of total Alu in γH2AX foci. Data are normalized
to the median of the 0.5 h time-point. Data are from 3 independent experiments, n indicates the total number of cells
analyzed, sd refers to the standard deviation and sem to standard error of the mean.

For the analysis of repair kinetics, the focal γH2AX pattern was segmented and the fraction of the
respective repetitive element within those foci was calculated for every time-point. Data were
normalized to the median of the 0.5 h time-point and are displayed as x-fold change in “damaged”
fraction (sum of all repetitive element fractions within γH2AX foci per cell and time-point divided by
median of the 0.5 h time-point). Unirradiated cells showed a weaker γH2AX signal than irradiated
cells, the signal is most likely a byproduct of S-phase and not radiation induced. For this reason,
γH2AX in unirradiated cells was not segmented and not shown in the analysis. We also analyzed global
DNA repair kinetics by determining the fraction of the DAPI signal within the segmented γH2AX foci
instead of the FISH signal. We will first examine our results on the repair kinetics of repetitive
elements alone before we compare them with each other and with global repair kinetics.
The highest fraction of damaged DNA, total DNA or repetitive element DNA, would be expected at
0.5 h post irradiation and should then decrease, as the damage is repaired and the γH2AX signal
decreases with only few but distinct foci left as described in Figure 6. This was observed for all
elements. The total fraction of Alu or LINE1 in γH2AX foci was highest at 0.5 h post irradiation (Figure
21 and Figure 22). It then decreased to 50-60% of the original damaged fraction at 3 h and was lowest
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with 22% at 24 h post irradiation. A general trend that γH2AX foci could be found for example
particularly in LINE1 rich regions at a certain time-point could not be observed.

Figure 22: DNA repair kinetics of human LINE1 elements. HeLa cells were irradiated with 2 Gy X-ray, fixed after the time
indicated and then stained for γH2AX and hybridized to the probe (FISH). A) representative images of the cells at different
time-points post irradiation. Scale bar 5 µm. B) relative change of percentage of total LINE1 in γH2AX foci. Data are
normalized to the median of the 0.5 h time-point. Data are from 3 independent experiments, n indicates the total number of
cells analyzed, sd refers to the standard deviation and sem to standard error of the mean.

The fraction of satellite DNA labeled by γH2AX was highest at 0.5 h post irradiation and then
decreased slowly to 81% of the original damaged fraction until it reached its minimum with 29% of
the damaged fraction at 24 h. In case of spot-like FISH patterns (satellite III and major satellite) we
also segmented the satellite regions and determined the fraction of total γH2AX signal within the
satellites (Figure 23 C+D and Figure 24 C+D) to see if this would change over time. The fraction of
γH2AX in satellite III regions stayed constant between 0.5 h and 3 h and only decreased at 24 h. Visual
inspection of the images revealed that in many cells the satellite III regions contain only few γH2AX
foci (with partial overlap) or vice versa the majority of γΗ2AX foci did contain only few satellite III
regions with partial overlap. Since the lowest amount of γH2AX in our time-frame can be found at 24 h
post irradiation it is natural that the amount of γH2AX in satellite III reaches also a minimum.

54

Figure 23: DNA repair kinetics of human satellite III. HeLa cells were irradiated with 2 Gy X-ray, fixed after the time indicated
and then stained for γH2AX and hybridized to the probe (FISH). The probe is specific for the satellite III of chromosome 1.
A) representative images of the cells at different time-points post irradiation. Scale bar 5 µm. B) relative change of percentage
of total satellite III in γH2AX foci. Data are normalized to the median of the 0.5 h time-point. C) relative change of percentage
of γH2AX intensity in satellite III regions. Data are normalized to the median of 0.5 h time-point. D) numbers to C. Data are
from 3 independent experiments, n indicates the total number of cells analyzed, sd refers to the standard deviation and sem
to standard error of the mean.

The fraction of major satellite DNA in γH2AX foci decreased with increasing time and reaches its
minimum at 24 h post irradiation (Figure 24). When looking at the γH2AX signal of the cells the major
satellite DNA mostly was localized in regions where there is no or little γH2AX signal, similar to
satellite III. The change of γH2AX signal in major satellite DNA does not decrease dramatically,
although it is lowest at the 24 h time-point.

55

Figure 24: DNA repair kinetics of mouse major satellite DNA. C2C12 cells were irradiated with 2 Gy X-ray, fixed after the time
indicated and then stained for γH2AX and hybridized to the probe (FISH). A) representative images of the cells at different
time-points post irradiation. Scale bar 5 µm. B) relative change of percentage of total major satellite in γH2AX foci. Data are
normalized to the median of the 0.5 h time-point. C) relative change of percentage of γH2AX intensity in major satellite
regions. Data are normalized to the median of 0.5 h time-point. D) numbers to C. Data are from 3 independent experiments,
n indicates the total number of cells analyzed, sd refers to the standard deviation and sem to standard error of the mean.

The minor overlap of γH2AX with pericentromeric satellite DNA raised the question if the histone
H2AX is at all located in these regions. In previous studies a similar observation was made with
“bending” of the γH2AX signal around heterochromatic regions in human and mouse cells upon
irradiation with a heavy ion beam, that induces a linear track of DNA damage, suggesting a relocation
of the damaged site from the originally hit site towards the periphery of the heterochromatin (Jakob et
al., 2011). They targeted single chromocenters with the heavy ion beam and were able to show that
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the initial phosphorylation of H2AX is taking place within the chromocenter but the signal is then
moved to the periphery within the first 20 min after irradiation. This means that the low amount of
γH2AX overlapping with the satellite, that we could observe, is due to the γH2AX signal having moved
already to the periphery of the satellite after 30 min. Nevertheless, the signals are overlapping and
γH2AX signal from the damaged satellite contributes to the measurements and we could observe
differences in repair kinetics between the satellite regions and other elements. The comparison
between the repair kinetics of the repetitive elements and the global DNA repair kinetics are shown in
Figure 25. Global DNA repair kinetics were determined by analyzing the fraction of the DAPI signal
within the segmented γH2AX foci instead of the FISH signal. Data were normalized to the median of
the 0.5 h time-point. In human cells (Figure 25A) Alu and LINE1 elements were repaired with a similar
speed as the global DNA. In comparison to the interspersed elements the damage in satellite III regions
persisted longer especially at the intermediate time-point (3 h). Major satellite DNA in mouse cells
(Figure 25B) however seems to be repaired according to the global DNA repair speed.

Figure 25: Comparison of DNA repair kinetics of repetitive elements in human and mouse cells. Summary of data from Figure
21 to Figure 24 B. A) relative change of damaged DNA fraction for total DNA, Alu elements, LINE1 elements and satellite III
DNA in human HeLa cells. B) relative change of damaged DNA fraction for total DNA and major satellite DNA in mouse C2C12
cells. Data are normalized to the median of the 0.5 h time-point. Asterisks indicate significant differences (p < 0.05).

This suggests that the interspersed repetitive elements Alu and LINE1 are repaired along with the
surrounding chromatin. Although Alu is more euchromatic than LINE1 we see no difference in their
repair kinetic. It is possible that in the context of their small size and their dispersed distribution they
do not have their own repair kinetics. On the other hand, the distinct association of LINE1 with AT-rich
and rather heterochromatic regions (Korenberg and Rykowski, 1988) would have suggested that
LINE1 is repaired more slowly like other heterochromatic regions. It is possible that the slow repair of
heterochromatin is restricted only to the most condensed regions such as the pericentromeric satellites.
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With our approach, we cannot confirm whether Alus and LINE1 are repaired correctly. During NHEJ
DSB ends are, if necessary, partially resected leading to loss of sequence information. Since Alu and
LINE1 elements are not coding in the sense of essential proteins loss of sequence can probably be
better tolerated than in other sequences. In fact, the majority of Alus and LINEs in the genome are
truncated and therefore inactive as a result of millions of years of evolution (Lander et al., 2001). On
the other hand, since Alu and LINE1 sequences occur in high frequencies in the genome, it is also
possible that they are found as homologous sequences during homology search in HR possibly at the
wrong position of the sister chromatid, if additional Alus or LINE1s are in close proximity. Even a
different chromosome could be recognized as a homolog. This might lead to the use of an illegitimate
repair template and hence incorrect DNA repair (Burwinkel and Kilimann, 1998, White et al., 2015).
In contrast to the interspersed elements, we observed that pericentromeric, tandemly repeated satellite
III seemed to be repaired considerably slower in comparison to the remaining chromatin, similar to
heterochromatic regions and mouse chromocenters (Goodarzi et al., 2008). We do not see a clear
difference in repair kinetics of mouse major satellite DNA in comparison to global DNA repair. For our
analysis, we used the DAPI signal within γH2AX foci to measure global DNA repair, which might be
problematic in the context of mouse chromocenters. The relocation of γH2AX to the periphery of
mouse chromocenters might be too strong (possibly stronger than in human satellite III) to observe a
difference in repair kinetics. It has been proposed that heterochromatin in general is less accessible to
the repair machinery due to the high condensation level (Cowell et al., 2007, Goodarzi et al., 2008).
On the other hand Jakob et al., 2011 could show that repair factors can enter condensed
heterochromatin in the form of mouse chromocenters, including the large kinase (p)ATM (350 kDa,
UniProtKB entry Q62388, The UniProt, 2017) and that H2AX is initially phosphorylated within
chromocenters, before being moved to the periphery. Apparently, this slower repair kinetic involves
ATM and Artemis, suggesting that DSBs in heterochromatin are at least partially repaired with end
resection (Goodarzi et al., 2010). In absence of ATM, DSBs associated with heterochromatin mostly
remain unrepaired (Goodarzi et al., 2008). ATM is thought to phosphorylate KAP-1, a transcriptional
silencer facilitating heterochromatin compaction (Ziv et al., 2006). Moreover, end resection seems to
be a requirement for successful relocation, whereas repair of the DSB seems to take place outside of
the heterochromatin, suggesting that chromatin complexity significantly contributes to slow repair
kinetics (Goodarzi et al., 2010). The breaks move (probably a passive mechanism) to the periphery
where they are stabilized and then repaired, in G2 phase preferentially by HR (Goodarzi et al., 2008,
Goodarzi et al., 2010, Tsouroula et al., 2016). It has been suggested that the relocation of DSBs out of
chromocenters serves the purpose of not using the wrong chromosome as a repair template within the
clustered chromatin (Tsouroula et al., 2016). However, mouse chromocenters contain major satellite
DNA from several chromosomes, this is not the case in humans. The damage is moved out of the
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human satellite DNA as well, suggesting that the relocation is condensation driven and to avoid the use
of the wrong template, not necessarily from another chromosome but also from the incorrect region on
the sister chromatid/right chromosome. Most of these studies make use of mouse chromocenters as
they are clearly distinct from mouse euchromatin and they do not analyze repair kinetics in human
pericentromeric chromatin such as satellite III. Here we were able to show that human satellite III is
repaired with slow kinetics and we assume that the repair mechanism might be very similar to what
was observed in mice, despite the differences in (hetero)chromatin organization.
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6.5. Conclusions
Taken together repetitive elements seem to be well integrated into chromatin and are preserved by
DNA replication and repair processes with the same fidelity as the rest of the chromatin. While Alu and
LINE1 are more integrated into the replication and repair processes along with the surrounding
chromatin, probably due to their interspersed nature, pericentromeric chromatin, like mouse major
satellite or human satellite III, are replicated in a more defined, focal pattern, and require a more
specialized processing due to their highly condensed, heterochromatic characteristics before they can
be efficiently repaired. We conclude that our results on replication timing and repair kinetics of
repetitive elements can be embedded very well in what is known so far about S-phase progression and
repair mechanisms. All three repetitive elements follow the general trend of early replication and
repair of euchromatin and later replication and repair of heterochromatin (Okeefe et al., 1992,
Goodarzi et al., 2008) except for LINE1, which is repaired at least with the same speed as Alu (Figure
26).

Figure 26: Distribution, replication timing and repair kinetics of human repetitive elements.
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7. Conclusion & Outlook
The aim of this thesis was to gain insight into how chromatin and chromatin organization influences
maintenance processes like DNA replication and repair. The two main aspects were structural
chromatin organization and repetitive elements.
We took a rather unconventional approach to identify a basic unit of chromatin structure by analyzing
single replicons and repair (nano)foci (γH2AX) using the super-resolution microscopy technique 3DSIM. Both replicons and repair (nano)foci have been suggested to be constrained by an underlying
chromatin structure (Chagin et al., 2016, Lob et al., 2016, Natale et al., 2017, in press) and we think
that this structure is identical for both. We base this assumption on two aspects. First, they both appear
as a focal pattern that exhibits a high degree of similarity by visual inspection. This visual observation
alone however is not enough for the argument. We therefore went to analyze and quantitatively
compare them, by staining replicons and repair (nano)foci within the same cell. This comparison
provided us with the second aspect, which is that the DNA content and volume of replicons and repair
(nano)foci was in the same range on a global scale and the majority of colocalizing foci had a
surprisingly similar size. Hi-C data describe chromatin loops, formed by contact domains, with a size of
~ 185 kbp (Rao et al., 2014), which is only slightly larger than the DNA content of replicons and
repair (nano)foci. While these types of experiments have the obvious advantage of knowing the
sequence identity of the contact domains, they are only able to analyze those domains, that are
enriched in the full cell population. The slight difference in sizes between the Hi-C data and our results
might therefore be due to more transient loops, that we can possibly visualize by our approach. We
therefore conclude, that there is a basic unit of chromatin structure, possibly in the form of loops,
between the beads on a string and higher order organization levels like TADs, that dictates the sizes of
replicons and repair (nano)foci. However, there are some aspects that need to be clarified. For
example, if the DNA content of replicons is dependent on the nucleotide pulse length. For this,
replicons should be labeled with different pulse lengths for example 15, 30 and 60 min. While a short
pulse length might lead to underestimating the DNA content of replicons, an exceeded pulse length
might lead to overestimation due to adjacent replicons merging into one structure. Depending on the
outcome, it might make sense to repeat our experiment with an adjusted pulse length and a higher Xray dose to increase the fraction of colocalizing replicons and repair (nano)foci. Another interesting
aspect would be to find out how the loops are formed and how replicons and repair (nano)foci are
constrained not to cross over to the next loop. If the boundary is formed by proteins, CTCF and the
cohesin complex are promising candidates, as they have been observed to play a critical role in
chromatin loop formation (Tark-Dame et al., 2014) and are associated with the majority of contact
domains described by Rao et al., 2014 (short range contacts) and Dixon et al., 2012 (long range
contacts). However, not all domains are accompanied by CTCF or cohesin binding sites and if CTCF
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and cohesin are associated with more transient and dynamic loops is unknown. It is possible that also
other factors play a role in loop formation. If they exist, who they are and how they coordinate loop
formation would be additional interesting piece to solve the puzzle of structural chromatin
organization.
The second part of this thesis focused on repetitive elements and their replication timing and repair
kinetics using immuno-FISH to simultaneously label replication or repair and the respective repetitive
element combined with microscopy. We were able to show that the euchromatic Alu element is
replicated during early S-phase, LINE1, which is associated with AT-rich, heterochromatic regions
seems to be replicated throughout S-phase, although the majority is replicated during the early to mid
S-phase transition, while satellite III, which is pericentromeric heterochromatin, is replicated
exclusively at the mid to late S-phase transition. This is consistent with the trend that euchromatin is
replicated during early S-phase, facultative heterochromatin during mid S-phase and constitutive
heterochromatin during late S-phase (Okeefe et al., 1992). There have also been genome wide
approaches showing that early replicating regions are enriched for Alus, while late replicating regions
are enriched in LINE1 (Woodfine et al., 2004), however these studies lack for technical reasons
tandemly repeated DNA like the satellites, which replicate later than LINE1. Therefore, our data and
genome wide studies complement each other. Since our probe for satellite III is specific for only one
chromosome, although we observe additional minor binding sites, it might be interesting to study the
replication timing of all pericentromeric satellites in humans. The question is if they would replicate as
simultaneously as pericentromeric mouse major satellite DNA, which is present in almost all mouse
chromosomes (Guenatri et al., 2004). For humans, it might not be as obvious if the different satellites
do not occupy stretches of DNA as long as major satellite in mice or are not as clustered as in mouse
chromocenters, which humans do not have. The repair kinetics of Alu and LINE1 are very similar to
global repair kinetics, while damage in satellite III persists longer. This as well is consistent with the
trend that euchromatin is repaired faster than heterochromatin (Goodarzi et al., 2008), although in
this context LINE1 should as well be repaired more slowly. It is possible that only the most condensed
heterochromatic regions like satellite III are repaired with slow kinetics. A similar observation has been
made for mouse major satellite DNA, which is also pericentromeric heterochromatin (Goodarzi et al.,
2008). All of these observations suggest that repetitive elements are well integrated into the genome.
However, the high compaction level of satellite DNA apparently requires a more specialized processing
prior to DNA repair, which seems to be performed by HR (Goodarzi et al., 2008). With our approach,
we cannot analyze how efficiently repetitive elements are repaired. Due to their abundancy, they
might be wrongfully recognized as repair templates during homologous recombination. The relocation
of the damage outside of condensed heterochromatin has been proposed to also serve the purpose of
not using the wrong chromosome as a template (Tsouroula et al., 2016). So, it would be interesting to
see if repetitive elements are a hotspot for mutations and chromosomal aberrations.
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9. Annex
9.1. Statistical analysis and data representation

Figure S 1 Statistical analysis and data representation in boxplots (A) and barplots (B).

Numbers given in the text are median values unless otherwise indicated. Statistical analysis was
performed with a Wilcoxon rank sum test using R (p < 0.05).
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9.2. Supplementary material for Chapter 5
9.2.1. Summary of statistics
Table S 1: Repair kinetics by relative change in γH2AX intensity and nucleus area in HeLa, HeLa Kyoto and C2C12 cells after Xray irradiation (Figure 6 and Figure 7).
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Table S 2: Replicons and repair (nano)foci in HeLa, HeLa Kyoto and C2C12 cell images with 3D-SIM (Figure 8)

Table S 3: Control to define colocalization in super-resolution microscopy (Figure 10).
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Table S 4: Percentage of the genome covered by replicons or repair (nano)foci

Table S 5: Percentage of replicons colocalizing with repair (nano)foci (Figure 11).
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Table S 6: DNA content of replicons and repair (nano)foci (Figure 12).
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9.2.2. Volumes of replicons and repair (nano)foci

Figure S 2: Volume of replicons and repair (nano)foci. A) Volume of replicons and repair (nano)foci in HeLa, HeLa Kyoto and
C2C12 cells. Significant differences in DNA content between replicons from different S-phase stages and between repair
(nano)foci from different X-ray doses were detected (p < 0.05) due to extremely high n numbers (n > 58500). B) Ratio of
volumes of replicons colocalizing with a repair (nano)focus in comparison to the control shown in Figure 10.
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Table S 7: Volume of replicons and repair (nano)foci (Figure S 2)
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